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This article describes the numerical simulation of the unsteady viscous flow around the F-18 aircraft at high
angles of attack. A generalized overset zonal grid scheme is used to decompose the computational space around
the complete aircraft, included deflected control surfaces. The grids around various components of the aircraft
are created numerically using a three-dimensional hyperbolic grid generation procedure. The Reynolds-averaged
Navier-Stokes equations are integrated using a time-accurate, implicit procedure. Results for the turbulent flow
around the F-18 aircraft at 30 deg angle of attack show the details of the flowfield structure, including the
unsteadiness created by the vortex burst and the resulting fluctuating airloads exerted on the vertical tail. The
computed results agree fairly well with flight data for surface pressure, surface flow pattern, vortex burst
location, and the dominant frequency for tail load fluctuations.

1. Introduction

XTENSIVE research is currently being directed towards

understanding the high-angle-of-attack flow regime with
the objective of improving the high alpha performance of
current and future aircraft. A validated data base is being
obtained through flight, sub- and full-scale wind-tunnel testing
and CFD simulation of the flow about the F-18 aircraft. The
F-18 was selected as a base configuration because of its ex-
ceptional high-angle-of-attack capability. Flight testing and
flow visualization is conducted at Ames-Dryden Flight Re-
search Facility' using the high alpha research vehicle (HARV)
that is a highly-instrumented F-18 aircraft (Fig. 1). Subscale
wind-tunnel testing was conducted at Langley® and full-scale
testing is currently being conducted at Ames. CFD simulation
of the F-18 external flow is being performed at Ames*~¢ and
Langley”-® while investigation of the internal flow through the
inlet is being carried out at Lewis.® The objective of this paper
is to describe a computational method for predicting the steady
and unsteady external flowfield around the complete F-18
aircraft at large incidence. Emphasis is directed towards study-
ing the inherent unsteadiness downstream of the vortex break-
down and the resulting unsteady loads on the twin vertical
tails.

The task of simulating the flowfield around the F-18 rep-
resents a challenge to current CFD methods and computer
resources because it involves both complicated physics and
complex geometry. The complicated physics associated with
high-angle-of-attack vortical flows involves massive separa-
tion, vortex interaction, vortex breakdown, and the resulting
unsteadiness in the flowfield. The complex geometry of the
F-18 represents a challenge to grid generation because of the
many close-coupled components (e.g., wing and empennage)
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and the use of the control surfaces (leading- and trailing-edge
flaps, and horizontal stabilator) to enhance the aircraft ma-
neuverability. In addition, the wing leading-edge extension
(LEX) generates a strong vortex that enhances the wing lift
at high angles of attack. The twin vertical tails are canted to
intercept the high energy flow in the vortex to increase their
effectiveness. However, at moderate to high angles of attack,
the LEX vortex bursts and induces buffeting to the tails. This
tail buffeting phenomenon is not limited to the F-18, but has
also been observed on other twin-tail fighters like the F-15.
Both computational®® and experimental'! work on the F-15
indicates that tail buffeting occurs at moderate to high angles
of attack.

The current numerical technique is based on the overset,?
or Chimera'>* scheme. This technique acts as the framework
forincluding the effects of different components of the aircraft.
A generalized overset/patch zonal grid interfacing method®$
is added to the basic Chimera scheme to increase its range of
application. The grids around the main components of the
aircraft are created numerically using a three-dimensional
hyperbolic'*-¢ grid generation code. The equations governing
fluid motion, represented by the Reynolds-averaged Navier-
Stokes equations, are integrated using a partially upwind, two-
factored procedure.?’

The numerical method is briefly described in Sec. 11, whereas
the results and a comparison with flight data are described in
Sec. III.

Leading edge extension
pressure orifices.

Flow fleid

pressurs rings.

Fig. 1 Top view of the F-18 HARY.
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II. Numerical Method

The numerical simulation procedure is based on the use of
the overset zonal scheme (Chimera) because of its consid-
erable flexibility. The grid generation task is made easier
because the scheme does not require neighboring grids to
match along any common surface. Instead, it is simply re-
quired that two adjacent grids overlap each other. Moreover,
overset grids become more attractive when simulating mov-
able control surfaces scheduled with the angle of attack, or
for flows where one grid is in relative motion with respect to
the other grids.'®!? Therefore, the overset scheme would be
a suitable tool to extend the present work to couple the aero-
dynamic and structural response of a flexible tail due to buf-
feting. For complex junctions, such as fuselage-strake-wing,
it would be advantageous to remove the requirement of over-
lap along body surfaces. Unlike overset grids, patch grids do
not necessarily require grid overlapping, but they are gen-
erally more restrictive since they require zonal boundaries to
match along common surfaces. For the current simulation,
the generalized Chimera grid interfacing scheme®* is used to
maintain the flexibility of overset grids while relaxing the
requirement of grid overlapping along body surfaces.

A three-dimensional body-fitted mesh can be generated
numerically using the hyperbolic'>!¢ procedure. The hyper-
bolic procedure has the desirable feature of allowing the user
to specify an arbitrary point distribution along the body sur-
face from which a body-normal grid is automatically created.
Compared to other numerical grid generation procedures, the
hyperbolic scheme is less costly in terms of computer time
and memory, and the resulting grid can be made orthogonal
or close to orthogonal everywhere. Since the grid is obtained
by marching outward from the body surface, the hyperbolic
scheme has a drawback in its inability to prescribe an exact
location for the grid outer boundary. However, the use of the
overset scheme does not require the exact matching of outer
grid surfaces, thus, there is no need to specify an exact location
for the outer boundary.

The nature of the separated flow in the high-angle-of-attack
regime mandates the solution of the Navier-Stokes equations.
A simpler set of equations, like the Euler equations, would
not be suitable for simulating massively separated regions.
Any Navier-Stokes code written for a single grid can be readily
adapted to work with the overset scheme. The two-factored
F3D code!” was selected because it is implicit and can be run
in either a time-accurate or steady-state mode. The F3D code
has been used extensively in the past and validated for several
viscous problems, including high-angle-of-attack flows.

A. Geometry Definition and Approximations

It would be extremely difficult to model all the details of
the F-18 geometry. Therefore, some simplifications are made
to facilitate the simulation process. Small protuberances (e.g.,
antenna fairings), and small compounds (such as missile rails,
etc.), are neglected because they are not expected to have a
significant effect on the overall flowfield. The flow through
the inlet is excluded in the current work. The use of overset
gridding will allow the eventual inclusion of the internal flow
through the engines by adding grids to simulate the inlet re-
gion and the exhaust plume.

The surface grid for the current computational model con-
sists of the forebody, LEX, fair-over inlet, wing, deflected
leading-edge flaps, vertical and horizontal tails, and an ideal-
ized boundary-layer divertor vent. The fuselage surface def-
inition was given in terms of cross-sectional cuts. A fairing
was added as shown in Fig. 2 to cover the inlet, and part of
the boundary-layer divertor vent, and a sting was added to
the back end of the computational model. The surface of the
wing and the empennage are defined from given NACA cross
sections with prescribed taper, twist, and thickness, etc. Since
surfaces of different components were defined separately, some
minor alterations were made to the fuselage, wing, and tails
to ensure proper matching at the junctions. The leading-edge
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Fig. 2 Overall view of the grid system.
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flap surface grid was obtained by deflecting the wing surface
grid around the hinge line, that is located at the 20% chord
position. A small spanwise gap (with thickness of about 0.005
chord) was assumed between the wing-root section and the
flap-root section. The gap between the inboard and outboard
flaps as well as any gaps along the hinge line are not simulated.
The actual boundary-layer divertor vent geometry is very
complicated. However to simulate the rough effect of the
upward flow from underneath the LEX, an idealized bound-
ary-layer divertor vent was created using approximate di-
mensions. The surface grid for the horizontal tail trim position
was obtained by rotating the tail around its root midchord.

B. Domain Decomposition

The main advantage of using the overset method is to re-
duce the grid generation procedure from the difficult task of
creating a single grid around the entire configuration, to the
simpler task of separately creating grids around relatively sim-
pler components. Moreover, like other zonal methods, the
overset method provides the capability to use different grid
densities, different sets of governing equations, or different
turbulence models in different regions, depending on physical
considerations. In addition, zoning could be used to reduce
the run-time computer core memory requirement through the
use of auxiliary memory.

The grid system for the F-18 consists of 10 grids shown in
Fig. 2. The fuselage (consisting of the forebody, LEX, faired-
over inlet, aft end, and sting) is gridded separately from the
other components. Furthermore, to reduce the memory re-
quirement, two grids, instead of one, were created around
the fuselage. Separate grids were created for the outer mesh,
wing, flaps, gap between the fuselage and flaps, B. L. vent,
horizontal and vertical tails. A detailed discussion of the grid
system is given in Ref. 6. The hyperbolic grid generation code
was used to generate the two fuselage grids, outer mesh, wing,
flap, and tails grids. Special treatment for the sharp LEX
leading edge, that uses one-sided differencing at discontinu-
ities is discussed in Ref. 5. The horizontal tail grid was dis-
torted near the tail root to make it coincide with the surface
of the fuselage in a manner similar to that used in Ref. 20.
The gap grid were created algebraically through transfinite
interpolation from the wing and flap grids; similarly, the vent
grid was created from the fuselage grid. Finally, communi-
cation among all interconnecting grids is established using the
Pegasus code.!?

C. Governing Equations and Numerical Algorithm

For high-Reynolds-number flow, the use of body-fitted co-
ordinates allows the thin-layer approximation in the outward
direction to simplify the full Reynolds-averaged Navier-Stokes
equations.”?* However, in order to treat nonbody-conform-
ing grids and to maintain flexibility in zoning, the thin-layer
approximation is extended to three directions. The governing
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equations take the following form:
0.0 + 9F +9,G+ dH =R+ 3,5 + 9T)VRe (1)

where O represents the dependent variable vector while F,
G, and H are the inviscid flux vectors associated with the £,
7, and ¢ directions, respectively. The viscous terms in &, 7,
and { have been collected into the vectors R, S, and T, re-
spectively. In accordance with the thin-layer approximation,
R, S, and T do not contain any cross-derivative terms.

The above equations are numerically integrated using the
code F3D that is an implicit two-factored scheme that uses
central differencing in the n and ¢ directions and upwind
differencing in the ¢ direction. The discretized form of Eq.
(1) takes the following form: ‘

LE,AQ T = — iy At[SUF *) + S(F) + 8,G"
+ 8H" — (§,R" + 6,8" + 8,T")/Re
- (Deln + Del{)Qn] (2)

where the forward and backward operators, £,, &, are given
by

L =1 + i,[h8%A*) + h8,C" — hRe 1§, 1
"M — Di'g]

£, = I + i,[h8(A™)" + h8 B" — hRe~'8,J-'N"J — D/,]

In Eq. (2), h = At/e where ¢ = 1 for first-order and ¢ =
2 for second-order time accuracy, and At is the time step.
Also, in Eq. (2), 8 is a three-point second-order accurate
central difference operator, while § is a midpoint operator
used with the viscous terms. The flux F associated with the
£ direction has been eigensplit allowing the use of backward
and forward difference operators 8 and 64. This differencing
maintains the freestream divergence in general curvilinear
coordinates when coupled with consistently differenced cen-
tered metrics. The 5 X 5 matrices A, B, C, M, and N result
from local linearization of the fluxes about the previous time
level.

The dependent variable vector @"*' is obtained from the
above two-factored algorithm by solving the following se-
quence at each time step, one grid at a time:

,AQ* = RHS
£,00" = AQ* (3)
Qn+l _— Qn + AQn—+1

where RHS is the right-hand side of Eq. (2). The only dif-
ference between Eq. (2) and the F3D algorithm, as applied
to single-block grids, is in the use of the three-dimensional
array i,, that is introduced to allow the use of overset grids
without affecting the code vectorization. This parameter is
set either to one (at regular field points) or zero (at boundary
or hole points). It is obvious that when i, is equal to one, Eq.
(2) reduces to the original F3D algorithm. However, at
boundary or hole points, i, is set to zero, and the integration
scheme reduces to @"** = @". Thus, @ is not updated by the
numerical integration procedure at boundary or hole points.
The boundary points are updated at the end of each time step
by the physical and grid interfacing boundary conditions. Hole
points do not need to be updated, and can remain at their
initial (freestream) conditions without affecting the rest of the
flowfield. However, because of the way the turbulence models
work, blanked-out hole points are updated at the end of each
step by either interpolation or extrapolation from nearby field
points.

The explicit and implicit dissipation operators, D, and D,,
are used in the n and ¢ directions to suppress high frequencies

associated with central differencing. The explicit smoothing
is a blend of fourth- and second-order terms, whereas the
implicit smoothing consists of only second-order terms. De-
tails of the smoothing terms and how they are modified for
the Chimera scheme to switch from fourth order to second
order near blanked-out regions is given in Ref. 14.

For time-accurate calculations, At is the same for all grid
points, while for steady-state calculations, local time stepping
is used to speed up the convergence by allowing Af to vary
from point-to-point according to a function of the Jacobian
of the coordinate transformation, J. Such a variation results
in using values of At of the order one away from the body
surface, and At of the order 0.01 near the body surface, where
the mesh spacing is finest.

It must be noted that even though Eq. (1) contains the
viscous terms in all directions, most grids are body-fitted, and
only the viscous terms in the direction associated with the
normal direction, ¢, are retained. The viscous terms are im-
plemented implicitly in the % and { directions. However, due
to limitation in F3D, the viscous terms can only be treated
explicitly in the upwind, &, direction.

D. Boundary Conditions

There are two types of boundary conditions in the F3D/
Chimera scheme. The first type deals with physical bounda-
ries, while the second type deals with grid communication as
a result of domain decomposition. Both types of boundary
conditions are explicitly imposed.

The physical boundary conditions are enforced with calls
to modular routines. Various grid topologies are treated through
input control parameters to the code. The boundary condi-
tions include viscous wall conditions that could be applied on
one or more sides of the computational domain. Also, out-
flow, axis-averaging, wing-cut-averaging, or symmetry bound-
ary conditions can be enforced on any boundary surface or a
subset of it.

For the grid interface boundary conditions, trilinear inter-
polation across zones is used to obtain the flow variables at
boundary points resulting from domain decomposition (outer
boundary points or hole boundary points). Boundary points
could lie within the field points of another grid (overset mode)
or on the boundary of another grid (patch mode). In both
modes, three-dimensional interpolation is used to maintain
generality. In the patch mode, the interpolated values are
averaged with a zero-order extrapolation from the interior
domain. This boundary condition is similar to what is com-
monly used to simulate, e.g., a wing-cut. Based on a numerical
experimentation in Ref. 6, communication is done in a patch
mode when the overlap is zero, while communication in
overset mode is used for overlap values greater than half a
cell size. A weighted average is used for overlap ratios be-
tween zero and half a cell size.

In the current work, trilinear interpolation is used. The use
of the explicit trilinear boundary conditions has proven to be
adequate in previous applications.®'* Higher order interpo-
lation scheme (tricubic) has been used® in order to reduce
interpolation errors, however, it requires bigger overlap re-
gions.

If interpolation is applied on the Q variable, this would not
ensure conservation. However, if interpolation is applied on
AQ, it could be shown that conservation is maintained.?* Nu-
merical experimentation has shown that the AQ interpolation
is slightly more accurate in the presence of shocks. In the
absence of shocks, the two schemes produce very similar re-
sults. The AQ interpolation requires consistent initial and
restart conditions. Therefore, in the current applications, in-
terpolation is applied on Q for simplicity.

E. Turbulence Modeling

In the current work, computations are carried out at actual
flight conditions. Flight Reynolds numbers produce turbulent
flow over the majority of the airplane, with the exception of
small laminar and transitional regions near the nose. There-
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fore, in the current computations, this small.region is ne-
glected and the computations are performed, assuming the
flow to be fully turbulent.

There is no universal model that could be used to simulate
the turbulence on all parts of the aircraft, due to the difference
in physics in each region. The algebraic turbulence model of
Baldwin and Lomax®? has been proven to be simple and fairly
accurate for attached boundary-layer flow. Different modi-
fications to this widely used model are available. An example
of this is the Degani-Schiff?* modification to account for cross-
flow separation. As mentioned before, zonal schemes allow
the use of different turbulence models in different zones.

The flow on the LEX is dominated by the effects of the
sharp leading edge, that fixes the location of the primary
crossflow separation line. This means that, the flow in the
LEX region will not be too sensitive to the turbulence model.
However it is important to use the crossflow separation mod-
ification of Ref. 24 on the forebody because the flow there is
more sensitive to the turbulence model. The LEX vortex
inhibits flow separation on the majority of the upper side of
the wing; therefore, the use of Baldwin-Lomax model would
be justified. However, the outer-layer search cut-off distance
was set to a small value in a manner similar to Panaras and
Steger®® to make sure that the high vorticity in the LEX vortex
does not result in a high turbulent eddy viscosity on the upper
side of the wing.

A crude turbulence model was devised to be used in the
gap region between the LEX and wing leading-edge flap and
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inside the boundary-layer divertor vent. This model uses the
Baldwin-Lomax model on two opposite walls. A blending
function was used to smooth out the variations of the eddy
viscosity in the middle of the two walls; no modification for
corner regions was used. In the future, other models will be
tried, however, for the time being, only the rough effects of
the flow inside the gap and vent on the overall flowfield are
being simulated.

The use of the Chimera scheme with models based on the
Baldwin-Lomax eddy-viscosity model could create problems
if the flow variables inside the holes are kept at their free-
stream values. This is especially true if a hole is close to a
body surface and the search process for the maximum function
that determines the outer-layer eddy viscosity encounters rapid
changes in the flowfield across hole boundaries. This may
produce erroneous values for the turbulent viscosity. In the
current work, this was cured by using linear interpolation to
fill the blanked-out hole points.

III. Results

The present numerical procedure was used to compute the
turbulent flow around the F-18 at a Mach number of 0.243,
an angle of attack 30.3 deg, and a Reynolds number (based
on the wing mean aerodynamic chord) of 11 x 10° These
conditions were selected to correspond to flight-test condi-
tions of the HARV. At this angle of attack, the inboard and
outboard leading-edge flaps are deflected 33 deg nose down
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and the horizontal tail is deflected 7 deg nose down. Bilateral
symmetry was assumed and 10 grids consisting of a total of
about 0.9 million points around half the configuration were
used. For all the grids, the normal spacing near the wall were
chosen to be small enough to keep the average value of y+
less than 5 along the majority of the body surface. The code
was run in the nontime-accurate mode for 1000 steps and in
a time-accurate mode for an additional 8600 time steps using
the first-order temporal accurate option. The solution re-
quired less than 8 MV of core memory and about 40 s per
time step on the CRAY-YMP.

The computed surface-pressure distributions are compared
to the HARY flight-test data® in Fig. 3. The first five stations
shown are located on the fuselage forebody, whereas the last
three stations are on the LEX (Fig. 1). It is seen that there
is fairly good agreement between the computations and flight
data. The computation tends to predict a local suction peak
at around 145 deg at station three. This peak starts to show
up in the flight data at station four, where the comparison is
better. The early prediction of this pressure peak is probably
due to the lack of a transition model in the current turbulence
model. The discreparncy at station four at about 95 deg is due
to antenna fairings on the HARYV. It is obvious that the effect
is local and does not affect the flowfield elsewhere. The pres-
sure coefficient comparison on the LEX shows good agree-
ment. However, there are some differences on the upper side
of LEX where the computations underpredict the suction peak
due to the LEX vortex at station 6 and to a lesser extent at
station 7. The computations do a good job in predicting the
drop in the suction peak at station 8 due to the vortex burst.
It must be noted that, in a previous work,’ detailed compar-
ison of coarse-mesh and fine-mesh solutions around a sim-
plified F-18 indicates that the coarse grid does a fairly good
job in predicting the overall features of flowfield; the fine
mesh predicts a stronger LEX vortex. Therefore, the surface-
pressure suction peaks are predicted better by the fine mesh.

The overall pressure distribution along the body surface is
shown in Fig. 4. Figure 5a shows a flight photo of the LEX
vortex as visualized with smoke and the surface flow pattern
visualized with the tufts. The numerical solution in Fig. 5b
shows the instantanecous particle traces and limiting-surface
streamlines on the LEX, wing, and deflected leading-edge
flaps. There is good agreement between the computations and
the flight test for the LEX vortex burst location and surface
flow pattern.

Both flight data and computations indicate that the flow is
steady (ahead of the burst point). However, the burst-point
location and the spiral flow structure downstream is highly
unsteady. This unsteady flowfield of the burst vortex gener-
ates an unsteady loading on the vertical tail as seen from the
history of the tail total bending moment in Fig. 6. This time
history was obtained by using a constant time step of 0.005.

Fig. 4 Computed surface pressure.

a) Flight test

b) Computation
Fig. 5 Particle traces and surface flow pattern.
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Fig. 7 Fourier transform of the vertical tail total bending moment.

This value of time-step was determined by stability and is
nondimensionalized based on wing-root chord and freestream
speed of sound. Figure 6 indicates that after an initial tran-
sient, the time history shows a pattern of near periodic fluc-
tuations.

In order to study the frequency content of the unsteadiness,
a fast Fourier transform was performed after each 2" steps,
where n is an integer. The Fourier transforms for two con-
secutive intervals corresponding to 4096 steps (n = 12) and
8192 steps (n = 13) are shown in Fig. 7. This corresponds to
intervals of about 0.29 and 0.58 seconds of actual time, re-
spectively. Both intervals yield a dominant frequency in the
range of 15-20 Hz. It is also seen that increasing the interval
reveals an additional low-frequency and a wider-frequency
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band centered around the dominant frequency. It is obvious
that carrying out the computations further will give a better
definition of the low frequency. It must be noted that the first
natural frequency of the vertical tail®® is 15 Hz (first bending
mode). Therefore, tail buffeting is induced because the air-
loads dominant frequency is very close to the first natural
frequency of the tail. The additional low frequency is not
expected to play a significant role in buffeting because it is
considerably less than the lowest natural frequency.

Figure 8 shows a comparison between the predicted airloads
frequency and the frequency measured by subscale wind-
tunnel”” and HARYV flight test?%2® at angles of attack of about
30 deg. The wind-tunnel frequency was obtained using pres-
sure transducers and represents the induced unsteady airloads
frequency. The flight frequency was obtained from an accel-
. erometer and represents the structural response of the vertical
tail. The wind-tunnel data shows that the frequency is linearly
proportional to the tunnel speed. The tunnel speed was scaled
to the full-scale dimensions to allow for comparison with flight
data and CFD. The comparison shows that there is good
agreement between the computations, wind tunnel, and flight
data.

Finally, in order to check the time accuracy of the code,
the time step was reduced from 0.005 to 0.0025 and the com-
putations were repeated for about five nondimensional time
units. Figure 9 shows that reducing the time step does not
alter the time history, indicating that the time variations are
being well-resolved and no higher frequencies are present.
Therefore, the relatively coarse mesh used in the present
study, allowed the analysis of the unsteadiness created by the
vortex burst and revealed that the dominant load fluctuating
frequency is in the range of excitation of structure modes of
the tail.

IV. Conclusions

A numerical procedure for simulating the unsteady flow
around the F-18 aircraft at high angles-of-attack was outlined.
This method employs a generalized overset zonal scheme that
has the flexibility needed for zoning a complex configuration
like the F-18. Time-accurate computations were performed
to examine the unsteady nature of the flowfield downstream
of the vortex breakdown point, and the resulting unsteady
loads on the vertical tail. A Fourier analysis revealed that the
dominant frequency is very close to the first natural frequency
of the tail. The predicted frequency agrees fairly well with
measured frequency. This work represents the first step in
studying the tail buffet phenomenon computationally, and will

be extended to include the structure response of a flexible
vertical tail.
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