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Investigation of the Unsteady Pressure Fluctuations
on an F/A-18 Wing at High Incidence
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The results of an analysis performed on the unsteady pressure measurements taken from the wing of
an instrumented rigid 6% scale model of the F/A-18 aircraft at high angles of attack are described. The
experiment was carried out at the Institute for Aerospace Research 1.5-m trisonic blowdown wind tunnel.
Space-time cross-correlations of the pressure field were performed on the wing upper surface using
different reference transducers. The results are presented in the attached flow region on the inboard
portion of the wing, which is under the influence of the leading-edge extension vortex system. The con-
vection velocities of the broadband eddies were computed. The variation of the correlation contours of
eddies along a typical skin-friction line is illustrated by an example.

Nomenclature
C, = pressure coefficient
c = wing mean aerodynamic chord, 0.21 m
k = nondimensional frequency, fc/U
M = freestream Mach number
P = unsteady pressure
q = dynamic pressure
R(x, y, 7) = cross-correlation function
S, (f) = power spectral density
t = time
U = freestream velocity
x = distance measured along chord from a reference
transducer
y = distance measured along span from a reference
transducer
o = angle of attack
p(x, y, 77 = normalized cross-correlation function
T = time delay
I. Introduction

LIGHT tests' have shown that the flow on the upper sur-

face of the F/A-18 wing at high angles of attack is very
complex. Using the oil-dots flow visualization technique,’ the
topology of the flow on the wing upper surface indicated that
strong outflow dominated a major portion of the wing at M =
0.6 and « = 30 deg. It was found that flow separation occurred
on a large area of the inboard leading-edge flap. The flow
separated close to the leading-edge extension (LEX) and wing
junction, and reattached on the flap. Separation also occurred
along the hinge line with the flow reattaching a short distance
behind it. Flow reversal on the inboard leading-edge flap was
observed.
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Steady pressure measurements on the wing upper surface’
revealed a low-pressure region on the inboard leading-edge
flap that corresponded to the separated flow detected from the
oil-dots visualization experiment. The pressure on a large por-
tion of the wing surface was fairly uniform, rising gradually
aft the hinge line towards the trailing edge.

Complementing the pressure measurements given in Ref. 2,
spectral, space—time cross-correlation and coherence analyses
of the unsteady pressure field on the upper surface of the
F/A-18 wing were discussed in Ref. 3. The data were used to
provide a model of the flow on the wing surface so that un-
steady load for dynamic response studies, such as wing buf-
feting, on a flexible wing can be estimated. Further studies on
the surface flow characteristics were carried out for different
Mach numbers and angles of attack. These were reported in a
recent paper.*

In this investigation, cross-correlation studies of the pressure
field were carried out taking various transducers on the wing
surface to be the reference and time correlations were per-
formed with respect to the adjacent transducers. The tests were
performed at three Mach numbers (M = 0.25, 0.6, and 0.8)
and angles of attack between 25-35 deg. The surface flow
results given in Ref. 4 show that for these Mach numbers and
angles of attack, the flow is basically similar. In this article,
only the results for M = 0.6 and « = 30 deg are presented, as
space does not allow a discussion of M and « effects on the
flow behavior. This investigation was carried out in the at-
tached flow region on the inboard portion of the wing, which
is under the influence of the LEX vortex system. The convec-
tion velocities at specific locations on the wing surface were
computed and the velocity vectors give a convection pattern
of the turbulent eddies. The correlation contours of broadband
eddies were measured and their variations in space along a
skin-friction line are shown to illustrate the change in the eddy
dimension.

II. Wind-Tunnel Facility,
Model and Data Acquisition
A. Wind-Tunnel Facility

The tests were performed in the trisonic blowdown wind
tunnel at the Institute for Aerospace Research. The wind tunnel
is a pressurized, intermittent flow facility, and is capable of
operating in the subsonic, transonic, and supersonic flow re-
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gimes. 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 inclined 30 deg to the flow, allowing flow
communication between the test section and a 3.65 m diam by
4.87 m 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 control system maintains the desired test section Mach
number within #0.003 as the model pitches, and the stagnation
pressure can be held constant to an accuracy of £137 Pa
throughout 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, which can
increase the angle of attack by up to 2 deg.

The tests were carried out at different Mach numbers and
angles of attack, but only results at M = 0.6 and a = 30 deg
are presented in this article. The Reynolds number based on
the model mean aerodynamic chord and the dynamic pressure
corresponding to this Mach number are 3.38 X 10° and 27.2
kPa, respectively.

B. Model

The model used in this study is a rigid 6% scale model of
the F/A-18. It consists of three major pieces: 1) an aluminum
forebody with integral LEX and a single seat canopy, 2) a
stainless-steel fuselage with integral wings, and 3) a stainless-
steel rear fuselage. The center fuselage was bored to accept a
3.81-cm-diam six-component sting balance. AIM-9 missiles
were mounted on the wingtips. For these experiments, the
leading- and trailing-edge flaps were set at 34 and O deg, re-
spectively. The horizontal stabilator angle was set at —9 deg.
These angles correspond to the F/A-18 autoflaps up-mode
schedule settings at high angles of attack. Boundary-layer tran-
sition trips were installed on the wings, LEX, fins, stabilators,
and forebody of the model. A more detailed description of the
model is given in Ref. 5.

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 Fig. 1,
with an equal number on the upper and lower surface located
directly opposite each other. The transducers are semiconduc-
tor 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 machined 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 transducers. The trenches
were filled with an epoxy compound and hand finished to the
original wing profile.

Calibration of the pressure transducers was accomplished by
mounting the F/A-18 model in a steel chamber with accurate
pressure and temperature control. It was found that the trans-
ducers were sensitive to strain effects because of the defor-
mation induced by the aerodynamic loading. The calibration
procedure and the effects of strain are described in Ref. 2.

C. Data Acquisition

Wind-tunnel run conditions, model angle of attack, and other
parameters were recorded at 100 Hz using a PDP 11/73 com-
puter-based wind-tunnel data system. This computer system
also controlled the wind-tunnel operation and model positions.
A micro-Vax-based data acquisition system was used to collect
data at a much higher sampling rate for unsteady pressure
measurements. This data system consisted of a front end, a
digital concentrator, and a parallel disk. The front end were
blocks of instrumentation amplifiers, A/D converters, and fil-

Fig. 1 Location of pressure transducers.

ter/rms modules. The digital concentrator provided the link
between the front end and the parallel disk. It accepted serial
data from all of the A/D converters and transformed them to
parallel data. The data could bypass the host computer and be
written directly onto the disk through an interface port on the
disk drive system. The sampling frequency was set at 38.4 kHz
and the data system was capable of collecting up to 10 million
samples per second. The parallel disk has a capacity of 6.5
Gbytes that was sufficient to hold data acquired from an av-
erage day’s wind-tunnel runs. A typical wind-tunnel run gen-
erated approximately 400—600 Mbytes of data. The data were
transferred onto 8-mm data cartridges overnight and the par-
allel disk was ready to accept data again the next day. Offline
data processing was performed using HP 9000/750 and IBM
RS/6000 workstations.

III. Results and Discussion

A. Surface Flow Studies

To understand the flow past the F/A-18 wing at high inci-
dence, off-surface measurements or flow visualization are nec-
essary. The flow is dominated by vortices that have their ori-
gins from the forebody, LEX, and wing. Mach number, angle
of attack, and Reynolds number play an important role in the
generation of these vortices and their subsequent effects on the
flow past the wing.

The blowdown wind tunnel at the Institute for Aerospace
Research (IAR) is not equipped with off-body flow visuali-
zation and quantitative pressure or velocity measurement de-
vices. Off-body measurements are not feasible because the
high dynamic pressure necessitates bulky instrument attach-
ments that cause large disturbances to the flow. The results
obtained in Refs. 2—4 are all obtained from surface measure-
ments and they can, at best, give only a partial picture of the
flow phenomena.

Surface flow visualization has been discussed in Refs. 2 and
4. In this section, the main observations from Ref. 2 for the
test condition at M = 0.6 and o = 30 deg are briefly outlined
to give a general picture of the surface flow and the locations
on the wing surface of the various regions where unsteady
pressure measurements were analyzed. The main features de-
duced from the oil-dot streaks are shown in Fig. 2, but only
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Fig. 2 Schematic of flow on wing upper surface at M = 0.6 and
a = 30 deg.

the separation and attachment lines are reproduced from the
original oil-dots record.

At this angle of attack, the streamwise location of the pri-
mary LEX vortex burst® occurs slightly forward of the LEX
fence leading edge. The attachment lines A, and A, indicate
the locations where the flow reattaches after separating from
the edge of the inboard leading-edge flap and the hinge line,
respectively. Separation does not occur on the innermost por-
tion of the flap because of the induced flow from the LEX.
Aft of the line A,, there is a small region where some oil
streaks indicate converging flow. However, there is not suffi-
cient detail from the oil-dots record to determine with certainty
that local separation occurs. In general, the flow on the inboard
leading-edge flap and in the region just aft of the flap behaves
as reported in Ref. 1.

Inboard of the gap, formed between the leading-edge flaps
and aft the hinge line, a saddle point S, is deduced. Converg-
ing towards the saddle point are the attachment lines A; and
A.. It is possible that A; is a continuation of A,. However, this
cannot be confirmed from the pattern of the skin friction lines.
The pressure ratio across the gap is 0.62 and the flow is un-
choked. Attachment line A, is induced by the vortex formed
from the jet issuing from the gap. The location of A, on the
inboard flap indicates that the local crossflow is in the inboard
direction. Moving away from the saddle point S,, are the sep-
aration lines S, and S,. The skin friction lines that locate line
S, show reversed flow on the wing and inboard leading-edge
flap. This agrees with the results given in Ref. 1. The node N
is identified by the rotating and converging skin friction lines
that indicate a counterclockwise vortex. This vortex is also
observed in Ref. 1. A second vortex' located behind the lead-
ing-edge hinge line on the inboard portion of the wing was
not observed.

On the aileron, S, is formed by attachment lines As and A
and separation lines S; and S,. A large region of attached flow
is seen and this lies between the wing root and the outer wing
region bounded by S; and S, in the spanwise direction. Along
the chordwise direction, the attached flow region is approxi-
mately located behind A, and downstream of S,,, and ends at
the trailing edge and inner aileron of the wing.

At the gap formed by the trailing-edge flap and the aileron,
an attachment line A, is observed. For this angle of attack, the
pressure ratio across the gap is 0.81. The location of A, on the
aileron indicates that the local crossflow has an outward di-
rection, as would be expected.

A skin friction line, marked S—F Line, deduced from the
oil-dot streak lines is shown in Fig. 2. Also indicated in the
figure along this line are the locations of three transducers
labeled 1, 2, and 3, where analysis on the unsteady pressure
measurements will be given in later sections. This is the region
described by Fisher et al.’ as the inboard portion of the wing
that is under the influence of the LEX vortex system. The flow
remains attached and the streamlines, in general, are directed
outboard and aft.

B. Spectral Analysis

Spectral analysis of the pressure in various regions on the
wing surface has been reported in Ref. 3. This article gives
the spectral contents of the boundary layer in the region of the
inboard wing with attached flow for the three transducers
marked in Fig. 2. Previous studies’ have shown that the shape
of the spectra can be quite different on the leading-edge flaps
and the outer wing. However, on the main wing, where the
present studies are being conducted, some variations are ex-
pected, but in general, the spectral shapes show similar char-
acteristics.

The power spectral density (PSD) of a time series p,(f), de-
composed into K intervals, is defined by the following equa-
tions:

1 K-1

Sp(F) = 2 SF) (1)
=0

S.(f) = PN (2)

where P;(f) is the finite Fourier transform of p,(¢), and N is a
factor that depends on the smoothing window used.

These equations are expressed in a form described in Ref.
7 for easy implementation of the fast Fourier transform (FFT)
algorithm. The discretely sampled input data typically repre-
sents approximately 10 s of data, which gives close to 400,000
points. The FFT length was set at 8192 points, and the fre-
quency resolution is slightly less than 5 Hz. A Hamming win-
dow was applied to the data, and an overlap of 50% between
segments was selected. The number of averages for the com-
putation of the PSD was approximately 190.

The frequency in Hz is converted to £ in the PSD plots. This
is obtained by multiplying the frequency by a characteristic
time scale that is equal to the ratio of the wing mean aero-
dynamic chord to the freestream velocity.

The spectral shapes shown in Fig. 3 are fairly typical of
those measured on airfoils at high subsonic Mach numbers and
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Fig. 3 Power spectral densities.
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Reynolds numbers. They show the spectrum to be fairly fiat
or falling gradually with decreasing frequency at low frequen-
cies for k < 1. They fall off rapidly with increasing frequency
at frequencies higher than this value of k. The high-frequency
region where the spectrum is falling off still accounts for a
large portion of the total pressure energy. In buffet and dy-
namic response studies, the low-frequency energy spectrum is
more important and usually it is sufficient to consider fre-
quency below 2 kHz. This was the reason that Ref. 3 did not
give results above k = 2. However, the results presented in this
article extend up to a frequency of 10 kHz and are of interest
in the study of the turbulent structure of the flow in the bound-
ary layer.

The curves at high frequencies shown in Fig. 3 are very
similar for transducers 2 and 3. They are shifted upwards from
the curve for transducer 1. It is seen that as an eddy convects
downstream across the wing, its energy content increases.
However, along some skin-friction lines (e.g., near the trailing
edge), this is not necessarily true. The increase is larger at
lower frequencies. At the high-frequency range of the spectra,
the slope n = d[€n S,(k)}/d[€n k] = — 2 for the three curves.
Various authors® have reported different values of n for airfoils
and wings, depending on the type of flow under consideration.

Previous investigations® of the unsteady pressure on the ver-
tical fin and in the flowfield behind it showed that at high
angles of attack, the power spectral densities exhibit a broad-
band peak with centered k between 0.45-0.5. The limited
amount of pressure spectra reported in Ref. 2 did not indicate
a frequency in the pressure signature on the wing that may be
attributed to the burst vortex. The value of k determined from
the vertical fin experiments was computed using the fin mean
aerodynamic chord (0.127 m) as the characteristic length. The
value of k corresponding to ¢ = 0.21 m used in this investi-
gation would be between 0.74—0.82. Transducers 1 and 2 in
Fig. 3 show a broad peak near k = 1. It cannot be said for
certain that this peak is related to the burst vortex, since trans-
ducer 3, which is close to transducer 2, did not show this
frequency behavior. Further analysis is needed to relate the
spectra on the LEX close to the vortex burst with that on the
wing. This can be achieved by performing correlation studies
between the pressure time histories on the LEX and wing.
Some preliminary studies have been carried out, but they will
not be reported herein.

C. Space-Time Cross Correlation

The cross-correlation function of two time series, say pres-
sure p, at two points in space is defined as

R(Ax, Ay, D =px, y, - plx + Ax,y + Ay, t + 7 (3)

where Ax and Ay are the spatial separations between the two
pressure measurements. The Institute of Electrical and Elec-
tronics Engineers coherence and cross-spectral estimation al-
gorithm’ was used to perform the broadband correlation of the
discrete time series. Results are usually expressed in nondi-
mensional form given by the following expression:

R(Ax, Ay, 7)
[R(X, v, 0) R(x + Ax, y + Ay’ 0)]“2

p(Ax, Ay, 7) = 4)

This function has a range —1 < p(Ax, Ay, 7) < 1.

1. Cross-Correlation Contours

The intention of this wind-tunnel program was to provide
loads for structural analysis of the wing and center fuselage
for the International Follow-On Structural Test Program
(IFOSTP) between Australia and Canada. The locations of the
transducers for this investigation are, therefore, chosen to sat-
isfy the IFOSTP requirements and may not be adequate for
investigating the flow characteristics in some regions on the

wing surface. This is mainly because of the insufficient spatial
resolution in analyzing the flow in the various separation and
reattachment regions that are small compared to the transduc-
ers’ grid. The small size of the 6% model and the expenses
and difficulties in the installation of a large amount of trans-
ducers preclude the addition of any more sensors than are al-
ready installed on the wing. Note that the attachment and sep-
aration lines in Fig. 2 are obtained from oil-dots placed 10 mm
apart, except at the leading edge and in the vicinity of the tip
missile where the spacing is reduced to 5 mm. Even with this
close spacing of the oil-dots, there are some regions of the
flowfield where changes are rapid and finer oil-dots spacing is
desirable.

Cross-correlation studies were carried out by taking each
transducer on the wing surface to be the reference and per-
forming time correlations with respect to the adjacent trans-
ducers using Eq. (4). The results show that at M = 0.6 and
a = 30 deg, pressure correlation is found to be good in large
regions on the inboard wing and trailing-edge flap, and also
on the outboard wing and aileron. These two regions are sep-
arated by S; and S,.

On the leading-edge flaps along rows 1 and 2 in the span-
wise direction (Fig. 1), correlation is detected only in small
local regions on the leading-edge flap. The decay of the cor-
relation function is slightly longer, which suggests that some
lower frequency phenomenon dominates the flow.

Along chordwise rows 2, 3, and to a certain extent row 4,
the flow on the leading edge and slightly behind the hinge line
exhibits poor correlation. This is to be expected since surface
flow visualization® indicated the flow to be very complicated
with separation and reattachment on the inboard leading-edge
flap. However, beyond the hingeline, good correlation is ob-
served after the flow reattaches. In transducer rows 5-8, cor-
relations extend spatially for a large percentage of the chord.
It was found that poor correlation is generally detected across
attachment and separation lines.

An example of the space—time cross-correlation map for the
seventh spanwise row of transducers, using transducer 2
marked in Fig. 2 as the reference, is given in Fig. 4. The
isocorrelation lines are swept forward and show that correla-
tion extends for fairly large distances along the span. The slope
of the line joining the peaks of the contours gives the convec-
tion velocity in the spanwise direction. Ideally, a coordinate
system should be chosen so that one of the axes will be aligned
with the eddy path and the slope thus obtained will be the true
convection velocity. The envelope of the correlation function
decays to a value of 0.1 or less in approximately 1 ms.
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Fig. 4 Cross-correlation coefficient contours at transducer 2
along spanwise direction.
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Fig. 5 Cross-correlation coefficient contours at transducer 2
along chordwise direction.

Figure 5 shows the cross correlation along the fifth row of
chordwise transducers using the same reference transducer as
in Fig. 4. The chordwise spatial correlation is seen to extend
for quite large upstream and downstream distances. Beyond
the leading-edge hinge line, the correlation is not too mean-
ingful. Similar to the spanwise correlation function, the cor-
relation function envelope along the chordwise direction de-
cays to values of 0.1 or less after 1 ms. The peak correlation
contour lines are not swept forward in a time scale like the
spanwise correlation. The small slope indicates the convection
velocity component in the downstream direction to be small.

Note that the spacings of the transducers are not sufficiently
small to give good spatial resolutions. The large number of
contour lines close to the reference transducer in Fig. 4 is
obtained using three transducers spaced approximately 0.3 and
0.15¢ apart from the reference, whereas in Fig. 5, they are
both O.1c¢ on either side of the reference transducer. Hence, the
contours are only approximate and subject to errors.

2. Convection Velocity

Using transducer 6 on the third chordwise row as reference,
Ref. 2 computed the cross-correlation functions with all other
transducers. The cross-correlation plots that exhibited a clear
peak were selected and the peak correlation time delay was
recorded. The data were then used to generate a map of peak
correlation time delay contours. A large region of correlated
pressure fluctuations was found on the wing behind the hinge
line, and this corresponds to the attached flow region from the
oil-dots visualization studies.” Using different reference trans-
ducers, similar maps can be constructed. It was shown that the
peak correlation time delay contour lines overlap each other.
Figure 6 gives the contour lines averaged from individual sets
obtained from five transducers whose positions are marked in
the figure. The delay time in milliseconds was shifted using
the sixth transducer on the third chordwise row as the refer-
ence, and the value of 7 is set to O along the peak contour
passing through this transducer. In this region, the convection
of the eddies can be determined at any position on the wing
surface, using the time delays obtained from this figure.

Depending on the location on the wing, the convection ve-
locity computed varies from 120 to 155 m/s. This corresponds
to values of 0.59-0.76U, respectively.

Superimposed in Fig. 6 are local convection velocities cal-
culated at different positions. These are denoted by vectors
placed at the centroid of the triangle formed by three trans-
ducers. Assuming that the flow convection front is straight and

L,,at;

L,/ at,
v

Fig. 7 Schematic of calculating convection velocity from three
transducers.

that it travels at a constant velocity, the convection front ve-
locity and direction in an area between three transducers can
be estimated. For the calculations, the time delays and dis-
tances between any one transducer and the other two trans-
ducers are assumed to be known. Taking the case of three
transducers as positioned in Fig. 7, the direction of propagation
of the convection front is solved with the following equation:

L, cos(f — 6)) L, cos(6 — 6,)
At - At,

(5

Once 6 is known, the convection front velocity can be deter-
mined from this equation. The criterion in calculating the ve-
locity at each point is that the correlation function is well
behaved and its peak value is greater or equal to 0.2. The
velocities calculated from this method vary between 120—160
m/s, and the range of values is similar to that determined from
Fig. 6. Note that the vectors from some of the transducers close
to each other may not be pointing in the direction as expected.
This is because of the errors introduced when At is small and
of the order of a few sampling intervals. The accuracy can be
improved by increasing the sampling rate of the times series.
This was not carried out because of the already large amount
of data collected from each wind-tunne! run, making data man-
agement more cumbersome.

The analysis is based on the assumption that the flow is
semifrozen and the convection velocity is the weighted average
of many eddy velocities. Space—time correlations of boundary
layers on flat plates have shown that the convection velocities
determined from measurements depend on the spatial separa-
tions of the transducers. It can vary from 0.55 to 0.85 of the
freestream velocity for very small measuring distance to large
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separations. This is attributed to the fact that, for small sepa-
rations, the convection is dominated by small eddies close to
the wall, traveling relatively slower. For large separations,
these eddies will have decayed, leaving the faster-moving
large-scale eddies to determine the convection velocity. How-
ever, there are insufficient transducers installed in the present
wind-tunnel model to investigate this effect. For nonfrozen
pattern, the eddies move with a variety range of velocities
depending on the frequency decomposition of the eddy. These
velocities can be determined in a similar fashion by using nar-
rowband cross correlations. This has not been carried out, and
only broadband convection results are given in this article.

3. Broadband Eddy Convection

The correlation functions at zero time delay p(0, Ay, 0) and
p(Ax, 0, 0) corresponding to Figs. 4 and 5 are shown in Figs.
8 and 9. Define two length scales in the x and y directions as

Li.= f p(Ax, 0, 0) dAx (6)
0

Ly = f p(0, Ay, 0) dAy (7
0

The values of L,, and L,, are approximately O.lc, showing
that the length scales are similar in both directions. At this
reference transducer, the convection velocity determined from
Fig. 6 is 0.65U. The time scale of an eddy is estimated to be
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Fig. 8 p(0, Ay, 0) for transducer 2 along spanwise direction.
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Fig. 9 p(Ax, 0, 0) for transducer 2 along chordwise direction.

0.16 ms. This value is only approximate and assumes that the
eddy convection direction coincides with the y axis as shown
in the inset in Fig. 4. The corresponding values of L, and L,,
at transducers 1 and 3 are 0.12, 0.12¢, and 0.1, 0.075¢, re-
spectively. The time scales are 0.16 and 0.12 ms.

The correlation contours p(Ax, Ay, 0) on the wing surface
are shown in Figs. 10—12 at the three transducers marked in
Fig. 2 along a skin-friction line. Only positive values with a
minimum of 0.1 are shown. These figures give a two-dimen-
sional description of the spatial extent of an eddy.

The steady-state C, measurements are superimposed in Figs.
10—-12 to aid in the interpretation of the results presented for
the correlation contours. Since the flow is highly unsteady, the
steady pressure was obtained by averaging the pressure time
series that were 10 s in duration. To be able to deduce an
approximate map of the pressure field on the wing, it was
decided to present the steady-state pressure data in the form
of contour plots. The commercially available TECPLOT was
used with parameters set at the default values and some
smoothing was allowed. It should be pointed out that different

Fig. 10 Correlation contours at transducer 1: M = 0.6 and o =
30 deg.

Fig. 11 Correlation contours at transducer 2: M = 0.6 and o =
30 deg.
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Fig. 12 Correlation contours at transducer 3: M = 0.6 and a =
30 deg.

plotting packages may give slightly different contour lines de-
pending on the interpolation scheme chosen. It is not possible
to ascertain the accuracy of the contour lines since the data
are interpolated from grid-measurements and all sharp varia-
tions are smoothed out. The contours can represent at best
some average or overall distributions of the pressure.

In Fig. 10, it can be seen that the pressure contours aft of
the leading-edge inboard flap hinge line follow closely to the
shape of the attachment lines A, and A;. The region formed
by joining these two lines probably encloses the separated flow
behind the hinge line. On the leading-edge flaps, a positive
pressure gradient in the outboard direction is detected. In the
vicinity of the two saddle points S, and S,,, the contours show
a small abrupt change at the separation lines.

The eddies are distorted as they are convected across the
wing along the path shown in Fig. 2, which is close to one of
the censtant C, contours. The correlation contours are more
compressed in the direction of the skin-friction line although
the pressure gradient is much less than that normal to it. For
example, at transducer 2, the value of C, varies from —0.9
behind the leading-edge hinge line to —0.5 close to the trailing
edge on the 0.2 contour line. At transducer 3, the eddy is
smaller than that at transducer 2, and its shape is more dis-
torted in the outflow direction. The correlation line at 0.1 is
very close to the limit of the region on the wing where the
outflow from the wing root meets the flow from the missile
launcher. The dividing line is given by S; and S, shown in Fig.
2. All of the contours on the right of transducer 3 in Fig. 12
used values from transducer row 7 and are under the influence
of the flow from the wingtip. The contours to the left are not
affected by the outer wing region.

The definitions of eddy size as given in Eqgs. (6) and (7)
assume the flow region under consideration to be sufficiently
large compared to the size of an eddy. In this case, the length
scales can be evaluated satisfying the limits in the integrals.
In considering flow past a finite wing, errors will be introduced
in the calculation of the length scales when the large eddies
are not small compared to the dimensions of the wing plan-
form. Also, the presence of various flow regions makes it dif-

ficult to determine these scales accurately. The results provided
in this article only serve to give an estimate of the dimensions
of these large eddies using the standard cross-correlation tech-
niques in boundary-layer studies.

Conclusions

The flowfield on the wing upper surface of a rigid 6% scale
model of an F/A-18 was investigated from analyses of the PSD
and broadband space—time cross correlations from a large
number of transducers spaced in a grid manner on the wing.
In particular, the convection of large eddies in the attached
flow region on the inner portion of the wing that is under the
influence of the LEX vortex system has been studied in some
detail.

The envelope of the cross-correlation function between most
of the transducers decayed to values of 0.1 or less in approx-
imately 1 ms. The transducers across separation and reattach-
ment lines usually exhibit poor correlation.

Using the peak cross-correlation time delays constructed
from a number of reference transducers, the convection veloc-
ities of the broadband eddies on the wing surface were deter-
mined. Their values agree reasonably well with those calcu-
lated at specific locations using groups of three transducers.
The correlation contours of an eddy following a skin friction
line were determined to illustrate the distortion of an eddy as
it convected toward the outer wing. Estimates of the length
scales at three transducer positions are given. The inaccuracies
in determining length scales for eddies large compared to the
wing planform or where different types of flow coexist are
poiited out.
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