42 J. AIRCRAFT

VOL. 27, NO. 1

Effect of Moving Surfaces on the Airfoil
Boundary-Layer Control
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The concept of moving surface boundary-layer control, as applied to a Joukowsky airfoil, is investigated through
a planned experimental program complemented by a flow visualization study. The moving surface was provided by
rotating cylinders located at the leading and trailing edges of the airfoil. The leading-edge rotating cylinder extends
the lift curve without substantially affecting its slope, thus effectively increasing the maximum lift and delaying stall.
In general, the performance improves with an increase in the ratio of cylinder surface speed U, to the freestream
speed U. A rotating trailing-edge cylinder affects the airfoil characteristics in a fundamentally different manner. It
acts as a flap and shifts the C, vs a curves to the left, thus increasing the lift coefficients before stall. For example,
at o =4 deg, it increased the C, by about 320%. In conjunction with the leading-edge cylinder, it can provide
significant improvements in lif¢ over the entire range of small to moderately high angles of incidence (o < 18 deg).
A flow visualization study substantiates, rather spectacularly, effectiveness of the concept.

Introduction

VER since the introduction of the boundary-layer concept

by Prandtl, there has been a constant challenge faced by
scientists and engineers to minimize its adverse effects and
control it to an advantage. Methods such as suction, blowing,
vortex generators, turbulence promoters, etc., have been in-
vestigated at length and employed in practice with a varying
degree of success. A vast body of literature accumulated over
the years has been reviewed rather effectively by several
authors including Goldstein,! Lachmann,2 Rosenhead,?
Schlichting,* and Chang,> among others. However, the use of
moving wall for boundary-layer control has received relatively
little attention.

Irrespective of the method used, the main objective of a
control procedure is to prevent or at least delay the separation
of boundary layer from the wall. A moving surface attempts
to accomplish this in two ways: 1) by retarding the initial
growth of the boundary layer through reduction in relative
motion between the surface and the free stream, and 2) by
injecting momentum into the existing boundary layer.

The most practical application of moving wall for
boundary-layer control was demonstrated by Favre.® Using
an airfoil with an upper surface formed by a belt moving over
two rollers, he was able to delay separation until the angle of
attack reached 55 deg, where the maximum lift coefficient of
3.5 was realized. Alvarez-Calderon and Arnold’ carried out
tests on a rotating cylinder flap to evolve a high-lift airfoil for
STOL-type aircraft. The system was flight tested on a single-
engine, high-wing research aircraft designed by the Aeronau-
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Of some interest is the North American Rockwell designed
OV-10A aircraft, which was flight tested by NASA’s Ames
Research Center.”!! Cylinders, located at the leading edges of
the flaps, were rotated at high speed with the flaps in lowered
position, The main objective of the test program was to assess
handling qualities of the propeller-powered STOL type air-
craft at higher lift coefficients. The aircraft was flown at
speeds of 29—31 m/s, along approaches up to —8 deg, which
corresponded to a lift coefficient of about 4.3. In the pilot’s
opinion, any further reductions in approach speed were lim-
ited by the lateral-directional stability and control characteris-
tics. Excellent photographs of the airplane on ground
(showing the cylinders in position) and in flight have been
published in Aviation Week and Space Technology."

Efforts thus far, though useful to an extent, were generally
aimed at specific configurations and lacked an approach to

-the problem at a fundamental level and in an organized

fashion. From this point of view, Tennant’s contribution to
the field is significant. Tennant et al.!> have conducted tests
with a wedge shaped flap having a rotating cylinder as the
leading edge. Flap deflection was limited to 15 deg and the
critical cylinder velocity necessary to suppress separation was
determined. Effects of increase in gap size (between the cylin-
der and the flap surface) were also assessed. No effort was
made to observe the influence of an increase in cylinder
surface velocity beyond U./U = 1.2. More recently, Tennant
et al.l* have reported circulation control for a symmetrical
airfoil with a rotating cylinder forming its trailing edge. For
zero angle of attack, a lift coefficient of 1.2 was attained with
U./U =3. Also of interest are Tennant et al.’s studies con-
cerning the boundary-layer growth on moving surfaces ac-
counting for gap effects.!%16

With reference to V/STOL application, the preliminary
experimental study by Modi et al.'” with NACA 63-218
(modified) airfoil used in the Canadair CL-84 is relevant. The
test program involved models with or without a plain slotted
flap. The objective was to assess influence of the rotating
cylinders at the leading edge of the flap in conjunction with
that at the leading edge of the airfoil. In general, the rear
cylinder did not contribute substantially to the improvement
in performance, at least in the configuration tested. In fact, in
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certain situations, due to presence of an additional gap, it
affected the performance adversely. More recently, the au-
thors studied the problem numerically using the surface singu-
larity method, and confirmed its effectiveness through detailed
experimental measurements.'® The predicted pressure distri-
butions were found to be in good agreement with the experi-
mental data almost up to the point of complete separation
from the airfoil surface, except near the trailing edge.

The investigation reported here builds upon this body of
literature. It studies fluid dynamics of an airfoil with the
moving surface boundary-layer control using an extensive
wind tunnel test program. The experimental study uses a
multisection symmetrical Joukowsky model, which allows the
use of one or more rotating cylinders at various locations
around the airfoil. An extensive flow visualization study com-
plements the experimental results.

Wind Tunnel Test Program

The wind tunnel model, a symmetrical Joukowsky airfoil of
15% maximum thickness to chord ratio, approximately
0.38 m along chord and 0.68 m long, spanned the tunnel test
section 0.91 x 0.68 x 2.6 m to create an essentially two-dimen-
sional condition. The model was provided with pressure taps,
suitably distributed over the circumference, to yield detailed
information concerning the surface loading. It was supported
by an Aerolab six component strain gauge balance and tested
in a low-speed, low-turbulence, return-type wind tunnel where
the air speed can be varied from 1-50 m/s with a turbulence
level of less than 0.1%. A Betz micromanometer with an
accuracy of 0.2 mm of water was used to measure pressure
differential across the contraction section of 7:1 ratio. The
rectangular test section (0.91 x 0.68 m) is provided with 45 deg
corner fillets that vary from 15.25 X 15.25 to 12 X 12 ¢cm to
partly compensate for the boundary-layer growth. The spatial
variation of velocity in the test section is less than 0.25%.

To provide flexibility in locating the cylinder on the airfoil
and permit testing of multicylinder configurations, a sectional
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Fig. 1 Detailed schematic of the leading-edge rotating cylinder and
cylinder-drive mechanism.
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design was adopted. The model consists of an aluminum skin
wrapped around an aluminum and steel frame with various
sections of the surface removable, as required, to accommo-
date cylinders.

The rotating cylinders were mounted between high-speed
bearings, housed in the brackets at either end of the model.
They were driven by 1/4 hp, 3.8 A variable speed motors,
located outside the tunnel, through a standard coupling (Fig.
1). Three different configurations were tested: the airfoil with
a rotating cylinder at the leading edge, trailing edge, and both
edges.

The model was provided with a total of 44 pressure taps,
distributed over the circumference, to yield detailed informa-
tion about the surface loading. However, once a section of the
model was removed to accommodate a cylinder, the pressure
taps in that section were lost. Although the pressure informa-
tion over the small region represented by the upper-cylinder is
not of particular significance, the corresponding data at the
leading edge of the airfoil is crucial, since it represents a high
suction region. Its measurement represented a challenging
task. Locating pressure taps on the surface of the cylinder,
typically rotating in the range of 2000 to 7000 rpm offers
considerable practical difficulty. The problem was resolved by
measuring the pressure in the immediate vicinity of the cylin-
der rather than on the surface itself.

This was achieved by keeping the pressure taps stationary
while the cylinder rotated. By locating the tap in a narrow
ring, the width of which represented only a very small fraction
of that of the cylinder, it was possible to ensure the continuity
of flow over the entire surface and obtain an estimate of the
surrounding pressure. The leading-edge cylinder was provided
with a groove to house the “pressure rings” while maintaining
the cylinder surface uniform. Figure 2 shows details of the
leading-edge geometry and position of the pressure taps.

The tests were conducted over an extended range of angles
of attack and cylinder rotational speeds, corresponding to
U,/U=0,1,2, 3,4, at a Reynolds number of 4.62 x 10* The
choice of the Reynolds number in this case was dictated by
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Fig. 2 Schematic diagram of the leading-edge construction of the
Joukowsky model showing the details of the pressure taps.
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Fig. 3 Experimentally obtained pressure distributions for the basic
Joukowsky model.
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Fig. 4 Effect of the leading-edge cylinder rotation on the lift and stall
characteristics of the Joukowsky model.
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Fig. 5 Effect of increasing the rate of cylinder rotation on pressure
distribution around the model at a relatively large angle of attack of
20 deg.

vibration problems with multicylinder configurations operat-
ing at high rotational speeds. The pressure plots were inte-
grated in each case to obtain the lift coefficient. The lift was
also measured independently using a strain gauge balance to
assess the two-dimensional character of the test arrangement.

Results and Discussion

The relatively large angles of attack used in the experiments
result in a considerable blockage of the wind tunnel test
section, from 21% at a = 30 deg to 30% at o« =45 deg. The
wall confinement leads to an increase in local wind speed, at
the location of the model, thus resulting in an increase in
acrodynamic forces. Several approximate correction pro-
cedures have been reported in literature to account for this
effect. However, these procedures are mostly applicable to
streamlined bodies with attached flow. A satisfactory pro-
cedure applicable to bluff bodies with large blockage is still
not available.

With rotation of the cylinder(s), the problem is further
complicated. As shown by the pressure data and confirmed by
the flow visualization, the unsteady flow can be separating
and reattaching over a large portion of the top surface. In
absence of any reliable procedure to account for wall con-
finement effects in the present situation, the results are
purposely presented in the uncorrected form.

The pressure distribution data for the “base airfoil” (in
absence of the modifications imposed by the leading and
trailing edge cylinders) are presented in Fig. 3. The leading
edge was now formed by a snugly fitting plug. These results
serve as a reference to assess the effect of rotating cylinders in
different locations.

Figure 4 summarizes the effects of modification of the
airfoil with the leading-edge cylinder and the cylinder rota-
tion. The base airfoil has a maximum lift coefficient of about
0.87 at an angle of attack of 10 deg. There is a penalty
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Fig. 6 Pressure distributions over the Joukowsky model modified with a trailing-edge cylinder.

associated with the modified nose geometry, as well as due to
the gap, but even at the lowest rate of rotation of the cylinder
(U./U =1), the lift and stall characteristics are significantly
improved. The airfoil exhibits a desirable flattening of the lift
curve at stall. The maximum lift coefficient measured with
U,./U =4 was around 2.0 at a = 28 deg, which is almost 2.3
times the lift coefficient of the base airfoil.

Selected pressure plots at relatively larger angles are pre-
sented in Fig. 5 to assist in more careful examination of the
local flowfield. As the angle of attack of the airfoil is in-
creased, the flow starts to separate from the upper surface
closer to the leading edge. At a =20 deg, for example, the
cylinder rotating at U,/U = 1 kept the flow attached only near
the leading edge. As the rate of rotation is increased, however,
the size of the separation region is reduced and at the higher
rates of rotation, the flow is again completely attached. The
flow separates at around X/C = 15% with U,/U =2, around
X/C =50% when U,/U is increased to 3, and at the trailing
edge with the highest U./U used. The flow visualization study
discussed later substantiated this general behavior rather
dramatically.

The model was next tested with the trailing-edge cylinder.
Unlike the leading-edge configuration, the cylinder at the
trailing edge changes the basic geometry substantially. The
trailing edge of the airfoil beyond ~72% chord is removed to
accommodate the cylinder. The resulting chord is approxi-
mately 28% shorter than that of the base airfoil, and the
model has a blunt trailing edge in the form of a cylinder.

Only a representative set of pressure plots for this model
are presented in Fig. 6. In absence of the cylinder rotation, the
pressure distribution over the airfoil is not changed substan-
tially compared to that for the model with the trailing edge.
With rotation of the trailing-edge cylinder, both the suction
over the upper surface and the compression on the lower
surface increase. The effect is particularly noticeable with the
higher rate of cylinder rotation and at the lower angles of
attack (Fig. 6a). The relative improvement decreases at the
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Fig. 7 Effect of the trailing-edge cylinder rotation on the lift and stall
characteristics of the Joukowsky model.
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larger angles but is still quite evident at and beyond the stall
(Fig. 6b).

This, in turn, results in a large improvement in the lift
coefficient, as shown in Fig. 7. For example, rotating the
trailing-edge cylinder at U,/U =4 results in an increase in lift
by about 320% at « =4 deg (about 130% at a =8 deg). In
contrast to the leading-edge cylinder, however, this configura-
tion does not extend the stall beyond that of the base configu-
ration. As can be expected, the trailing-edge cylinder
essentially behaves as a flap shifting the plots to the left.

The use of a leading-edge cylinder extends the lift curve,
thus substantially increasing the maximum lift coefficient and
delaying stall. On the other hand, the trailing-edge cylinder
rotation results in an improvement in the lift coefficient, at a
given angle of attack, before stall. In order to combine these
effects, the base configuration was modified to include both
the leading- and trailing-edge cylinders. This phase of the test
program examines the effect of individual and combined
cylinder rotations.

The effect of rotating the leading-edge cylinder while the
trailing-edge cylinder is stationary is summarized in Fig. 8a.
The leading-edge cylinder rotation still appears to be quite
effective in improving the lift and stall characteristics of the
base configuration, although presence of the trailing-edge
cylinder introduces an additional gap. The Cp ., shows a
slight increase compared to the sharp trailing-edge case
(2.15 vs 2, Fig. 4), which reflects the combined effect of the
trailing-edge cylinder gap and a reduction in the chord.
However, due to the modified nose geometry and the presence
of a gap associated with the use of a leading-edge cylinder,
performance of the trailing-edge cylinder itself is also affected.
Although Fig. 8b shows a significant increase in C; ., as a
result of the trailing-edge cylinder rotation, the improvement
is considerably less than that obtained previously (Fig. 7).

It is, however, the combined effects of both the cylinders
that is of interest here. The results shown in Fig. 8c suggest
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Fig. 8 Variation of Cy vs « for a modified Joukowsky airfoil with leading- and trailing-edge cylinders.
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Fig. 9 Selected pressure plots for the Joukowsky model, modified with
leading- and trailing-edge cylinders at « =8 deg.

some benefit due to rotation of the two cylinders together.
Although the increase in C; ., is rather modest (from 2.0 to
2.5, around 30%) compared to the leading-edge cylinder case
(sharp trailing edge, Fig. 4), the lift coefficient at a given a is
indeed increased significantly, as expected, due to the leftward
shift of the plots ( compare Figs. 8a and 8c). As noted before,
this is due to the added circulation contributed by the trailing-
edge cylinder. For example, C;, =0.8 at « =8 deg and (U,/
U),.. =3 (Fig. 4), whereas for the same angle of attack and
u./),..=U,./U),, =3 the corresponding C; ~1.57, an
increase of around 96%. Similarly, C; ~1.55 for « = 16 deg
and (U,/U),, = 4. On the other hand, with both the cylinders
rotating at U, /U = 4, the lift coefficient is around 2.48, a
further gain of about 60%. Note. the maximum life coefficient
attained with rotation of both cylinders represents an increase
of 195% with respect to the reference configuration (Cy o, Of
about 2.6 vs 0.88, Fig. 8c).

A typical set of corresponding pressure plots are given in
Fig. 9. At « = 8 deg, a substantial increase in lift with cylinder
rotation is quite evident. The suction peak over the leading
edge associated with the rotation of the leading-edge cylinder,
as well as an increase in suction over the upper surface and in
compression on the lower surface due to rotation of the
trailing-edge cylinder, can be observed quite clearly.

The pressure data are also compared with: those for the
leading-edge cylinder configuration, with and without the
sharp trailing edge, in Fig. 10. At « =12 deg (Fig. 10a), the
adverse effect of replacing the sharp trailing edge with a
cylinder is still quite small and rotation of the trailing-edge
cylinder results in an increased lift. The penalty becomes more
evident, however, as the angle of attack is further increased.
The rotation of the cylinder becomes less effective, and at
o = 24 deg the flow separates earlier than that in the leading-
edge cylinder case (Fig. 10b). Thus, the higher lift coefficients
obtained, at low to moderately high angles of attack, are at
the cost of the lower maximum lift coefficient and stall angle.
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Fig. 10 Comparison of pressure plots for the model with several
combinatipns of leading- and trailing-edge cylinder configurations.
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To better appreciate the overall effect of this twin cylinder
configuration, the results are summarized in Fig. 11. The base
data correspond to the model with the leading-edge fill-in
section (no gap) and the sharp trailing edge. Modifying the
configuration with the leading- and trailing-edge cylinders
adversely affects the C; ..,,, which now reduces from around
0.88 to ~0.73. The trailing-edge cylinder rotating at (U,/
U),.. =4 not only makes up for the loss but actually increases
C,, particularly at « <8deg. However, the stall angle is
reduced from around 10 to 8 deg due to leftward movement of
the curve caused by an increase in circulation. The leading
edge cylinder rotating at (U./U),, =4, with the trailing-edge
cylinder stationary, significantly increases the Cj .., to
around 2.13 with the stall delayed to 24 deg, an increase of
about 140% with respect to the base configuration ( = 192%
with reference to the modified configuration). With both the
cylinders rotating at U,/U = 4, there is a further increase in
Cymax @and a substantial increase in lift for « <19 deg, the
new stall angle.

Note the C; values for this leading and trailing-edge twin
cylinder case are much higher than those given by the leading-
edge cylinder at lower angles of attack (Fig. 4). The a,,, for
this configuration, which is now around 19 deg, is still lower
than the corresponding stall angle of the leading-edge cylinder
alone with the sharp trailing edge.

One would like to assess relative merit of the moving
surface boundary-layer control with other procedures for
generating high lift, such as blowing, suction, etc. Obviously,
to be useful, such a comparison has to be based on well-
planned experiments conducted under controlled and com-
parable conditions, as otherwise it can lead to misleading
conclusions. Unfortunately, such results permitting rational
comparison have not been recorded in the literature. How-
ever, it is possible to make a few general observations.

Besides its striking success in increasing lift and delaying
stall, one of the attractive features of moving surface
boundary-layer control is the negligible amount of power
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Fig. 11 Effect of rotation of the leading- and trailing-edge cylinders o1
the lift and stall characteristics of the Joukowsky airfoil model.
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Fig. 12 Flow visualization photographs showing the steady flow over
the airfoil at various angles of attack with and without the rotation of
the leading edge.
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Fig. 13 Flow visualization photographs showing the transition from the

highly separated flow in the absence of cylinder rotation to the essen-
tially reattached flow at U./U =6.
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involved in driving the cylinders. Essentially, it corresponds to
the bearing friction and the torque contributed by the forces
on the surface of the cylinder. Note the cylinders themselves
can be hollow, thus minimizing the inertia effect. The 1/4 hp
motor used in the present study was much larger than neces-
sary, and was used because of availability. Even a 1/16 hp
motor would have served the purpose. Thus, the power
required is virtvally insignificant compared to active blowing
or suction for boundary-layer control, where the power con-
sumption is likely to be considerably larger.

"It is also of interest to recognize that the trailing-edge
cylinder increases the lift primarily through circulation con-
trol. Thus, it has some similarity with the conventional flap, as
well as the trailing-edge blowing. This is quite clear from the
leftward movement of the C; vs a plots without a significant
change in the slope (Figs. 7, 8b, and 11), However, now there
is a dramatic increase in the Cp ., resulting in significant
increase in lift, particularly at lower angles of attack. Obvi-
ously, there is considerable room for carefully planned exper-
iments in this area to assess relative performance of the
various boundary-layer and circulation control procedures.

Flow Visualization Study

The flow visualization study was carried out in a closed-
circuit water channel facility. The model was constructed from
Plexiglas, fitted with a leading-edge cylinder, and driven by a
compressed-air motor. A suspension of fine aluminum powder
was used in conjunction with slit lighting to visualize streak-
lines. Both angle of attack and cylinder speeds were systemat-
ically changed, and still photographs and a video movie were
taken.

The study showed, rather dramatically, the effectiveness of
this form of boundary-layer control. Presented in Fig. 12 are
a few of the steady-state pictures, taken at several angles of
attack, with and without the cylinder rotation. In absence of
the cylinder rotation, a well-defined separation bubble is quite
apparent, particularly at higher angles of attack, with large
scale vortices sweeping away downstream. However, with the
cylinder rotating at U,/U <8, an essentially attached flow is
established over most of the upper surface of the airfoil,

At relatively lower rates of cylinder rotation (say, U,/
U =2, 3, 4), the flow character was found to be similar to that
observed at U,/U =0, with the separation and reattachment
regions progressively shifting downstream as the rotation rate
increased. This is apparent through the transient flow patterns
depicted in Fig. 13, where the cylinder rotation quickly in-
creases from U,/U =0 to 6.

In fact, the flow pattern was found to be quite unsteady
with the vortex layer separating and forming a bubble on
reattachment, and the whole structure drifting downstream,
diffusing and regrouping at different scales: of vortices. Ulti-
mately, the flow sheds large as well as small vortices. Thus,
the flow character suggested by the experimentally obtained
time-average pressure plots appears to be quite accurate.

Conclusions

The experimental investigation with a symmetrical
Joukowsky airfoil using leading- and trailing-edge rotating
cylinders brings to light several interesting points of informa-
tion:

1) In general, rotation of the leadlng-edge cyhnder results
in increased suction over the nose. It is the propagation of this
lower pressure downstream, however, that determines the
effectiveness of the rotation. This depends mainly on the
geometry of the nose and smoothness of transition from the
cylinder to the airfoil surface. A large gap ( > 3mm) substan-
tially decreases beneficial effect of the cylinder rotation.

2) The increased momentum injection into the boundary
layer, with an increase in speed of rotation, delays the separa-
tion of flow from the upper surface (stall) resulting in a higher
Cr,max- The existence of a critical speed.is also evident beyond
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which momentum injection through a moving surface appears
to have relatively less effect.

3) With the rotation of the leading-edge cylinder, the onset
of flow separation occurs at relatively higher angles of attack.
The upper surface flow remains attached up to a distance
downstream of the leading edge at which point it separates,
leading to a large separation bubble, with reattachment to-
wards the trailing edge. The flow, therefore, is not completely
separated from the airfoil, thus resulting in a flatter stall peak.

4) The use of a leading-edge cylinder extends the lift curve
without substantially changing its slope, thus considerably
increasing the maximum lift coefficient and stall angle. The
Joukowsky model showed an increase in Cj . by around
130%, with the stall delayed from 10 to 28 deg.

5) In contrast to the leading-edge cylinder, the use of a
trailing-edge cylinder substantially increases the lift before
stall. The rotating trailing-edge cylinder acts like a flap shift-
ing the C;, vs a plots to the left. A high rate of rotation of this
cylinder results in a dramatic increase in suction, over the
airfoil upper surface, thus giving a larger lift. Furthermore, it
can be used in conjunction with the leading-edge cylinder,
resulting in impressive values of lift over the whole range of
low to moderately high angles of incidence (@ <19 deg). For
both the cylinders rotating at U,/U =4, the C; ., increased
by around 195%, compared to the unmodified base airfoil.

6) The flow visualization study confirmed effectiveness of
the concept in a spectacular fashion. It gave better apprecia-
tion of the complex flow with a separation bubble and a large
turbulent wake. The unsteady flowfield is not stable, but
oscillates in the streamwise direction. Furthermore, it substan-
tiated the flow features revealed by the measured pressure
profiles in a qualitative fashion. ’
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