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Jet Circulation Control Airfoil for VTOL Rotors
S. W. YUAN*

George Washington University, Washington, D. C.

Based on the potential flow theory calculation, the capacity of the air supply, the limitation
of the internal pressure of the model and the limitation due to the compressibility effect of
the jet stream at high velocities, the elliptical airfoils of 18 and 12% thickness ratios were de-
signed and constructed. Experimental investigations for both models with trailing-edge jets
include force and pitching moment measurements. In addition, static pressure measure-
ments were made in both span wise and chord wise directions. These results were used to
compare with available theories as well as other experimental data. Circulation control with
dual jets for the elliptical airfoil of 18% thickness ratio was tested with very satisfactory re-
sults. The determination of the aerodynamic response of the airfoil model to cyclic changes
in jet mass flow was also made. The cyclic results were very satisfactory and are presented
in the form of pulsating lift coefficient, drag coefficient, and pressure coefficient as a function
of pulsating jet coefficient.

Nomenclature

Fluid and flow properties
p = pressure
pm = freestream pressure
Q = AjVj, volume flow rate of jet, ft3/sec
u = local velocity relative to airfoil
t/max = maximum potential flow velocity (at minimum pressure

point)
[/co = freestream velocity
Vj = jet fluid velocity relative to airfoil
Vxj = jet induced velocity component in the x direction
v = kinematic viscosity of air
p = freestream air density
pj = jet air density

Geometrical properties
a,b
2a
Aj
t
x,y
x

6
£,77
£o

semiaxes of elliptical airfoil
airfoil chord
jet slot area
span of the airfoil
rectangular coordinates of the ellipse
x/2a, measured from the leading edge of the airfoil
angle of attack
complex plane (f = % + iy)
jet deflection angle with respect to the chord line
elliptical coordinates (see Fig. 1)
values of £ on the ellipse
jet slot width

Forces
D == total drag

= total jet reaction or momentum flux at the slot /
PjAjVj*

= total lift

Nondimensional coefficient
Cdo — section drag coefficient
Cj = jet coefficient Cj = [J/PUJ(2al)]/2 = ( P J / P ) X

(l/Ajal)(Q/U^
CL = total lift coefficient CL = CLP + Cj sin0
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Cz,3 = flat plate loading coefficient defined in Eq. (3)
Cp = pressure coefficient
Cm = pitching moment coefficient (relative to the midchord

point)
CLP = pressure lift coefficient
Re = Reynolds number (Re = Vr

m2a/v)

Miscellaneous
k = practical jet shape factor (k = 1.0 is assumed in this

investigation)
7 = a constant [see Eq. (10)]

Introduction

Tj\)R two-dimensional flow of a uniform stream past an
A airfoil, the Kutta-Joukowski hypothesis states that the
strength of circulation about an airfoil will always adjust
itself so that the velocity is finite at the trailing edge. Based
on this hypothesis, airfoils are designed with sharp trailing
edges so that the increase of lift depends entirely on the in-
crease of the angle of attack.

If an airfoil is designed with a trailing edge of finite curva-
ture, the rear stagnation point in the potential flow is not
situated at a fixed point. Furthermore, the production of
lift in this case is not necessarily dependent on the geomet-
rical angle of attack of the airfoil but depends on the posi-
tion of the rear stagnation point, which can be artificially
fixed. The control of lift for an airfoil with a round trailing
edge can be achieved by placing a thin jet issuing from the
rear stagnation point at an angle approximately along the
calculated rear dividing streamline.

The proposed rotor system consists of rotor blades having
a cross-section shape which resembles an ellipse with circula-
tion control by means of jets (through narrow spanwise slots)
located beneath the blade airfoil sections. The lifting force
that is created by both circulation and jet reaction can be
controlled by means of the jet velocity, which in turn can be
controlled simply by regulating the mass flow (both cyclically
and collectively) from the power source. Hence, this rotor
system requires only simple rigidly mounted blades (with
fixed blade angle if desired) at the rotor hub. Furthermore,
it appears that the use of an airfoil of oval profile can result
in lift regardless of forward or rearward flow (leading-edge
jet is used) relative to the airfoil, so that there is almost no
loss of lift in the reverse flow region experienced at higher
forward speeds. As a consequence, the proposed helicopter
rotor system could not suffer as great a limitation in forward
speed as does an orthodox helicopter. Furthermore, since
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Fig. 1 Elliptical coordinates.

there is no loss of lift in the reverse flow region, stop rotor in
flight can be smoothly carried out when the system is applied
to the stopped rotor/wing craft.

The purpose of this experimental investigation is to study
the basic aerodynamic characteristics of an elliptical airfoil
with jet circulation control. Furthermore, exploratory in-
vestigations were conducted in order to gain knowledge in
the area of a dual-jet system (both leading-and trailing-edge
jets) and the aerodynamic response of the elliptical airfoil to
rapid cyclic change in jet momentum. It is believed that
the results of this study presented here will provide adequate
information to justify further investigation toward the
application of this type of airfoil system to VTOL rotors.

Theoretical Calculation

For an ellipse, the velocity distribution for the potential
flow can be calculated from the known complex potential
for a circle with the aid of the transformation between a
circle and an ellipse. If the potential flow about the circle
consists of a parallel and a circulatory flow, the velocity at
any point on the elliptical airfoil, as determined by the afore-
mentioned transformation, can be written as

J_
um

(1 + b/a) sin(77 - a) + CL/2ir .
[sin2?? + 2 1 2 l '

For a given CL, the coordinates for the dividing stream-
lines for an elliptical airfoil are obtained as follows:

x/a = [cosh(£ - &) + (b/a) sinh(£ - £ < > ) ] X
(F(£) sine* + cosafl -

y/a = [cosh(£ - £„) + (a/b) sinh(£ - £ < > ) ] X
(-F(Q cosa

where

l + b/a) si

(2)

The previous nomenclatures are shown in Fig, 1, and the co-
ordinates of the stagnation points can be obtained from Eq.
(2) by putting £ = £„.

Equation (1) gives the velocity distribution in the potential
flow of an elliptical airfoil with a thin flap placed along the
calculated rear dividing streamline. It is assumed that
there is no separation of flow in the boundary layer.

If a jet is established at the calculated rear stagnation
point and ejected at high velocity along the rear dividing
streamline, the additional energy imparted to the boundary
layer may overcome the wall friction and prevent flow
separation. Furthermore, the jet may produce a "super-
circulation" above the circulation necessary to keep the flow
attached if the momentum of the jet is sufficiently large and
separations of flow do not occur.

An approximate method for calculating the pressure dis-
tribution of a two-dimensional airfoil in in viscid incompress-
ible flow with jet issuing from the lower surface near the
trailing edge was investigated by Weber1 and Kuchemann.2

According to the method given by Weber,1 the pressure co-
efficient of elliptical airfoils is calculated in the form

6\2 (1 - 2x)2 1
a) 1 - (1 - 2z)2J

[(• b V^
a Uw

Xzxrj
CLP H~ CLZ

47T

n nOip — t-'LS (_*_y\\i-x/ I

+ sine* ] X

1+-YT (3)

where the jet-induced velocity component parallel to the
chord

and
VxJ/Um = 0.005 [(aO,A)1/2 - 1]

CL3 = 27r(Cj/CLp)(l - cos0)

Equation (3) may be used to calculate the pressure dis-
tribution for an elliptical airfoil with trailing-edge jet at
any given CLP, provided the CLP and Cj relation is known.
For a thin airfoil (12.5% thickness ratio and less), the rela-
tion between CLp and Cj is given by3

= 3.54CV/2 - 0.675CV + 0.156CV/2 (4)

However, for the elliptical airfoil of 18% thickness ratio,
the previous expression does not give accurate results, and
approximate estimation of CLp and Cj must be made.

Description of Experiment
Model

Based on the theoretical results obtained in the previous
section, the capacity of the air supply, the limitation of the
internal pressure of the model, and the limitation due to the
compressibility effect of the jet stream at high velocity, the
elliptical airfoil of 18% thickness ratio was designed first and
subsequently the 12% model. According to the model geo-
metrical configuration, the expression for Cj is

Cj = 135. (5)
for the 18% model and

(6)

for the 12% model. The average value of Q corresponding
to 6-in. pressure inside the model is 2.5 ft4/sec for 18%
elliptical airfoil and 3.37 ft3/sec for 12% airfoil.

For a given value of volume flow rate of jet Q the value of
Cj can be determined from Eqs. (5) and (6) which in turn
may be used to estimate the values of CL for both modesl
from the following empirical equation3:

CL = 2k sin(9(27rC/)1/2[l + Or/48) (C//fc2) + (7)

For example, Cj = 0.5, k = 1 for the 18% model, the esti-
mated total lift coefficient is CL = 1.83, and the correspond-
ing test result gives CL = 2.05 (Fig. 7).

The 18% thickness elliptical model has a 12-in. chord and
a 36.5-in. span. As seen in Fig. 2, the main structural
member is a If-in. o. d., round steel tube which also
supplied the air for the jet. The trailing-edge jet slot
width is 0.019 =t 0.001 in. wide, at an angle of 30° to the
model chord plane. Seventy-six static pressure taps were
installed spanwise along the top and bottom surfaces at the
50% chord line and, similarly, 47 taps in the chordwise
direction in the midspan plane.

The blowing air entered the interior of the model through
11 pairs of diametrically opposed slots in the steel support
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Fig. 2 Section of model showing locations of the static
pressure taps (18% thickness ratio).

tube, and exhausted in the chord direction. The support
tube was clamped on one end to a stand outside the tunnel;
thus, the model was mounted horizontally in the test section,
cantilevered from one end. After the first model was tested
with the trailing-edge jet only, it was dismantled and a new
leading edge was installed having a slot 0.03 =t 0.001 in.
wide also at an angle of 30° to the chord plane. A multiple-
gate type valve was installed to control the air flow to the
forward jet.

The construction of the 12% thickness elliptical model is
essentially the same as described previously for the 18% thick-
ness model. However, this model has a jet-slot width of
0.023 ± 0.001 in. and the jet is at an angle of 40° to the
chord line.

Auxiliary Air Supply

An auxiliary air supply that was used to provide jet blow-
ing of the model consisted of a series of storage tanks having
a total volume of 200 ft3. These tanks were supplied
constantly by the main compressed air supply system at
100-lb gage pressure. The air was routed to the tunnel
test section through 2^-in. pipe containing two manually
controlled valves and an orifice-plate flowmeter. The orifice
meter was used to obtain a correlation between mass flow
rate and model internal pressure for each slot configuration.
This permitted the determination of flow rates from the
measured model pressure, rather than using the more cum-
bersome orifice.

In order to determine the aerodynamic response of the
model to cyclic changes in blowing, a series of dynamic tests
were made. A butterfly-type valve was installed in the air
supply tube of the 18% thickness model. The valve was
designed so that it could be continuously rotated at any de-
sired rate by means of a motor connected to the valve shaft.
The rotating valve produced a pulsating pressure in the
model that in turn resulted in cyclic flow of the jet. The
flow cycle was that of a sinusoidal wave.

Wind Tunnel

The tests were conducted in the subsonic wind tunnel of
the University of Texas.4 The tunnel is of the continuous-
flow, closed-circuit type, capable of a maximum velocity of
175 fps. The closed test section is 38 in. long, and all four
walls diverge to compensate for boundary-layer thickening.
The entrance is approximately 22 in. high and 36 in. wide;
the exit is 26 in. by 39 in. The test section static pressure is
essentially atmospheric for all tests.

Force Measurements

The model was mounted as a cantilevered beam by clamp-
ing the support tube to a stand fixed to the building floor.
Strain gages were mounted on the tube between the clamps

The Jet Path
Tunnel Velocity = 50 FPS
0 ~ PM = 3"; CL = 1. 105; Cj = Q. 1342
0 - PM = 5"; CL = 1. 640; Cj = 0. 1849

V - PM = 7"; CL = 2. 000; Cj = 0. 3522

Inches
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2
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Fig. 3

^ . j , , , , , , , , ,
- >>^ v / °/\ [ g B

' o\ ^ Theoretical Value of
. Jet Angle = 3° Dividing Streamline (CL = 1. 00)

Dividing streamline and jet path for elliptical air-
foil of 18% thickness ratio.

and the tunnel wall; three bridges were installed, oriented
to measure lift, drag and pitching moment. The outputs
were manually recorded using SR-4 strain indicators. The
pitching moments proved to be too small to measure with
reasonable accuracy.

The 14-channel Midwestern Instrument 621 oscillograph
was used to record the model forces for the dynamic tests
during which the blowing rate was varied. The output of
the strain gage bridges was too low to permit recording on
the oscillograph; hence, linear variable differential trans-
formers were mounted at the free end of the model to measure
the deflections due to lift and drag. A calibration between
the forces and resulting deflections was made using dead
weights and pulleys.

Pressure Measurements

The steady-state pressure measurements were made using
multiple-tube manometer boards filled with oil at 0.9 specific
gravity. The manometer readings were manually recorded.

The measurement of the model surface static pressures
during the dynamic tests was made using five Pace Model
P7D-=fcl.O psig variable-reluctance type pressure transducers.
These were mounted outside the wind-tunnel wall and
connected to various chordwise pressure orifices using plastic
tubing installed inside the 12% thickness ratio model. One
transducer was connected to measure the model internal
(blowing) pressure. The transducer output was rectified
and recorded on an oscillograph. The transducers were
selected because of their low internal volume and high na-
tural frequency.

The Jet Path
Tunnel Velocity = 100 FPS
O - PM = 3"; CL = 0. 536; Cj = 0. 0742

D - PM = 5"; CL = 0.703; Cj = 0. 1131

V - PM = 7"; CL = 0. 835; Cj = 0. 1605

O - PM = 9"; CL = 0. 923; Cj = 0. 2079

Inches
8 10 12 14 16 18 20 22 24

6 «—

Theoretical Value of Dividing
Streamline (CL = 0.75)

Jet Angle = 40

Fig. 4 Dividing streamline and jet path for elliptical air-
foil of 12% thickness ratio.
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Fig. 5 Pressure distribution in the chord wise direction for
the elliptical airfoil of 18% thickness ratio.

Results and Discussion
Shape of the Jet

Measurements of the shape of the jet were made at six
stations between -J in. and 20-g- in. behind the trailing-edge
jet slot. Pitot tubes were carefully aligned in order to locate
the position of maximum total pressure in any one plane.
Experiments were made using both models at different wind-
tunnel velocities and several different mass flow rates of the
jet for each tunnel velocity.

The results of the previously described data were reduced to
the single parameter Cj, jet coefficient. With these Cj values,
any desired lift coefficient can be determined from the CL
vs Cj curves. The theoretical and experimental results for
both models are shown in Fig. 3 for the elliptical airfoil of
18% thickness ratio and in Fig. 4 for the 12% thickness
ratio. In each case the agreement is reasonably good.

Pressure Distribution

The results of the tests show that the spanwise pressure
distribution for each of the models is very nearly constant,
which can be said that a two-dimensional investigation is
fulfilled. A typical pressure distribution curve in the chord-
wise direction for each of the models is shown in Fig. 5 and
Fig. 6, respectively. It is seen that the comparisons between
the measured pressure distributions and the corresponding
theoretically calculated values are considered to be in reason-
ably good agreement.

The integration of the static pressures over the chord gives
the pressure lift force per unit span. The results of the
integration of the pressure distribution curves, after reducing
to pressure lift coefficient CLp, are shown in Fig. 7. The
agreement between the results of CLP from the pressure
measurement and those ijrom direct total lift measurement
[see Eq. (8) ] is considered to be good.

Lift

The lift forces at zero angle of attack were measured for
both models at various wind-tunnel velocities (1.5 X 105 ^
Re ^ 9 X 105) and trailing-edge jet velocities. The data were
reduced to coefficient forms and plotted as total lift coefficient
vs jet coefficient. In Fig. 7, the total lift coefficient is shown
as a function of the jet coefficient Cj for the elliptical airfoil
of 18% thickness ratio.

The pressure lift coefficient CLp is defined as

CL = CLp + Cj sin<9 (8)

-1.0

0 /^uu

Cj = 0.084
- Theory^-

Lb oUT*1"*

° ̂

0.20 0.40 0.60 0.80 1.00
X/C

O Direct Measurement of CL

A CLp From Pressure Measurement

•———— Calculated CLp From Eq. (8)

Fig. 7 Lift coefficient vs jet coefficient for elliptical air-
foil of 18% thickness ratio (6 = 30°, a = 0).

and the curve of CLP against Cj as calculated from Eq. (8)
is also shown in Fig. 7. The values of the pressure lift co-
efficient CLP are also calculated from the measured static
pressure on the surface of the model, and these values are
shown in Fig. 7. These measured values of CLp agree very
well with those obtained from Eq. (8).

The total lift forces for the elliptical airfoil of 18% thick-
ness ratio was also measured at different angles of attack.
The total lift coefficient vs the angle of attack with jet co-
efficient as a parameter is shown in Fig. 8. With the jet
coefficient Cj < 1.0, the total lift coefficient at small angles
of attack can be expressed by the following equations3:

CL = (9)
where

(**\
1 frCj
lwk \ 22471-A;

As a typical example, when Cj = 0.4 and a = 4°, the calcu-
lated value of CL from Eq. (9) is CL = 2.57 and the corre-
sponding measured value is CL — 2.45. The difference
between the calculated and experimental values is within 5%.

From Fig. 8, it may be seen that the stalling point occurs
at an angle of attack of 5° for Cj = 1.2; however, it may also
be noted that the stalling point occurs at higher angles
of attack as the value of Cj decreases. The decrease of CL
after the stalling point for the elliptical airfoil with trailing-
edge jet is rather gradual in contrast to the sharp drop of CL
for the convention airfoil.

In order to compare the present results with those ob-
tained in the NGTE5 a plot of total lift coefficient vs jet
coefficient parameter Cj sin0 for elliptical airfoils of 12 and

% thickness ratio, respectively, is shown in Fig. 9. The

-4.0 -2.0

Fig. 6 Pressure distribution in the chord wise direction for
the elliptical airfoil of 12% thickness ratio.

Fig. 8 Total lift coefficient vs angle of attack at various
values of Cj (b/a = 18%).
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Fig. 9 Lift coefficient vs jet coefficient parameter for
elliptical airfoils.

agreement between these two sets of measurement data is
considered to be very good even though the data obtained
by the NGTE was based on jet deflection angle of 58.1°.
The previously results confirm the validity of the empirical
relation given in Eq. (7).

Drag

According to thrust hypothesis6 for an idealized jet flap
system, the total thrust experienced by the airfoil model is
equal to the total jet reaction disregarding the angle of deflec-
tion of the jet. This hypothesis is based on the assumption
that no mixing occurs between the main stream and the jet
and that no separations of flows appear. Actually, however,
the measured thrust (negative drag) is less than the ideal
system predicted. This discrepancy occurs since there is a
loss in the mixing process between the main stream and the
jet sheet as well as the existence of frictional drag.

Figure 10 depicts a comparison of section drag coefficient
vs lift coefficient between the elliptical airfoil of 12% thick-
ness ratio and the NACA 0012 airfoil. The data of the
NACA 0012 airfoils are taken from NACA TR 460 and the
results of the elliptical airfoil are calculated from the present
data.4 The section drag coefficient of the elliptical airfoil is
obtained by taking the difference of the measured values of
the jet thrust coefficient and the corresponding calculated
values (correction for Re = 3.23 X 106 was made). Since
the measured values of the jet drag (Fig. 36 of Ref. 4) of the
elliptical airfoil consist of both jet reaction and frictional
drag whereas the calculated values are merely the jet reac-
tion, the difference of these two sets of values gives the section
drag of the airfoil. The results indicate that the section
drag coefficient of the elliptical airfoil is smaller than that of
NACA section particularly for lift coefficients beyond CL =
1.3.

Pitching Moment

The pitching moment on the elliptical airfoil was found by
the combination of the results of a graphical integration of the
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Fig. 11 Pitching moment coefficient vs lift coefficient
(relative to midchord point) for model of 12% thickness

ratio.

moment of area of the pressure distribution curve about the
midchord point with the moment due to the jet reaction.
The position of the center of lift can be obtained from the
pitching moment and lift coefficient data. Figure 11 shows
the variation of the pitching moment coefficient Cm with total
lift coefficient CL for the models of 18% thickness ratios.

According to the experimental data (Fig. 11), the pitching
moment coefficient can be expressed as a function of CL and
Cj in the following form:

Cm = (CL/4) - 27T) (10)
where 7 is a constant depending on the airfoil geometry and
the jet angle. For the elliptical airfoil of 12% model (6 =
40°), the values of 7 are between 0.105 to 0.12 for 0.05 <
Cj < 0.40.

Dual Jets

If the potential flow is calculated about an elliptical
airfoil corresponding to an arbitrary circulation, the two
symmetrical dividing streamlines are known and a certain
lift is obtained. According to the results discussed previously,
it is seen that a lift of a desired magnitude would be produced
if a jet stream was placed along the calculated rear dividing
streamline of the elliptical airfoil corresponding to a specific
circulation.

Now suppose that the two jet streams ejecting outward
were placed along the two dividing streamlines of the elliptical
airfoil in a wind tunnel. This exploratory experiment was
performed on the elliptical airfoil of 18% thickness ratio with
dual jets, symmetrically located as described previously. The
tests were made, at Reynolds number Re = 5.5 X 105, by

O C, = 0.1031 (Rear)
O C. = 0.0827 (Rear)

D Cj= 0.0640 (Rear)
A Cj = 0.0474 (Rear)

Fig. 10 Comparison of section drag coefficient.

50 100 150 200 250

Cj(Front)/Cj{Rear) (Percent)

Fig. 12 Total lift coefficient vs ratio of leading-edge jet
coefficient to trailing-edge jet coefficient (18% thickness

ratio).
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Fig. 13 Pulsating lift and model pressure for elliptical
airfoil of 18% thickness ratio (valve speed = 360 rpm).

varying the mass flow of the leading-edge jet while the mass
flow of the trailing-edge jet was maintained constant. The
results of this test are presented in Fig. 12 and show the
variation of the total lift coefficient as a function of the ratio
of the leading edge Cj to the trailing edge C/, (Cj)p/(Cj)R.
For (Cj)F/(Cj)R = 0, the total lift coefficient is equal to the
case of airfoil with trailing-edge jet only. As the mass flow
of the leading jet increases from zero value, the total lift
increases gradually. This increase of total lift is equivalent
to the reaction resulting from the front jet. It is very
interesting to note that even though the mass flow of the
leading-edge jet exceeds that of the rear jet by 50%, the total
lift still remains above its original value when (Cj)p = 0.

The important application of the elliptical airfoil (or any
oval airfoil) with dual jets to the retreating blade of a rotor
is evident. At high transverse speeds of a rotor, a sizable
portion of the retreating blade experiences a reversal of rela-
tive airflow. This produces a condition of no lift or even a
negative lift on a conventional rotor blade. If the elliptical
airfoil with dual jets is used for the blade, the loss of lift in
the reverse flow region which is experienced in present day
rotor systems can be greatly eliminated. In the application
of this rotor-blade system to the stopped rotor/wing craft,
it can be seen that the rotor blades can be smoothly stopped.

Aerodynamic Response of the Model
to Cyclic Change of Jet

In a conventional type of helicopter rotor, the control
of the lift coefficient CL must be effected by a change in
incidence or angle of attack of the airfoil. The circulation
created in this case is the result of the Kutta flow condition
at the sharp trailing edge. In the present study, it is indi-
cated that the value of CL can be controlled by simply varying
mass flow of the jet. Hence, experiments were made to
examine the aerodynamic response of the elliptical airfoil
model of 18% thickness ratio to a cyclic change in the jet
mass flow.

In the experiments, the cyclic change in mass flow was
accomplished by the use of a rotating butterfly valve which
partially interrupted the flow into the model proper. The
cycling of the jet at any specified frequency was achieved
by controlling the rotational speed of the valve. During
the test, the cyclic pressure inside the model and the corre-
sponding cyclically varying normal and axial forces were

i.oo

0.80

0.60
O Re = 6 x I05 , 386 r.p.m. ( lOOft /sec)

D Re = 3 x I05, 360 r.p.m. (50ft/sec)

1.00 0.80 0.63 0.80 1.00

C,/CU.

0.80 0.63 0.80 1.00

measured. The instrumentation for these measurements
was discussed in the previous section.

During the tests, three rotational speeds of the valve were
made, namely 360 rpm, 210 rpm, and 150 rpm. These valve
speeds correspond to jet mass flow variations of 12, 7, and 5
cps, respectively. A typical four cycles of pulsating
lift and the pressure inside the model were obtained from the
testing results for the valve speed at 360 rpm. These results
are plotted in Fig. 13 as a function of time. It is very inter-
esting to note that the pulsating lift is almost completely in
phase with the pulsating pressure inside the model; hence,
there exists a negligible delay in the system of pulsating
supply pressure, pulsating jet mass flow, and lift.

Figure 14 is a plot of the pulsating lift coefficient ratio vs
the pulsating jet coefficient ratio for two different Reynolds
numbers. The typical two cycles of pulsating lift coefficient
(measured at two different Reynolds numbers) shown are
very close. The results of these tests clearly indicate that
the periodic variation of lift on the airfoil can be fulfilled by
cyclic variation of the jet momentum; hence, the lift control
problems reduce to simply the problem of pressure control
inside the model.

Response of Chordwise Pressure of the Model
to Cyclic Change of Jet

Experiments were made to examine the response of the
chordwise static pressure of the elliptical airfoil mode of 12%
thickness ratio to a cyclic change in the mass flow. During
the tests, two rotational speeds of the valve were used,
namely, 300 rpm and 150 rpm, corresponding to the jet mass
flow variation of 10 and 5 cps. A typical seven cycles
of pulsating static pressure and the pressure inside the model
were obtained for valve speed at 300 rpm, and it is shown in
Fig. 15 as a function of time. It is noted that there is a time
lag of about -J- sec between the pulsating static pressure and
the pressure inside the model. The time lag between the
pulsating static pressure and the pressure inside the model is
attributed to the effects of the tubing length between the
static pressure orifices and the pressure transducers.

Conclusions

Experimental results obtained for elliptical airfoils of both
18 and 12% thickness ratio with trailing-edge jets are in good
agreement with available theories and other experimental
data. Lift forces determined from electric strain-gage data
agree very well with those obtained from steady-state pressure
measurements. The measured drag data are reasonable but
possess more scatter than is desirable; hence, further refine-
ment in the drag force measurement is needed. The pitch-
ing moments calculated from the pressure data are reasonable

300 400
TIME (milliseconds)

Fig. 14 Pulsating lift coefficient ratio vs pulsating jet
coefficient ratio for 18% thickness model.

Fig. 15 Pulsating static pressure and model pressure for
elliptical airfoil of 12% thickness ratio (valve speed =

300 rpm).
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and agree well with the semiempirical expression previously
determined.

Most encouraging results were obtained from an experi-
ment performed on the elliptical airfoil of 18% thickness
ratio with dual symmetrical jets. These results indicate
that the leading-edge jet does not disturb the flow and actually
furnishes some additional reaction force to the lift. Hence,
the important application of the elliptical airfoil (or oval air-
foil) with dual jets to the retreating blade of a helicopter
rotor is evident.

Furthermore, the results of aerodynamic response measure-
ments of the model to cyclic changes in the blowing jet are
surprisingly encouraging. The cyclic valve was tested at
frequencies equivalent to twice that of the rotational speed
of a conventional helicopter blade, and the response of the
lift was found to be excellent with negligible delay. The
response of the drag as well as the chordwise pressure dis-
tribution to the cyclic changes in the blowing jet were also
found to be very good. These results clearly indicate that
the periodic variation of lift on the airfoil can be fulfilled by
cyclic variation of the jet momentum; hence, the circulation

control problem is reduced to simply the problem of pressure
control inside the model.
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A Review of Para-Foil Applications
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Numerous tests of various para-foil designs have been carried out by the University of Notre
Dame, the U.S. Air Force, the U.S. Navy, the U.S. Army, NASA, and industry. These tests
include wind-tunnel studies of models ranging in size from 0.2 to 300 ft2 and free-flight tests of
units ranging in size from 8 to 864 ft2. Unmanned free-flight tests of certain units have in-
cluded deployment tests to 350 fps, guidance and control tests with payloads to 2000 Ib, and
glide performance tests with payloads to 2000 Ib. Manned jumps and manned ascending
flights have been made with units ranging in size from 165 to 360 ft2. Manned flights using
propeller powered carts have been made with a 360-ft2 unit. The various para-foil application
programs will be discussed and a summary of results obtained from various wind-tunnel and
free-flight tests will be given.

Nomenclature
AR = aspect ratio (AR = span divided by chord), di-

mensionless
CL = coefficient of lift, dimensionless
KIAS = knots indicated airspeed
L/D = lift-to-drag ratio, dimensionless
MSL = mean sea level
~N~Dx.x(yy) = Notre Dame para-foil of aspect ratio x.x and area

of yy ft2 [e.g., an ND 2.0 (90) para-foil has
AR = 2, S = area = 90 ft2, span =13.4 ft, and

_______ chord = 6.7 ft]
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q = dynamic pressure, psf
S = canopy area (S = span times chord)
a = angle of attack of bottom surface of para-foil, deg

Introduction

THE para-foil§ is a true flying wing made entirely of nylon
cloth with no rigid members, (Figs. 1, 4-7). Like a rigid

wing, it has an upper and a lower surface, and an airfoil sec-
tion. The leading edge is open to permit inflation by the ram
air pressure. The para-foil is composed of numerous cells
which give this cloth wing its unique rigid shape.

It is fabricated of a low porosity nylon cloth and can be
packed and deployed in a manner similar to a conventional
parachute. Pennants are distributed along the bottom sur-
face to which the suspension lines are attached. These pen-

§ The para-foil is a proprietary product (patent 3285546)
of Space Recovery Research Center Inc. The University of
Notre Dame has a license for research and design of para-foils.


