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Cellular Structures in the Flow over the Flap
of a Two-Element Wing

Steven A. Yon* and Joseph Katzf
San Diego State University, San Diego, California 92182-0183

Flow visualization information and time-dependent pressure coefficients were recorded for the flow
over a two-element wing. The investigation focused on the stall onset, particularly at a condition where
the flow is attached on the main element but separated on the flap. At this condition, spanwise separation
cells were visible in the flow over the flap, and time-dependent pressure data were measured along the
centerline of the separation cell. The flow visualizations indicated that the spanwise occurrence of the
separation cells depends on the flap (and not wing) aspect ratio.

Introduction

URFACE-FLOW visualization experiments at high angles

of attack on rectangular wings showed the existence of
organized spanwise cellular patterns, which appear during
early poststall condition.' * Those patterns seem to form im-
mediately at the onset of stall and tend to diminish as angle
of attack increases. The number of cells depends on wing as-
pect ratio, with a single-cell aspect ratio of about 1.5-2.5.**
Measurements of the wing surface pressure fluctuations while
the above cellular patterns were visible showed that one of the
dominant frequencies is much lower* than the expected Strou-
hal frequency of wc/V. = 0.15. Such information may affect
airplane wing design, in view of the fact that the natural vi-
bration modes should not coincide with any anticipated, dom-
inant aerodynamic frequencies. Those considerations are even
more pronounced with extended flap systems where the addi-
tional flexibility leads to larger vibration levels. Therefore, the
main objective of this study is to demonstrate the existence of
cellular patterns on the stalled flap during the initial stages of
stall; when the flow on the main wing element is still attached.
The spanwise spacing of the separation cells is also addressed
to determine whether it depends on the whole wing’s aspect
ratio or on the flap’s only. Time-dependent surface pressure
variations were measured to provide experimental data for fu-
ture numerical validations of turbulent separated flows and to
determine whether the measured reduced frequency can be
scaled based on the whole wing or on the flap chord only.

Experimental Setup

The photograph of the wing as mounted in the wind tunnel
is shown in Fig. 1, and its side view is shown in Fig. 2. The
main wing plane was kept at zero angle of attack, and the flap
angle varied between 30, 35, and 40 deg. Surface tufts were
used for flow visualization, and in Fig. 1 two separation cells
may be observed. The two-element wing was held by large
Plexiglas® end plates to simulate (as closely as possible) two-
dimensional flow conditions. The wing, flap, and end-plate as-
sembly was mounted inside a 1.14-m-wide, 0.81-m-tall, 1.66-
m-long test section. Additional details on model geometry are
presented in Fig. 2. Airspeed was set at V.. = 53.6 m/s, re-
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sulting in a Reynolds number of 1.28 X 10° based on the
wing’s combined chord (including the flap). The shape of the
main airfoil element is based on the NACA four-digit family,
with maximum thickness #/c = 0.18, maximum camber ¢ =
0.12, and location of maximum camber x/c = 0.425 (see Ref.
5, p. 114, on using these values to define the airfoil shape).
The flap shape is based on a symmetric NACA 0015 airfoil
section. Time-dependent pressure measurements were obtained
by small (Endevco 5-mm-diameter, and 1 mm?® active area)
piezoresistive transducers embedded along the flap’s chord.
The absolute pressure range of the transducers is from O to
about 1 atm, with a resolution of 0.17 X 10~* atm and a max-
imum frequency response of about 0.15 MHz. This accuracy
is better than the size of the symbols or thickness of the lines
used here to represent the experimental data. The flap section
containing the transducers was free to move laterally along the
flap span. However, for the present data it was kept at the
visual centerline of the left separation cell.

Results

This investigation focused on the condition in which the
flow is attached on the main wing element but separated on
the flap. Therefore, subsequent to a brief flow visualization
experiment to determine the desirable test conditions, the main
element orientation was set at zero angle of attack and only
the flap angle &, varied. Flap stall was observed at §,= 40 deg,
but at 8, = 30 deg the flow on the flap was still attached. At
this stalled flap condition (8,= 40 deg), two stable separation
cells were visible on the flap (Fig. 1). Note that all tufts had
the same length; therefore, the seemingly longer tufts near the
centerline indicate that the flow is attached there, while further
out the flow is reversed (the fluttering of the tufts was easily
visible during the test, though not entirely captured by the
photograph). The aspect ratio of a single separation cell, based
on the flap dimensions, is about two, which is close to the
values observed on single-element wings."” Because the wind-
tunnel model layout resembled a two-dimensional experiment,
one of the widely used two-dimensional airfoil-design codes
(MSES)® was used for comparison purposes. Results of these
computations, in terms of the streamlines near the airfoil and
with the measured chordwise pressure distribution, for the two
flap deflections are shown in Figs. 3 and 4. The circular sym-
bols represent the time-average pressure coefficient measured
on the flap. Both the chordwise positions and the numbering
sequence of the transducers are shown on the lower part of
Fig. 3. Clearly, at the lower flap deflection the flow is attached
(as indicated by the stationary tufts during the flow visuali-
zation), and the computed and measured pressures on the flap
are satisfactorily close. The computations also show a laminar



YON AND KATZ 231
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Fig. 1 Two-element wing, as mounted in the wind-tunnel test
section. 8,= 40 deg, and the tufts show two separation cells on
the flap.
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Fig.2 Geometry of the two-element wing, as mounted in the test
section (dimensions in meters).
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Fig. 3 Computed two-dimensional pressure distribution (using
the method in Ref. 6) for the two-element wing at §,= 30 deg.
The circular symbols show the five measured steady-state flap
pressures along the separation cell centerline.

bubble near the midchord of the main element; for such at-
tached-flow conditions the computed results should be close
to the actual flow conditions.

Data similar to Fig. 3, but for 8,= 40 deg, are shown in Fig.
4, where the computed streamlines show an early flow sepa-
ration on the flap. As mentioned earlier, the flow visualization
experiments showed two cellular separation cells on the upper
surface (Fig. 1), and the calculated two-dimensional separation
point may be viewed as an average representation of the three-
dimensional phenomenon. The experimental pressure coeffi-
cient data in this figure were measured along the center of the

left separation cell and do not compare well with the computed
results. The shape of the measured pressure distribution on the
flap is quite flat (typical stall), whereas the computations still
show a large leading-edge suction. Similar pressure measure-
ments in between the separation cells, but with a single-ele-
ment wing,* showed typical attached-flow pressure distribu-
tions with large leading-edge suction. However, the magnitude
of the measured data was much smaller than estimated by two-
dimensional computations, suggesting an effectively lower an-
gle-of-attack condition there as a result of the downwash cre-
ated by the adjacent stall cells. Thus, although the test attempts
to enforce a two-dimensional condition, the separated flow is
naturally time dependent and three dimensional (with significant
spanwise variations), and any attempt to compare it with two-
dimensional computations may lead to similar discrepancies.
The time-dependent pressure fluctuations, as measured by
the five chordwise transducers on the flap, are shown for §,=
30 deg in Fig. 5. Note that transducer 1 is closest to the leading
edge and transducer 5 is near the trailing edge. The data pre-
sented include the time-dependent component only (with an
average value of C, = 0), which is obtained by subtracting the
time-average value. Similar measurements at 8,= 40 deg show
a large increase in the amplitude of the pressure fluctuations
(Fig. 6). The general characteristics of the separated-flow pres-
sure fluctuations in Fig. 6 have a more complicated structure
than the quite periodic signal measured with the attached flow
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Fig. 4 Computed two-dimensional pressure distribution (using
the method in Ref. 6) for the two-element wing at §,= 40 deg.
The circular symbols show the five measured steady-state flap
pressures along the separation cell centerline.
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Fig. 5 Time history of pressure coefficients as measured by the
five transducers along the flap chord, for §,= 30 deg (attached
flow). (x/¢)qp is normalized by flap chord, which is about 65% of
the main element chord.
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Fig. 6 Time history of pressure coefficients as measured by the
five transducers along the flap chord, for &,= 40 deg (separated
flow).
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Fig. 7 PSD estimates for the pressure coefficient time histories
at §,= 30 deg (broken lines) and &,= 40 deg (solid lines). Trans-
ducer 1 is closer to the leading edge and transducer 5 is near the
trailing edge.

(Fig. 5). This observation is true for all five chordwise trans-
ducers, and the amplitudes seem to grow toward the flap trail-
ing edge. This growth of the disturbance toward the trailing
edge is present in Fig. 5 as well, but at a much smaller mag-
nitude. Having a time-dependent description of the actual
small-scale vortices within the separated flow, their structures
and transport properties might have determined the source of
the preceding fluctuations, but in the absence of such detailed
information, the use of some statistical tools may prove useful.
Therefore, the power spectra density (PSD) estimates for the
time history of the pressure coefficients in Figs. 5 and 6 are
shown in Fig. 7. The most dominant frequency is about 117
Hz, and the amplitudes generally increase toward the trailing
edge. A closer look at the test facility reveals that the wind-
tunnel fan has four blades and rotates at 1750 rpm, which may
create a prevalent excitation of about 117 Hz. Figure 7 shows
that the power is centered near this driving frequency and that
it is considerably amplified in the case of the separated flow.
The largest fluctuations in the pressure history in Fig. 6 are
clearly responsible for the peak power in Fig. 7 and are caused
by the unsteady separated flow, because the baseline (in Fig.
5) contains nothing similar. Cross-correlation between the sig-
nals of the individual transducers suggests streamwise convec-
tion of the strong periodic component shown in Fig. 6, at about
half the freestream velocity. Estimating the Strouhal number
based on the frontal height of the separated area of the flap &
yields Sr = wh/V. ~ 0.13, which is quite close to results ob-
tained with single-element wings. Also, in these tests a 50-Hz

high-pass filtering was applied to minimize tunnel vibration
effects that occur near 30 Hz. Despite this filtering, sizable
power under the 50-Hz range is visible for the 8, = 40-deg
case (especially for transducer 1), an effect that is not present
at the attached-flow-on-flap case. This indicates that the lower-
frequency fluctuations within the separated flow™’ are present
here as well (but were mostly filtered out by the 50-Hz high-
pass filter). Finally, when comparing the power generated in
the separated-flow case with the one in the attached-flow case
in Fig. 7, the effect of flow separation becomes evident. It
seems that the Strouhal-type periodic vortex flow that develops
at 8, = 40 deg causes the sharp increase in the pressure fluc-
tuations. Also, the expected natural frequency of the vortex
flow is quite close to the fan-blade passage frequency; similar
to the mechanical vibration case, the flow frequency adopts
and magnifies the prevailing (forcing) frequency within the
freestream. A similar observation is reported in Ref. 4, where
the surface pressure fluctuations on a single-element airfoil
were recorded; however, the pressure fluctuation frequency
measured within the far wake was found to slightly shift to-
ward the natural frequency. Therefore, at this point, it seems
that when the driving and natural frequencies are close to each
other, the former will dominate the flow near the wing surface.
The extension of this rationale to cases with much larger dif-
ferences between the two frequencies requires additional proof
in the form of further experiments.

Conclusions

The presence of spanwise separation cells on the stalled flap
of a two-element wing with attached flow on the main element
was demonstrated. The cell aspect ratio (=stall cell span/flap
chord) is on the order of two, which is close to the values
reported for single-element airfoils. Also, when scaling the
dominant pressure fluctuation frequencies observed on the flap,
based on the frontal height of the separated area on the flap,
the resulting Strouhal number is close to values measured on
single-element, stalled wings. When observing the power of
the pressure fluctuations in the frequency domain, the fre-
quency of the largest pressure fluctuations, caused by the sep-
arated flow, drifted close to the wind-tunnel driving frequency
(much like simple mechanical vibrations). This experiment
also demonstrates the difficulties of obtaining time-dependent
information on the three-dimensional structures within the flow
above a wing when using surface information only. Further-
more, real flows are neither two dimensional nor quasisteady,
but rather three dimensional and time dependent.
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