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A Grid Overlapping Scheme for Flowfield Computations
About Multicomponent Configurations

Essam H. Atta* and Joseph Vadyak*
Lockheed-Georgia Company, Marietta, Georgia

An efficient grid interfacing zonal algorithm has been developed for computing the transonic flowfield about
three-dimensional multicomponent configurations. The algorithm uses the full-potential formulation and the
AF2 fully implicit approximate factorization scheme. The flowfield solution is computed using a component-
adaptive grid approach in which separate grids are employed for the individual components in the multicom-
ponent configuration, where each component grid is optimized for a particular geometry. The component grids
are allowed to overlap, and flowfield information is transmitted from one grid to another through the overlap
region. An overlapping grid scheme has been implemented for an isolated wing and a noninteracting
wing/pylon/nacelle configuration. Numerical results show that the present algorithm is stable, accurate, and
promises to be effective in computing the flowfield about complex configurations.

Introduction

RELIABLE and efficient three-dimensional transonic
analysis methods are needed to make realistic and cost-

effective predictions of aircraft aerodynamics. Early efforts
to predict the transonic flowfield about aircraft multiple-
component configurations are based on the transonic small-
disturbance formulation.1-3 This allows the geometry of the
configuration to be greatly simplified and the surface
boundary condition to be applied on a mean approximate
surface. Accurate prediction of such flowfields, however,
requires the use of the full-potential formulation and the
generation of a suitable surf ace-fitted grid. Because each
aircraft component (wing, nacelle, fuselage) requires, in
general, a grid system that is usually incompatible with the
grid systems of the other components, the generation of a
single surface-fitted grid for the entire configuration is a
difficult task. In such a global grid, control of grid point
distribution, skewness, and clustering will be difficult to
achieve. Efforts to predict the flowfield about a complete
aircraft configuration using a single-grid approach have been
made recently by Yu.4

In the present paper the alternate approach of using a
component adaptive grid scheme is investigated. The basic
idea of this approach is to develop a separate grird for each
component of a complex configuration where each individual
grid is optimized for a particular component. The flow solver
for each component employs the AF2 fully implicit ap-
proximate factorization scheme.5

Earlier studies in two dimensions showed that by allowing
the component grids to overlap, fast convergence can be
achieved.6 This approach has been generalized herein to three
dimensions, where an overlapped grid scheme has been im-
plemented for an isolated wing and a wing/pylon/nacelle
configuration.

The application of an embedded grid scheme to an isolated
wing geometry was performed primarily as a proof-of-
concept study to verify the grid interfacing logic in three
dimensions and to determine if single-grid results could be
replicated. The application to the wing/pylon/nacelle con-
figuration represents a more realistic use of the grid em-
bedding technique. The full interacting algorithm has been
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tested for the isolated wing case. However, for the
wing/pylon/nacelle configuration the algorithm has been
tested for a noninteracting flowfield case where a converged
isolated nacelle solution is imposed as fixed boundary con-
ditions for an ensuing wing computation.

Grid Generation
The basic idea underlying the present method is to employ

an optimum grid for each component in the multicomponent
configuration and then to interface the grids in a manner
which allows for the efficient and accurate solution of the
governing equations. Use of a separate body-fitted grid for
each component greatly facilitates obtaining an accurate
numerical solution, and circumvents the need for generating a
single grid suitable for a complex multicomponent geometry.

An overlapped grid scheme has been used to implement the
present method for an isolated wing and for a
wing/pylon/nacelle configuration. The grid topologies for the
isolated wing configuration are illustrated in Figs. 1-3. Figure
1 depicts the composite overlapped grid for the isolated wing.
The overlapped grid is composed of an inner body-fitted
curvilinear grid and an outer sheared Cartesian grid. The
curvilinear inner grid is shown in isolation in Fig. 2 and is
essentially identical to that used in the NASA Ames TWING
transonic wing computer code5 (a summary of pertinent
computer codes employed in the present study is given in
Table 1). This grid is obtained by generating a series of two-
dimensional O-type grids for a number of spanwise wing
stations. Each O-grid is obtained by solving a system of two
coupled Laplace equations. The Cartesian outer grid is shown
in isolation in Fig. 3 and is obtained using geometric stretch-
ing formulas in each of the three coordinate directions.

The grid topologies for the wing/pylon/nacelle con-
figuration are illustrated in Figs. 4-7. A frontal view of the
composite overlapped grid system is shown in Fig. 4. The
outer grid is the wing grid and is generated for a series of
spanwise stations starting at the symmetry plane and
progressing past the wing tip. The inner grid is the nacelle grid
and is generated for a series of meridional planes. (A
meridional plane is a plane passing through the longitudinal
axis of the nacelle.) Figure 5 shows a side view of the
overlapped grid system at a particular spanwise station. The
curvilinear outer wing grid, which is the O-type, is obtained
using procedures identical to that employed for the isolated
wing. Selected interior mesh points are deleted from the wing
grid in order to accommodate the nacelle geometry as shown
in Fig. 6. The curvilinear inner nacelle grid is of the C-type and
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Fig. 4 Front view of overlapped wing/pylon/nacelle grid.

Fig. 1 Overlapped grid topology for isolated wing.

Fig. 2 Wing curvilinear inner grid.

Fig. 5 Side view of overlapped wing/pylon/nacelle grid.
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Fig. 3 Cartesian outer grid.

is generated for each meridional plane using a two-
dimensional grid generation procedure. The grid generation
procedure is applied only once for axisymmetric geometries,
but is applied for each meridional plane in the case of
asymmetric nacelle geometries. The NASA Ames GRAPE
computer code7 is used to generate the grid for a given
meridional plane/The code generates a two-dimensional grid
by solving two coupled Poisson equations. Each meridional
plane grid is of the C-type and wraps around the nacelle hilite
as shown in Fig. 7, which illustrates the nacelle grid in
isolation.

Governing Equations
The governing equations for steady three-dimensional

potential flow in an arbitrary curvilinear coordinate system

where U, V, W are the contravariant velocity components in
the £,77, and f curvilinear coordinate directions, respectively;
p is the density; /is the Jacobian of the transformation from a
Cartesian coordinate system to the general curvilinear
coordinate system (£,?;,£); and y is the specific heat ratio.
The density and the contravariant velocity components are
normalized by the stagnation density and the critical speed of
sound, respectively. Equation (1) is the full-potential equation
in strong conservation form and expresses mass continuity for
three-dimensional steady flows. Equation (2) expresses en-
tropy conservation and is used to determine the density p in
terms of the velocity potential </>.

The contravariant velocity components U, V, and IV can be
expressed in terms of 0 as

• • fA \

W=A.th:+.A-.A - 4 - A . f h ^ •($)
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Code

Fig. 6 Wing component grid.

Fig. 7 Nacelle component grid.

Table 1 Summary of computer codes

Usage Developed by

GRAPE

TWING

FLO49

NACELLE

TWPN

Two-dimensional grid
generation3

Transonic full-potential
wing analysis3

Transonic full-potential
nacelle axisymmetric
flow analysis3

Transonic full-potential
nacelle three-dimensional
flow analysis13

Transonic full-potential
wing/pylon/nacelle
analysisb

NASA Ames

NASA Ames

Jameson

Lockheed

Lockheed

a = Developed. b = Under development.

Expressions for the metric parameters Ai and the Jacobian
J are given by

A^Hl + q + lil, A2=r,2x+r,2y+n2
z

A3 =

(6)

(7)

The metric parameters are computed using standard fourth-
order accurate finite difference formulas.

Numerical Algorithm
The present numerical algorithm uses the finite difference

formulation developed in Ref. 5. The full-potential equation

is approximated by the finite difference expression

r / p F \ ^
M T / +6f^ J / iJ+'A,k

= 0 (8)

where /, j, k are the grid point indices in the £ (wraparound), 77
(spanwise or circumferential), and f (normal) directions,
respectively. The operators ^ ( ), dr]( ), and d^( ) are first-
order backward difference operators in the £, 17, and f
directions, respectively. The terms p, p, and p are upwind-
biased density coefficients given by expressions of the form

i+ >AJ,kPi (9)

where r denotes an upwind point and v is an artificial viscosity
coefficient given by

if MiJ>k>l (10)

where M is the local Mach number and C is a user-specified
constant. Similar expressions hold for p and p which effect
up winding in the 77 and f directions, respectively.

The finite difference equations are solyed using the AF2
approximate factorization scheme, which has proved to be
significantly more efficient than successive-line-overre-
laxation schemes. The AF2 algorithm is written in a three-step
form as

Step.l:

Step 2:

Step 3:

(11)

(12)

(13)

In Eqs. (11-13), a is a free parameter chosen to maintain
stability and attain fast convergence, 0* is a factor that
controls the amount of dissipation required in regions of
supersonic flow, co is a relaxation factor, n is the iteration
number, L0 is the mass residual, / and g are intermediate
functions obtained during the solution process, and C is the
potential function correction given by

The terms Aif AJ9 and Ak are defined by

Ai=(pA1/J)f_1/2j>k

Aj=(pA2/J)fj_l/2>k

Ak=(pA3/J)lJ>k_1/2

(14)

(15)

(1.6)

(17)

In steps 1 and 2 the g and / functions are obtained by
solving a tridiagonal system of equations, while in step 3 the
correction C is obtained by solving a bidiagonal system of
equations.

Boundary Conditions
For solid boundaries, such as the wing or nacelle surfaces,

the tangency condition is implemented by setting the con-
travariant velocity component that is normal to the surface
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equal to zero. For outflow boundaries, such as the com-
pressor face inside the nacelle (see Fig. 7), the contravariant
velocity component normal to the outflow surface is specified
in terms of the nacelle mass flow ratio.

For the pylon surface, small disturbance boundary con-
ditions are used. Freestream conditions are imposed at in-
finity. For the overlap region inner and outer boundaries, the
velocity potential <j> or the velocity potential normal derivative
0n can be specified. Both options were tried in two dimen-
sions6 and no significant differences in the final results were,
observed. However, specifying the velocity potential, which is
a scalar quantity, is easier to implement and requires less
computational effort compared to specifying the velocity
potential normal derivative.

Boundary conditions for the/and g intermediate functions
on the overlap boundaries were selected, such that if 4> is
specified on these boundaries, /and g are set to zero, while if
4>^ (normal derivative) is specified, then g^ and /^ are set to
zero.

Iteration Procedure
As illustrated in Figs. 1 and 5, the component grids are

allowed to overlap. For example, in the case of the
wing/pylon/nacelle configuration, the inner bound for the
wing component grid lies within the nacelle/inlet com-
putational domain. Likewise, the outer bound for the
nacelle/inlet component grid lies within the wing com-
putational domain.

The computation is started by initializing the entire velocity
potential field. Then the wing algorithm is executed for a
specified number of iterations (typically 10) holding </> con-
stant on the overlap inner boundary. The nacelle algorithm is
then executed for a specified number of iterations using
overlap outer boundary conditions as determined from the
wing solution. At this stage, the wing algorithm is again
executed using updated overlap inner boundary conditions
obtained from the nacelle solution. This process is repeated
until overall convergence is achieved. Typically 10 to 15 cycles
are required for convergence.

Intergrid Property Transfer
Multivariate interpolation is employed to transfer property

information between the component grids. To effect intergrid
property transfer for the isolated wing configuration, a
bivariate interpolation polynomial based on a quadratic
Taylor .series expansion was employed. Two-dimensional
interpolation is possible in this case since the spanwise stations
of the inner curvilinear grid and the outer Cartesian grid are
selected to coincide. Interpolation is performed in com-
putational (£, j]f f) space using a polynomial of the form

(18)

where /( £, f ) denotes the interpolated flow property at the
point (£,f), and the subscript 0 denotes a selected in-
terpolation base point in computational space. The
derivatives appearing in Eq. (18) are evaluated using standard
second-order accurate difference formulas. Point (?0,f0) is
selected as the mesh point closest to the desired interpolation
point «,f).

The wing/pylon/nacelle configuration requires employing
a trivariate interpolation polynomial since the component
grids in this case do not have a common coordinate surface. A
quadratic trivariate polynomial similar to Eq. (18) could be
used for this application. However, to minimize the com-
putation effort and to simplify the coding logic, the results
presented herein for the wing/pylon/nacelle configuration
employed a linear polynomial of the form

(19)
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Fig. 8 Comparison of overlapped and single grid results for NACA
0012 wing.

Computed Results
The first step to implement the present scheme was to

develop a code capable of solving the full-potential equation
in a domain containing more than one grid system. Figure 1
shows a composite grid around a wing. The velocity potential
is specified on the outer boundary of the inner surface fitted
grid and on the inner boundary of the outer Cartesian grid.
The NASA Ames full-potential wing code TWING5 is
modified and used as the flow solver for the inner grid. For
the outer Cartesian grid, a full-potential code that solves the
flow around box-type geometries was developed. Second-
order, two-dimensional interpolation, as mentioned
previously, was used to transfer the velocity potential values
between the two grids during the iterative solution process.
Performance of fhe present scheme was evaluated by com-
paring the results obtained by using the standard TWING
code5 and Lockheed-SIP transonic wing code.8 Both of these
codes use a single grid to solve for the transonic flow on a
wing. Figure 8 gives a sample of the results obtained for a
nonlifting NACA 0012 swept wing. The results are in good
agreement. Because the inner curvilinear grid, which uses the
major portion of the total computer time, is now localized in a
small region of the flbwfield, a 15% reduction in computer
run time was obtained compared with the single grid code
TWING. In the overlapped grid scheme, the inner boundary
of the Cartesian grid is located one-half chord around the
wing and the results were obtained using 101x17x11 grid
points for the curvilinear grid and 31 x 17 x 26 points for the
Cartesian grid. The TWING code solution was computed
using 101 x 17 x 25 grid points.

A wing/pylon/nacelle code (TWPN) that employs the
present scheme was developed. This required the development
of a three-dimensional nacelle code (NACELLE) and the
modification of the NASA Ames TWING wing code to allow
for the inclusion of the nacelle.

The overlapped grid topology for such a configuration is
shown in Fig. 5. Presently, the pylon is treated as a vertical slit
in the wing grid with small disturbance boundary conditions
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Fig. 9 Overlap boundary topologies.

EXTERNAL FLOW SURFACE MACH NUMBER
L__ (GELAC 1 AXISYMMETRIC INLET)

M SURFACE

•2-

DISTANCE FROM HI G H L I G H T

INTERNAL FLOW SURFACE MACH NUMBER
(GELAC 1 AXISYMMETRIC INLET).

JAMESON
• FLO-49 CODE

—-e-— NACELLE CODE

I
———— , ————— I ——

3 1 2

1

———— 1
3

Fig. 10
DISTANCE FROM H I G H L I G H T

Subcritical isolated nacelle results.
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Fig. 11 Supercritical isolated nacelle results.

EXTERNAL FLOW SURFACE MACH NUMBER
(GELAC 1 AXISYMMETRIC INLET)

SURFACE

————JAMESON
FLO-49 CODE

—-e-— NACELLE CODE

MSURFACE

1 2 3
DISTANCE FROM HIGHLIGHT

INTERNAL FLOW SURFACE MACH NUMBER
'.(GELAC 1 AXISYMMETRIC INLET)

JAMESON
FLO-49 CODE

Fig. 12

1 2 3
DISTANCE FROM HIGHLIGHT

Supercritical isolated nacelle results.

imposed on it. A separate grid for the pylon is currently under
evaluation. Figures 6 and 7 show the wing and nacelle grids in
isolation. The wing grid contains the overlap region inner
boundary, while the nacelle grid outer boundary constitutes
the overlap region outer boundary. The code is structured to
allow for noninteracting or mutual interference run modes;
that is, the velocity potential values that are imposed on the
overlap region inner boundary in the TWPN code can be fixed
or allowed to be updated during the solution process. The
results presented in the present article are for the nonin-
teracting case.

To check the code, a converged wing solution was obtained
from the NASA Ames wing code TWING. The converged
velocity potential values were usfed as boundary conditions for
the overlap region inner boundary in the TWPN code. The
code was then executed with different overlap boundary
shapes (see Fig. 9), and in each case the converged wing
flowfield solution was reproduced.

The three-dimensional nacelle code NACELLE is currently
under development. However, computations were performed
for two axisymmetric inlet configurations shown in Figs. 10-
12 on relatively coarse grids. These calculations were per-
formed using isolated nacelle grids similar to the one shown in
Fig. 7, but which have their outer computational boundaries
extended far enough to represent freestream conditions.
Computed nacelle Mach number distributions for both in-
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Fig. 13 Nacelle interference effect on wing pressure distribution.

ternal and external surfaces are illustrated. Also shown on
these figures are the computed results of the Jameson FLO49
(Ref. 9) axisymmetric nacelle code. The FLO49 code is a two-
dimensional, full-potential, finite-volume transonic nacelle
code that uses the successive line overrelaxation scheme with
multigrid convergence acceleration. The Mach number
distributions produced by the two analyses agree very well.
These results were performed on a 128x32 grid for the
FLO49 code and a66xl3x!3 grid for the three-dimensional
nacelle code.

To evaluate the performance of the TWPN code for
noninteracting wing/nacelle flowfields, a converged nacelle
solution was computed using the FLO49 code and imposed as
boundary conditions for the overlap inner boundary. A linear
Taylor series expansion, as mentioned previously, was used to
interpolate the velocity potential from the FLO49 code grid
system to the TWPN code grid system. The wing grid in the
TWPN code employed 101x26x25 grid points, while the
FLO49 code used 128 x 32 grid points.

Figures 13-15 show the interference effect of the nacelle on
two transport wing models. The pressure distributions are
computed at 5% span inboard and outboard of the nacelle.
The nacelle flowfield produced a marked change on the wing
pressure distribution especially on the wing lower surface.
This resulted in a loss of lift. These predictions agree
qualitatively with the experimentally observed nacelle in-
terference effect. A mutual interference solution should
provide a more accurate prediction. The computations were
performed on the VAX11/780 minicomputer and a typical
noninteracting case requires about 2.5-3 h of CPU time.

Conclusions
An efficient grid interfacing zonal algorithm has been

developed to compute the transonic flowfield about complex

Fig. 14 Nacelle interference effect on wing pressure distribution.

O WING ALONE

NONINTERACTING
WING/NACELLE

1.0

Fig. 15 Effect of nacelle on section lift coefficient.

configurations. In the present method the difficult task of
generating one global grid for a multicomponent con-
figuration is replaced by the easier task of generating separate
grids for each component. The optimized grid system
produces the desired balance between convergence speed and
accuracy of the flowfield solution. Numerical results using the
overlapped grid scheme show that the present algorithm
promises to be very effective in computing the flowfield about
multicomponent configurations.
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