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Numerical Simulation of High-Incidence Flow over the Isolated
F-18 Fuselage Forebody

Lewis B. Schiff,* Russell M. Cummings,t Reese L. Sorenson,J and Yehia M. RizkJ
NASA Ames Research Center, Moffett Field, California 94035

As part of the NASA High Alpha Technology Program, fine-grid Navier-Stokes solutions have been obtained
for flow over the fuselage forebody and wing leading-edge extension of the F/A-18 high alpha research vehicle at
large incidence. The resulting flows are complex, and exhibit crossflow separation from the sides of the forebody
and from the leading edge extension. A well-defined vortex pattern is observed in the leeward-side flow. Results
obtained for laminar flow show good agreement with flow visualizations obtained in ground-based experiments.
Further, turbulent flows computed at high-Reynolds-number flight-test conditions show good agreement with
surface and offsurface visualizations obtained in flight.

Introduction

A HIGH alpha technology program is currently underway
within NASA. The objectives of the program include the

development of flight-validated design methods that ac-
curately predict the aerodynamics and flight dynamics of air-
craft maneuvering in the high-angle-of-attack regime. In addi-
tion, the program goals include the development of aero-
dynamic control concepts that can improve the maneuver-
ability of current and future aircraft. Toward meeting these
objectives, the program integrates ground-based experimental
and computational investigations underway at the NASA
Ames, NASA Langley, and NASA Lewis Research Centers,
with flight-test investigations being conducted on the F/A-18
high alpha research vehicle (HARV) at the NASA Ames-Dry-
den Flight Research Facility. These tests include surface and
offsurface visualization, as well as quantitative measurements,
of the flow surrounding the HARV at large incidence. This
paper presents initial results of Navier-Stokes computations of
the flow about the fuselage forebody and wing leading-edge
extension of the F-18 HARV at conditions matching those of
the flight tests. Parallel computational efforts conducted at
NASA Langley are reported in Refs. 1 and 2.

Numerical prediction of the flow over aircraft flying at large
angles of attack is a difficult aerodynamic problem. High-
angle-of-attack flows contain large regions of three-dimen-
sional separated flow, where the boundary layers leave the sur-
face of the body along surfaces of separation, and roll up on
the leeward side of the body to form strong concentrated vor-
tical flows (see Fig. 1, which shows vortical flow about an F-18
visualized by natural flow condensation). Separated flows
have historically been treated by a wide variety of computa-
tional methods, ranging from potential flow methods, vortex
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cloud methods, inviscid panel methods incorporating free
shear layers, Euler methods, and most recently, parabolized
Navier-Stokes (PNS) and time-marching Navier-Stokes tech-
niques. In addition, a variety of combined inviscid/viscous
techniques (potential/boundary-layer or Euler/boundary-
layer techniques) have been utilized. However, the close cou-
pling that exists between" the strength and location of the lee-
ward vortical flow and the location of the viscous layer
separation lines has precluded accurate predictions of high-
incidence flow with the more approximate techniques.

The recent introduction of supercomputers such as the
CRAY-2 has permitted a quantum increase in the size of com-
putational grids. As a result, it is now possible to compute
high-angle-of-attack flows over bodies and aircraft compo-
nents with codes based on the Reynolds-averaged Navier-
Stokes equations and using sufficient grid points to adequately
resolve the main features of the three-dimensional separated
flowfield (cf. Refs. 3-10). In conjunction with this increase in
computer capability, effective numerical tools are being devel-
oped that properly model the fundamental fluid dynamic pro-
cesses occurring at high angles of attack. Consequently, we
have focused solely on time-marching Navier-Stokes computa-
tions, and have used the three-dimensional partially flux-split
Navier-Stokes code reported by Steger et al.11 Several of the
more important numerical and physical concerns that must be
addressed for accurate numerical predictions of high-inci-
dence flows have been identified and discussed in a recent
work.12 The end result will be a set of numerical tools that will
enable researchers to confidently predict flow over aircraft at
high angles of attack.

Fig. 1 Leading-edge extension vortices on F-18 visualized by natural
condensation.
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Theoretical Background
Governing Equations

The conservation equations of mass, momentum, and en-
ergy can be represented in a flux-vector form that is conve-
nient for numerical simulations as13

+ - d f ( H + H v ) =0 (1)

where T is the time and the independent spatial variables, £, ry,
and f are chosen to map a curvilinear body-conforming grid
into a uniform computational space. In Eq. (1), Q is the vector
of dependent flow variables; F = F(Q), G = G(Q\, and H =
77(0 are the inviscid flux vectors, and the terms FV9 Gv, and
Hv are fluxes containing the viscous derivatives. A nondimen-
sional form of the equations is used throughout this work. The
conservative form of the equations is maintained chiefly to
capture shock waves present in transonic and supersonic flows
as accurately as possible.

For body-conforming coordinates and high-Reynolds num-
ber flows, if f is the coordinate leading away from the surface,
the thin-layer approximation can be applied, which yields14'15

dTQ (2)

where only viscous terms in the f direction are retained. These
have been collected into the vector S, and the nondimensional
Reynolds number Re is factored from the viscous flux term.

In differencing these equations, it is often advantageous to
difference about a known base solution denoted by subscript
o, as follows

- Qo) - G0)

- H0) - - S0) =

(3)

where <5 indicates a general difference operator, and d is the
differential operator. If the base state is properly chosen, the
differenced quantities can have smaller and smoother varia-
tion and, therefore, less differencing error. In particular, er-
rors introduced into the solution by the finite-difference ap-
proximations of the spatial metrics can be reduced. In the
current application, the freestream is used as the base solution
and the right-hand side of Eq. (3) is zero.

Turbulence Model
The coefficients of viscosity and thermal conductivity that

appear in Eq. (2) are specified from auxiliary relations. For
laminar flow, the coefficient of viscosity is obtained using
Sutherland's law, whereas for turbulent flow the coefficient is
obtained from the eddy-viscosity turbulence model reported
by Degani and Schiff.16 The coefficient of thermal conductiv-
ity is obtained, once the viscosity coefficient is known, by
assuming a constant Prandtl number.

Degani and Schiff developed a modification to the well-
known Baldwin-Lomax14 model (which is based on the two-
layer model reported by Cebeci et al.17). As proposed by Bald-
win and Lomax, the turbulence model examines a quantity
containing the local fluid vorticity magnitude to determine the
length scale, and, thus, the eddy viscosity coefficient. The
modifications made by Degani and Schiff16 permit the model
to differentiate between the vorticity within the attached
boundary layers and the vorticity on the surfaces of separa-
tion, and, thus, to select a length scale based on the thickness
of the attached boundary layers rather than one based on the
radial distance between the body surface and the surface of
separation. Thus, the modifications extend the model in a ra-
tional manner to permit an accurate determination of the vis-
cous length scale for high-angle-of-attack flows in regions of

crossflow separation, where a strong leeward vortical flow
structure exists.

Numerical Algorithm
The implicit scheme employed in this study is the F3D

algorithm reported by Steger et al. in Ref. 11. The algorithm
uses flux- vector splitting18 to upwind difference the convec-
tion terms in one coordinate direction (nominally streamwise).
As discussed in Ref. 11, schemes using upwind differencing
can have several advantages over methods that utilize central
spatial differences in each direction. In particular, such
schemes can have natural numerical dissipation and better sta-
bility properties. By using upwind differencing for the convec-
tive terms in the streamwise direction while retaining central
differencing in the other directions, a two-factor implicit ap-
proximately factored algorithm is obtained, which has been
shown to be unconditionally stable19 for a representative
model wave equation. The scheme may be written for the thin-
layer Navier-Stokes equations in the form

[7 + hb{(A~)n +

(4)

+ d^(G" - Go.)

-Re-ldf(S» - - De(Q" -

where h = At or At/2 for first- or second-order time accuracy,
and the freestream base solution is used, denoted by the sub-
script oo. Second-order time accuracy is used when a nonsteady
solution is required. In Eq. (4), d is typically a three-point
second-order accurate central difference operator, d is a mid-
point operator used with the viscous terms, and the operators
b\ and 6{ are backward and forward three-point^ difference
operators. The flux F has been split into F+ and F~ , accord-
ing to the sign of the eigenvalues of the Jacobian matrix,18 and
the matrices, A ±, B, C^and M result from local linearization
of the fluxes about F, G, H, and S, respectively. Note that J
denotes the Jacobian of the coordinate transformation. Dissi-
pation operators De and Df are used in the central space dif-
ferencing directions. Full details of the development of the
algorithm may be found in Refs. 11 and 19.

Numerical Smoothing
The finite-difference scheme11 uses flux-splitting in the £

direction and central differencing in the r/ and f directions. As
a consequence, numerical dissipation terms denoted by Df and
De in Eq. (4) are employed in the 77 and f directions, and are

Fig. 2 Tangent ogive-cylinder grid.
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combinations of second and fourth differences. The smooth-
ing terms are of the form

(5)
2.5e4d

where

Id

and where \B\ is the norm of the matrix B, or an approxima-
tion. Here p is the nondimensional fluid pressure and e2 is
0(1 + MJ) while e4 is 0(0.01). In this form, the second-
order smoothing terms act to control numerical oscillations
across shock waves, whereas the fourth-order smoothing is ef-
fective elsewhere. To improve the accuracy of the solutions,
the fourth-order numerical smoothing terms are further scaled
by the nondimensional local velocity ratio, q/q^. This has the
effect of reducing the numerical smoothing in the viscous layer
adjoining the body surface where viscous dissipation controls
the dispersion. In this region, large numerical smoothing
terms can adversely affect the accuracy of the solution by
modifying the physical viscous terms.

Body Geometry and Grid Generation
Ogive-Cylinder Grid

A series of computations was performed for subsonic flow
over the ogive cylinder shown in Fig. 2. The body consisted of
a 3.5 diam tangent ogive forebody with a 7.0 diam cylindrical
afterbody extending aft of the ogive-cylinder junction to x/D
= 10.5. This configuration was selected for study because an
ogive-cylinder body having a 3.5 diam tangent ogive nose and
a 4.0 diam cylindrical afterbody had been extensively tested by
Lament20 in the Ames 12-ft pressure wind tunnel. In that ex-
periment, detailed surface pressure distributions were ob-
tained at Reynolds numbers (based on freestream conditions
and cylinder diameter) ranging from ReD = 200,000 to ReD =
4.0 x 106, and at angles of attack ranging from a = 20 to 90
deg.

The grid used for numerical prediction of the flow about the
ogive cylinder is shown in Fig. 2. The flow was assumed to be
symmetrical about the angle-of-attack plane, thus a half-body
grid and a plane of symmetry boundary condition were used.
For flows that are not bilaterally symmetric, a full-body grid
and a circumferential continuation condition would be used
(cf. Ref. 21). The grid consisted of 61 equispaced circumferen-
tial planes (A0 = 3 deg), including the windward and leeward
symmetry planes. In each circumferential plane, the grid con-
tained 50 radial points extending between the body surface

&ff%wfliH
Fig. 3 F-18 single-block grid close-up.

Fig. 4 F-18 two-block grid close-up.

and the computational outer boundary and 59 axial points be-
tween the nose and the rear of the body.
Single-Block F-18 Grid

Computations were performed for the F-18 fuselage fore-
body and wing leading-edge extension (LEX) using two grid
systems. A single-block grid, shown in Fig. 3, was obtained
with a hyperbolic grid generation technique,22 while a two-
block grid, shown in Fig. 4, was obtained with an elliptic grid
generator.23 Flow solutions were obtained using the two alter-
native grid topologies to compare their suitability for comput-
ing high-incidence flows about this complex aircraft geometry.
As in the ogive-cylinder computations, the flow was assumed
to be symmetric about the angle-of-attack plane, and a half-
body grid was employed. For flows with nonzero sideslip, a
full-body grid and a circumferential periodic continuation con-
dition21 can be employed. Both grids had a spherical nose tip
topology and define the F-18 geometry from the nose to the ax-
ial station where the wing joins the body. No attempt was made,
in this work, to define the wing or aft fuselage geometry.

The single-block F-18 grid (Fig. 3) was obtained using the
hyperbolic generation technique described in detail in Ref. 22.
In this method, three simultaneous nonlinear hyperbolic par-
tial differential equations are solved by marching outward
from the specified body surface. The generated grid lines ema-
nate orthogonally from the body, while a user-specified cell
volume serves to control the resulting grid spacing. The sur-
face grid is also specified by the user. Thus, grid points can be
placed and clustered along the body cross sections as required
to resolve regions of geometric complexity, or regions where
complex flow structures may occur. Because the three-dimen-
sional grid is obtained by marching, the numerical procedure
is efficient in terms of computer time and memory. The main
disadvantage of the marching procedure is the inability to
prescribe an exact location for the outer boundary. However,
an approximate location for the outer boundary can be ob-
tained through an appropriate specification of the cell volumes.
The resulting grid consisted of 69 axial, 83 circumferential,
and 71 radial points.

Two-Block F-18 Grid
Even with the large memory size available on the CRAY-2

computer, it is not practical to develop a single-block grid that
includes the geometric complexity of a complete aircraft.
Thus, for computations of the full HARV configuration, a
multiblock grid will be needed (cf. Refs. 24 and 25 for ex-
amples of multiblock Navier-Stokes computations of flow
over a complete aircraft configuration in transonic low-
incidence flow). In the present computations of flow over the
F-18 forebody, the decision to use a two-block grid was
strongly influenced by the presence of the relatively large
LEX. A large number of circumferential points are necessary
to define the rear of the LEX geometry, but a problem arises
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Fig. 5 Details of two-block grid overlap region.

as one moves forward along the body and approaches the
point of origin of the LEX (see Figs. 3 and 4). What should be
done with those grid points as the physical area of the LEX ap-
proaches zero? One possible method, not used in this study, is
to allow points to spill from the LEX to the adjoining fuselage
one by one as the area decreases. Alternatively, for the one-
block grid (Fig. 3), the circumferential points were allowed to
converge toward the front of the LEX, and then to expand cir-
cumferentially to become equispaced on the fuselage forebody
ahead of the LEX.

This gridding difficulty can be alleviated by using a two-
block grid. As implemented in this study, the rear grid block
starts at the forward end of the LEX. As shown schematically
in Fig. 5, all the fore-and-aft lines defining the LEX remain on
the LEX as one passes forward, and coalesce into one point at
the origin of the LEX. The forward grid block extends one ax-
ial plane downstream beyond the origin of the LEX, giving
one cell of overlap.

Once the surface grid is specified, the external grid is gener-
ated for the region surrounding the body, using the 3DGRAPE
program.23 This is a block-type general purpose elliptic grid
generation program, which gives near-orthogonality of the grid
near any surface (in this case the body), and allows the user to
arbitrarily specify the grid spacing normal to any surface. The
forward block consisted of 36 axial points, 51 circumferential
points (including the windward and leeward symmetry plane),
and 50 radial points. The aft grid block included 32 additional
circumferential points to define the LEX geometry, for a total
of 35 axial, 83 circumferential, and 50 radial points.

Boundary Conditions and Initial Conditions
Single-Block Grid

The computations performed using the ogive-cylinder and
single-block F-18 grids used identical boundary conditions.
An adiabatic no-slip condition was applied at the body sur-
face, while undisturbed freestream conditions were main-
tained at the computational outer boundary. An implicit sym-
metry plane boundary condition was used at the circumfer-
ential edges of the grid, while at the downstream boundary a
simple zero-axial-gradient extrapolation was applied. On the
upstream spherical axis an extrapolation boundary condition
was used to obtain the flow conditions on the axis from the
cone of points one axial plane downstream. The flowfield was
initially set to freestream conditions throughout the grid, and
the flowfield was advanced in time until a steady solution was
obtained.

Two-Block Grid
Boundary conditions for the two-block grid topology are

identical to those for the single-block grids, except at the com-

mon interface. As can be seen in detail in Fig. 5, the front grid
block (shown dotted) overlaps the rear block axially by one
plane. At the overlap, a direct injection boundary condition is
applied. The flow solution is advanced in both blocks concur-
rently. After the solution is advanced one time step in the
front block, flow data from the next-to-last axial plane of the
front grid is applied as fixed boundary data at the first axial
plane of the rear grid block to advance that solution one step.
Analogously, once the flow is advanced one time step in the
rear block, flow data at the second axial point of the rear
block are applied as fixed boundary data at the last axial point
of the front block, and the cycle is repeated.

The direct injection procedure is straightforward to apply,
except near circumferential points defining the LEX. As can
be seen in Fig. 5, all the circumferential grid points defining
the LEX in the rear grid coalesce to one point on the forward
grid. Thus, flow conditions at the appropriate circumferential
point of the forward block are replicated to provide flow data
for the rear block. Conversely, the last axial plane of the front
grid has fewer circumferential points than the corresponding
second plane of the rear grid. Here, a circumferentially
weighted average of the flow values from the rear grid is used
to provide flow data for the forward block.

Results and Discussion
Turbulent Flow about the Ogive Cylinder
Comparison with Experiment

To demonstrate the accuracy of numerical predictions ob-
tained with the F3D code for high-incidence flow, a series of
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Fig. 7 Circumferential surface pressure distribution at x/D = 6.0;
MOO = 0.2, a. = 20 deg (turbulent flow).
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computations for laminar and turbulent flow about the ogive-
cylinder body were carried out.12'21'26 Typical results obtained
for the ogive cylinder at M^ = 0.2, a = 20 deg, and ReD =
5.0 x 106 are shown in Figs. 6-8. Figure 6 shows the com-
puted and measured20 axial surface pressure distributions
along the windward plane of symmetry. The analogous com-
parison for the circumferential surface pressure distributions
on the rear of the cylindrical portion of the body (x/D = 6.0)
is shown in Fig. 7. The computed and measured pressures are
in good agreement along the entire length of the body (Fig. 6).
The circumferential pressures are compared at a station where
a large region of separated flow exists, which is the most diffi-
cult region to predict. However, despite the existence of a
complex flow structure, the predictions are in good agreement
with the experimental data.

The computed surface flow pattern over the forward por-
tion of the body (0 < x/D < 6.6) is presented in Fig. 8. All
computations presented in this paper were for a half-body; the
resulting solutions were reflected about the symmetry plane in
constructing the figures. The surface flow shows existence of
both a primary and a secondary crossflow separation line. A
tertiary separation line is observed originating toward the rear
of the cylindrical body.

Effect of Two-Block Grid
To ensure that the use of a two-block grid and direct injec-

tion boundary condition will not degrade the accuracy of the
F3D code, the computation discussed above was repeated us-
ing a two-block grid. The grid is identical to the one shown in
Fig. 2, but was cut and overlapped about the axial grid line at
x/D - 1.80, and the direct injection boundary condition

Fig. 8 Surface flow pattern;
106 (turbulent flow).
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Fig. 9 Longitudinal surface pressure distributions;
20 deg, = ReD = 5.0 X 106 (turbulent flow).
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Fig. 10 Circumferential surface pressure distributions at x/D = 6.0;
Mx = 0.2, a = 20 deg, ReD = 5.0 X 106 (turbulent flow).
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Fig. 11 Surface flow pattern on F-18—two-block grid; M^ = 0.2, a
= 30 deg, Re6 = 806,400 (laminar flow).

described earlier was used. In this case, both the front and rear
grid blocks had the same number of circumferential points,
and no circumferential interpolation was required. Here, the
interblock boundary condition is fully flux-conservative.

The results obtained with the two-block grid are very similar
to those computed with the single-block grid. Axial and cir-
cumferential surface pressure distributions for both grids,
analogous to those shown in Figs. 6 and 7, are presented in
Figs. 9 and 10, respectively. The windward-side axial pressure
distributions (Fig. 9) indicate that the flows are in good agree-
ment, even in the vicinity of the zonal interface. Further, as
mentioned above, the circumferential pressure distributions
(Fig. 10) are compared at the rear of the body in a region
where large crossflow separation exists, and where the com-
puted flows are sensitive to small changes. Despite this, the
two solutions are in very close agreement. The two-block sur-
face flow pattern is almost identical to that obtained with the
single-block grid (Fig. 8). Note that in Ref. 28 a two-block
solution was presented that showed discrepancies compared to
the single-block solution, particularly in the circumferential
pressure distribution. Consequently, the two-block solution
was re-computed, and the resulting solution (Figs. 9 and 10) is
in much closer agreement with the single-block results and
with the experimental data. We believe that the discrepancies
of Ref. 28 were caused by lack of full convergence of the pre-
vious two-block solution.

Laminar Flow Predictions for the F-18
To give perspective to the turbulent flow results, and to en-

able qualitative comparisons with experimental data obtained
in the Langley basic aerodynamic research tunnel (BART),29

computations were carried out for laminar flow over the F-18
fuselage forebody. The flow was computed for M^ = 0.2, a
= 30 deg, and the Reynolds number (based on mean aerody-
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Fig. 12 Helicity density contours on F-18—two block grid; Ma
0.2, a = 30 deg, Red = 806,400 (laminar flow).

a) Upstream of LEX origin b) Downstream of LEX origin

Fig. 13 Schematic representation of flow structure in crossflow
planes.

namic chord) Red = 806,400 using the two-block grid. The
resulting surface flow pattern is presented in Fig. 11, while
corresponding computed helicity density contours are shown
in Fig. 12. Helicity density is defined as the scalar product of
the local velocity and vorticity vectors. Since it indicates both
the strength and sense of rotation of the vortices, helicity den-
sity has been found to be an excellent means of visualizing the
vortex pattern.27

The computed flow pattern shows many of the qualitative
features that were found for the simpler ogive-cylinder body.
A primary crossflow separation line can be seen on the fuse-
lage forebody upstream of the origin of the LEX. A secondary
crossflow separation line begins to form approximately half-
way between the nose and the LEX. The associated forebody
vortices can be seen in the helicity density contours (Fig. 12).

The flow structure on the rear part of the fuselage is more
complex. Flow separates circumferentially at the LEX leading
edge and rolls up to form strong primary LEX vortices. The
primary LEX vortex induces a flow spanwise outward on the
leeward side of the LEX, which separates at a secondary cross-
flow separation line extending the length of the LEX. Bound-
ary-layer fluid leaving the body along the separation line rolls
up to form a secondary vortex. In addition, the primary LEX
vortex induces a secondary crossflow separation on the side of
the fuselage above the LEX (Fig. 12).

The flow on the windward side of the fuselage is also
strongly affected by the presence of the LEX. As seen in Fig.
11, a primary crossflow separation line can be seen on the side

of the fuselage under the LEX. This primary separation and
its associated secondary crossflow separation are due to the
circumferential adverse pressure gradient caused by the pres-
ence of the LEX. Schematic representations of the flow in two
cross sections, one on the forebody upstream of the LEX, the
other halfway along the LEX, are shown in Figs. 13a and 13b,
respectively.

The computed surface flow pattern shows reasonable quali-
tative agreement with experimental surface oil flow visualiza-
tions (Fig. 14) obtained by Sellers and Kjelgaard30 at Red =
200,000 in the basic aerodynamic research tunnel at the NASA
Langley Research Center.

Turbulent Flow Predictions for the F-18
To assess the ability of the F3D code to predict high-

incidence flows about aircraft at full-scale flight conditions,
and to assess the suitability of the alternative computational
grid topologies, several computations were carried out for tur-
bulent flow about the F-18 fuselage forebody. These computa-
tions were obtained using both the single-block and two-block
grids at flow conditions (M^ = 0.2, a = 30 deg, Re^ = 11.52
x 106) matching those of flight test.31'32

Several numerical and physical factors can affect accurate
prediction of high-Reynolds-number high-incidence flow. These
include the effects of numerical smoothing, turbulence model-
ing, and the need for sufficiently fine grids to resolve the
details of both the viscous boundary and the offsurface sepa-

a) Top view

b) Top-side view

Fig. 14 Experimental oil flows from BART wind tunnel; a = 30
deg, Red = 200,000.30

Fig. 15 Surface flow pattern on F-18—single-block grid; M^ = 0.2,
a = 30 deg, Re^ = 11.52 x 106 (turbulent flow).
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rated flow structure. A discussion of these factors for compu-
tations of flow over ogive-cylinder bodies is contained in Ref.
12. For the computations of flow over the F-18, the modified
eddy-viscosity model16 was used to model the effects of turbu-
lence. The flow was assumed to be turbulent over the entire
length of the aircraft, and no transition model was used. The
radial grid spacing was chosen to give a value of y+ « 5 at the
first point above the body surface. This had been found neces-
sary to properly resolve the viscous layer characteristics for a
turbulent boundary layer.

Effect of Grid Geometry
The computed surface flow pattern and helicity density con-

tours obtained for a. - 30 deg in the single-block F-18 grid are
presented in Figs. 15 and 16, respectively. The corresponding
surface flow pattern and helicity density contours obtained
with the two-block grid are shown in Figs. 17 and 18.

The general features of the turbulent flows are similar to
those discussed previously for the laminar flow. These include
the primary and secondary crossflow separation observed on
the fuselage forebody upstream of the LEX, the primary sepa-
ration at the sharp LEX leading edge, and the secondary sepa-
rations on the leeward side of the LEX and on the upper side
of the fuselage. In addition, the solutions obtained in both
grids show crossflow separation from the lower part of the
fuselage due to the adverse circumferential pressure gradient
caused by the presence of the LEX. The main difference
observed between the computed laminar and turbulent flows is
that the turbulent primary crossflow separation lines are dis-
placed toward the leeward side of the body in comparison with
the corresponding lines of the laminar flows. Also, the secon-
dary separation line on the leeward surface of the LEX for the

Fig. 16 Helicity density contours on F-18—single-block grid;
0.2, a = 30 deg, Red = 11.52 x 106 (turbulent flow).

Fig. 17 Surface flow pattern on F-18— two-block grid;
= 30 deg, Rec = 11.52 X 106 (turbulent flow).

= 0.2,

Fig. 18 Helicity density contours on F-18—two-block grid;
0.2, a = 30 deg, Red = 11.52 x 106 (turbulent flow).

turbulent flow is displaced outward relative to that of the lam-
inar case. These trends are similar to those found in a compu-
tational study of laminar and turbulent high-incidence flow
over an ogive-cylinder body.12 They occur because the turbu-
lent viscous layer has higher momentum due to increased mix-
ing with the adjoining inviscid flow, and can, thus, better
negotiate the adverse circumferential pressure gradients.

The differences between the turbulent solutions obtained
with the alternative grid topologies are minor (compare Fig. 18
with Fig. 16). All of the main flow features computed are simi-
lar, with only small changes observed in the positions of the
lines of separation. The main difference between the two com-
puted flows is the behavior of the forebody primary crossflow
separation line just upstream of the LEX.

Comparison with Flight Tests
The computed surface flow patterns may be compared with

the surface flow visualization photo, taken from flight tests
conducted at the NASA Ames-Dryden Flight Research Facil-
ity,31'32 presented in Fig. 19. This visualization, analogous to
wind-tunnel oil-flow visualization, was obtained by emitting a
colored solvent, propylene glycol monomethyl ether (PGME),
from orifices on the aircraft surface while the aircraft was sta-
bilized at the desired test condition. The visualization shown
was obtained for a. = 30 deg and Red « 10.9 x 106. For this
high Reynolds number case, the surface boundary-layer tran-
sitions from laminar to turbulent flow upstream of the first
circumferential ring of dye orifices. This is confirmed by the
continuous smooth behavior of the primary crossflow separa-
tion line seen in Fig. 19. Thus, the assumption that the com-
puted flow is turbulent over the entire body length is justified.

The computed flows are seen to be in good agreement with
the flight-test data, especially for the position of the primary
and secondary separation lines along the forebody, and the
secondary crossflow separation line along the LEX. Close
agreement of the separation lines is a particularly sensitive test
of the validity of the numerical method, since it involves a bal-
ance between the axial and circumferential shear stress compo-
nents. Thus, good agreement with the less sensitive surface
pressure measurements (to be obtained later in the flight-test
program) is expected.

Existence of a crossflow separation line on the fuselage
under the LEX can be inferred from the PGME flow photo
(Fig. 19). This separation is of particular importance, since the
resulting vortex is in a position to be ingested by the engine in-
lets. However, the helicity density contours (Figs. 16 and 18)
indicate that the vortex is small and lies close to the side of the
fuselage. In comparison, the helicity density contours indicate
that the vortex originating from crossflow separation at the
LEX leading edge is large and located relatively high above the
LEX. A flight-test smoke-flow visualization photo31 (Fig. 20)
clearly indicates the position of the LEX vortex.
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ill
Fig. 19 Flight-test surface flow pattern; or = 30 deg,
xlO6.31

Fig. 20 Flight-test smoke-flow vortex visualization; a = 20.8 deg.31

It should be noted that the computed solutions presented
here do not show evidence of vortex breakdown. However, the
flight-test results indicate that vortex breakdown is observed
at the wing midchord for o: « 20 deg (see Fig. 20), and pro-
gresses forward with increase in the angle of attack, reaching
the midstation of the LEX at a = 30 deg. The reason that the
predicted results do not show evidence of vortex breakdown is
that the wing and aft-fuselage geometry is not included in this
computation. It is expected that including this additional ge-
ometry in the computation and computing the associated ad-
verse pressure gradient caused by the flow turning streamwise
behind the wing will cause breakdown to occur, as was ob-
served in computations8 of flow over a slender delta wing at
incidence.

Conclusions
Numerical predictions for high-angle-of-attack flow have

been performed using a thin-layer Navier-Stokes code, F3D,
for subsonic laminar and turbulent flow about an ogive-cylin-
der body and the isolated F-18 fuselage forebody. The com-
puted results have been shown to be in good agreement with
available wind-tunnel and flight-test flow visualization and
surface pressure measurements, and give information about
the behavior of the three-dimensional separated and vortical
flow. Several factors have been found to have an impact on
the ability to accurately predict high-angle-of-attack flow: 1)
the turbulence model must account for the complex vortical
structures found in the highly separated flow region, 2) the
grid spacing must be judiciously chosen in order to insure that
the salient surface and offsurface flow structures are resolved,
and 3) the numerical smoothing must be used cautiously.
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