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Grid Generation and Inviscid Flow Computation About a
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An algebraic grid generation procedure that defines a patched multiple-block grid system suitable for a fighter-type
airplane geometry is described. The grid generation is based entirely on transfinite interpolation and is computation-
ally efficient. Grids are presented for an experimental aircraft with a fuselage, including an engine inlet, 7020 deg
cranked delta wing, canard, and a vertical tail fin. A finite-volume Euler solver using explicit Runge-Kutta time-step-
ping is adapted to the grid system and implemented on a supercomputer with a high degree of vectorization. Computed
inviscid compressible flow solutions about the fighter configuration are presented for Mach 2 at 3.79, 7, and 10 deg
angles of attack. Comparisons between the present numerical solutions, other numerical experiments, and wind-tunnel
measurements indicate that the described approach is viable to simulate inviscid compressible flow about complex

airplane geometries.

Introduction

T has become possible to solve inviscid compressible flow

routinely using the Euler equations for moderately complex
geometries.'* However, most of the three-dimensional compu-
tations that have been made use single-block structured grids.®
For very complex geometries, either an unstructured grid or
multiple-block structured grids that are patched together or
overlapped are required. Several papers®!? have been pub-
lished recently on this subject, and it is clear that there are
different strategies that can be pursued.

The grid generation strategy followed herein is to patch to-
gether several boundary-fitted grids with C! continuity, and,
henceforth, all grids that are described are structured. This
approach keeps the flow solution procedure almost as simple as
on a single-block grid, since block interface points can be
treated as interior points in neighboring blocks. The grid topol-
ogy that is used attempts to minimize the number of grid
blocks and the amount of grid skewness. The grid generation
procedure is algebraic and is based entirely on transfinite inter-
polation,’® and since the grid computation is direct, the pro-
cedure is computationally efficient. The computation of the
surface grid of a configuration is considered as a separate prob-
lem, and once the grid topology is decided upon, the surface
grid is computed using the techniques described in Ref. 14. A
time-marching finite-volume scheme!~*!5 has been adapted to
the multiple-grid system and has been highly vectorized.

In Ref. 16, the basic grid generation concept and calculations
on simplified prototype models are presented. In the following
sections, the grid generation and Euler solution procedure are
described for an accurate representation of an advanced fighter
airplane geometry with a fuselage, including an engine inlet,
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canard, 70-20 deg cranked delta wing and vertical tail fin (Fig.
1). Using the Euler procedure, solutions are obtained for Mach
2 at 3.79, 7, and 10 deg angles of attack. The characteristics of
the solutions are discussed, and contour plots of the pressure
coefficient on the configuration surface are presented for the
three cases. The pressure coefficient at specific cross sections for
the 3.79 deg case is compared with an available full potential
solution'” and an Euler solution.'® Force calculations are ob-
tained from the numerical solutions and compared with exper-
imental observations described in Ref. 19. The initial Euler
solution for the 10 deg angle of attack case exhibited an oscilla-
tion near the leading edge of the 70 deg swept part of the wing.
The convergence procedure for the finite-volume approach was
modified and a steady-state solution obtained. Possible reasons
for the occurrence of the oscillation are discussed.

Grid Generation

Grid Topology

For an advanced fighter-type airplane configuration such as
the one shown in Fig. 1, only patched C!-continuous grids are
considered, and grid lines are required to conform to all wing
edges. There are two basic alternative topologies (Fig. 2) that
can be enforced. The simplest approach is to let selected out-
going grid lines conform to the leading and trailing edges of
both the canard and the wing. For a cranked delta wing with
a highly swept inner region, it is clear that this type of grid has
disadvantages. Not only is the grid highly skewed at the leading
edge of the inner part of the wing, but its structure makes it
difficult to concentrate grid points in a smooth fashion in the
apex region of the wing. A different approach is to let the
leading edge of the inner wing be represented by a grid line
associated with two grid systems as shown in Fig. 2. It is clear
that this “dual-block” topology gives a less skewed grid and
also gives a natural concentration of grid points in the apex
region of the wing. In the resulting dual-block grid, the third
family of grid lines wraps around the fuselage, and both lifting
surfaces can be represented as interior slits, with the inner wing
slit in the inner grid and the canard and outer wing slits in the
outer grid.
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Fig. 2 Alternate grid topologies.

Surface Grid

After deciding on the grid topology, the nex step is the com-
putation of a suitable surface grid that defines the airplane
geometry and conforms to the chosen grid topology. The sur-
face grid computation is performed using a set of computer
programs that have been developed specifically for aircraft sur-
face geometry. In general, a configuration is defined by cross
sections for each component (i.e., fuselage, wing, canard, tail;
see Fig. 3). A bicubic representation of each component is
established by fitting cubic splines along and across the defin-
ing cross sections.'* The intersection of components such as the
wing and fuselage is obtained by simultaneously solving for the
intersection of the bicubic patch representation of the intersect-
ing components and a sequence of planes. Similarly, grid
curves on the surface of a component are computed using the
patch-plane intersection approach. Finally, grid points are dis-
tributed along the intersection curves using single-valued func-
tions relating grid points to arc length. Figure 4 shows the
fighter surface grid for the bottom dual-block and the top
dual-block. In the windward direction the grid is concentrated
near the leading and trailing edges of the canard and across the
fuselage and wing, corresponding to the leading and trailing
edges of the 20 deg swept portion of the wing. The grid is
concentrated at the leading edge of the 70 deg swept portion of
the wing and across the rear of the wing at the dual-block
intersection. Around the surface, the grid is concentrated at the
intersection of the top and bottom blocks.

Exterior Grid Generation

Once a satisfactory surface grid is defined, the next task is to
extend the surface grid out into the flowfield. The complete grid
is computed by first dividing it into several subgrids and then
“filling in”” one subgrid after the other by transfinite interpola-

Fig. 3 Component description of the fighter configuration.

Top Surface Grid

Bottom Surface Grid

Fig. 4 Grid description of the aircraft surface.

tion.!® Transfinite interpolation is a technique where the de-
sired multivariate interpolation operator is defined as the
Boolean sum of several univariate interpolations. For each
subgrid, some of the six bounding surfaces are obtained from
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the surface grid or from previously computed adjoining sub-
grids, and some are constructed by simple analytic functions.
C!-continuity between subgrids is achieved by using derivative
information as well as positional information in the interpola-
tion. Grid point concentration is achieved by the appropriate
definition of the blending functions.!?

The subgrids closest to the fuselage are computed first and
the outermost subgrids last. For the fuselage/wing/canard/tail
configuration there are 20 interpolation steps and subgrids.
The subgrids are only partitions of the actual grid arrays and
are merged into a dual-block about the bottom of the configu-
ration and a dual-block about the top.

Fighter Configuration

The fuselage of the configuration of interest (Fig. 1) has an
integrated canopy over the cockpit, an engine inlet separated
from the main part of the fuselage by a boundary layer di-
verter, and the midsection is area ruled for supersonic flow.
The canards and wings are defined by parabolic arc streamwise
sections, and the cranked wing is swept 70 deg followed by
20 deg. The intersection of the wing leading edge and the fuse-
lage is near the vertical center of the fuselage, and the intersec-
tion of the wing trailing edge and the fuselage is near the top of
the fuselage. The vertical fin intersects the fuselage in much the
same way as the canard except that it is defined vertically rather
than spanwise. The grid about the fighter configuration is di-
vided into a bottom grid and a top grid, and the common grid
surface is H-type with identical grid points except on the wing
and canard.

Both the bottom and top grids are dual-block grids as de-
scribed above. The inner blocks covers the region around the
inner part of the wing and the aft part of the fuselage and
vertical tail (Fig. 5). The outer grid covers the region around
the forward part of the fuselage, canard and the outer part of
the wing (Fig. 6). Figure 7 shows that C'-continuity between
the inner and outer grids cannot be enforced all the way to the
singularity at the wing apex caused by the particular topology.
However, this “irregular” region around the singular ring can
be made arbitrarily small to keep the truncation error at a
tolerable level.

An accurate modeling of the fuselage inlet and boundary
layer diverter region is not attempted at this time and will
require additional grid blocks. Instead, the geometry is sim-
plified by filling in the boundary layer diverter region between
the fuselage and inlet and by forcing certain grid lines to run
along the slightly rounded inlet edge. The major influence of
the inlet is accounted for by flow through boundary conditions
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Fig. 5 Inner grid-blocks for a dual-block topology.
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at those grid cells that coincide with the inlet opening. In Fig.
4, the region of the grid cells corresponding to the engine inlet
are pointed out. Figure 8 shows the extension of the grid from
the configuration boundary to the outer boundary.
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Fig. 8 Grid surfaces extending from the configuration boundary to the
outer boundary.
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Euler Flow Solution

Numerical Method

The numerical solution of the Euler equations is based on a
centered finite-volume scheme with explicit Runge-Kutta time
stepping.’~*1° This type of scheme was first used by Jameson et
al.,'® but the present scheme differs significantly from this orig-
inal scheme, mainly in the definition of the damping terms and
the farfield boundary conditions. . B ,

The finite-volume scheme is derived by applying the full Eu-
ler equations in integral form to each hexahedral grid cell and
making consistent approximations of both the volume and sur-
face integrals. For the center-of-cell formulation, the resulting
semidiscrete scheme is written:

VOL,;(d/dD)g;, . + F, it vk — Fi_ 12y + Gijs 12,k
=Gk +Hi,j,k+1/2_Hi,j,k‘—'l/2=0 @)

In Eq. (1), g;,4 denotes the flow-state vector containing den-
sity, momentum (x,y,z components), and energy at the center
of cell (i,j,k). VOL,;, denotes the volume of grid cell (i,j,k) and
Fi o 1pju Gijiijpgeo Hijxinz denote the approximate inte-
grated flux of mass, momentum, and energy through the six cell
walls of grid cell (i,j,k). These integrated fluxes are computed
by taking the average of the nonlinear flux functions evaluated
at cell centers and multiplying these quantities with the normal
vector and surface area of the appropriate wall cell. Since the
flux computations are symmetric, the resulting scheme is com-
pletely centéred. The semidiscrete scheme [Eq. (1)] is conserva-
tive and second-order accurate on a smooth grid, but it is also
completely nondissipative due to the symmetric flux computa-
tions. In order to suppress aliasing and shock-induced oscilla-
tions, a mixture of second-difference and fourth-difference
damping terms is added to Eq. (1). Here, the fourth-difference
terms. are global and linear, whereas, the pressure-controlled
second-difference terms are nonlinear and are only activated
around shocks. ,

‘An explicit three-stage Runge-Kutta scheme is used to inte-
grate Eq. (1) in time. Since only steady-state solutions are
desired, the concept of local time stepping is used to dccelerate
the convergence to steady state. o '

Boimdary ‘Conditions

There are three types of boundary conditions at solid walls,
only pressure is needed and is obtained by linear extrapolation
from the two nearest cell centers. At grid interfaces of C!-con-
tinuous type, the interior scheme is still used, but necessary
flow information for cell centers outside the current grid do-
main is obtained from the neighboring grid domain. At inflow/
outflow boundaries, an absorbing condition based on the
theory of Engquist and Majda® is applied. o

- Computer Implemenfation

Surface and Exterior Grids

The surface grid is computed independently after the topol-
ogy, the number of grid points in the two coordinate directions
on the surface, and the concentrations of grid points has been
decided upon. The surface grid is stored in a file to be used as
input for the exterior grid. o

The exterior grid generation is performed in a program that
uses the surface grid and control parameters as input. The
program is written in FORTRAN-77 and will run on any num-
ber of computers depending on the size of the grid. For the grid
around the experimental fighter configuration used for the so-
lutions described later, there are 309,120 grid points. The un-
vectorized exterior grid generation program is run on a vector
supercomputer to compute the grid point coordinates and cor-
responding cell volumes. This program is run on the supercom-
puter because of the large amount of storage required for the
grid, and the output of the program is the input for the Euler
code. ' '
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Euler Solver

The finite-volume scheme has been implemented on a vector
supercomputer for the dual-block grid topology. By vectoriz-
ing in planes, a computational speed ten times that of the scalar
version is achieved for vector lengths around 1000. The CPU
time for one complete time step is 9.5 s for 309,120 grid points.
This corresponds to a processing time of 3.07 x 107 s per grid
point per time step. '

Computational Results

The grid generation scheme and Euler solver described
above have been applied to a generic fuselage/wing/canard
configuration’® and the experimental fighter configuration. A
description of three flowfield solutions over the fighter configu-
ration at Mach 2 and angles of attack of 3.79, 7, and 10 deg are
presented. A steady solution is assumed to be achieved when
the maximum residual (change in density) from one step to the
next is less than 1 x 1072, ‘

Mach 2—Angle of Attack 3.79 Deg

For a freestream Mach number of 2.0 and 3.79 deg angle of
attack, a steady-state solution is achieved after 800 steps, using
freestream initial conditions: Pressure coefficient contours on
the top and bottom surfaces of the fuselage, canard, and wing
are shown in Fig. 9. Figure 10 shows shaded contours of the
pressure coefficient on three surfaces.in the streamwise direc-
tion. The figures show all the expécted features of the flow,
such as high pressure in front of the canopy and low pressure
behind it, low pressure along the upper leading edge of the
inner wing, and high pressure under the outer wing. An impor-
tant feature is the continuation of the low-pressure region
along the top leading edge of the inner wing to the region
between the outer and inner wing, downstream of the crank.
This indicates that there is some vortex generation (thus, en-
tropy increases at the inner-wing leading edge).

The flow enters the inlet region in a smooth manner, but
there is considerable increase in pressure. There is also a high-
pressure region on the fuselage and bottom wing surface just
downstream of the inlet. There is a bulging (area ruling) of the
fuselage behind the inlet that gives rise to this high pressure.

Mach 2—Angle of Attack 7 Deg

Increasing the angle of attack to 7 deg while holding the Mach
number at 2 causes the pressure to increase on the bottom of the
configuration and decrease on the top (Fig. 11). On the top wing

Top Surface

Mach Number = 2 > -.175
Alpha = 3.79°

Fig. 9 Contours of pressure coefficient C, on the aircraft surface.
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Fig. 10 Shaded levels of the pressure coefficient on three windward
surfaces, Mach = 2, angle of attack = 3.79 deg.

.2 Top Surface

Fig. 11 Contours of pressure coefficient, angle of attack =7 deg.

surface there is strong indication of vortical flow in the pressure
distribution. Another interesting point to note is that on the
bottom surface, the high-pressure region emanating from the
bulge on the fuselage has moved forward on the bottom of the
wing. The initial conditions for this case are the results of the
3.79 deg case, and convergence occurs in 500 steps.

Mach 2—Angle of Attack 10 Deg

Increasing the angle of attack from 3.79 to 10 deg while
holding the Mach number at 2 is the second case in chronolog-
ical order that was attempted for the fighter configuration. The
initial conditions are those of the 3.79 deg angle-of-attack solu-
tion. At first, convergence toward a steady-state solution ap-
peared normal with residuals decreasing at the expected rate.
However, before converging the root-mean-square residual

J. AIRCRAFT

Top Surface

Mach Number = 2
Alpha = 10°

Fig. 12 Contours of pressure coefficient, angle of attack = 10 deg.

and the maximum residual leveled off and began oscillating.
Investigation of thé pressure coefficient indicates that the high
residuals emanate from the top grid just inside the leading edge
of the 70 deg swept portion of the wing. Elsewhere, the residu-
als are well below the cutoff limit. Since the residuals appeared
to be near periodic with period approximately 100 steps, a se-
quence of images (pressure solution on the top of the wing) was
created for 400 steps and stored on video tape. Playing back
the video shows an oscillation in the pressure just inside the
leading edge of the highly-swept portion of the wing emanating
midway between the apex of the wing and the crank and prop-
agating both upstream and downstream. There is no physical
explanation for this deviation from a steady-state solution,
although the shock from the bulge on the bottom surface im-
pinges near this point. The oscillation does not occur on the
generic model at Mach 2 and 10 deg angle of attack where
there is no irregularity in the fuselage (a steady state is
reached!®).

The Euler solver applied in this study uses local time step-
ping, and it is hypothesized that the unsteady solution is the
result of this numerical approach coupled with the given grid
and physics. To test this contention, the Euler solver was
modified to run at the minimal time step everywhere. The solu-
tion converged to less than the allowable residual at all the grid
cells, but very slowly. This indicates that the oscillation prob-
lem can be overcome with global time stepping but does not
proclaim to be the only solution. The 7 deg angle-of-attack
case was computed using local time stepping after having
difficulty with the 10 deg case. No unsteady phenomena were
observed.

Figure 12 shows the steady state pressure coefficient solution
at Mach 2 and 10 deg angle of attack. The pressure increases
on the bottom surface and decreases on the top surface. Strong
vortical motion is evident on the top wing surface, and the
high-pressure region, emanating from the bulge on the fuse-
lage, moves forward on the wing.

Comparison with Other Data

Comparisons of the present computation with correspond-
ing results of a full potential method!” and another Euler solu-
tion'® with a completely différent grid are made. Figures 13 and
14 show the spanwise pressure distribution at constant-x sec-
tions at the canard and the highly swept portion of the wing. In
general, the agreement is good at these stations.
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Fig. 13 Pressure coefflcient across the canard.
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Reference 19 describes a series of wind-tunnel experiments
between Mach 1.6 and 2.5 using the configuration shown in
Fig. 1 and other geometric variations. In the experiments, the
model was instrumented only to measure body forces. The
pressure solutions on the surface grid obtained in this numeri-
cal study at Mach 2 and 3.79, 7, and 10 deg angles of attack
were integrated accounting for flow into the engine inlet. The
lift coefficient and pitching moment coefficient were computed
and are shown in comparison with those obtained in the phys-
ical experiments in Fig. 15. The agreement of these two force
characteristics from the physical and numerical experiments is
quite good. There does appear, however, to be a bias over the
range of the angle of attack, and this is attributed to removal
of the boundary layer diverter in modeling the surface grid in
the engine inlet region.

Conclusions

The computational results obtained demonstrate that the
grid system used here and the finite-volume Euler solver is a
viable approach to the problem of simulating the compressible
flow around a complex fighter-type airplane geometry at mod-
erate angles of attack. Due to the natural concentration of grid
points in the wing apex region given by this grid topology, it is
possible to capture the vortex generated at the sharp leading
edge. The results of the present computations at Mach 2 and
3.79 deg angle of attack are in good agreement with those of a
full potential method and another Euler solution. The force
calculations made in the present numerical experiments com-
pare favorably with those measured in wind-tunnel experi-
ments. At Mach 2 and 10 deg angle of attack a converged
solution is obtained with global time stepping to avoid an oscil-
lation that occurred with local time stepping.
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