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Investigation of a Circulation Controlled Cylinder
Using an Adaptive Wall Wind Tunnel

Fabrizio A. Dionisio¤ and Alan Nurick†

University of the Witwatersrand, Johannesburg 2050, South Africa

An experimental investigationwas carried out to characterize the two-dimensionalperformance of a circulation
controlled (CC) cylinder with two slots and a removable � ap. The tests were performed in an adaptive wall wind
tunnel to minimize wall interference. The effects of slot pressure, slot width, freestream velocity, and a � ap on the
lift and drag coef� cients were determined. It is shown that the lift and drag acting on the cylinder may be de� ned
in terms of three � ow phenomena, i.e., distortion of the � ow by the geometry of the cylinder, momentum of the CC
air, and the combined action of the circulation generated by the CC air and freestream velocity.

Nomenclature
CD = D=.0:5½U 2 DcW ), drag coef� cient
CL = L=.0:5½U 2 Dc W ), lift coef� cient
CP = P=.½U 2 ), pressure coef� cient
C¹ = (½V 2t )jet=(0:5½U 2 Dc ), slot momentum coef� cient
D = drag
Dc = cylinder outer diameter
F = force
L = lift
P = pressure in tail boom
t = total width of slots
U = freestream velocity
W = span of cylinder
V j = jet velocity
0 = circulation
½ = air density

Subscripts

calc = calculated values
i = L for lift or D for drag
meas = measured data

Introduction

T HE attachment of a jet to an adjacent convex surface was � rst
described by Young1 in 1800. The phenomenonwas rediscov-

ered by Coanda in about 1910 and has since been referred to as
the “Coanda effect.” Attempts have been made to utilize the in-
creased lift coef� cients, which can be developedby circulationcon-
trolled (CC) aerofoils on both � xed- and rotary-wing aircraft. For
� xed-wing aircraft Attinello2 demonstrated that the Coanda effect
applies to both high- and low-speed � ows. A supersonic jet will
adhere to a de� ected wing � ap, referred to as a “blown � ap.” The
blown � ap has been implemented on aircraft including the British
Aircraft Corporation’s TSR.2 (Ref. 3). CC tests were carried out
on a scaled model of the wing of the Gruman A6-A (Ref. 4). CC
has been applied to the lifting rotor of the Kaman CC helicopter5

and the stopped rotor of the U.S. Navy/DARPA X-Wing (Ref. 6).
The use of CC on the tail boom of a helicopter, in conjunction
with the downwash from the main rotor to develop an antitorque
component, was proposed by Velazquez in 1971 (Ref. 7) and im-
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plemented on the MD520N,8 MD Explorer,9 and Ka-26 (Ref. 10)
helicopters.

Wind-tunnel tests were carried out on a number of CC
elliptical11¡15 and circular16¡21 aerofoils with constant CC � ows.
The effectsof pulsingtheCC air were investigatedexperimentally.22

The performanceof hoveringrotorswith CC cylindricalbladeshave
been investigated on a test rig,23;24 as has CC helicopter tail booms
in the wake of a hovering rotor.25¡27

The objective of this work was to identify � ow mechanisms in-
herent in CC � ow� elds associatedwith circular cylinders located in
the wakes of hovering rotors. Typically, total slot pressures of less
than 7000 Pa are used in helicopter tail booms.25;28

Lockwood17 measured the lift and drag characteristicsof circular
cylinders with a diameter of 150 mm, slot widths of 0.152 mm, and
various slot combinations. The slot momentum coef� cients ranged
from 0 to 6 and freestream Reynolds numbers to 4:15 £ 105 . Com-
pressedair at high pressurewas used for the CC air resultingin sonic
air velocities from the slots. The lift and drag coef� cients were re-
lated to C¹ for the con� gurations tested. No attempt was made to
correlate the data using a more general term than C¹.

Dunham18 carried out wind-tunnel tests to investigate the lift and
drag of CC models with one and two slots. The models spanned the
width of the wind tunnel.Correctionswere made for wake blockage.
The lift and drag coef� cients were correlated using C¹ as Spence29

showed it could be used to correlate blown � ap data at different slot
widths. It was concluded that this assumption is incorrect for circu-
lation controlled cylinders (CCC). Also, drag data were dif� cult to
correlate,which was attributed to the transitionalReynolds-number
rangeof the tests.Testswere subsequentlycarriedouton a helicopter
CC rotor with cylindrical blades.23

Logan25 performed experiments on a CCC helicopter tail boom
mounted under the main rotor of an OH-6A helicopter. The diame-
ter of the tail boom varied linearly from 460 to 380 mm and had a
single slot. Jet velocities varied from 36 to 68 m/s and slot widths
from 4.3 to 19 mm. Velocity ratios V j =U varied from 2.5 to 10 and
C¹ from 0.2 to 1.2. The angular location of the slot was varied to
optimize the tail boom torque, which was correlatedwith the veloc-
ity ratio and C¹. Van Horn26 showed that for CCC helicopter tail
booms a second slot is required to keep the � ow attached to the tail
boom.

Berndt20 measured the lift anddragactingona CCC in anadaptive
wall wind tunnel.The cylinderhad four adjustableslots that spanned
the cylinder. Tests were carried out with various slot combinations.
Data were correlated against C¹ only.

Nurick and Groesbeek27 noted from results obtained on a CCC
tailboom located in the wake of a hovering rotor that the torque
developed by a CCC could be related to three � ow phenomena
resulting in a more general description of the lift.

Experimental investigations of the boundary-layer� ow on a CC
body and the potential � ow outside the boundary layer were made.
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Wilsonand Goldstein19 measured the effectsof surfacecurvatureon
a two-dimensional wall jet, showing that the structure of a curved
wall jet is not self preserving, the rate of decay of the maximum
velocitybeinggreater than that of a plane jet. Novak and Cornelius15

measured the velocity � eld of a CC aerofoil using a laser Doppler
velocimeterand pressureson the Coanda surface. It was shown that
while the � ow� eld is similar to other wall bounded jet � ows the
external freestream plays an important role in the overall mixing
and structure of the wall � ow. Shakouchi21 showed that for a jet to
remain attached to a cylindrical surface the exit angle of the jet to
the surface of the cylinder should be less than 25 deg.

In analytical investigationsof circulationcontrolled� ows,27;30¡40

modeling of combined Coanda and external � ows requires the use
of two parameter turbulent shear-stress descriptions.27;40

The lift developed by a CCC has in the past been related to the
slot momentum coef� cient C¹ only. This coef� cient gives the ratio
of the momentum of the air exiting from all of the slots of a cylinder
to the dynamic head of the freestream and describes only one of the
� ow phenomena of a CCC.

An experimental program was initiated to characterize the
macroscale performance of CC � ows on a cylinder with partic-
ular reference to the � ow phenomena identi� ed by Nurick and
Groesbeek.27

Analytical Background
Any predictive capability for the performance of the CCC must

describe � ow effects including the following:
1) Distortion of the freestream is caused by nonsymmetrical dis-

turbances on the cylinder such as the slots and � aps,as shown in
Fig. 1, which run the full width of the airfoil. They result in circu-
lation about the cylinder, and a lift component in addition to drag
contribution.

2) Thrust is caused by momentum of the air � owing through
the slots. This air will remain attached to the external surface of
the cylinder as a result of the Coanda effect if the inclination of the
nozzles to the external surface is less than 25 deg (Ref. 21). The
direction of this thrust is a functionof the exit angle and the manner
in which it interacts with the external � ow.

3) Combined effectsof CC air and freestreamvelocity are the last
� ow effects. When both external and CC � ows are present one can
expectthat lift and drag componentsarisingfrom � ow distortionand
momentum of the CC air exist. These forces could be modi� ed by
their interaction.Also, the combined � ows could result in additional
lift and drag as a result of the interactionof the resulting circulation
and the freestream velocity.

Lift and Drag Caused by Freestream Velocity Only
Air � owingovera cylinderwill inducea dragforceon the cylinder

in thedirectionof the freestream.The coef� cientof drag of a smooth
cylinder with no circulation is a function of the Reynolds number41

only and has not been investigated in detail. The � ap � xed to a
cylinder, as shown in Fig. 1, which is normal to the � ow, should
result in a sharppoint separationwith the drag beinga weak function
of the Reynolds number.

Both the drag and lift acting on a cylinder may be expected to
be a function of the freestream velocity, cylinder diameter, air den-
sity, air viscosity, and span. A dimensional analysis including these
parameters gives

F1i D K1i ½U 2 DcW .½U Dc=¹/ai .W=Dc/
bi (1)

where K1i would be a function of the geometrical features of the
cylinder such as the widths and number of slots and � aps.

A regression analysis of the data showed that the lift is indepen-
dent of the Reynolds Number; thus, ai D 0. For long cylinders, or
two-dimensional tests, the lift per unit span will be independent of
the span of the cylinder; thus, bi D 0. Thus

L1 D K1L ½U 2 DcW (2)

and the drag is given by

D1 D K1D½U 2 DcW (3)

Fig. 1 Cylinder cross section.

Lift and Drag Caused by CC Air Only
The lift and drag in the absenceof an external� ow will be related

to the momentum of the air and the angular point at which it leaves
the cylinder. The axial velocity of the air in the cylinder is small
compared to its exit velocity, and the � ow through the slots is con-
stant along its length. The force can be related to the pressure of the
air in the tail boom, the total slot thickness, the cylinder diameter
and span, the air density, and viscosity. Dimensional analysis gives
the force acting on the cylinder as

F2i D K2i P DcW P½D2
c ¹2 ci

.t=Dc/
di (4)

where K2i , ci , and di are constants for a particular geometry.
The term (P½D2

c )=¹2 is a Reynolds number squared.Correlation
of the data showed that the force acting on a cylinder is proportional
to the boom pressure P and the slot total thickness t only; thus,
ci D 0, and the lift and drag forcescausedonly by momentum effects
can be written respectively:

L2 D K2L PWt (5)

and

D2 D K2D PWt (6)

where the constants K2i can be measured for each particular case.

Lift and Drag Caused by Freestream Velocity
and Circulation Control Air

If the lift and drag attributable to the combined effects of
freestreamand CC air are functionsof the freestreamvelocity,cylin-
der diameter, cylinder pressure, slot thickness, air density, and air
viscosity, then it can be shown that

F3i D K3i ½U 2 DcW .½U Dc=¹/ei .P=½U 2/ fi .t=D/gi (7)

A regression analysis of the data showed that F is independent of
the Reynolds number, and because L and D are independent of the
slot thickness then ei D gi D 0.

A value for fi can be obtained by considering the lift given by

L3 D ½U0W (8)

The circulation 0 is a function of the jet velocity, the geometry of
the external velocity � eld, and the circumference of the cylinder.
Thus, for a given � ow geometry

0 / V j Dc / [2.P=½/]
1
2 Dc (9)
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Substitution of Eq. (9) into Eq. (8) gives

L3 / ½U [2.P=½/]
1
2 DcW D ½U 2[2.P=½U 2/]

1
2 DcW (10)

Comparisonof Eqs. (7) and (10) indicatesthat fi D 1
2 . Thus, Eqs. (7)

can be written as

L3 D K3L ½U 2.P=½U 2/
1
2 DcW (11)

and

D3 D K3D½U 2.P=½U 2/
1
2 DcW (12)

CL =2 D K1L C K2L .P=½U 2/.t=Dc/ C K3L.P=½U 2/
1
2 (13)

Total Lift and Drag
When both the freestream and CC � ow are present, the three

� ow phenomena will be present, but possibly modi� ed by their
interactions,alteringthe values of K1i , K2i , and K3i . The coef� cient
of lift can then be written as

CL =2 D K1L C K2L CP .t=Dc/ C K3L C
1
2
P (14)

The term 2K1L is the lift coef� cient attributed to � ow distortion
as a result of geometrical disturbances on the cylinder surface and
could be de� ned in terms of a circulation about the cylinder and
the uniform � ow� eld. Similarly, as just noted the third term can be
de� ned in terms of the combined effects of a circulation about the
cylinder and the uniform � ow� eld. The second term is related to
the momentum of the CC air and consequent induced momentum
changes of the freestream.

Similarly, the drag coef� cient is given by

CD =2 D K1D C K2DCP .t=Dc/ C K3DC
1
2
P (15)

for the case where the drag is not a functionof the Reynoldsnumber.
Because the slot momentum coef� cient is given by

C¹ D
½V 2

j t

0:5½U 2 Dc
D 4

P

½U 2

t

Dc

(16)

it appears, by comparingEqs. (13) and (16) that it is only the second
termin Eq. (13) thatis relatedto the slotmomentumcoef� cient.Thus
the forces acting on a CCC cylinder cannot be adequatelydescribed
using only the slot momentum coef� cient.

Experimental Equipment
Circulation Controlled Cylinder

The CCC is � tted with four individually adjustable slots that run
across the span of the cylinder. The CCC spanned the width of
the tunnel between the two � xed walls. CC air entered the cylinder
througha ducton the � oorof the tunnel.Circularperforateddiscsare
located inside the cylinder to eliminate axial velocity components
to ensure that the air emerges from the slots in a direction normal to
the span. The outer diameter of the cylinder is 0.2 m. The � ap was
used in some of the tests.

A cross section of the CCC is presented in Fig. 1.

Adaptive Wall Wind Tunnel

The adaptive wall wind tunnel20 is of the open type; a general
arrangement is given in Fig. 2.

Each � exible wall is comprised of a 0.8-mm-thick galvanized
sheet moved by 26 slides spaced at 100 mm. The walls are held
against the slides by means of a pressure drop across the walls with
the pressure on the external surface of the walls being reduced by
a vacuum pump. The walls are positioned iteratively for each test
usingpotentialmethods20 to model the � ow in terms of themeasured
lift and drag. The wall positions are assumed to have converged
when the measured lift is equal to that predicted using potential
� ow methods.

Table 1 Range and standard deviations of transducers

Standard
Parameter Range deviation

Cylinder lift, N 1500 1.96
Cylinder drag, N 750 1.42
Cylinder pressure, Pa 7500 9.0
Freestream velocity, m/s 55 0.5
Tunnel static pressure, Pa 2000 1.0

Fig. 2 General arrangement of adaptive wall wind tunnel.

The tunnel is � tted with a two-componentbalance to measure the
lift and drag forces.

Experimental data were recorded using a computer. Each data
point was averaged from 1000 readings.

Deviationsfroma two-dimensional� ow aroundthe cylinderwere
investigated by measuring the velocity downstream of the cylinder
at a distance of 2.2DC , on a zero streamline, using a pitot tube.
For this test the mean air velocity upstream of the cylinder was
25 m/s, CL D 2:4, CD D 0:6, and C¹ D 0:415. The mean velocity of
the air along the measurement line was 17.44 m/s, with a standard
deviation of 0,24 m/s, to the edge of the boundary layer, which was
approximately 10 mm thick.

Details of the range and accuracies of relevant transducers are
presented in Table 1.

Experimental Procedure and Results
The experimentsweredesignedsuchthat theconstantsK ji ( j D 1,

2, 3; i D L , D) could be determined individuallyand also in combi-
nation using multiple linear regression for cylinders with and with-
out a � ap.

Lift and Drag Caused by Freestream Velocity Only

The rangesof the parametersover which the tests were carriedout
are given in Table 2. Tests were carried out with and without the � ap
� tted. The results are presented in Figs. 3 and 4. The results of the
linear regression are presented in Table 3. As may be seen from the
data in Table 3, Eqs. (2) and (3) can be used to describe the lift and
drag acting on the cylinder in the absence of circulationcontrol air.

The distortion of the � ow will depend on all irregularities on
the surface of the cylinder such as the � ap and slot widths. As
can be seen in Fig. 3, the � ap has a marked effect on the lift and
surface roughness represented by the slots. The slots, which are on
the opposite side of the cylinder to that on which the � ap is located,
reduce the lift with the reduction being related to the thickness of
the slots.

In Fig. 4 it can be seen that the slots alone will induce a negative
lift with the decrease in lift again being related to the thickness of
the slots. For the case of no � ap, it would be expected that the lift
would be zero at t D 0 and will decrease as t increases.

The variation of K1L with the total slot width of both slots for
the cylinder, with and without a � ap, is shown in Fig. 5, and the
values of the gradients are given in Table 4. As can be seen in
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Table 2 Test ranges to
obtain constants K1i

Parameter Range

U; m/s 10 to 40
P; Pa 0
t; mm 2 to 10

Table 3 Measured values of K1L with and without a � ap

Test Standard
condition, Correlation deviation,
mm K1L coef� cient N

Cylinder with � ap
t D 2 0.734 0.9999 0.306
t D 6 0.618 0.9995 0.555
t D 10 0.446 0.998 0.813

Cylinder with no � ap
t D 2 ¡0.0711 0.7834 1.694
t D 6 ¡0.139 0.9596 1.198
t D 10 ¡0.222 0.9315 2.004

Table 4 Values of dK1L /dt

Test dK1L =dt , Correlation
condition m¡1 coef� cient

With � ap ¡36.4 0.9938
No � ap ¡23.1 0.9694

Fig. 3 Variation of L with ½U2WDC (cylinder with � ap).

Fig. 4 Variation of L with ½U2WDC (cylinder with no � ap).

Table 5 Test ranges to
obtain constants K2i

Parameter Range

U; m/s 0
P; Pa 0 to 6000
t; mm 2 to 8

Table 6 Measured values of K2L with and without a � ap

Standarad
Test condition, Correlation deviation,
mm K2L coef� cient N

Cylinder with � ap
t D 2 1.205 0.9847 0.324
t D 6 1.139 0.9986 0.287
t D 10 1.030 0.9978 0.309
t D 2; 6, and 10 1.016 0.9770 1.286

Cylinder with no � ap
t D 2 0.977 0.849 0.493
t D 6 0.993 0.9984 0.263
t D 10 1.041 0.999 0.312
t D 2; 6 and 10 0.967 0.9926 0.982

Cylinders with and without a � ap
t D 2; 6 and 10 0.988 0.9660 1.149
(all tests)

Fig. 5 Variation of K1L with t for a cylinder with and without a � ap.

Fig. 5, K1L does vary with geometrical factors such as t, as would
be expected. The gradients dK1L=dt depend on whether a � ap is
� tted or not, indicating that the effects of the slot width on the
generation of circulation cannot simply be added by assuming that
� ow superpositionapplies.

Lift and Drag Caused by Circulation Control Air Only

To determine the values of K2i , the cylinder was rotated to a
position where the air leaving the cylinder blew down the center
of the tunnel, ensuring that no interference was caused by the air
striking the walls. The forces were resolved to give the lift and drag
forces acting on the cylinder with respect to the tunnel axes, had it
been correctly orientated.

The ranges of the parameters over which the tests were carried
out are given in Table 5. Each range of tests was carriedout with and
without the � ap � tted. The results are presented in Fig. 6. Because
the � ap, in the absence of an external � ow, was found to have no
effect on the valueof K2L , all of the data is plotted on a single graph.

The data is presented in Table 6. Approximately 800 tests were
run to obtain K2L . For all of the results presented in Table 6, K2L

has a value of approximately unity. A value of unity for K1L can be
obtained from a momentum balance applied to a control volume,
which includes the slot and in which it is assumed that the � ow
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Table 7 Test ranges to obtain constants
K1L, K2L, K3L, K1D , K2D , K3D

Parameter Range

U , m/s 0 to 40
P , Pa 0 to 6000
t , mm 2 to 10

Table 8 Values of K1L , K2L, and K3L

Standard
Test Correlation deviation,
condition K1L K2L K3L coef� cient N

With � ap
t D 2 mm 0.582 ¡1.502 0.384 0.9961 1.785
t D 6 mm 0.759 3.562 0.224 0.9949 3.545
t D 10 mm 0.746 3.019 0.199 0.9937 3.464
t D all 0.771 3.215 0.200 0.9882 4.78

No � ap
t D 2 mm ¡0.379 5.089 0.564 0.9905 4.728
t D 6 mm 0.127 1.488 0.604 0.9931 4.408
t D 10 mm ¡0.217 6.419 0.227 0.9861 7.584
t D all ¡0.314 3.555 0.577 0.9607 11.02

Table 9 Values of K1D , K2D , and K3D

Standard
Test Correlation deviation,
condition K1D K2D K3D coef� cient N

With � ap 0.506 ¡0.259 0.206 0.9578 4.469
No � ap 0.114 ¡1.175 0.258 0.6821 10.860

Fig. 6 Variation of L with PtW for cylinders with and without a � ap.

leaves the cylinder in a direction that is approximately parallel to
the direction in which the lift acts. Thus a value of unity for K2L is
not a surprising result.

Lift and Drag due to Combined Freestream
and Circulation Control Air

For the combined � ow of freestream and CC air, the constants
K1L , K2L , and K3L for the cylinder, with and without, a � ap can be
obtained by means of multiple regression using Eq. (13). Similarly
the constants K1D , K2D , and K3D can be obtained using Eq. (14).

The ranges of the parameters over which the tests were carried
out are given in Table 7. The tests was carried out with and without
the � ap � tted. The results obtained are presented in Table 8 for the
lift and Table 9 for the drag and in Figs. 7, 8, and 9.

In Fig. 7 the lift calculatedusing Eq. (14) and the coef� cients for
t D all given in Table 8 for a cylinder � tted with a � ap are plotted
against the measured values of lift. The corresponding data for a
cylinder without a � ap are presented in Fig. 8.

Fig. 7 Variation of Lcalc with Lmeas (cylinder with � ap).

Lift with a Flap

It can be seen from the data presented in Table 8 that for a CCC
� tted with a � ap the values of K1L , K2L , and K3L remain fairly
constant for slot thicknesses of 6 to 10 mm and for the combined
case of slot thicknessesvarying from 2 to 10 mm. In the absence of
CC air, it was found that K1L was a function of the slot thickness.
For the combined � ow the value of K1L was similar to that obtained
with no CC air indicating that the distortion of the � ow caused by
geometricalassymmatriesis not stronglydependenton the presence
of CC air.

The value of K2L of 3.215 for the combined � ow is larger than
the value of approximatelyunityobtainedwhen only CC air is used.
The increase in K2L can be attributed to a change of momentum of
air from the freestream,which is entrainedby the CC air as opposed
to an increase in lift caused by the combined effects of circulation
and freestream velocity.

Lift without a Flap

As was the case with no CC air, K1L was found to be negative
when the t D 2, 6, and 10 mm results are combined indicating that
the � ow distortion caused by the slots generates a negative lift as
would be expected from the results obtained for the tests where the
CC air� ow was zero.

The value of K2L for a cylinder without a � ap is similar to that
obtained for a cylinder with a � ap, as was found to be the case for
CC air alone tests. Because the value of K2L for the combined � ow
case is similar to the value obtained for a cylinder with a � ap, it
may be expected that the momentum effects are similar for the two
cylinders.

K3L for a cylinder that is not � tted with a � ap is higher than it
is for a cylinder � tted with a � ap. No reason for this is postulated
except that the presenceof a � ap appears to promote circulationand
increased lift.

It is clear from the resultsobtainedthat the lift generatedbya CCC
is indeed a function of three � ow phenomena, and these should be
taken into account when developing models to predict lift caused
by CC.

Drag

The results obtained for the drag have not been presented in de-
tail with only the values of K1D , K2D , and K3D obtained for the
combined � ows being given in Table 9.

In Fig. 9 the drag calculated using Eq. (16) and the coef� cients
given in Table 9 for a cylinder � tted with a � ap are plotted against
the measured values of drag.

K1D corresponds to the drag coef� cient of a cylinder with no CC
air divided by two. This coef� cient is strongly dependent on the
Reynolds number,40 particularly in the Reynolds-number regime in
which the tests were carried out. Thus the poor correlationobtained
for the cylinder without a � ap is not surprising. The effect of the
� ap, as indicatedby thehighercorrelationcoef� cientfor thecylinder
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Fig. 8 Variation of Lcalc with Lmeas (cylinder with no � ap).

Fig. 9 Variation of Dcalc with Dmeas (cylinder with � ap).

with a � ap, is to stabilize the � ow reducing the drag dependenceon
the Reynolds number.

The negative values of K2D for both cylinders indicate that the
change of momentum of the CC air results in a thrust acting on the
cylinder. The magnitude of this thrust would dependon the angle at
which the Coanda � ow leaves the cylinder.

Positive values of K3D indicate that a drag component exists,
which is related to the lift attributed to the combined action of the
circulation developed by the CC air and the freestream velocity.
As the cylinder spanned the height of the tunnel and con� rmed by
the velocity pro� le downstream of the cylinder, it is unlikely that
trailing vortices existed in the tunnel, and it can be concluded that
this drag component results from the interactionof the � ow streams
and the resulting pressure distribution on the cylinder.

In general the lift of a CCC of the type testedcan be predictedwith
greater accuracy than the drag as indicated by the higher correlation
coef� cients given in Tables 8 and 9 and the lower standard devia-

tions.The standarddeviationof the lift is approximately2.7% of the
maximum lift of 180 N, whereas that of the drag is approximately
5.0% of the maximum drag of 90 N.

Conclusions
1) The lift and drag of a circulation controlled cylinder is com-

prised of three components, i.e., those caused by a) the distortion
of the freestream by a nonsymmetrical cylinder; b) the momentum
of the CC air; and c) the combined effects of the freestreamand the
CC � ow, which generates a circulation around the cylinder.

2) The three components that contribute to the lift and drag are
coupled over the domain of the tests.

3) The major component of the drag is caused by the � ow of the
freestream over the cylinder.

4) Surface irregularities tend to cause the � ow to be de� ected to
the side of the cylinder on which the irregularitiesexist resulting in
a contribution to the lift.
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5) A � ap has little effect on the lift associated solely with the
momentum of the air.

6) A � ap appears to result in a greater lift componentattributable
to the combined effects of circulation and freestream velocity.
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