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All airfoils are known to stall at high angles of attack as a result of � ow separation, resulting in a
sudden loss of the lift force. To avoid � ow separation, it is necessary to introduce some form of boundary-
layer control. The present study focuses on the performance of an airfoil with moving surface boundary-
layer control (MSBC). Effects of the angles of attack, rate of momentum injection, as well as rotating
cylinder surface condition on the surface pressure distribution and aerodynamic coef� cients are assessed.
A comprehensive study involving wind-tunnel investigation, numerical simulation, and � ow visualization
clearly demonstrates that the momentum injection through MSBC results in a signi� cant delay in the
stall angle (from 10 to 50 deg) and an increase in the lift coef� cient by more than 200% at high angles
of attack (a ’ 30 deg). The results show that a multielement panel method, modeling the � ow separation
using free vortex lines, predicts the overall aerodynamics of an airfoil with the MSBC quite accurately.
The airfoil performance can be improved further by judicious selection of the rotating cylinder surface
condition. Among the three different surface roughness conditions studied, the cylinder with axial splines
was found to be the most effective.

Introduction

T HE next generation of high-performance airplanes de-
mand improved aerodynamics as well as better maneu-

verability. Research in the area of high-angle-of-attack aero-
dynamics as applied to single and multielement airfoils
continues to receive further attention. The high-a condition
can be viewed broadly as an off-design condition where the
airplane or any of its components are in a high-lift envi-
ronment.1 This high-a region is characterized by small- and
large-scale, static, and dynamic � ow� eld interactions that may
include regions of attached � ow as well as unorganized sep-
arated � ow. These interactions are frequently strong enough to
affect the global aerodynamics of the airplane.1 The use of
boundary-layer control to increase lift and delay stall of an
airfoil is quite well known. Methods such as suction, blowing,
vortex generators, turbulence promoters, oscillatory surface
� aps, acoustic excitation, oscillatory heating, etc., have been
studied at length and applied in practice with a varying degree
of success. A vast body of literature accumulated over the
years has been reviewed rather effectively.2– 7 Apart from
methods such as blowing and suction, a combination of un-
steady excitation technique, e.g. a leading-edge � ap oscillation,
and special wing con� gurations that provide a comfortable seat
to capture lift-producing vortices and room for wave – vortex
resonance have been proposed for vortex � ow control of an

Presented as Paper 96-3445 at the AIAA Atmospheric Flight Me-
chanics Conference, San Diego, CA, July 29 – 31, 1996; received April
2, 1997; revision received Oct. 21, 1997; accepted for publication
Nov. 15, 1997. Copyright Q 1998 by the authors. Published by the
American Institute of Aeronautics and Astronautics, Inc., with per-
mission.

*Professor Emeritus, Department of Mechanical Engineering.
†Postdoctoral Research Fellow, Department of Mechanical Engi-

neering. Member AIAA.
‡Visiting Research Associate, Department of Mechanical Engi-

neering; currently Associate Professor, Department of Aerospace En-
gineering, Indian Institute of Technology, Kharagpur, India.

§Professor, Department of Mechanical Engineering.

airfoil in the poststall regime.8 However, the use of a moving
wall for boundary-layer control has received relatively less at-
tention. This is indeed surprising because the concept of mov-
ing surface boundary-layer control (MSBC) appears quite
promising. It has already proved successful in lift augmenta-
tion,9 drag reduction (by as much as 80%) of bluff bodies as
well as the suppression of � ow-induced vibrations.10– 12 The
moving surface is provided by a high-speed rotating cylinder,
which replaces the leading edge of the airfoil. This concept
has a long and interesting history dating back to more than a
century, including contributions by Magnus, Prandtl, Flettner,
Favre, Tennant, and others. Modi et al.9 have reviewed this
literature at some length. Successful � ight tests have also been
performed on the North American Rockwell’s OV-10A by
NASA Ames Research Center.13,14 Here the leading edge of the
� ap was replaced by a high-speed rotating cylinder.

The main objective of the MSBC is to prevent, or at least
delay, separation of the boundary layer from the wall. This is
accomplished in the following ways: 1) a moving surface re-
tards the growth of the boundary layer by minimizing the rel-
ative motion between the surface and the freestream; 2) it in-
jects momentum into the boundary layer; 3) it creates a region
of high suction and thereby accelerates the � ow in its neigh-
borhood outside of the boundary layer; and 4) it delays sepa-
ration and interferes with the evolution of the wake.

A rotating cylinder provides additional circulation through
the differential jump in the velocity at the upper surface with
respect to the lower surface of the cylinder. Vorticity is also
generated in the boundary layer around the rotating cylinder.
Thus a rotating cylinder can provide considerably higher lift.

One would like to assess the relative merit of the moving
surface boundary-layer control with other procedures for
boundary-layer control such as suction, blowing, etc. Obvi-
ously, to be useful, such a comparison has to be based on
well-planned experiments conducted under controlled and
comparable conditions; otherwise it can lead to misleading
conclusions. Unfortunately, such results permitting rational
comparison have not been recorded in the literature. However,
it is possible to make a few general observations.
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Besides its striking success in increasing the lift of airfoils
or reducing the drag of bluff bodies, one of the attractive fea-
tures of the moving surface boundary-layer control is the neg-
ligible amount of power involved in driving the cylinders. Es-
sentially it corresponds to the bearing friction and the torque
contributed by the forces on the surface of the cylinder. Note,
the cylinders itself can be hollow thus minimizing the inertia
effect. Hence, the power required to drive the rotating elements
is relatively negligible. Wygnanski and Seifert15 have reported
a signi� cant increase in lift and reduction in drag through
steady and oscillatory blowing over a slotted � ap.

An experiment to measure the power consumption was per-
formed on the rotating cylinder (diameter = 0.038 m, length =
0.733 m, mass = 2033 g) used in the airfoil model. At the
maximum rate of momentum injection (UC/U = 4, U = 5.9
m/s, N = 12,000 rpm), the power consumed was about 0.22
hp. Most of the energy is expended in overcoming the bearing
friction, the contribution resulting from aerodynamic resistance
being marginal.

For example, consider the case of boundary-layer control
through suction. Calculation of total suction power as applied
to a typical airplane (total weight = 4500 kg, wing area = 23
m2) required anywhere from 15 to 35 hp, depending on the
type of system used.16 In this case CL was raised from 0.87 to
1.5 and the astall from 10.5 to 15 deg. The YOV-10A aircraft
from North American Rockwell17 has similar characteristics
(total weight ’ 4500 kg, wing area ’ 27 m2, powerplant = 2
3 715 hp). The YOV-10A was � tted with rotating cylinder
� aps and � ight tested to assess its performance.18 For such an
application the estimated power requirements are somewhere
below 2% of the engine power.19 This would amount to 29 hp.
The experiments have shown that with MSBC the astall can be
raised from 10 to 48 deg with a maximum CL of 2.35.9 Ob-
viously, in this operational range, application of the boundary-
layer suction would require considerably more power.

With this as the background, the paper presents results of
an extensive study having three phases:

1) Wind-tunnel tests as applied to an airfoil with the MSBC.
Effects of the angle of attack, rate of momentum injection UC/
U (UC = cylinder surface velocity; U = freestream velocity),
as well as a rotating cylinder surface condition on the surface
pressure distribution and aerodynamic coef� cients are assessed
in this phase.

2) Next, the system performance is predicted by numerical
simulation of a multielement airfoil using a rather simple yet
effective surface singularity approach.

3) Finally, a � ow visualization study in a closed-circuit wa-
ter channel using polyvinyl chloride particles as tracers in the
presence of slit lighting complements the wind tunnel and nu-
merical investigations. Still photographs as well as video mov-
ies were taken.

Wind-Tunnel Investigation
Model and Test Arrangement

A 16%-thick symmetric Joukowsky airfoil with a chord
length of 370 mm, � tted with a leading-edge rotating cylinder
(diameter 37 mm), spanned the tunnel test section, 0.91 3 0.68
m, to create an essentially two-dimensional condition (Fig. 1a).
The rotating cylinder is driven by a 1/4-hp, variable-speed, ac
motor. Forty-two pressure taps, 0.5 mm in diameter, are lo-
cated at the top and bottom surfaces of the airfoil. The tests
were carried out in a low-speed, low-turbulence, closed-circuit
wind tunnel, where the airspeed can be varied from 1 – 50 m/
s with a turbulence level less than 0.1%. The pressure distri-
bution was recorded using a sensitive barocel pressure trans-
ducer, with a resolution of 6.9 3 1025 N/m2, connected to a
data acquisition system. The force data were obtained through
integration of the pressure results.

The tests were conducted over an extended range of the
angle of attack (a = 0 – 50 deg) with an increment anywhere

from 5 – 10 deg depending on the � ow� eld of interest. The
cylinder rotation speed was varied to give UC/U in the range
of 0 – 4 with the Reynolds number (based on the chord of the
airfoil) of around 1.43 3 105. The measurement of pressure
on the surface of the cylinder, rotating typically at 6000 –

12,000 rpm, presents a challenge. This problem was resolved
by keeping the pressure rings, located in a narrow groove,
stationary while the cylinder rotated (Fig. 1b).

Rotating cylinders with three different surface conditions are
shown in Fig. 1c. The splined cylinder has 10 axially parallel
surface grooves. The width and the depth of these grooves is
about 15 and 5% of the cylinder diameter, respectively. The
rough cylinder has � at surface projections (5% thick, 18%
wide, and 55% long— based on cylinder diameter). The lon-
gitudinal and circumferential grooves act as tiny vortex gen-
erators, and it was anticipated that this would increase effec-
tiveness of the momentum injection.

To provide reference information to facilitate comparison,
tests were carried out with the basic airfoil, i.e., original Jou-
kowsky airfoil without rotating cylinder. Detailed pressure dis-
tribution plots for three angles of attack (including the stall at
a = 18 deg) are presented in Fig 1d. Corresponding variation
of CL with the angle of attack is shown in Fig. 1e. It also
shows the effect of modifying the nose geometry through the
presence of a rotating cylinder and a gap. As can be expected,
the modi� ed airfoil in the absence of rotation has lower

and stalls earlier.CL,max

Lift and Drag Characteristics

Variations in the lift coef� cient with the angle of attack for
smooth, rough, and splined rotating cylinders are presented in
Fig. 2. The airfoil with a smooth leading-edge cylinder is the
benchmark case (Fig. 2a) and all other results are compared
with it. In absence of cylinder rotation (UC/U = 0), the airfoil
stalls at around a = 10 – 15 deg, depending on the type of
rotating cylinder employed. In case of the smooth cylinder (Fig.
2b), as the cylinder rotation speed is increased from UC/U = 0
to 4, the stall is delayed progressively to higher angles of at-
tack: 15 deg at UC/U = 1; 25 deg at UC/U = 2; and 30 – 35
deg at UC/U = 3 – 4. There is a corresponding increase in the
lift coef� cient (CL) with a. For a momentum injection rate in
the range UC/U = 3 – 4, the of 1.84 for the smooth cyl-CL,max

inder represents an increase of around 160%. The correspond-
ing gain with the splined cylinder surface was equally impres-
sive at 210% = 2.2). As a is increased beyond 35 deg,(CL,max

CL decreases, but the stall is very gradual, i.e., it does not � t
the nominal de� nition of a stall, because a rapid loss in lift is
avoided. Even for a as high as 50 deg, CL is about 1.48
(smooth cylinder), which is quite remarkable. The rate of
change in CL with a can be estimated from the slope dCL/da.
There is no signi� cant change in the slope of the lift curve
with the smooth rotating cylinder case. However, with the
rough and splined rotating cylinders there is a small rise in
dCL/da with an increase in the momentum injection. Note,
there is no additional appreciable bene� t in terms of an in-
crease in lift when the momentum injection is raised from UC/
U = 3 to 4. This indicates a practical limit to the bene� cial
in� uence of the momentum injection.

Compared to the smooth-surface rotating cylinder, the rough
cylinder has inferior performance (Fig. 2b). The maximum CL

is about 1.52 at a = 30 deg, which is lower than that obtained
with a smooth cylinder = 1.84). The axial grooves on(CL,max

the splined cylinder scoop the incoming � uid, and thereby im-
prove momentum injection in the boundary layer. It is of in-
terest to point out that, as reported by Modi et al.,20 the splined
cylinder proved quite successful in reducing the drag of a trac-
tor-trailer truck con� guration. In fact, this served as a moti-
vation to assess the scooping effect of a splined cylinder when
applied to an airfoil. In the case of the rough-surface cylinder,
the axial splines are supplemented by circumferential grooves
(Fig. 2c), which seem to disrupt the effective scooping mech-



546 MODI ET AL.

Fig. 1 a) Symmetrical Joukowski airfoil with its nose replaced by a rotating cylindrical element; b) schematic diagram showing details
of the pressure taps near the rotating element; c) rotating cylinders, with three different types of surface conditions, used in the test
program; d) experimentally obtained pressure distribution for a 16%-thick basic Joukowski airfoil; and e) variation of the lift coef� cient
with angle of attack for the basic Joukowski airfoil. Results for the modi� ed airfoil at UC/U = 0 are also included to facilitate comparison.

anism. The axial splines extend along the axis of the rotating
cylinder from end to end, maintaining a two-dimensional � ow.
On the other hand, the circumferential grooves interfere with
a two-dimensional character of the � ow resulting in a deteri-
orated performance. Turbulence may also affect the situation.
Table 1 lists and stall values for the three different cyl-CL,max

inder surface conditions. In Table 2, average values of the
slope dCL/da are listed. It is apparent that the performance of
the spline surface cylinder is relatively superior.

The corresponding drag characteristics for the airfoil are
shown in Fig. 3. There is an almost linear rise in the drag
coef� cient (CD) with a for all three cases. For the Joukowsky
airfoil with splined cylinder (Fig. 3c), CD remains quite small
for a # 15 deg. It attains a maximum value of around 2.5 at
a = 50 deg for the airfoil with a smooth or rough cylinder.
On the other hand, maximum CD is about 1.95 in the case of

the splined cylinder. The lower drag coupled with a higher lift
in case of the airfoil with a splined cylinder appears quite
promising for practical aerodynamic applications. In Table 3,
the slope dCD/da is listed for UC/U = 0 and 4. Note, by ap-
plication of the momentum injection, � ow separation near the
leading edge is avoided and the local pressure on the upper
surface remains much lower compared to that at the lower
surface of the airfoil. This results in a large normal force acting
perpendicular to the airfoil. Because the drag of an airfoil is
proportional to the sine component, i.e., CD } sin a, of this
normal force, it contributes more to CD as a is increased. The
rate of momentum injection increases the slope dCD/da in all
three cases (Table 3).

The lift-to-drag ratio (CL/CD) for the airfoil with three dif-
ferent cylinder geometries is plotted in Fig. 4. The CL/CD has
a peak in the range 0 # a # 10 deg, before stall. In the case
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Fig. 2 Experimentally obtained lift coef� cient for the Joukowski
airfoil in presence of momentum injection: a) smooth leading-edge
rotating cylinder, b) rough cylinder, and c) splined cylinder.

Table 1 Comparative performance of the three
rotating cylinders in terms of the maximum lift

coef� cient and the stall angle for UC/U = 3 and 4

Cylinder

UC/U = 0

astall, deg CL,max

UC/U = 3, 4

astall, deg CL,max

Smooth 10 0.70 35 1.75
Rough 15 0.80 30 1.50
Splined 10 0.75 35 2.15

Table 2 Average values of dCL/da for three
rotating cylinders

Range of a,
deg

Smooth
cylinder

Rough
cylinder

Splined
cylinder

0 – 20 4.30 3.87 5.01
0 – 30 3.44 2.87 4.11

30 – 50 20.86 21.15 21.29

Fig. 3 Experimentally obtained drag coef� cient for the Jou-
kowski airfoil in presence of momentum injection: a) smooth lead-
ing-edge rotating cylinder, b) rough cylinder, and c) splined cyl-
inder.

of splined cylinder, large values of CL/CD are achieved, re-
sulting from a combination of high-lift and low-drag coef� -
cients. Beyond stall, the CL/CD ratio drops off rapidly and there
is only little momentum injection effect. At high angles of
attack (a $ 20 deg), both the lift and the drag coef� cients
show an increase, keeping the CL/CD ratio low. Further appre-
ciation in this regard can be obtained by examining CL vs CD

plots for the three cases (Fig. 5). For the splined cylinder, the
steep gradient of the plot suggests a favorable performance. In
Fig. 6, variation of both CL as well as CL/CD with a are plotted
for the three cases. These results clearly establish signi� cant
changes brought about by the surface condition of a momen-
tum-injecting rotating cylinder.

Results in Fig. 7 focus on the variation of CL with a beyond
the nominal stall angle of 10 deg (reference case), as affected
by the surface roughness of the rotating element and UC/U.
For the smooth cylinder case, as expected, the lift coef� cient
� rst dips at stall followed by a monotonic rise with an increase
in the angle of attack in the range tested (a # 50 deg), in
absence of the momentum injection. The effect of UC/U is to
delay the stall to around 30 deg for UC/U = 4 with an increase
in CL by ’ 160% as mentioned before. Now the discontinuity
in the CL vs a plot at the stall is eliminated. Note, the � at peak
suggests the onset of a gradual stall, a desirable feature. The
presence of the splined surface accentuates this behavior re-
sulting in higher slope of the lift curve, increased andC ,L,max

a slightly increased delay in the onset of stall (’32 deg), which
continues to be gradual. The corresponding plots for the CD

variation are presented in Fig. 8. The relatively small increase
in the drag for the splined cylinder case suggests effectiveness
of the MSBC even at moderately high angles of attack. At an
angle of attack of 30 deg, a reduction in the drag coef� cient

from CD ’ 1.6 for the smooth cylinder case in the absence of
momentum injection to CD ’ 0.7 for the airfoil with a splined
cylinder at UC/U = 2 is indeed impressive. It amounts to a
56% reduction in the drag coef� cient.

Pressure Distribution

Extensive wind-tunnel tests provided a wealth of informa-
tion in terms of the pressure distribution with respect to dif-
ferent � ow parameters. Some typical results for the smooth
and splined surface cylinders are presented in Fig. 9 to explain
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Table 3 Average values of dCD/da as affected by
the cylinder surface condition and rate of

momentum injection

Cylinder
UC/U = 0

(0 # a # 10 deg)
UC/U = 4

(0 # a # 50 deg)

Smooth 0.997 2.865
Rough 0.229 2.865
Splined 0.516 2.292

Fig. 4 Experimentally obtained lift/drag ratio of the Joukowski
airfoil in presence of momentum injection: a) smooth cylinder, b)
rough cylinder, and c) splined cylinder.

Fig. 5 Variation of CL with CD for the Joukowski airfoil in pres-
ence of momentum injection: a) smooth cylinder, b) rough cylin-
der, and c) splined cylinder.

the physical effects of momentum injection on the � ow past
the airfoil. As mentioned earlier, the airfoil is symmetric about
its chord and, hence, has similar pressure distribution on the
top and bottom surfaces resulting in a zero lift at a = 0. At a
= 5 deg (Fig. 9a), the pressure on the top surface of the airfoil
is lower compared to that on the bottom surface. As a is in-
creased farther, the pressure on the top surface becomes even
lower (Fig. 9b). On the other hand, there is no change in the
pressure distribution on the bottom surface. Also note the pres-
ence of a near-stagnation value (CP ’ 0.9) at the bottom of
the leading edge. The airfoil has not yet stalled at a = 10 deg.
Introduction of the momentum injection does not bring about
any noticeable changes in the pressure distribution, as the � ow
is not separated. With a further increase in the angle of attack
(a = 15 deg), the airfoil stalls completely in the absence of
the momentum injection (UC/U = 0). As the momentum injec-
tion is increased from UC/U = 0 to 4, the � ow separation on
the top surface is eliminated completely. The pressure coef� -
cient CP reaches a minimum value of 24.0 near the upper
leading edge. A similar trend persists when a is further in-
creased to 40 deg (Figs. 9d – 9f ). The peak negative CP is about
26.0 at the top face of the rotating cylinder (UC/U = 4), which

signi� cantly contributes to a large increase in the lift. As ex-
pected, in presence of the momentum injection, the point of
separation on the top surface moves toward the trailing edge
with an increase in the cylinder rotation.

Numerical Simulation
Panel Method

The precise numerical solution of this complex problem in-
volving moving boundaries can be obtained by solving the
general time-dependent Navier– Stokes equations incorporat-
ing a suitable turbulence model. The relatively simpler case of
a cylinder (in the absence of an airfoil) subjected to a time-
dependent rate of rotation in a uniform stream was investigated
by Ou.21 Only numerical simulation results at a very low Reyn-
olds number (Re = 2 3 102) were presented, which has little
relevance to real-life � ow problems. Hassan and Sankar22 mod-
eled compressible � ow past an airfoil with leading-edge rotat-
ing cylinder using the full Reynolds-averaged Navier – Stokes
equations with body-� tted curvilinear grid and an implicit � -
nite difference scheme. However, for realistic values of the
Reynolds number, this would demand signi� cant computa-
tional effort and cost. On the other hand, judicious modeling
of the � ow character can provide information of suf� cient ac-
curacy for all engineering design purposes with nominal com-
putational tools and insigni� cant cost. To that end an extension
of the well-developed panel code to multielement systems with
momentum injection appeared quite attractive.

During the past three decades, the classical panel method
involving the distribution of surface-singularities has evolved
to a sophisticated level where it can tackle complex geometries
and a � ow separation condition.23– 25 Maskew and Dvorak23
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Fig. 6 Comparative study showing the effect of cylinder surface
and momentum injection on the variation of a) CL with a and b)
CL/CD with a.

Fig. 7 Comparative study showing the effect of surface rough-
ness and momentum injection on the lift coef� cient at high angles
of attack.

Fig. 8 Effect of momentum injection with the splined surface
cylinder on the variation of CDwith a. The smooth cylinder results
are also presented to serve as a reference.

modeled separated � ow by free-vortex lines having a known
constant vorticity but initially of an unknown shape. Succes-
sive iterations yield the converged wake shape. Ribaut24 ac-
counted for the vorticity dispersion through dissipation and
diffusion leading to a � nite wake. The � rst-order panel method
employing linearly varying vorticity along each panel and in-
corporating dispersion in the wake to model the separated
� ow25 is also attractive.

In the present study the airfoil with the momentum injecting
rotating cylinder is represented by a large number of panels
(100 – 150). Each panel has a continuous distribution of line-
arly varying vorticity and a constant source strength (Fig. 10).
In the attached � ow model, the � ow does not separate from

the airfoil, whereas in the separated � ow model, the separation
is modeled by the free-vortex lines emanating from the lower
and upper separation points on the airfoil. The lower separation
point coincides with the trailing edge of the airfoil. The free-
vortex lines are also discretized into panels. At the beginning
of the free-vortex line, the vorticity strength is taken to be
equal to that at the separation point. The vorticity is allowed
to dissipate at a given rate along the free-vortex lines resulting
in a � nite wake. An iterative scheme leads to the � nal solution.
In the single-element model the airfoil and the rotating cylin-
der are treated as a single physical object. Whereas, in the two-
element model, the airfoil and the rotating cylinder are des-
cretized as distinct bodies. Further details of the numerical
modeling are given by Munshi.26

Pressure Distribution

Figure 11 compares pressure distribution plots on the surface
of the airfoil obtained through the numerical scheme and wind-
tunnel tests. The experimental data pertain to the case of the
Joukowsky airfoil with a smooth cylinder. The numerical re-
sults were obtained using the two-element panel con� guration
as described earlier.

At a = 5 deg and in absence of momentum injection (UC/U
= 0), there is a good agreement between the theory and ex-
perimental data (Fig. 11a). However, at a higher rate of mo-
mentum injection (UC/U = 4), the numerical scheme somewhat
overpredicts the negative pressure on the top surface of the
airfoil. On the other hand, presence of a large suction peak at
the rotating cylinder is successfully captured by the numerical
scheme. Because of the limited number of pressure taps on the
surface of the rotating cylinder, the suction peak could be cap-
tured only partially during the experiment; though a tendency
toward large negative CP is evident. Overall, there is a satis-
factory agreement between the numerical and experimental
pressure distribution plots over the complete airfoil. An in-
crease in a to 10 deg (Fig. 11b) makes the suction peak even
more pronounced. Close to the trailing edge the � ow is almost
separated at UC/U = 0, indicating a tendency to stall. The com-
plete stall at still higher angles of attack (a = 15 deg) is ac-
curately captured by the numerical scheme. In the presence of
momentum injection (UC/U = 4), the point of separation is
pushed further downstream (X /C ’ 0.6). The effect of the
momentum injection diminishes as X /C increases and becomes
negligible beyond X /C ’ 0.6, which is expected because of
the vorticity dispersion and dissipation effects.

Comparative Studies

Figures 12 – 14 present comparison of results obtained using
the numerical schemes and the wind-tunnel data. Numerically
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Fig. 9 Experimentally obtained pressure distribution for the
Joukowski airfoil with the MSBC provided by a smooth surface
cylinder. a 5 a) 5, b) 10, c) 15, d) 20, e) 30, and f ) 40 deg.

Fig. 11 Comparison of the numerically obtained pressure distri-
bution with the experimental data for a Joukowski airfoil with
the MSBC. a 5 a) 5, b) 10, c) 15, and d) 20 deg.

Fig. 10 Two-element panel con� guration modeling the separated
� ow past a symmetrical Joukowski airfoil in presence of the
MSBC.

obtained pressure plots using a single- and two-element panel
formulations with the attached � ow model are shown in Fig.
12. The results are essentially similar except for the suction
peak, which is larger for the two-element case. Fig. 13a shows
a comparison between attached and separated � ow solutions
for the single-element con� guration. As expected, the sepa-
rated � ow results agree better with the experimental data be-
cause they are more realistic. The suction peak near the leading
edge diminishes because of the � ow separation. The discrep-
ancy near the trailing edge (Fig. 12) is also eliminated. In Fig.
13b, the results for the single-element airfoil are compared
with those obtained using the two-element model. The predic-
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Fig. 14 Relative performance of the attached and separated � ow
models as applied to the two-element airfoil: a) a 5 20 deg, UC/U
5 2; b) a 5 20 deg, UC/U 5 4.

Fig. 15 Numerically obtained lift coef� cient as compared to the
experimental data for a Joukowski airfoil in presence of the
MSBC.

Fig. 12 Comparison between the results obtained through the
single- and two-element numerical panel formulations in presence
of the MSBC: a) a 5 10 deg, UC/U 5 0; and b) a 5 10 deg,
UC/U 5 1. The experimental data are also included.

Fig. 13 Comparative studies of pressure plots in presence of the
MSBC: a) attached vs separated � ow solutions for a single-ele-
ment formulation, and b) corresponding results for the two-ele-
ment airfoil. The experimental data are also included.

tion by the two-element case shows a slight improvement. The
spike in the suction peak (which is physically unlikely), is
replaced by a smooth curve indicating a gradual change in the
pressure. Figure 14 presents results at a = 20 deg for the two-
element airfoil with attached and separated � ow models. As
can be expected, there is a signi� cant improvement in predic-
tion with the separated � ow model. The unrealistically high
suction peak predicted by the attached � ow model is now sub-
stantially reduced. The modeling of � ow separation near the
leading edge agrees more closely with the actual physical pro-
cess. The discrepancies between the numerical and experi-
mental pressure values near the leading and the trailing edges
are also eliminated.
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Fig. 16 Representative � ow visualization pictures showing effec-
tiveness of the boundary-layer control through momentum injec-
tion. The observed results compare well with the delay in sepa-
ration predicted by the wind-tunnel test results and the panel
code: a 5 a) 15 and b) 45 deg.

Prediction of the Lift Coef� cient

In Fig. 15, the numerically obtained lift coef� cient is com-
pared with that from the wind-tunnel tests. The CL against the
a curve agrees closely with the experimental results, particu-
larly at low and moderate angles of attack (a # 20 deg). The
airfoil stall around a = 10 deg is also captured by the numer-
ical scheme accurately. However, for a $ 30 deg, the numer-
ical results start to deviate from the experimental data. This
can be expected as a result of relatively complex character of

the � ow. It indicates a need for improvement in the free vortex
layer model of the wake at very high angles of attack.

Flow Visualization
To get better appreciation as to the physical character of the

complex � ow� eld as affected by the angle of attack and mo-
mentum injection parameters, an extensive � ow visualization
study was undertaken. It also gave useful information about
the relative importance of the various parameters and, hence,
assisted in planning of the experiments as well as the numer-
ical analysis. The � ow visualization tests were carried out in
a closed-circuit water channel facility. The models were con-
structed from Plexiglast and � tted with rotating cylinders
driven by variable speed dc motors. A suspension of � ne poly-
vinyl chloride powder was used in conjunction with slit light-
ing to visualize streaklines. Both angle of attack and cylinder
speed were systematically changed and still photographs as
well as video movies taken.

The study showed, rather dramatically, effectiveness of this
form of boundary-layer control (Fig. 16). For the leading-edge
smooth cylinder at a = 15 deg (Re = 2.94 3 104) and in
absence of the cylinder rotation, a well-de� ned early separa-
tion, almost at the leading edge, results in a wide wake with
large-scale vortices sweeping away downstream (Fig. 16a). As
the momentum injection is increased to UC/U = 1, there is
� ow reattachment of the separated shear layer at about X /C ’
0.6 forming a large bubble with recirculating � ow. However,
the momentum injection is not suf� cient to keep the � ow at-
tached and it separates again rather quickly, forming a well-
organized wake. Compared to the case of UC/U = 0, the
streamlines move closer on the upper surface of the airfoil,
diminishing the wake width considerably (’0.48C ). At UC/U
= 2, the streamlines are very close to the upper surface and
the wake is quite small (’0.3C ). The separation bubble has
disappeared completely. Note the presence of a stagnation
point near the leading edge on the bottom surface of the airfoil.
The separation point is further pushed toward the trailing edge.
At UC/U = 4, an essentially attached � ow is established over
most of the upper surface of the airfoil, even at such a high
angle of attack, considerably beyond the nominal stall angle
of around 10 deg. Similar trends persist even at a = 45 deg
(Fig. 16b).

The � ow pattern in the wake of the airfoil was found to be
quite unsteady with the vortex layer separating and forming a
bubble on reattachment, the whole structure drifting down-
stream, diffusing, and regrouping at different scales of vortices.
Ultimately the � ow sheds large as well as small vortices. This
unsteady character of the separating shear layer and the wake
is clearly evident in the � ow visualization video. Thus the � ow
character indicated by the experimentally obtained time-aver-
aged plots appear to be a fair description of the process.

Concluding Remarks
Based on the wind-tunnel, numerical, and � ow visualization

results, the following comments can be made:
1) Signi� cant improvement in the lift coef� cient as well as

the delay in the stall angle could be achieved by judiciously
selecting the rate of the momentum injection and cylinder sur-
face geometry.

2) A momentum injection ratio of UC/U = 4 indicates a
practical limit to the bene� cial effect of the momentum injec-
tion in increasing the lift. A further increase in the momentum
injection is not likely to provide higher lift, but may affect the
drag adversely.

3) Among the three different surface roughness conditions
studied, the cylinder with axial splines was found to be the
most effective. A 210% increase in the lift coef� cient was
achieved in this case.

4) In presence of the MSBC the stall becomes gradual and
could be delayed to 50 deg.
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5) The numerical scheme provides good approximation of
the actual � uid dynamics of the MSBC as applied to a mul-
tielement airfoil at high angles of attack.

6) The � ow visualization results dramatically con� rm effec-
tiveness of the MSBC in delaying separation.
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