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Load Measurements on the Leading-Edge Extension,
Wing, and Body of an F/A-18
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The pressure difference across the wing and leading-edge extension (LEX) of a rigid 6% scale model
of an F/A-18 was measured, and the integrated static and rms loads were computed. The total loads on
the aircraft were obtained using a sting-mounted balance from which the body loads can be deduced by
subtracting the LEX and wing loads. The effects of Mach number and angle of attack were analyzed and
results for M = 0.25, 0.6, and 0.8 at o = 20-35 deg are presented. The effectiveness of the LEX as a high-
lift device is demonstrated by comparing the individual lift contributions from the wing and LEX at
different angles of attack and Mach numbers. It is shown that the LEX vortex can generate large non-
linear static lift while inducing high unsteady lift on the aircraft.

Nomenclature

A, = area of ith panel on wing surface
Cy = normal force coefficient

~ = rms value of normal force coefficient
¢ = wing mean aerodynamic chord, 0.21 m
M = freestream Mach number
N = normal force
p = unsteady pressure
pi. = pressure on wing or LEX lower surface at ith panel
Div = pressure on wing or LEX upper surface at ith panel
q = dynamic pressure

Re. = Reynolds number based on ¢

S. = LEX surface area, 1.19 X 10> m’
S, = wing planform area, 1.34 X 10" m’
Sw = wing surface area, 4.15 X 10> m”
o = angle of attack

I. Introduction

HE International Follow On Structural Test Program

(IFOSTP) is a joint Canadian and Australian venture to
ensure the continued airworthiness of the CF/AF-18 under cur-
rent operating conditions and to provide engineering data to
allow for efficient life cycle management decisions. One of the
primary objectives in this program is the collection of loads
data for structural analyses. It was demonstrated from flight
tests' that the flow past an F/A-18 wing at high angles of attack
was very complex with large regions of separated flow on the
wing upper surface. The ability of present computational fluid
dynamics (CFD) codes to provide accurate load distributions
at these flight conditions is doubtful.

To obtain static and dynamic loads on the wing and leading-
edge extension (LEX) for selected critical maneuvers inside
the flight envelope for IFOSTP, wind-tunnel tests were per-
formed in the Institute for Aerospace Research (IAR) 1.5-m
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trisonic blowdown wind tunnel on a rigid 6% scale model of
the F/A-18 instrumented with pressure transducers on the star-
board wing and LEX. The results were also used to provide a
better understanding of the flowfield past the F/A-18 wing,
although the placing of the transducers in a relatively coarse
grid was not ideal for this purpose. In Ref. 2, some preliminary
results were presented from flow visualization studies and
measurements of the unsteady pressure field. A more detailed
study was presented in Ref. 3 where statistical results, such as
power spectra, space-time cross-correlation and coherency of
the pressure fluctuations were analyzed. Aside from the spe-
cific requirements for IFOSTP, the data collected from this
series of tests are valuable to other programs at the IAR. For
example, the steady-state results were used for computer-code
validation while the unsteady results provide information on
the dynamic load distributions that are necessary for wing buf-
feting and other dynamic response analyses.

It is common in fighter-type wing design to have high sweep
angle and low aspect ratio. To provide the lift required for
maneuvers at high angles of attack, a LEX is usually em-
ployed. The wings of an F/A-18 are typical of those found in
most combat aircraft and an understanding of the flow past the
wing is useful in any improvement to enhance the performance
of the aircraft. The LEX on the F/A-18 has been quoted to
contribute an excess of 22% of the total nonlinear lift at high
incidences.”

This paper investigates the effects of Mach number and an-
gle of attack on loads experienced by the F/A-18. The LEX
and wing loads are computed from pressure measurements
while those generated by the body are deduced from sting-
balance measurements. Loads data for the LEX are presented
to demonstrate its effectiveness as a high-lift device.

II. Wind-Tunnel Facility and Model

A. Wind-Tunnel Facility

The tests were performed in the trisonic blowdown wind
tunnel at the IAR. The wind tunnel is a pressurized intermittent
flow facility, and is capable of operating in the subsonic, tran-
sonic, and supersonic flow regimes. It has a Mach number
range from M = 0.1 to 4.2. The walls of the 1.5 X 1.5 m
transonic test section are perforated with 1.27-cm holes in-
clined 30 deg to the flow, thus allowing flow communication
between the test section and a 3.65 m diameter by 4.87 m
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length plenum chamber. The porosity of the walls is adjustable
from 0.5 to 6%. For these tests, it was set at 4%. In subsonic
and transonic tests, a hydraulically driven Mach number con-
trol system maintains the desired test section Mach number
within £0.003 as the model pitches, and the stagnation pres-
sure can be held constant to an accuracy of =137 Pa through-
out the wind-tunnel run.

The test model was mounted on a cranked sting that forms
part of the model support system. The strut can be pro-
grammed to move vertically and with the pitch linkage mech-
anism, the model angle of attack can vary from O to 33 deg.
For high Mach number and dynamic pressure test conditions,
aerodynamic loading causes bending of the sting that can in-
crease the angle of attack by up to 2 deg.

B. Model

The model used in this study is a rigid 6% scale of the
F/A-18, and a detailed description on the construction is given
in Ref. 5. The center fuselage is bored to accept a 3.8-cm-diam
Able Corp. sting balance. For these experiments, AIM-9 mis-
siles were mounted on the wing tips and the leading- and trail-
ing-edge flaps were set at 34 and 0 deg, respectively. The
horizontal stabilator angle was set at —9 deg. These angles
correspond to the F/A-18 auto flaps-up mode schedule settings
at high angles of attack. Boundary-layer transition trips were
installed on the wings, LEX, fins, stabilators, and forebody of
the model.

The model starboard LEX and wing are instrumented with
a total of 168 pressure transducers, 30 on the LEX and 138
on the wing. The position of these sensors is shown in Figs.
1 and 2, with an equal number on the upper and lower surface
located directly opposite to each other. The transducers are
semiconductor sensors (Kulite XCQ-062-50A) with an active
diameter of 0.88 mm and a frequency response in excess of
50 kHz. They were flush mounted in pockets that were ma-
chined on the wing surfaces. Trenches were also machined on
the wing surfaces to accommodate the electrical wirings. The
pockets were filled with a silastomer after the sensors were
mounted, and this served the purpose of protecting the trans-
ducers. The trenches were filled with an epoxy compound and
hand-finished to the original wing profile. A detailed descrip-
tion of the calibration procedure and accuracy of the transduc-
ers is reported in Ref. 2.

The wind-tunnel data acquisition system consists of two sep-
arate subsystems: 1) a low-speed and 2) a high-speed data
system. The low-speed system is used to control the tunnel
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Fig. 2 Position of transducers and panels on wing.

operation, model positions, and record the wind-tunnel run
conditions. These data are normally sampled at 100 Hz, and
the computer used is a PDP 11/73. A micro-Vax-based high-
speed data-acquisition system is available for collecting data
at a high sampling rate for unsteady pressure measurements.
The sampling frequency was set at 38.4 kHz in this wind-
tunnel test and the data system is capable of collecting up to
10 million samples per second. The data are transferred at the
end of the day to an 8-mm data cartridge. Data processing is
performed on HP 9000/750 and IBM RS/6000 workstations.

III. Results and Discussion

A. Static Loads

To compute the steady and unsteady loads on the wing, the
pressure difference across a transducer pair is formed from the
time series, and Cnw is determined by the following equation:

69
Caw = E (P — P)AlGSw (1)
pa}

The wing surface is divided into 69 panels, with each upper
and lower transducer pair being in the middle of a panel and
the pressure is assumed to be constant on each panel. The
panel dimensions and locations on the wing are shown in Fig.
2. Because the leading-edge flaps are set at an angle relative
to the plane of the wing, the projected area of the flaps onto
the wing reference plane is used. For the LEX, Cy is deter-
mined from Eq. (1) using 15 panels with dimensions shown
in Fig. 1. The wing area Sy, is replaced by S, in Eq. (1).

Time-averaged normal force coefficients on the wing are
shown in Fig. 3 for M = 0.25, 0.6, and 0.8 with o varying
between 20 and 35 deg. Corresponding to these three Mach
numbers, the values of g are 5.5, 26.8, and 39.9 kPa, respec-
tively. The Reynolds numbers based on the wing mean aero-
dynamic chord are 1.60 X 10° 3.37 X 10° and 4.00 X 10°,
respectively. The effect of Mach number is small between the
results at M = 0.25 and 0.8, whereas the curve for M = 0.6
shows higher normal force coefficients. The differences are not
large and the small dependence on M could be attributed to
the contributions to Cnw from the leading-edge vortices that
are not strongly dependent on Mach number. Dividing Cxw by
(1 — M?'" shows the curves to be approximately evenly
spaced with the M = 0.6 curve lying in the middle. The curves
could not be collapsed using this compressibility factor.

It should be noted that the loads on the wing are influenced
by the LEX, making it difficult to identify the wing-alone con-
tribution to the combined loads. Ideally, the LEX should be
removed, but this is not possible because the construction of
the wind-tunnel model’ is such that the LEX forms an integral
part of the forebody section of the model.
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Fig. 3 Wing static normal force coefficient.
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Fig. 4 LEX static normal force coefficient.

The static Cnp for the LEX is shown in Fig. 4 with o varying
between 0 and 35 deg. The leading-edge flap angle was set at
34 deg in these tests and, at low angles of attack, this flap
angle will not correspond to those programmed following the
F/A-18 flap schedule. It is not known by what amount the flaps
will affect the LEX pressure distributions at low a, although
it is certain that the results will be influenced by the flap angles
to some extent. The results shown in Fig. 4 for low o must,
therefore, be interpreted with caution. They are included only
to give an indication of the load variations with angle of attack.
Figure 4 shows that on the LEX the M = 0.25 and 0.6 results
are very close, except when o reaches 25 deg and beyond. The
normal force coefficient at M = 0.8 is consistently below those
for the other two lower M curves. For small o of less than 10
deg, the curves tend to coalesce. No detailed surface flow vi-
sualization studies such as those carried out in Ref. 6 have
been performed for the various Mach numbers and the angle-
of-attack range in the results presented in Fig. 4. Knowledge
of the primary LEX vortices at these M and o will be useful
to examine the behavior of Cy;. with Mach number. However,
the results from Fig. 4 indicate that the contribution of nonlin-
ear lift caused by the LEX vortex is smaller at transonic Mach
numbers.

The combined LEX and wing normal force coefficient is
given in Fig. 5. It is seen that Cxr at M = 0.8 is lower than
the curves for M = 0.25 and 0.6. The results are consistent
from observation of the behavior of the individual Cyw and
Cy given in Figs. 3 and 4.

The total load on the aircraft measured from a sting balance
is shown in Fig. 6, where Cyg is obtained using the wing plan-
form reference area S,. The effect of Mach number is also
small, similar to the results shown for the wing. Cxg increases
with M, that is, (dCne/0M ), > 0 for 20 deg < a < 35 deg,
which is the range of o where measurements were taken. By
comparison, Fig. 5 shows that (dCng/dM ), < 0 for a >27 deg,
and there exists a value of o between 20 and 27 deg, where
(0°CrnldM ), = 0.

The LEX has been credited to contribute an excess of 22%
of the static lift. It is not known how this number was deter-
mined by Frazier.* By coincidence, the ratio of the LEX to the
combined area (wing and LEX) is approximately 0.22. It ap-
pears that this estimate may be obtained from area consider-
ations only. Figures 3 and 4 show that the normal force co-
efficients on the LEX have values higher than those on the
wing because the primary LEX vortex induces a low-pressure
region on the LEX upper surface. The results for the normal
force are given in Fig. 7, where the ratio of the force on the
LEX to that on the wing is displayed as a function of a. This
ratio depends on the Mach number and can reach much higher
values than that quoted in Ref. 4. For example, at M = 0.25

and o = 33 deg, the LEX contributes to nearly 33% of the
total lift.

Figure 8 shows the ratio of the loads on the LEX and wing
as a percentage of the total loads measured from the sting
balance. The LEX and wing area is only a fraction of the total
aircraft projected area that generates the lift of the aircraft. The
body contribution can be determined from the difference be-
tween the sting balance measurements and the loads computed
from the pressure transducers. Figure 8 shows that a significant
amount of lift is generated by the body. For example, at Mach
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Fig. 5 Combined LEX and wing static normal force coefficient.
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Fig. 9 RMS value of wing normal force coefficient.

number 0.6, the ratio N;/N drops from approximately 68% at
o =20 degto 58% at o = 35 deg. A decrease in N;/Ngindicates
the contribution of the body lift increases faster than that from
the LEX and wing. The higher lift generated by the body at
the larger angles of attack is a result of the stronger forebody
and LEX vortices. Figure 8 also shows that the body contri-
bution increases with Mach number, which is consistent with
Figs. 5 and 6. For example, at o = 30 deg, the body contributes
approximately 33% of the total lift for M = 0.25, 37% for M
= 0.6, and 42% for M = 0.8.

B. RMS Loads

Unsteady loads are computed using Eq. (1) and they are
presented in this paper in the form of rms values. Figure 9
shows the variation of the rms load distributions on the wing
with angle of attack for three Mach numbers. As expected,
more severe separation at higher a accounts for the increase
in Ciw with angle of attack. Both o and M affect the nature
and size of the various separated flow regions. Compressibility
effects are particularly important for M = 0.8 and they need
to be examined in more detail from analyses of the surface
pressure measurements. Surface flow visualization and off-
body flow studies at various M and o are useful to further
understand the complex flow separation phenomenon. Limited
analyses on the unsteady pressure field at M = 0.6 and a = 30
deg using statistical methods are reported in Ref. 7, which gave
further insight in the observed behavior of the results.

The rms loads on the LEX given in Fig. 10 show small
differences with Mach numbers up to o = 15 deg. For the

LEX, the effects of flap settings may not be sufficiently large
to render the results shown in Fig. 10 totally invalid at values
of a below 25 deg. The curve for M = 0.25 gives the largest
C.. for a above 15 deg, up to the last data point at a = 33
deg. The static Cxr. does not show large differences from those
at M = 0.6, and the higher fluctuations are unexplained and
require off-body flow visualization to study the LEX vortex
structure. This is similar for the wing where Crw is largest for
M = 0.25 because the effect of the LEX vortex high-pressure
fluctuations is felt downstream on the wing. The M = 0.6 and
0.8 results show a slowly varying trend between a = 15 and
28 deg, and they collapse into a single curve for further in-
creases in a. The behavior of the curve for M = 0.25 is dif-
ferent and the increase in the rms loads is approximately linear
with .

The total rms normal force coefficient is given in Fig. 11
and the shapes of the curves are similar to those for Caw. It is
interesting to note that at a given Mach number, say, M = 0.6,
the total rms loads can differ by a factor of 2 from a = 25 to
35 deg.

Figure 12 shows the variations of Cyg with a obtained from
the sting balance. Results are given for two Mach numbers
only because those for M = 0.25 were not recorded in the tests.
The rms values from the balance are computed from analog
signals averaged over 5-10 s. Similar to Figs. 11, Fig. 12
shows that unsteadiness expressed in coefficient form is larger
at the lower Mach numbers.

The ratio of the rms loads on the LEX and wing as a func-
tion of « is given in Fig. 13. The characteristics of the curves
for M = 0.6 and 0.8 is different from that at M = 0.25. This
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can be deduced from the behavior of the rms normal force
coefficient shown in Figs. 9 and 10. Although the LEX has
approximately 28% of the wing’s area for this particular flap
setting, the rms value of the loads can be as high as 50% for
M = 0.6 and 0.8 at o above 33 deg.

Figure 14 shows N7/Nj plotted against a for M = 0.6 and
0.8. The contributions from the LEX and wing account for
approximately 60% of the rms total load at o < 27 deg. The
Mach number effect is initially small and Fig. 14 shows that
the combined LEX and wing generate larger unsteadiness with
an increase in Mach number at angles of attack above a thresh-
old value of 27 deg. The increase in unsteadiness with a can
be attributed to the large separation regions on the wing upper
surface found at the higher angles of attack.

The spacing of transducers used for load measurements is
sufficient for the large attached flow region' on the inboard
portion of the wing, which is under the influence of the LEX
vortex system. On the inboard leading-edge flaps and near the
the tip missiles, regions of flow separation and reattachment
are observed and smaller panels for computing the loads are
desired. However, the difficulties and expenses in mounting a
large number of transducers on a small model precludes the
addition of any more transducers than are already installed.
Errors are introduced by assuming the pressure to be uniform
across each panel, but from contour plots® of the steady and
rms pressures, it is estimated that the errors may not be large
for a < 35 deg. A similar type of transducer spacing was used
for load measurements on the vertical fins.® Results from pres-
sure integration and strain gauges mounted on the fin root
showed a maximum difference of approximately 10-15% for
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Fig. 14 Ratio of combined LEX and wing to balance rms value
of normal force.

moderate to high o at M between 0.25 and 0.8. In the absence
of any strain gauge measurements for the wing loads, it is
difficult to estimate the error. However, from examining the
spanwise and chordwise pressure distributions on both the
wing and the vertical fin, it is safe to assume that the error is
of the same order of magnitude in both cases.

Conclusions

The static and unsteady loads on the LEX and wing are
successfully measured by computing time-averaged and rms
values of the pressure transducer signals. The effects of Mach
number and angle of attack were analyzed, and results for M
= 0.25, 0.6, and 0.8 at o = 20-35 deg are presented.

A large amount of nonlinear lift is generated by the body
because of the presence of the forebody and LEX vortices, for
example, at M = 0.6, the contribution of the body to the total
loads changes with o from 32% at 20 deg to 42% at 35 deg.
The unsteadiness at high angle of attack is largely generated
by the LEX and wing.

From the behavior of the static and dynamic loads with a
for the LEX and wing, a different trend is observed from the
results at M = 0.25 compared with those at the higher values
of M = 0.6 and 0.8. Further studies of the flow separation on
the LEX and wing using surface flow visualization and off-
body measurement techniques are required to understand the
flow behavior with M and «. Detailed analysis of the surface
pressure will provide some indication of the nature and inten-
sity of the pressure fluctuations in the separated flow regions,
but this requires a more closely spaced transducer grid to re-
solve the flow characteristics in some of the small separation
regions.

The effectiveness of the LEX as a high-lift device is dem-
onstrated by comparing the individual lift contributions from
the wing and LEX at different angles of attack and Mach num-
bers. It is shown that the LEX vortex can generate large non-
linear static lift while at the same time induces very high un-
steady lift on the aircraft.
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