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Introduction

CCURATE computational fluid dynamic (CFD) studies of a

full aircraft must take into account a good strategy for solv-
ing the fluid dynamic equations, ease of grid generation, appro-
priate turbulence model, and computer capabilities to resolve the
flowfield. Subsonic flows at high angle of attack are dominated by
effects of vortical structures and possible vortex breakdown. Vor-
tex breakdown severely effects the aircraft stability and control and
may reduce the operational envelope of high-performance flight.
This problem is particularly relevant to twin-tailed fighters where
the tails could be immersed in unsteady flow resulting from the
bursting of vortices generated upstream, known as tail buffet.

In this Note, a computational simulation has been performed for
the complete aircraft configuration of the F-22. The external flow-
field about the aircraft at subsonic speeds and high angle of attack
(up to 30-degincidence) is studied. The effect of yaw on the vortex
trajectoriesis also investigated. Important flowfield details such as
the location and strength of the vortical structures are studied quali-
tatively to elucidate the flow physics and demonstrate the capability
of the CFD technology. Results are compared with experimental
data' for validation of the flow solver. More extensive details about
the information presented in this note can be found in the Ref. 2.

The governing equations are taken to be the unsteady three-
dimensional, compressible, mass-averaged Navier-Stokes equa-
tions. A two-equation k-¢ turbulence’ model is used for the present
study. The two-equation model is used because an explicit length-
scale specification required for an algebraic model can be difficult
to determine and ambiguous for complex geometriesinvolving mul-
tiple grids. The mass-averaged Navier-Stokes equations are solved
using the numerical code, FDL3DI, which is based on the implicit
Beam and Warming algorithm* and employs a domain decomposi-
tion strategy to handle complex geometries.

Results and Discussion

The flow conditions for the numerical simulation are given in
Table 1. The Reynolds number was based on the reference length
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¢ of the wing root chord of the model. The full-scale length of
the root chord is 240 in. All conditions were selected based on
the availability of experimental data.! The experiment consisted of
a wind-tunnel test of a 0.10-scale model without stores. For the
purpose of validation, the surface pressure coefficient measured by
the experiment was used.

The grids were generated from a CAD source of the original ge-
ometry using the GRIDGEN software.’ The computation departed
from the original geometry only with respect to the engine inlet
and outlet. In the computation, a freestream inflow condition was
specified at the inlet face with the outflow capped. Overlapping
grids were constructed for the various components of the F-22 air-
craft, viz. nose, fuselage, inlet, wing, and horizontal and vertical
tails. All grids except the nose and inlet grids were of H topology,
the nose was C-O topology, and the inlet grids were rectangular.
The entire mesh system was embedded within a background mesh
extending five root chord lengths away from the body in all di-
rections, except the spanwise direction, which extended two root
chord lengths. A minimum distance, Ay/c =4.6 x 107>, was used
in the body normal direction, resultingin y* = 10 at the first y-mesh
point above the surface. Here, c, is the reference length of the wing
root chord referred to earlier. Solution convergence was assumed
for the high-alphaturbulentsolutions when the vortex on the down-
stream of the aircraft did not change between two solutions three
characteristictimes apart. All turbulent solutions were started from
converged laminar solutions. The data processingrate is 2.6 x 107>
CPU-seconds/step/node for the turbulent computation on a single
processor of the Cray T-90 computer.

The comparison of surface pressure on the upper surface for the
experiment' and computation is shown in Fig. 1 for an angle of
attack of 20 deg. Results at 10- and 30-deg angle of attack are found
in Ref. 2. Because of calculations having bilateral symmetry, it is
possible to show top views of the F-22 aircraft with one side of
the symmetry plane showing the experiment and the other side the
computation.

The comparison shows good qualitative agreement between the
experiment and computation, and trends given by the experiment
are captured in the CFD predictions. Comparison of the computa-
tional and experimental surface pressures on the forebody are good.
Both experiment and computation display a low-pressure footprint

Table 1 Flow conditions and grid details

Mach o, B, Number of

number Res deg deg nodes, x10° Blocks
0.4 4.6 x 10° 10 0 1.0 6
0.4 4.6 x 10° 20 0 1.0 6
0.4 4.6 x 10° 30 0 1.0 6
0.6 4.6 x 10° 24 0 2.0 12
0.6 4.6 x 10° 24 6 2.0 12

Computation

Min

Fig. 1 Top view of comparison of surface pressure. Mo =0.4and o =
20 deg.
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Fig. 2 Top view of particle traces, surface pressure, and three-
dimensional representation of vortex breakdown. Mach number = 0.4
and o = 20 deg.
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Fig. 3 Top view of particle traces, surface pressure, and three-
dimensional representation of vortex breakdown. Mach number = 0.4
and a = 30 deg.

on the strake. This feature indicates the development and strength-
ening of the leading-edge vortical structures with increasing angle
of attack. The comparison of the magnitude and extent of the com-
puted and experimental low-pressure region on the strake is good.
The low-pressure footprintat the leading edge of the wing observed
in experiment is predicted well. The trajectory of the computed
vortex indicated by the low-pressure region on the wing (Fig. 1),
matches that of the experiment. The overall comparison of the re-
sults at 10, 20, and 30 deg shows the development of significant
low-pressureregions on the surface with increasingangle of attack.

To study the effectofangleof attack, a freestreamMach number of
0.4 and angles of attack of 10, 20, and 30 deg were computed. At the
lower angle of attack of 10 deg, only relatively weak vortices were
generated by the strake. Figures 2 and 3 show the predicted surface
pressure contours and streamlines for the 20- and 30-deg cases,
respectively. Particles were released in the core of the vortices to
study the trajectories of the different vortices. The tightly spiraling
streamlines along the low-pressureregion on the nose (30-deg case),
strake, and wing (20- and 30-deg case, respectively) show the path
of the vortical structures. Also indicatedin the figures are regions of
reversed u velocity highlighted by the green and yellow isosurfaces
of u=0.
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Fig. 4 Top view of particle traces, surface pressure, and three-
dimensional representation of vortex breakdown. Mach number = 0.6,
a =24deg,and 3 =0 deg.
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Fig. 5 Top view of particle traces, surface pressure, and three-
dimensional representation of vortex breakdown. Mach number = 0.6,
a =24 deg, and 3 = 6 deg.

For the 20-deg case shown in Fig. 2, the strake vortex runs along
the strake leading edge and onto the wing. Over the wing, the strake
vortex merges with the wing vortex. The merging of these vortices
over the wing is distinguishedby the coalescence of the two distinct,
low total pressure zones (not shown here). Toward the rear of the
wing these merged vortices undergo vortex breakdown. This leads
to the development of the negative u-velocity region seen in Fig. 2.

For the 30-deg case shown in Fig. 3, a small vortex develops
along the forebody, resulting in a low-pressure region along the
side of the canopy. In the computation, this vortex dissipates far-
ther downstream. A stronger strake vortex is formed as indicated
by the lower-pressureregion on the strake. This vortex breaks down
slightly upstream of the wing leading edge, as seen from the extent
of upstreampenetrationof the reversed u-velocity zone (Fig. 3). The
flow overthe wing is also almost fully stalled and has areduced influ-
ence on the strake vortex. Therefore, the broken-down strake vortex
tracks more inboard and the vertical tail is immersed in this flow.

For a freestream Mach number of 0.6- and 24-deg angle of attack,
sideslip angles 8 of 0 and 6 deg (port side forward computed) are
considered to study the effect of yaw. At « =24 deg and $ =0, a
strake vortex is formed (Fig. 4). The vortex path traverses the wing
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and is located outboard of the vertical tail. For a sideslip angle
B =6 deg (Fig. 5), a stronger vortex is formed on the port side
strake. The trajectory of this vortex is located more inboard on the
wing/fuselage and passes just outboard of the port side vertical tail.
This resultsin aregionof lower pressure on the outboard side toward
the root of the vertical tail (figure not shown). Furthermore, over the
wing, a more extensive stalled flow region (Fig. 5) exists for the
B = 6-deg case, leading to higher pressures on the port side wing
than for 8 = 0 case. This is due to the effectively lower sweep of the
port side wing for 8 =6 deg.

On the starboard side, the effect of yaw is to move the trajectory
of the strake vortex farther outboard of the vertical tail. The wing
vortex also moves slightly farther outboard and is weaker, resulting
in no vortex breakdown. This is due to a higher sweep angle for the
starboard wing at § = 6 deg. The stalled flow region at the tip of the
wing is also less extensive for the § = 6-deg case.
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