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Experimental Study of Flow Separation on an Oscillating
Flap at Mach 2.4

Michael D. Coon* and Gary T. Chapman^
University of California, Berkeley, Berkeley, California 94720

Measurements of unsteady wall pressures have been made in the turbulent boundary layer just upstream of the
hinge line of an oscillating flap. The flap, which creates a highly three-dimensional compression corner flowfield,
was oscillated in fully attached, crossing incipient separation, and fully separated flow regimes over a range of
frequencies. It was found that a substantial lag of the pressure on the flap was produced when oscillating across
the point of incipient separation. This occurred at much lower reduced frequencies than for the case of dynamic
stall on an airfoil in transonic flow. The dynamic hysteresis was much less in the fully separated case and negligible
in the fully attached case.

Nomenclature
Cp = coefficient of pressure, (P/PLE - l)/[(y/2)M2]
c = chord length of flap
/ = frequency of flap oscillation
/ = reduced frequency, 0'c/ U
M - Mach number
P = static pressure
PLE = static pressure at reference station near leading edge
PT = boundary-layer total pressure
PTE = total pressure at edge of boundary layer
PO = stagnation pressure
Rex = Reynolds number based on distance from leading edge,

Ux/v
Re§ = Reynolds number based on boundary-layer thickness,

U8/v
U = freestream velocity
x = distance from leading edge to compression corner
y = ratio of specific heats
0 = displacement angle of flap
0' = angular velocity of flap
v - kinematic viscosity

Introduction

T HE understanding of fluid dynamic details of flowfields in-
volving separated regions becomes more important as aircraft

performance continues to increase. Separated flows can play a large
role in the aerodynamic characteristics of high-speed vehicles and
their control surfaces. An increase in the understanding of separation
on three-dimensional control surfaces under stationary and dynamic
boundary conditions could lead to an increase in the performance
and maneuvering capability of advanced flight vehicles.

Considerable research has been done on two-dimensional fixed
geometries. The work by Chapman et al.1 and Kuehn2'3 are exam-
ples. Work has also been done on three-dimensional separation, but
again with fixed geometries. Examples are Bachalo,4 Baroth and
Holt,5 and Settles and Bogdonoff.6

The dynamics of shock-induced separation on a fixed com-
pression corner have been documented by Dolling and Murphy,7
Dolling and Or,8 Dolling and Brusniak,9 Erengil and Dolling,10 and
Gramann and Dolling.11 Dolling and Murphy7 and Dolling and Or8

found that the separated region in a Mach 3 flow was highly unsteady
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and consisted of relatively low-frequency, large-amplitude pres-
sure fluctuations. Dolling and Brusniak9 determined that the shock
frequency was relatively independent of separation bubble length.
Erengil and Dolling10 measured dominant shock frequencies of 0.3-
0.5 kHz for unswept compression corners. Gramann and Dolling11

related the characteristic wall-pressure signal associated with sep-
aration shock turnaround to turbulence in the upstream boundary
layer.

Experiments conducted by Ardonceau12 on fixed compression
ramps at Mach number 2.25 found a low-frequency component
in the turbulent frequency spectrum in the vicinity of the separation
bubble and suggested that it was associated with the unsteadiness
of the separation bubble itself and did not affect the rest of the flow.
Muck, et al.13 examined incipient and fully separated conditions at
Mach number 2.9. They documented two contributions to the fluc-
tuating pressure signals. In the intermittent region, the unsteadiness
was dominated by a large-scale "flapping" motion of the shock wave
and its span wise "rippling." In the separated region, the turbulent ed-
dies above the recirculation zone appeared to be major contributors.

Much of the work on three-dimensional separation has been done
with rather long compression ramps and, hence, long flow lengths
after reattachment. Many real control surfaces may not be long com-
pared with the separated length, and reattachment can occur very
near the trailing edge, with some upstream influence from the ex-
pansion at the rear of the control surface. Also of interest in sepa-
rated flow is the possibility that separation may have a subcritical
bifurcation (leading to hysteresis) with flow deflection angle. This
hysteresis effect may exist such that the onset and growth of sepa-
ration as the flow deflection angle is increased are not the same as
when the angle is decreased. Hysteresis effects could be of great im-
portance in high-speed separated flows, particularly under dynamic
boundary conditions.

The present study is the continuation of a larger study of flow sep-
aration on three-dimensional control surfaces with unsteady bound-
ary conditions. The first part of the study, contained in Coon and
Chapman14 and Coon,15 was a comprehensive investigation of sep-
aration on the subject control surface under steady boundary condi-
tions. Under quasisteady conditions, the three-dimensionality and
finite length effects were found to be substantial. There also appeared
to be no hysteresis effects under quasisteady conditions. According
to Chapman and Tobak16 the study of the steady case was necessary
as a prelude to the study with unsteady boundary conditions.

Only one previous experimental study that had examined the ef-
fect of dynamic boundary conditions on separation in a supersonic
flow was found in the literature. Roberts17 studied moving com-
pression corners in a Mach 6.85 flow and found that the separation
tended to lag the motion for a range of frequencies. However, only
single-cycle motions, not oscillations, were documented.

Numerical studies by Degani and Steger18 and Park et al.19 ex-
amined oscillatory motion of a flap in two-dimensional cases. The
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results of Degani and Steger were restricted to the comparison of dif-
ferent codes and did not discuss hysteresis effects. Park et al. identi-
fied hysteresis effects in the shock location for inviscid calculations.

The work that has been done on oscillating airfoils in transonic
flows is of particular interest in examining the results of this study
due to the similarity in the hysteresis effect resulting from the dy-
namic boundary condition. McCroskey20 and McAlister et al.21 are
representative and document hysteresis in pressure coefficient on
pitching airfoils. McCroskey provides a review of previous work and
examines the case of an oscillating flap from a theoretical standpoint.

The purpose of the current study is to examine the separation
phenomenon under cases of forced oscillation. The flowfield created
by driving a compression corner at a known frequency and range
of angles will differ from the corresponding steady-state flowfield
for each angle. This work, coupled with experiments on undriven,
free-to-oscillate flaps will provide information on the properties and
mechanisms of unsteady separation.

Experimental Apparatus
Wind l\mnel

The experiments were performed in the Ames 15 x 15 cm
supersonic wind tunnel in the Department of Mechanical Engineer-
ing at the University of California at Berkeley. This is a closed-
cycle, continuous-flow wind tunnel with a nominal Mach number
of 2.4. Both stagnation temperature and pressure are continuously
adjustable. These experiments were performed at a stagnation tem-
perature of 2PC and a stagnation pressure of 1.0 x 105 Pa (±1%).

Model and Drive System
Figure 1 shows the geometry of the model. The model consists of

a flap mechanism mounted at the rear of a splitter plate. The splitter
plate is 23 cm long and spans the width of the tunnel.

The flap surface measured 7.62 x 2.54, giving it an aspect ra-
tio of 3. These dimensions were chosen based on oil flow studies
done on static wedges14 to minimize interaction between the shock
structure on the model and the tunnel sidewall boundary layers. The
flap is constructed of two plates hinged by a plastic film (0.05 mm
thickness) bonded to the top side to create a continuous surface. This
method of construction produces an airtight corner with a radius of
curvature on the order of the film thickness. The upstream plate is
attached to the splitter plate, and the downstream plate is free to
rotate about the hinge line. The flap is driven from below by a shaft
connected to a cam drive system used to oscillate the flap over a
range of frequencies from 5 to 100 Hz. An optical encoder was used
to track the rotation of the cam and to synchronize the flap motion
with the pressure measurements within approximately ±0.10-deg
flap angle. The uncertainty in the calculation of the oscillation fre-
quency is approximately ±8.0%.

Figure 2 is an interferogram of the entire test section and illustrates
how the model affects the flowfield. A weak shock wave originating
at the leading edge of the plate, due to the slight angle of attack used
to suppress leading-edge separation, can be seen interacting with the
thick boundary layer on the tunnel's top wall and reflecting. This
shock wave hits the model just upstream of the trailing edge, but
its effect on the pressure distribution on the flap was found to be
negligible.14

Pressure Data Acquisition System
High-frequency Kulite XT-140-25A pressure transducers were

mounted on the plate and flap. These transducers have a pressure
range of 0-172 kPa absolute and a natural frequency of 125 kHz.
One transducer was mounted on the centerline of the plate 3.18 mm
upstream of the compression corner. This position was chosen to
best monitor the behavior of the shock as the flow separated. A
second was mounted near the leading edge of the splitter plate to
record a nominal freestream pressure used to normalize the data
from the downstream transducer.

The transducers were statically calibrated before and after each
tunnel run. Figure 3 shows a typical calibration data set and the
resulting linear fit. Calibration data were taken both before and af-
ter each run to detect drift in transducer output that, as shown in
Fig. 3, was minimal. Though the transducers were used to measure
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Fig. 3 Transducer calibration.

pressures very low in their range, the linearity of the calibrations
was very good. A standard deviation from the linear fit of less than
1.0 kPa was typical. Uncertainty analysis of the calculated values
resulted in an uncertainty of approximately ±20% in Cp due to the
combined uncertainty in P, PLE, and P0- However, PLE and P0 were
held constant during individual tests. Therefore, the incremental un-
certainty in CP is approximately ±12%, Additionally, examination
of multiple tests performed at identical conditions indicated that the
repeatability was typically ±4-5% with a worst case of ±7%. Al-
though the uncertainty of the results is high, the repeatability of the
results across tests was good enough that the trends presented are
considered to be significant.

A stagnation pressure probe survey was conducted to measure the
boundary-layer thickness. The tip of the probe was elliptical mea-
suring approximately 0.20 x 0.60 mm. The probe was mounted on
a sting directly over the measurement station Kulite transducer and
traversed in the vertical direction with the flap locked at zero de-
flection. The uncertainty of the pressure measurements and vertical
position are approximately ±2.0% and ±0.15 mm, respectively.



284 COON AND CHAPMAN: FLOW SEPARATION ON OSCILLATING FLAP

A National Instruments AT-MIO-16F-5 data acquisition card and
80386 PC computer were used to sample the pressure transducers
and cam position encoder. Data were taken during the oscillating
test at a sampling rate of 15,000 samples per second. Measurements
were taken using sampling rates as low as 3000 samples per second
to demonstrate that variation of sampling rate within this range did
not affect results.

Dark Central Ground Interferometer
Flow visualization was accomplished using a dark central ground

interferometer. The theoretical background of the technique is de-
scribed in detail in Anderson and Milton.22'23 Application of the
technique and operational considerations are presented in Loomis,24

Loomis and Holt,25 and Loomis et al.26 Application of the technique
to the current geometry during the quasisteady phase of this study
are presented in Coon and Chapman.14

The technique can utilize either a pulse or continuous wave (CW)
laser light source. The pulse laser used for this study was an Nd: YAG
at 532 nm with a 20-ns pulse. The 20-ns pulse length is short enough
to freeze the small-scale motions and capture the unsteady effects
of the flow. The CW laser used with this system was a 5-W argon
ion laser operated at 514 nm shuttered at 2.5 ms. The relatively
long imaging times provided by the CW laser average any unsteady
effects of the flow to allow study of the large-scale characteristics.

Details of the model and drive system design, data acquisition
procedure, and optical technique can be found in Coon.27

Experimental Results
Quasisteady Results

A boundary-layer survey was performed at the location of the
measurement station indicated in Fig. 1 with the flap locked at zero
deflection. The results of this survey are shown in Fig. 4. These
results were used to estimate a value of 2 mm for the thickness
of the undisturbed boundary layer at the compression corner. The
Reynolds number for these tests, Rex =2.2x 106, can be recast as
Res = 2.2 x 104.

A series of streamwise pressure profiles along the centerline of
the model were taken in a previous study. An example of these
is shown in Fig. 5 taken from Coon and Chapman.14 The flap was
fixed at a particular angle for each set of measurements (i.e., steady),
Rex = 2.2 x 106, and the boundary layer is fully turbulent. The ver-
tical line indicates the position of the compression corner. The data
point immediately upstream of the corner (indicated by an arrow)
was taken at the location of the transducer used in the oscillat-
ing tests. These measurements were taken with a Baratron pressure
transducer and Scanivalve indexer with an uncertainty of approxi-
mately ±2.0%.

The onset of separation is evident in Fig. 5. As the flap angle is
increased, the pressure rise begins to feed upstream from the comp-
ression corner. Separated flow is characterized by a sharp rise in pres-
sure upstream of the compression corner that levels off in a plateau
over the separated region and increases again at reattachment. The
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Fig. 4 Boundary-layer profile, Re = 2.2 x 106.

angle for incipient separation in these tests is slightly less than
20 deg.

To establish a baseline for the oscillating experiments, measure-
ments were taken under quasisteady conditions over the range of
test angles. This case is designated quasisteady rather than steady
because the flap was moved slowly (0' < 0.02 rad/s compared with
& > 2.0 rad/s for the oscillating tests) to each successive position
and then held fixed while measurements were recorded at the trans-
ducer location indicated on Fig. 1. The results of the quasisteady
test are shown in Fig. 6. For low angles, the pressure signal re-
mains small and constant but above the zero deflection value. This
is probably due to pressure feeding forward in the boundary layer.
The pressure increases slightly as incipient separation is neared.
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Deflection Angle

Fig. 7a Interferogram, deflection angle 10 deg.

Fig. 7b Interferogram, deflection angle 30 deg.

The pressure value jumps dramatically as the shock wave moves
upstream of the transducer and reaches a near constant value under
the separated region. The bars on the figure indicate the range of
angles over which the oscillating tests were performed. Figure 6b
shows the rms of the pressure coefficient. Note the jump in the rms
of the pressure signal when the shock wave crosses the transducer
and the decrease as the shock moves upstream.

Interferograms, taken from Coon and Chapman,14 for Rex =
2.2 x 106 and two flap deflection angles (10 and 30 deg) are il-
lustrated in Fig. 7. This figure presents interferograms taken with
the Nd: YAG pulse laser under quasisteady conditions. In the 10-deg
case, the boundary layer is attached. Comparison of this photograph
with others taken with the CW laser indicated the relative steadiness
of the flowfield. In the 30-deg case, the boundary layer is separated
far upstream of the compression corner. In this case, comparison
with CW laser results showed that both the shock wave and the flow
behind the shock wave are highly unsteady. In both of these pho-
tographs, a weak shock is evident on the splitter plate upstream of
the interaction. This shock originates from the joint between the flap
assembly and the splitter plate. Pressure profile taken under steady
conditions indicated no response to this shock.

Oscillating Flap Results
Figures 8-10 illustrate pressure coefficients for data taken dur-

ing oscillating conditions and phase-locked to overlay the cycles.
Figure 8 illustrates measurements taken in the fully attached regime
oscillating from 9 to 17 deg. Figure 9 presents data taken during
oscillations from 15-23 deg, which crosses the point of incipient
separation and forces the flow to separate and reattach during each
cycle. Figure 10 shows oscillations of 19-27 deg during which the
flow is fully separated. The periodic nature of the data in each case
is evident. The profile of the cycle also becomes broader as the flow
progresses from fully attached to fully separated, reflecting higher
pressure levels over more of the cycle.

Figures 11-17 present Cp and rms of Cp results plotted vs flap
deflection angle. In these figures, each cycle had been folded about
its centerline, overlaying the angle increasing and the angle de-
creasing data to illustrate the lack of symmetry. The square data
points indicate data taken with flap angle increasing and the crosses
indicate flap angle decreasing. The solid line on each graph is a
curvefit of the quasisteady measurements through the correspond-
ing angles.

Figures 11 and 12 illustrate oscillation over 9 to 17 deg. These
angles fall in a range at which the quasisteady results were fully
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attached. In the quasisteady case, the pressure varied only slightly
as indicated by the nearly flat solid line. The frequencies shown in
Figs. 11 and 12 are f = 9.1 and 26.7 Hz, respectively.

The coefficient of pressure values for oscillation in the fully at-
tached range lie entirely above the quasisteady results, representing
a thickening of the boundary layer in the oscillating case. The results
also show an increase at the high end of the oscillation range. This
indicates that the pressure rise caused by the compression corner
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Fig. 17 Cp and rms of Cp, fully separated cycle,/ = 3.22 x 10~4.

is penetrating further upstream in the thickened boundary layer.
However, the coincidence of the data for flap angle increasing and
decreasing and the fairly constant rms values suggest that the bound-
ary layer does not separate.

Figures 13-15 display data taken while oscillating the flap over
the range 15-23 deg for a range of frequencies. This range of angles
brackets the angle for the onset of separation, which occurred at ap-
proximately 20 deg in the quasisteady tests. Figures 13-15 represent
nominal frequencies of / = 8.2, 17.7, and 25.5 Hz, respectively.

Each of the pressure coefficient plots shows a hysteresis indicating
a lag in the pressure signal with respect to the flap angle. This
is a result of the boundary layer remaining separated as the flap
angle falls below the value of incipient separation. As the flap angle
decreases, the separated region does not shrink as quickly as it grew
with flap angle increasing. The lag effect tends to increase with an
increase in oscillation frequency. This effect is similar to dynamic
stall on an airfoil;20"21 however, the reduced frequency at which the
effect becomes noticeable is much lower in this case. The amount
of hysteresis at these low reduced frequencies suggests that the time
scales associated with onset and disappearance of separation are
long compared with inviscid time scales. Overall, the values of Cp
lie above those measured in the quasisteady tests, representing a
general thickening of the boundary layer due to the oscillating flap.

The various rms of Cp values associated with the oscillation
across incipient separation show a increase at higher angles con-
sistent with the quasisteady results, indicating that the separation
point moves upstream of the transducer. The value of the rms at the
highest angles decreases as the frequency of oscillation increases.
The causes of this effect are uncertain.

Figures 16 and 17 represent data taken in oscillations of flap
angle from 19 to 27 deg. The low end of this range is the an-
gle at which the quasisteady results showed incipient separation.
The frequencies shown are / = 11.3 and 25.3 Hz, respectively.
The pressure values are consistent with the quasisteady results,
and the values suggest that the boundary layer remains separated
throughout the range of angles. There is a dynamic hysteresis loop,
but it is much smaller than that found when oscillating across the
angle of incipient separation. The rms values show an increase at
higher flap angles as suggested by the quasisteady data.

It is significant that the pressure measurements in the fully at-
tached regime are higher than the quasisteady measurements for ev-
ery case, whereas the fully separated results corresponded well with
the quasisteady measurements. The results taken in the midrange
crossing separation lie slightly above the quasisteady results, but
less so than the fully attached cases. The shape of the fully attached
cycle, as shown in Fig. 8, is characteristic of the profile of the pres-
sure change on the flap downstream of the shock. It is possible that
the pressure on the flap surface is feeding upstream through the
boundary layer and that the mechanism that dynamically couples

the two positions has a time scale too slow to allow relaxation to
the quasisteady conditions. However, once separation occurs, the
spanwise velocity component in the three-dimensional separation
rapidly ventilates the upstream region, hence providing a mecha-
nism for relaxation to the quasisteady level.

Further analysis was performed on the pressure data. Power spec-
trum analysis revealed little information. The power spectrum of
the oscillating data differed from the quasisteady data only with the
presence of a low-frequency component corresponding to the driv-
ing frequency. Embedding techniques were performed, resulting in
limit cycle loops corresponding to the periodic signal expected. No
fine structure in the embedding diagrams was evident due to the
amount of noise in the data. In both of these cases, further analysis
was hampered by the low signal-to-noise ratio of the data resulting
from operation of the pressure transducers near the bottom of their
dynamic range.

Conclusions
An experimental investigation has been conducted of the flow sep-

aration upstream of an oscillating flap. Oscillations were performed
over a range of flap angles representing fully attached, crossing in-
cipient separation, and fully separated flow regimes. A variety of
frequencies were examined. Static pressure was measured at a po-
sition slightly upstream of the compression corner and compared
with quasisteady results.

Pressure measurements during oscillation of the flap in the fully
attached range were higher than quasisteady results. The data also
showed an increase at higher angles not displayed in the quasisteady
data. The oscillation of the flap appears to cause a thickening of the
upstream boundary layer that increases the effect of the adverse
pressure gradient.

Oscillations across the angle of incipient separation resulted in
a hysteresis effect, indicating a lag in the pressure response to flap
angle. Reattachment of the boundary layer appears to be delayed
as the flap angle decreases. In addition, the pressure values were
consistently higher than the quasisteady measurements as a result
of the thickened boundary layer.

In the fully separated regime, the results were closer to the qua-
sisteady measurements, and very little hysteresis effects were seen.

It is hypothesized that the time scales associated with attached
flow are longer than those associated with separated flow and that
the spanwise flow in the three-dimensional separation zone is re-
sponsible for this difference. A more detailed study using other
types of instrumentation such as thin film gauges or multiple pres-
sure transducers is required to verify this.
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