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Comparison of F/A-18A Inlet Flow Analyses
with Flight Data Part 1
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Full Navier-Stokes calculations on the F/A-18A High Alpha Research Vehicle inlet for several angles
of attack and freestream Mach numbers have been obtained. The predicted forebody/fuselage surface
static pressures agreed well with flight data. The surface static pressures along the inlet highlight region
are in good agreement with the numerical predictions. The major departure in agreement is along the
bottom of the inlet lip at 30- and 60-deg angle of attack where a possible streamwise flow separation is
not predicted by the code. A comparison of the predicted total pressure contours with flight data indicates
that the numerical results are within the excursion range of the unsteady data, which is the best the
calculations can attain unless an unsteady simulation is performed.

Nomenclature
Cp = (P - />„>
FS = fuselage station in full scale inches, 0 at 60.5 in.

ahead of nose
m = mass flow rate, Ibm/s
P = local static pressure, lb/ft2

Pt = local total pressure, lb/ft2

P,av = rake-averaged total pressure at engine face, lb/ft2

P,max = maximum total pressure, lb/ft2

'̂min = minimum total pressure, lb/ft2

P™ = freestream total pressure, lb/ft2

Poo = freestream static pressure, lb/ft2

s = wingspan, ft
r,av = rake-averaged total temperature at engine face, °R
Voo = freestream velocity, ft/s
z = spanwise distance from wing root, ft
a = angle of attack, deg
/3 = angle of yaw, deg
8 = P, /14.696 lb/in.2
0 = r,av

V/519°R
POO = freestream density, slug/ft3

Introduction

T HE F/A-18A aircraft has experienced engine stalls at high
angles of attack and yaw flight conditions that were out-

side of its flight envelope. At these flight conditions, high an-
gular rates were also present. Future fighter aircraft may be
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designed to operate routinely in this expanded flight regime.
Therefore, it is essential that an understanding of the inlet
flowfield at these flight conditions be obtained. This work is
part of a larger program discussed in Ref. 1. Because of the
complex interactions of the fuselage flowfield and the inlet
flowfield, a study of the flow within the inlet must also include
external effects. Past calculations of flow about the F/A-18A
have not included the inlet and ramp.2'3 These features are
usually fared over and assumed not to influence the external
flowfield significantly. However, the effects from the upstream
forebody, leading-edge extension (LEX) and diverter must be
included to provide the proper inflow conditions to the inlet
duct.

The results of including the inlet and ramp in the flow sim-
ulation are reported in Ref. 4. The results were used to refine
the grid and geometry definition. The results obtained with this
revised simulation are reported in Ref. 5. The current work
was performed to prepare for computing the flowfield within
the F/A-18A High Alpha Research Vehicle inlet and evaluating
the results with flight data. These calculations were performed
ahead of the tests. The early calculations were used to define
some of the instrumentation requirements for the flight tests.

In Part 1 of this article, full Navier-Stokes (FNS) calcula-
tions are presented for 30- and 60-deg angle of attack and zero
sideslip. Part 2 will discuss nonzero sideslip results.6 The free-
stream Mach number is 0.3 and the altitude is 25,000 ft. Flight
data consist of surface pressures along the forebody/LEX, inlet
highlight, and duct around the engine face plane. In addition,
time-averaged and unsteady total pressures were measured at
the engine face. The forebody/LEX experimental static pres-
sures were obtained from Ref. 7. Previous studies8'9 contain a
limited amount of experimental data. One aspect of particular
distinction with this current test program is the amount of un-
steady data available for analysis that sheds some light on the
ability of asymptotic analysis codes to capture the essential
flow physics of unsteady flow.

In this article a brief description of the experimental pro-
gram will be presented followed by a short discussion of the
analysis procedures and codes. An overview of the external
flow calculations and comparison with flight data will follow
in the results section. The majority of the results section will
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focus on an evaluation of the computational results for the inlet
flowfield using the flight data. Following this, the major con-
clusions of this study will be reviewed. Further details can be
found in Refs. 10 and 11 for several angles of attack and Mach
numbers.

Experimental Program
The flight data were obtained using a specially equipped

F/A-18A aircraft called the High Alpha Research Vehicle. This
aircraft has several rows of static pressure taps located at sev-
eral axial stations along the fuselage and LEX upper and lower
surfaces. The inlet highlight region and duct contained low-
response (67 Hz) and high-response (2143 Hz) static pressure
probe pairs located at several circumferential and axial loca-
tions. At the engine face, a rake consisting of 40 low- and
high-response total pressure probe pairs distributed on an equal
area basis were used to measure the total pressure distortion
as a function of time. Further details of the data acquisition
process are contained in Ref. 10. The corrected mass flow rate
for the inlets is 144 Ibm/s.

Numerical Modeling
NPARC Code

The NPARC code, version 2.0 (Ref. 12) solves the full three-
dimensional Reynolds-averaged Navier-Stokes equations in
strong conservation form using the Beam and Warming ap-
proximate factorization scheme to obtain a block tridiagonal
system of equations. Pulliam's scalar pentadiagonal transfor-
mation provides for an efficient solver. The code uses the
Baldwin-Lomax turbulence model,13'14 along with several
other models, which include the RNG,15 Bald win-Earth,16 and
K-e (Ref. 17) turbulence models. The calculations presented in
this study were done using the Bald win-Barth turbulence
model. The implicit scheme uses central differencing with ar-
tificial dissipation to eliminate oscillations in the solution as-
sociated with the use of central differences. The code allows
the use of multiple grid blocks. Trilinear interpolation18 is used
to transfer information at the grid block interfaces.

The second- and fourth-order artificial dissipation factors
were set at their default values (0.25 and 0.64, respectively).
In general, the variable time step limiter (DTCAP) for viscous
blocks was set to a value of 1.0, and for in viscid blocks, 5.0.

Boundary Conditions
The far-field-type boundary conditions were imposed along

the outer computational boundaries. This type of condition
uses a one-dimensional Riemann invariant to maintain the
freestream flow conditions. Along the windward side of the
airframe, no-slip, adiabatic conditions are specified. Along the
leeward side of the aircraft, inviscid flow is specified. The use
of inviscid flow approximation along the upper surface re-
duced the grid density requirements significantly. No difficul-
ties were encountered along the viscous and inviscid interfac-
ing boundaries. The static pressure at the engine face was
adjusted to obtain the rake corrected mass flow rate (144 Ibm/
s) based upon total pressure at the engine face plane obtained
from an average of 40 total pressures in a configuration of
eight equally spaced legs with five equal area total pressure
locations per leg. This is the flow rate to be obtained in the
flight tests. Symmetry conditions are assumed along the cen-
terline of the aircraft.

Grid Generation
Accurate modeling of the geometry and judicious clustering

of grid points are needed for a correct numerical simulation
and an economical computation. The complex, multiblock grid
that was used for these calculations, and was very effective,
was created with the GRIDGEN version 6.0 grid generation
system.19

The geometry is shown in Fig. 1. Complex interactions be-
tween the fuselage flowfield and the inlet flowfield, required
the inclusion of the forebody, fuselage, LEX, ramp, and wing
in the grid. The horizontal tail, vertical tail, aft fuselage, and
nozzle were not modeled because they have minimal effects
on the inlet flowfield. The wing leading-edge flap is deflected
for 30- and 60-deg angle of attack, which is consistent with
the actual flight vehicle. An embedded c-grid about the inlet
highlight region is also included to improve the resolution of
flow gradients and surface geometry. A pair of vortex gener-
ators that are positioned approximately halfway downstream
in the inlet were not modeled because of their small size and
minimal effects on the flowfield at high angles of attack. The
vortex generators are ineffective because they are submerged
in the boundary layer and do not provide adequate mixing of
the large regions of low energy associated with flows at high
angles of attack.

Having discussed the components of the aircraft included in
the computational model, details of the grid are presented. The
model consists of 22 grid blocks. The plane of symmetry and
surface grids are shown in Fig. 2. The grid consists of ap-
proximately 1.1 million points. The forebody, lower LEX sur-
face, and inlet duct grids were used to compute the viscous
flow with a y+ grid spacing off the wall of approximately 1.
The grids above the LEX and along the fuselage aft of the
inlet were used to calculate inviscid flow and were much
coarser. The viscous effects were deemed significant for the
inlet performance calculations ahead of the inlet and under the
LEX.

A complete summary of the grid block dimensions is avail-
able in Ref. 11. The outer flowfield boundaries were approx-
imately one body length away from the aircraft.

Canopy

LEX with Slot

Upper Diverter

Diverter Wedge

Fig. 1 F/A-18A geometry.

LEFlap

No VG's
Highlight

Fig. 2 F/A-18A surface and plane-of-symmetry grid.
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Canopy

LEX

Ramp
Separation Line

Inlet Cowl

Fig. 3 Surface particle traces (M« = 0.3, a = 30 deg, 0 = 0 deg).

FS70

Fig. 4 Forebody/LEX surface pressure measurement stations.
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Fig. 5 Forebody/LEX surface static pressure distributions: a)

b) O Data [Ret 6] ——NP ARC Results

: 0.3, a = 30 deg, /3 = 0 deg and b) M* = 0.3, a = 60 deg, 0 = 0 deg.
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Results
External Flow

In this section the details of the external flowfield are pre-
sented. The cases chosen are 30- and 60-deg angle of attack,
0-deg angle-of-yaw, and a freestream Mach number of 0.3.
Further details are found in Ref. 11. The graphical results in
this section were obtained with the PLOT3D code.20

The predicted particle traces (simulated oil flows) along the
forebody and fuselage under the LEX are shown in Fig. 3. A
windward vortex is generated when the flow impinges on the
bottom of the LEX and moves down the fuselage until it
reaches a separation line. Surface static pressure data from
flight tests7 were taken at several fuselage stations as shown
in Fig. 4. These tests were performed to study external aero-
dynamic problems. The data are included here to validate the
external flow calculations that are needed to provide the proper
flow into the inlet. The numerical results for the surface static
pressures along the forebody and under the LEX are in good
agreement with the data, as shown in Fig. 5. Looking down-
stream 0 deg is the bottom of the fuselage, 90 deg is the right
side, and 180 deg is the top. The flight conditions are the same
as those for the particle traces. Discrepancies between the nu-
merical results and data may be because of inadequate grid
resolution of the vortex-dominated flow. Also, laminar-to-tur-
bulent transitioning flow, which is present in the flight data,
may be a contributing source. The calculations assumed fully
turbulent flow present everywhere. Along the top side of the
LEX (not shown) the agreement is poor because of a lack of
adequate grid resolution and the use of the inviscid flow ap-
proximation in this region. Since this region is shielded by the
LEX from the inlet, it is assumed to have a minimal effect on
the inlet flowfield.

In summary, the predicted flow about the forebody was in
good agreement with the data, especially at 30-deg alpha. At
60-deg alpha, there was a small amount of departure as the
vortex developed along the forebody. This may indicate a need
for further grid refinement to resolve the vortex development.
However, since this flow is not ingested by the inlet, but moves
over the top of the aircraft, more accurate resolution of the
vortical flowfield will not affect the inlet flowfield calculations.

Internal Flow
From an examination of the predicted particle trajectories

(not shown) from under the LEX and into the inlet several
observations were made. At 60-deg angle of attack, the LEX
vortex migrates to the engine face near the center of the duct.
Since the total pressure rake has no probes in this region, the
distortion caused by the ingested vortex cannot be verified. For
30-deg angle of attack, the ingested vortex does not migrate
to the engine face, but dissipates upstream. This observation
is supported by the lack of a second low-pressure region in
the experimental total pressure contours. There is no signifi-
cant vortex development under the LEX for 3-deg angle of
attack.11

The inlet highlight and duct surface pressures are shown in
Fig. 6 for 30- and 60-deg angles of attack and 0.3 Mach num-
ber. Looking downstream, the 0-deg position is at the top of
the inlet entrance, 90 deg is the outboard horizontal position,
180 deg is the bottom of the entrance, and 225 deg is near the
lower inlet/fuselage junction. The comparison of the data with
the NPARC results indicates two major points. The first one
to note is the NPARC results miss some of the peaks in the
pressure diagrams about the highlight region. This may be be-
cause of a lack of adequate grid resolution in this region. The
second point is at 30- and 60-deg angle of attack and 0.3
freestream Mach number, where the pressure data indicate a
possible flow separation at the 180-deg station of the inlet lip
by the significantly reduced slope of the experimental pressure
diagram. In contrast, the NPARC results show a rapid decel-
eration in this same region, indicating the flow is attached. The

O Data [Ref. 6]
—— NPARC Results Fine Grid
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FS
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a) FS
Fig. 6 Inlet highlight surface pressures: a) M* = 0.3, a = 30 deg,
P = 0 deg and b) M* = 0.3, a = 60 deg, /3 = 0 deg.

results of doubling the inlet lip grid block dimensions in all
directions are compared to the present grid in Fig. 6a. The
static pressure distributions obtained with the fine grid indicate
that the minimum pressure at station 0 deg was closer than the
present grid. However, along the lower portions of the high-
light (station 180 and 225 deg), the fine grid results were very
similar to the present grid. Since the data indicate a thickening
boundary layer, a deficiency in the turbulence model may be
the source of the discrepancies between NPARC results and
data.

Having discussed the inlet highlight region pressures, the
circumferential pressure distribution at the engine face will be
examined. A comparison of the flight data with the NPARC
results is shown in Fig. 7 for 30- and 60-deg angles of attack
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Fig. 7 Engine face circumferential surface pressures: a) M» = 0.3,
a = 30 deg, 0 = 0 deg and b) Mf = 0.3, a = 60 deg, 0 = 0 deg.

and 0.3 Mach number. It is important to note that the NPARC
boundary condition at the engine face was an extrapolation of
the static pressure gradient. This gradient was scaled by a sin-
gle pressure value to adjust the mass flow rate to the desired
value. The exception to this was the 60-deg angle-of-attack
case in which a constant uniform static pressure was applied.
This was done because of streamwise flow separation occur-
ring with the extrapolated pressure gradient boundary condi-
tion. The circumferential pressure gradients determined by
NPARC are only because of pressure gradients that develop
within the duct without any simulation of the influence of the
engine. The experimental pressure gradients are very small
with the exception of 60-deg angle of attack, and similar to
the computational results with the exception at 60-deg angle
of attack. For the 60-deg angle-of-attack case, the extrapolation
of the static pressure gradient may have improved the agree-
ment between the data and the NPARC results.

The comparison of the NPARC predicted total pressure con-
tours at the engine face with experimental unsteady data is
shown in Fig. 8 for 0.3 Mach number and 30- and 60-deg
angles of attack. The total pressure contours showing the limits
of the migration of the low total pressure region were obtained
using the General Electric High Alpha Program (HAP). Each
time slice (1/2143 s) of total pressure data was placed in a
PLOT3D flow file with the rake total pressure probe coordi-
nates in a PLOT3D grid file. Time was treated as the x axis
in the FAST program.21 The migration of the low total pressure
region was examined by moving through time along the x axis
using the FAST program. The extremes in movement of the
low total pressure region were used to determine which time
slices to plot with the HAP program. An examination of pre-
dicted vector plots (not shown) indicates that this low total
pressure region represents the position of the inlet duct sec-
ondary flow vortex for 30- and 60-deg angles of attack.

Several issues are pointed out from studying the comparison
of the NPARC results with the flight data. The comparison of
the NPARC results with the data indicates a qualitative agree-
ment with the data in terms of the general flow structure. The
position and strength of the predicted low total pressure region
are different from the data because of the unsteady nature of
the flowfield, as shown in the accompanying total pressure
contours. These indicate the extent of the migration of the low
total pressure region as a function of time. The strength (total
pressure loss in this region) also varied with time. The NPARC
results fall within the migration range of this region. The
NPARC asymptotic solution represents a snapshot of the dy-
namic flowfield, which is at an arbitrary point in time fixed by
the boundary conditions imposed. Therefore, the best obtain-
able solution is one that lies within the excursion of the un-
steady flowfield. To perform an unsteady flow analysis an un-

-e
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Fig. 8 Engine face normalized total pressure contours (PT —
pTmypT^ «) A*» = 0.3, a = 30 deg, ft = 0 deg and b) M« = 0.3,
a = 60 "deg, p = 0 deg.

steady engine face boundary condition may be required. From
observing the experimental total pressure contours at the en-
gine face as a function of time, the flowfield appears to change
in a random way, requiring a statistical or probability repre-
sentation of the pressure field at the engine face. The migration
range of the vortex or low total pressure region increased with
increasing levels of distortion. This indicates that the flow be-
comes more unsteady as the distortion levels increase. Also,
the presence of the engine may have a significant effect on the
movement of the secondary flow vortex. A suggested research
area would be to model a shedding vortex from a cylinder
using an unsteady and asymptotic solution and examine the
effects of a steady-state approximation on the unsteady flow-
field.

In summary, the inlet lip region flow calculations indicate a
need for improved modeling of the separated flows. The
Bald win-Earth turbulence model did not adequately resolve
the possible lower lip flow separation. Overall, the vortical
flow within the inlet duct was simulated reasonably well in
terms of the results falling within the limits of the actual un-
steady flow. The Bald win -Barth turbulence model overpre-
dicts the strength of the secondary flow vortex in terms of a
region of lower total pressure than the data.

A comparison of the predicted inlet performance to the ex-
perimental data is shown in Table 1. The data are for the min-
imum to maximum values obtained in the experimental sample
group, whereas the NPARC results are for an arbitrary instan-
taneous point in time as previously discussed. In general, the
recoveries and distortions calculated from the NPARC results
are at the high loss end of the data range. Since the actual
flow is very unsteady, the value of these types of comparisons
is difficult to assess.
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Table 1 Inlet performance summary

a = 30 deg a = 60 deg
0.3 NPARC Data NPARC Data

mcom Ibm/s
Recovery, %
Distortion, %

143.3
95.1
19.0

145.8
97-98
9-13

143.7
88.5
31.5

145.9
90-92
14-28

Numerical Issues
For such a complex problem, determining the convergence

of the solution is not a straightforward task. Residuals are not
very reliable since they tend to drop a few orders of magnitude
and then level off for complex viscous flows. Therefore, we
follow the flow quantities of interest as the solution iterates to
determine when these quantities stop changing or the changes
per iteration become insignificant. Several quantities are pre-
sented for convergence criteria in the following discussion.

The calculated forces on the aircraft served as one measure
of convergence of the external flowfield. The predicted lift and
drag coefficients varied by less than 1% as the solutions were
converged. The surface static pressure distributions maintained
nearly constant values as the solution was iterated. For the inlet
duct flow, the variation in mass flow rate at each axial com-
putational station was compared to the entrance value. The
variation was within 1% of the entrance values.

The grid and input file generation required approximately
two months to complete, with additional time spent on grid
refinements. A typical solution required from 50 to 75 Cray
Y-MP CPU hours, using a previous solution for a starting so-
lution. An initial solution starting with freestream conditions
may require at least 100 Cray Y-MP CPU hours.

Conclusions
The results of this study indicate several important conclu-

sions. The first one is the need to include the external airframe
in the calculations of the flow within the F/A-18A inlet because
of the high degree of integration of the inlet with the airframe.
As the angle of attack increased, more of the external flow
impacted on the inflow to the inlet with regard to the under
LEX vortex ingestion and its effect on the total pressure dis-
tortion pattern at the engine face. The NPARC results com-
pared well with the forebody and lower LEX surface static
pressures, which indicates that the pertinent aspects of the ex-
ternal flowfield were modeled well for the inlet flowfield sim-
ulation.

The effects of the inlet highlight are also very important to
the inlet flowfield. The measured surface pressures along the
highlight were in good agreement, in general, with the NPARC
results. Possible flow separation shown in the data was not
present in the numerical results along the lower region of the
highlight. The effects of the presence of the engine appear to
be small with regard to the surface circumferential pressure
distribution at the engine face. The NPARC predictions agreed
well with the flight data. It is unknown how significant the
presence of the engine is on the migration of the secondary
flow vortex or the unsteadiness of the flowfield.

Although the NPARC results represent an asymptotic solu-
tion, it was able to capture the essential steady-state physics
associated with the inlet flowfield, which is inherently un-
steady.
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