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Wind-Tunnel Study of a Circulation-Controlled
Elliptical Airfoil

T. A. Stevenson,* M. E. Franke,t and W. E. Rhynard Jr.{
Air Force Institute of Technology

J. R. Snyder§
Wright-Patterson Air Force Base, Ohio

A circulation control method for increasing the low-speed lift characteristics of an elliptically shaped airfoil is
investigated in wind-tunnel tests. Circulation control is achieved from a jet of air that exits through a 0.02-in.
spanwise slot along the upper surface of the airfoil near the trailing edge. The lift is shown to increase with in-
crease in blowing rates. The added lift is attained at small or even negative angles of attack with relatively small
amounts of blowing air. A splitter plate attached to the lower surface of the airfoil is shown to increase the lift
and improve the lift-to-drag ratio. The splitter plate, however, causes the drag to increase at low rates of
blowing, but reduces the drag under some conditions at higher blowing raies.

Nomenclature
b =splitter plate chord
c =airfoil chord
C, =section total drag coefficient
C,  =section profile drag coefficient (wake rake)
C, =section lift coefficient, C, cosa
C, =section normal force coefficient,
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=pressure coefficient, (p—py)/q,
=momentum coefficient, mV,/(gyc)
=section drag
=wind-tunnel test section height
=section lift

D =section lift-to-drag ratio, C,/C,

= jet mass flow rate per unit span

= static pressure

=dynamic pressure, pV'?/2

= Reynolds number, pV,c/p

=velocity

=chordwise coordinate

= coordinate normal to chord

= geometric angle of attack

= effective angle of attack, o —«;

=induced angle of attack

= splitter plate deflection from airfoil chord

= viscosity

= density
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Subscripts

J =slot

! =lift or lower surface
0 = freestream

u =upper surface
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Introduction

HERE is considerable interest in devices that improve the

low-speed, high-lift capability of aircraft. This interest
has developed in attempting to meet requirements for shorter
distances for takeoff and landing, reduced landing velocities,
increased endurance, and direct lift control. Particular ap-
plications include fixed-wing STOL aircraft and possible use
on helicopter rotors. ! To meet the requirements of high lift
at low speed, various methods have been used, such as
boundary-layer control by blowing and suction, circulation
control by blowing, jet flaps, externally blown flaps, various
combinations and variations of the above as well as other
arrangements of slots, slats, and flaps. One of the main
differences between these high-lift devices and conventional
lifting devices is that the high-lift devices are generally
powered to some degree. This means the wing lift is
augmented by engine power in some manner and requires
integrating the lifting and propulsion systems.

The object of the investigation described herein is to study a
circulation control method using blowing for increasing the
low-speed lift characteristics of an elliptical airfoil. Relatively
high-speed air is blown over the rear upper surface of the
airfoil and attaches to the blunt trailing edge by the Coanda
effect. This changes the airfoil front and rear stagnation
points and increases the circulation about the airfoil. The
result is an increase in lift. This method of increasing the lift is
relatively simple and has the advantage of generating large lift
forces at small or even negative angles of attack while using
only small amounts of blowing air.

In addition to the power required to maintain the flow of
blowing air, there is also relatively high drag associated with
the mixing of the blowing air and the freestream and the
separation of the blowing air near the trailing edge of the
airfoil.'* Kind and Maull! found that a small splitter plate
attached to the lower surface of the trailing edge reduced the
mixing losses and improved the lift-to-drag ratio, but their
results were somewhat preliminary. Consequently, this study
further considers the use of a splitter plate and its effect on lift
and drag.

Wind-tunnel tests are conducted to determine the ef-
fectiveness of the circulation-controlled airfoil and the effects
of the blowing rate and the splitter plate on lift and drag at
various angles of attack. The results are presented in terms of
the pressure coefficient, section lift coefficient, section drag
coefficient, and lift-to-drag ratio. Some potential flow
solutions using Theodorsen’s transformation are given to
compare with the experimental pressure distributions.
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Table 1 Location of static pressure taps on the
upper and lower surfaces of the airfoil
Upper surface Lower surface
pressure tap x/c y/c pressure tap x/c y/c
0(LE) 0 0 22(TE) 1.000 0
1 0.0066 0.0243 1 0.0066 -0.0081
2 0.0182 0.0401 2 0.0182 —-0.0134
3 0.0355 0.0551 3 0.0355 -0.0185
4 0.0582 0.0702 4 0.0582 -0.0234
S 0.0716 0.0773 S 0.0716 —0.0258
6 0.0862 0.0841 6 0.0862 —-0.0280
7 0.1020 0.0908 7 0.1020 —0.0302
8 0.1562 0.1089 8 0.1562 —0.0363
9 0.1975 0.1194 9 0.1975 —-0.0398
10 0.2422 0.1285 10 0.2422 -0.0428
11 0.2900 0.1361 11 0.2900 —0.0454
12 0.3925 0.1465 12 0.3925 -0.0488
13 0.5000 0.1500 13 0.5000 —0.0500
14 0.6074 0.1465 14 0.6574 —0.0475
15 0.7099 0.1361 15 0.7099 —0.0454
16 0.8026 0.1194 16 0.8026 —0.0398
17 0.8439 0.1089 17 0.8439 -0.0363
18 0.8981 0.0908 18 0.9418 —0.0234
19 0.9284 0.0773 19 0.9645 -0.0185
20 0.9818 0.0401 20 0.9818 -0.0134
21 0.9934 0.0243 21 0.9934 —0.0081
19Lt2 0.9284 0.0773
I9R? 0.9284 0.0773
20Lt? 0.9818 0.0401
20Rt? 0.9818 0.0401
3The pressure tap is located 6 in. to the left (Lt} or right (Rt) of the airfoil center span.
BLOWING AIR INLET 70 BLOWING SLOT (x/c = 0,96}
PLENUM CHAMBER
(1-12 1D PIPD)
18" BIRCH PLENUM \\ TRAILING EDGE
BLOWING SLOT /
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¥Fig. 1 Sketch of airfoil without splitter plate (clean).

Description of the Airfoil

The airfoil used in this study was a 20% thick elliptical
airfoil with a 5% camber. This airfoil is similar to the un-
cambered airfoil used by Kind and Maull,! but differs
because of the 5% camber. A schematic of the airfoil is shown
in Fig. 1. The airfoil had a chord of 1.67 ft and a span of 2.17
ft. The blowing slot consisted of a uniform 0.02-in. opening
along the span at 96% chord. The blowing air entered the
airfoil through a 1.5-in.-i.d. pipe and passed through a
converging-diverging plenum before exiting through the 0.02-
in. slot. The slot exit was directed approximately parallel to
the chord and, consequently, made an angle of approximately
35 deg with the airfoil surface. Forty-eight pressure taps were
used to measure the static pressure along the upper and lower
surfaces of the airfoil at the locations given in Table 1. Forty-
four of these taps were located at the center span and four
taps were located off the center span to check the uniformity
of the flow.

In order to reduce the mixing losses on the airfoil, a splitter
plate was located on the lower surface of the airfoil near the
blunt trailing edge. The effects of splitter plate chord,
location, and angle of lift and drag were studied during the
tests. A schematic of the trailing-edge section with the splitter
plate at 99% chord is shown in Fig. 2. Tests were run with the

CLAY WHEN SPLITTER PLATE AT x/c = 0.99

30, 45, or 60 deg)
SPLITTER PLATE (CHORD b VARIABLE \/
0.5, L0, or L.5in.}
Fig. 2 Sketch of trailing edge with 1.5-in. chord splitter plate at x/c¢
=0.99.

splitter plate at two different airfoil chord positions (95% and
99% chord), with three different chords (0.5, 1.0, and 1.5
in.), and at three different deflection angles to the airfoil
chord (30, 45, and 60 deg).

Wind-Tunnel Apparatus and Test Procedure

The airfoil was tested in the Air Force Institute of
Technology 5-foot wind tunnel. The wind tunnel is an open-
circuit-type tunnel with a maximum air-flow speed of ap-
proximately 300 mph. The tests were normally run at ap-
proximately 75 and 95 fps. Two large wooden side panels were
installed in the 5-ft-diam circular test section to provide a two-
dimensional test section that was 60 in. high by 30 in. wide.
Four pitot-static tubes were used to measure the local dynamic
pressure near the entrance to the two-dimensional test section.
Adjustments to the side walls were made to provide uniform
flow in the test section. The two-dimensionality was further
increased by using large circular, 0.19-in.-thick, beveled
endplates on the ends of the airfoil to reduce the boundary
layer that formed on the wooden side panels.

A total head wake survey rake was designed and con-
structed to obtain the profile drag of the airfoil. Th. rake
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consisted of 96 total pressure tubes spaced 0.25 in. apart at the
airfoil section. There were also two static pressure tubes. The
rake was located 1.85 chord lengths behind the airfoil. Red-oil
manometers inclined at 60 deg were connected to the rake
tubes. The manometer readings were obtained from
photographs of the manometer bank. Forty-eight alcohol
manometers were used for indicating the airfoil upper and
lower surface static pressures. The manometer readings also
were obtained from photographs of the manometer bank.

Preliminary tests showed that the flow across the airfoil
was essentially two-dimensional and that the blowing air was
uniform along the airfoil span. The blowing air was obtained
from a compressor that was separate from the wind tunnel.
The blowing air flowrate was measured with an orifice meter
prior to entering the airfoil.

Tests were performed on the airfoil over an angle of attack
range from -6 to 16 deg in at least 2-deg increments;
however, many of the tests were limited to a —6 to 6 deg
range. Usually the runs were repeated for accuracy checks
over a portion of the range. Standard wind-tunnel corrections
were applied to the experimental data.'® The blowing rates
were varied to provide a momentum coefficient range from
C,=0.01 to C, =0.9, whereas the tunnel was operated at or
near two different Reynolds numbers: 7.6x10° and
1.1 x10%, Some typical circulation control jet exit velocities
vV, were, for example, approximately 275 fps at C, =0.03,
approximately 350 fps at C, =0.05, and approximately 450
fps at C,=0.09. The jet exit velocity was determined by
assuming isentropic flow through the blowing slot in a
manner similar to that used by Walters et al.® The splitter
plate configurations also were varied throughout the tests.

The experimental data obtained during the tests were
reduced to three section parameters: the momentum coef-
ficient C,, lift coefficient C,, and the total drag coefficient
C,. With these parameters, lift-to-drag ratio L/D also could
be obtained. The total drag coefficient used herein is similar
to the total drag coefficient of Kind and Maull! and the
equivalent force-based drag coefficient of Engler and
Williams '!; that is

mv v,
C,=Cyp— — +C,=Cy~C,—— +C, 1)
q,¢C Vi
where
2 h q
co== | (VL-Lay @
c Jo qo 4o
and
Cu:mV/’/q()C (3)

The first term in Eq. (1) represents the profile drag measured
by the wake rake.'®!? The second term provides a correction
to the drag to account for the circulation control jet."*'" The
third term C, is needed to avoid zero or negative values of
C, (corrected) that occur at the higher blowing rates. The
inclusion of C, also accounts for some of the performance
penalty incurred to provide the blowing air.'!' The in-
tergration required to compute C, was performed by
numerical integration using a calculator with a digitizer.

The section parameters are presented only in terms of the
geometric angle of attack «. However, a relatively low aspect
ratio airfoil was used in this study and the geometric angle of
attack should be corrected to an effective angle of attack oy
due to downwash induced by the end wall vortices. This
correction is discussed at length by Kind and Maull,' Engler
and Williams,!' and Walters et al.? These studies show that
as the lift coefficient increases the induced angle of attack «;
increases and the difference between o and «.; increases. For
example, for a C, of 2, o,y may be several degrees less than
a. "1 This correction is discussed further in the next section
when it is used to correlate experimental and theoretical
pressure distributions.
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Fig. 3 Airfoil pressure distributions without splitter plate (clean) and
without blowing.
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Fig. 4 Airfoil pressure distributions with splitter plate and without
blowing.
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Fig. 5 Airfoil pressure distributions with splitter plate and with
hlowing.

Results and Discussion

The results of the wind tunnel tests are shown in Figs. 3-12.
Figures 3-5 present some airfoil experimental pressure
distributions at zero geometric angle of attack for three
different cases: 1) no blowing and no splitter plate (clean
airfoil), 2) no blowing with a splitter plate, and 3) blowing
with a splitter plate. The splitter plate used for these particular
tests had a 1.5-in. chord and a deflection angle of ap-
proximately 45 deg, but was not tapered as shown in Fig. 2.
Potential flow solutions aiso are shown in Figs. 3-5. The
pressure distributions illustrate the significant increases in lift
due to blowing and the use of a splitter plate,

Theodorsen’s method was used to determine the theoretical
potential flow pressure distributions over the airfoil for each
experimentally determined lift coefficient at the same angle of
attack. Although reasonably good agreement was obtained
between the experimental data and the potential flow
solutions, Fig. 5 tends to show an angle of attack difference
between experiment and theory. These differences are most
likely due to downwash. The procedure given by Ness'? was
used to compute a downwash correction. For a lift coefficient
of 2.01 this correction was on the order of 1 deg.

Although the differences between the geometric and ef-
fective angles of attack increase as the lift coefficient in-
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Fig. 6 Effect of blowing rate on section lift coefficient for various
splitter plate configurations.
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Fig. 7 Effect of blowing rate on section drag coefficient for various
splitter plate configurations.

creases, it was decided in this study to show the relative ef-
fectiveness of the blowing and the use of a splitter plate using
geometric angles of attack only.

The effects of blowing rate and splitter plate configuration
on lift and drag are shown in Figs. 6 and 7 where C, is shown

J. AIRCRAFT
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Fig. 8 Effect of blowing rate on section lift-to-drag ratio for various
splitter plate configurations.
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Fig. 9 Effect of splitter plate chord on lift coefficient.

to generally increase with increase in C,, whereas C, de-
creases first and then increases with increasing values of C,,
except for the clean configuration where no splitter plate was
used. The results also depend on the splitter plate con-
figuration. The section L/D for each configuration is shown
in Fig. 8 to generally increase with blowing, reach a
maximum, and then decrease with further increases in
blowing rates. The dependence of the results on splitter plate
configuration also is apparent. It can be seen in Fig. 8 that the
highest L/D occurred with the aft, 45-deg, 1.5-in. splitter
plate configuration. For this configuration in the range of C,
=0.05, the L/D is approximately double that for the clean
configuration, whereas for the other splitter plate con-
figurations, the increases over the clean configuration are
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Fig. 10 Variation of lift coefficient with angle of attack at various
blowing rates.
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Fig. 11 Variation of drag coefficient with angle of attack at various
blowing rates.

only on the order of 50%. For these results (Figs. 6-8), the
I.5-in. splitter plate was used and the airfoil was at zero
degrees angle of attack.

The effect of splitter plate chord on C, for the aft-45 deg
splitter plate configuration is shown in Fig. 9. The results
indicate that the lift coefficient increases with increases in
splitter plate chord. Thus, the 1.5-in. chord splitter plate was
used in the majority of the test.

The effects of angle of attack on C;, C,;, and L/D are
shown in Figs. 10, 11, and 12, respectively, for the aft, 45-deg,
1.5-in. splitter plate configuration. The results (Fig. 10) in-
dicate that C; increases with increases in C, over the entire
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Fig. 12 Variation of lift-to-drag ratio with angle of attack at various
blowing rates.

range of negative angles of attack tested. In some cases,
separation occurred at positive angles of attack. Separation at
any angle of attack depended on blowing rate, Reynolds
number, and splitter plate configuration. Generally,
separation and the effects on C, was more abrupt when the
splitter plate was not used. The effects of angle of attack on
C, and L/D are shown in Figs. 11 and 12, respectively. The
trends noted previously at zero angle of attack (Figs. 6-8) are
shown to be approximately the same over the angles of attack
shown.

Conclusions

1) The lift of the elliptical airfoil is increased significantly
by blowing air along the upper surface near ihe trailing edge,
even at negative angles of attack.

2) The addition of a splitter plate increases the lift-to-drag
ratio on a circulation-controlled airfoil.

3) The lift coefficient increases as the chord of the splitter
plate is increased.

4) The lift-to-drag ratio was maximum for momentum
coefficients generally in the range of 0.02 to 0.06.

5) Of the configurations tested, the highest lift-to-drag
ratio was obtained with the aft, 45-deg, 1.5-in. splitter plate.
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