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ABSTRACT

This wind tunnel investigation examined the lift, drag, and pitchin, moment of a 20% thick,
8.5% camber, partial elliptical cross-section, singie blowing slot, rectangular, circulation control
wing. The aspect ratios tested were 3.71 and 3.99. Variables included three differently shaped
trailing edge Coanda surfaces and steady blowing and pulsed blowing. The test Reynolds number,
based on the chord, was 500,000. The angle of attack was varied from minus 6 degrees to the
inception of stall. The maximum lift coefficient measured was 3.17 with an equivalent drag
coefficient of 1.85. Kesults aiso show a limit to increasing lift by increasing the blowing.
Additionally, a 90 degree Coanda surface had equal lift performance and better drag performance
than a 180 degree Coanda surface.
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I INTRODUCTION

High-¥ift devices are used by nearly all aircraft sometime during a flight. Primarily, these
high-lift devices enable the aircrafi to take off and land at lower speeds and in shorter distances
than possible without them. Also, an aircraft using high-lift technology will be able to climb more
quickly to altitude than an aircraft not cmiploying such technology. The result from climnbing
quickly is a decrease in the amount of the noise reaching the ground near the airport.
Vertical/Short TakeotY and Landing (V/STOL) aircraft depend on high-lift wings for their unique
performance.

There arc numerous practical reasons why high-lift technology is important to military
applicaiions. They inciude the ability to operate from runways shortened by battle damage or from
short improvised runways. A given airplane re-equipped with high Lift wings can carry a heavier
load from the full length runway. Finally, the steeper climb possible with high-lift devices
minimizes the time the aircrafl is vulnerable to attack from the ground.

Currently, mechanical high-lift devices can yicld high Lift cocflicients, but with a weight and
complexity penalty. Two dimensional circulstion control airfoils have been tested using blowing
rates availabje from production engine compressor bleed. The use of circulation contro! tripled the
lift generation of the basic airfoil scction with s conventional mechanical fiap.] The circulation
control wing concept, explained in the theory section, circumvents a good deal of the mechanical
complexity while still providing high hift cocfficients.

With sufficient control over the blowing, this concept provides the possibility of controlling
helicopter rotors without the need to change the angle of attack twice during each revolution of the
rotor. The lift could be controlled by pulsing the blowing air.

One of the largest circulation control experimental efforts was conducted by Grumman
Acrospace Corporation.2 An A-6 Intruder was fitted with a circulation control wing. Lift was
mcreased and the landing speed was decreased, but at the expense of maximum speed. The drag




of the biunt trailing edge 1educed the maximum speed. The circulation control wing created such a
stronig nosc down pitching moment that the horizontal stabilizer had to e enlarged and given
inverse camber to maintain stability.

Seweral researchers have tested circulation control airfoils and wings in the AFIT five foot
wind tunnel. Harvell3 examined multiple blowing slots on a two dimensional airfoil. Trainor? and
Pelletier> developed testing meethods and tested a finite wing, Lacher® showed a limit on the
maximum B coefficient for a circulation control wing and began initial tests with blowing adr
pulsing.

This investigation had three objectives. The first was to determine if lifR coefficients as high
as the theoretical maximurn could be obtained with a new test wing. The second objective was to
test three differently shaped trailing edge Coanda surfaces and identify the best onc for the given
test conditions. The final objective was to test the wing with both stcady and pulsed blowing and
determine if wing performance was increased by pulsing the blowing air.

This investigation buili upon the work of Pelletiers and LacherS. Unique to this
investigation are a new wing model of higher aspect ratio than previously tested and a new blowing
air supply system. The wing was alsc equipped with a removable trailing edge Coanda surface.
The wing was tested at a Reynolds number based on the wing chord or 500,000 in the AFIT five
foot wing tunnel. The angle of attack was varicd i-om minus 6 deg to the start of stall. Force and
moment data reduced to coefficient form were obtained using a six component C.5 in. balance and
surface pressures on the wing were also recorded.
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II. THEORY

According to the Kuita-Joukowski theorem, the force acting per unit length on a cylinder of
amy cross section is equal to:7
F = pVoo XT3 )
where the strength of the circulation, gamma, i3 defined along a unit vector § as:

r=§v-d§ )
[¢]

For a wing of span b, the total ift can be written:
L=pVeIb 3
As the flight wlocity decyeases, constant lift can be maintained only by increasing any
combination of the air density, the wing span, or the circulation, I'. In practice, the most cffective
way to maintain lift at low airspeeds is 1o increase the circulation. 8
In conventional wiags, the airfoil has a sharp trailing edge. The presence of the sharp edge
determines the amount of circulation about the airfoil according to the Kutta condition. The Kuita
condition states that a body with a sharp trailing edge in motion through a fluid creates about itself
a circulation of sufficient strength to hold the rear stagnation point at the trailing edge.” In
contrast, circulation control airfoils have a blunt trailing cdge known as the Coanda surface.
Because of this blunt trailing cdge, the Kutta condition does not apply. With the Kutta condition
removed, the position of the rear stagnation point and the resulting circulation about the airfoil are
controlled by varying the magniinde of the blowing momentum coefficient, C,,.
Cﬁ.--% 4)
In these tests a jet of ar was blown tangentially over the trailing cdge Coanda surface. A
balance between inertia and pressure forces keeps the jet of air attached to the curved Coanda
surface for a distance. The rearward stagnation point is located where the jet separates from the
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surface. By varying the strength of the blowing air, the location of the rear stagnation point, and
thus the circulation, can be contiolled. In this research, circulation about the wirg was controlled
by varying the blowing momentum coefficient.

McCormick? gives two limits for the maximum lift coefficient for an elliptic wing. The first

is from lifting line theory and is given by: CLmax =121AR (5)
The second is for the exact sohstion for an elliptic Lift distribution:
C - 0.855AR (6)

Results from this test with a rectangular wing planform will be compared to these iimits.

The bulk of the tests in this iescarch were run af a constant Reynolds number based on the
model's chord of 500,000, Using the definition of Reynolds number, the defimtion of dynamic
pressure for incompressible flow, and the equation of state, the tunnel dynamic pressure or g can
be written as:

(Reps)’
eu) R,
——am ™
Palm (c)
where atmospheric pressure and temperature are the inputs.
As shown in Equation 4, to calculate the biowing momentum coecfficient, it is also necessary

Qoo =

to know the jet velocity and the mass flow rate of blowing air. It is assumed that the air within the
wing expands isentropically through the blowing slot to the free stream static pressure.? Starting
with the following relations and the definition of Mach number:

T, -
Tty o2 (8)
T /4
2

L SN ”'IMZ)H )
P\ 2

2
M2 = (10)




The jet velocity can bo solved for as:

1
r-112
2RT 7
v.={tVy I P an
J r-1 P,

where Py is the total pressure in the wing plenum, and P is the pressure te which the jet expands.
During static tests, P is the atmospheric pressure. During these wind tunnel tests, the static
pressure in the tunncl test section Pyg is below atmospheric and is found by substituting Fquation 7
for q.:

Pm = Pm ~Qoo {12)
(ch) RT

Py = Py ————3iL (13)
2Py ©

The mass flow rate of blowing air was measured by a venturi mass flow meter. For this test
configuration, as shown by Lacher®, the mass flow rate is:

x:l

27| 1w
m=C.A,P
N o

where Py and P are the pressures read at the venturi pressure taps.

14

Wing surface static pressurc data was taken for all runs except the first run when no hoses
were attached. The pressuse data was reduced to coefficient form for analysis:

c, PR a5
Joo

In this test, Peo = Py, and Py is simply the total pressurc (or atmospheric pressure) minus the

dynamic pressure. Using Equation 12 for Py, the pressure cocfficient can be written instead as:




Cp = E:(—lg:@ +1 (16)
All wing surface static pressure data are presented in tlds form,

The drag coefficient discussed is the oquivalent drag coefficient. It is usod when comparing
the performance of cmulanon control wings with conventional wings. The equivalent drag is used
for comparison because it corrects for two traits vnique to a circulaton contrel wing. First, it
accounts for the energy expended compressing the dlowing afr, the first term in Equation 17. This
is energy spent by the airplane and obtained most likely in the form of compressor bleed air.
Secondly, the equivalent drag accounts for the thrust caused by the jet of air exiting the wing, the
second term in Equation 17. These two effects are inchuded in two additional drag terms. As

ahown by LacherS, the equivalent drag D, is equal to:

D =D +-AKE

e =D vat+mv°° amn

or in coefficient form:

c.V. '
u'j CpVeo 18)

CDC =CD+ va + VJ

The free stream velocity was calculated using the definition of dynamic pressure and the equation

of state.
Vo = ‘[2‘1“ - \[2‘*“’“ 19)
P |

where Py, is the test section pressure. Using Equation 12 for the test section pressure, the free

stieam velocity is finally:

[ BE’_I_{E (20)

= —\! pﬂﬂn ) qco




Wing Mocdel

III. TEST EQUIPMENT

The wing model constructed for this test was a 20% thick, 8.5% carabered, partial elliptic
cross section rectangular wing. The model had a singje trailing edge blowing slot, intesTupted in
the center of the wing by the sting mounting block and blowing air supply tubes. Each half of the
wing had a 9.0 inch blowing slot. The model could be attached to three different trailing edge

surfaces. Depending on the trailing edge tested, the aspect ratio varied from 3.71 to 3.99. The
wing parameters for the configurations tested are listed in Table 1.

Traiing Edge

180
90
45

Table 1. Summary of Wing Parameters

Chord (in) Span (in)  Arca(sq.ft)  Aspect Ratio
5.81 23.19 0.936 3.99
5.81 23.19 0.936 3.99
6.25 23.19 1.007 3.71

With a maximum chord of €.25 inches, the maximum chord to tunnel height ratio of 0.104
was well below the maximum of 0.25 suggested by Woodl0 for the chord to tunnel height ratio.
The airfoil gecometry for the wing with the 130 deg trailing edge is given in Table 2:

Surface
Upper
Lower

Lower
Coanda

Table 2. Airfoil Geometry

Coordinate (in) Distance From LE (in)
z:0.28J(2.91)2 (2915 0Sx<5.49
2= 0.56{/(0.581)2 — (0.581 - x)? 05 x50581
z=-0325 0.5815 x<5.49
= :0:\/(0.326)2 (x-5.49) $.49< x < 581




The three trailing edges tested each had varying degrees of Coanda surface tuming. The
first had a 180 deg Coanda surface, typical of most circulation control trailing edges. The second
had 90 degrees of flow turning, and the third had 45 degrees of flow turning. The trailing edges
are referred to bv the degrees of turning. In each of the trailing edges. the radius of the Coanda
surface was kept the same and designed according to Englar. The Coanda surface radius to chord
ratio was 0.056. The 180 and 90 deg trailing edges had the same length and resulted in a wing
aspect ratio of 3.99. The 43 degree trailing edge was longer, raising the wing chord, and reducing
the aspect ratio to 3.71. The three trailing edges tested are shown in Figure 1 below.

180 deg 90 deg 45 deg

Figure 1. Cross-section of Trailing Edges Tested

The blowing air was supplied to the model by two 1/2 inch tubes exiting rearward from the
wing on each side of the sting. The air supply hoses entered the wing tunnel downstream of the
test section before attaching to the model. The internal flow passage of the model consisted of two
indopendent halves, lefi and right, which were 1nirror images of each other. The interior of the
model was designed as a diffuser to slow the air as much as possible to minimize pressure losses
and achieve uniform distribution across the trailing edge. Within the model, the air was expanded
as it flowed forward. As the air reached the leading edge, it was turned by guide vanes to flow
outward toward the wing tips. The arca of the duct continuously increased out to the wing tips.




Turning vanes were used (o turn and distribute the air uniformly across the slot at the trailing edge,
Figure 2.

B.19"
Leading Edge

Thermocouples O

5.817/6.25%

O Thermocouple Plenum ber

Air Inlet Tubes

e e e a2 .-

Figure 2. Planform View of Test Wing

The height of the trailing edge slot where the blowing air exited could be varied by 14
adjustment screws on the upper surface. When tightened, the screws brought the upper surface
down and closed the blowing siot. The slot height was typically 0.009 in, giving a slot height to
Coanda radius h/r=0.028. Englar] suggests that strongly attached Coanda flow is maintained for
0.01 < A/r £0.05.

The model contained a total of 71 pressure ports. Two were used to measure the total
pressure in the plenum on each side of the wing. The remaining 69 were static pressure poris on
the surface of the model. Table 3 shows the chord locations of the surface mounted pressure
ports.




Table 3. Wing Static Pressure Port Locations

6 inches from left wing tip 6 inches from right wing tip
Upper Lower Upper Lower
x/c x/c x/c x/c
0.000 0.017 0.000 0.098
0.024 0.048 0.100 0.207
0.048 0.095 0.308 0.306
0.095 0.203 0.510 0.408
0.201 0.305 0.709 0.504
0.306 0.403 0.940 0.608
0.406 0.501 0.969 0.704
0.511 0.604 0.991 0.809
0.609 0.701 1.000 0.907
0.709 0.804 0.940
0.801 0.902 0.969
0.94¢ 0.940 0.991
0.969 0.969

0.991 0.991

1.000

The flow temperature within the model picnum was measured by four thermocouples. The
thermocouples were positioned in pairs, two in cach half of the wing. One pair was located in the
front of the modcl ncar where the flow entered, and the other pair was positioned near the trailing
edge. The thermocouples were required to determine the velocity of the jet of air exiting the
model. Also, the pairs of thermocouples within the same side of the wing were used to check for
temperature changes in the air as it flowed through the model.

Blowing Air Supply System

Blowing air for the test wing was supplied by a Kaeser compressed air system. The system
consisted of a Kaeser CS-90 compressor capable of delivering 360 cfm at 110 psi, a 200 gallon
tank, a Kacser refrigerated type compressed air dryer, and an in-line oil filter. Afier exiting the
compressor, the air flowed through the settling tank, drier, and filter in tumn before being directed
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to the wind tunnel control room. The compressor was set to maintain 110 paig +/- 3 psi in the
tank. The blowing air supply system is shown in Figure 3.

Compressor 200 Drier Filter Wind Tunnel
I— - Tﬂn-gal Controi Room

Figure 3. Blowing Air Supply System

Within the conirol room, the compresszd air flowed through 2 valve, cyclone separator, and
filier before it was vsed. Next, the model pressure was controlled by a regulator. For these tests,
the air flow for each iest run was set using the regalator. To measure the mass flow of blowing air
used, a thermocouple and a venturi mass flow meter followed the regulator. Beyond this location,
two different air routes were used, depending on whether steady or puised blowing was used. For
the steady flow tests, the air was divided into two streams, one for cach haif of the model, and

routed into the tunnel test section, Figure 4.

Cyclone Separator Pressure |
-—-I:),',d Filter Reguiator Thermocouple

Ventur;

Model | }~— Flowmeter

Figure 4. Blowing Air Supply System for Steady Blowing Tests

A schematic of the pulsed blowing system is shown in Figure 5. In these tests, the air was
divided into two streams following the venturi mass flow meter. One of the streams entered the
pulser vatve, and the other served as a bypass. A gate valve was used to control the amount of
bypass flow. The bypass air mass flow was measured by a second venturi mass flow meter.
Downstream of the bypass flow meier the pulsed air was introduced, allowed to mix, and again
divided into two streams for cach half of the model. The bypass air was required to moderate the
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severity of pressure fluctuations entering the model.  Earlier tests passed all the blowing air through
the pulser vaive and the resulting fift oscillations seriously damaged the model.6

. Cycione Separator Pressure Thermocouple
and Filter Reguiator
;{lmtun' )
owmeter )
Model | }— Ventun
Pl Flowmater
Valve

Figure 5. Blowing Air Supply for Pulsed Blowing Tests

The pulser valve used in these tests was the same as used by Lacher. The rotary pulser valve
had a cylindrical brass core with two perpendicular 2ir passages in it. The core was spun within a
steel housing having the inlet and exit ports. Because of the two air passages, there are four pulses
of air for each revolution of the valve. The pulser valve was driven by a direct current motor with
a specd controller. A counter was used to determine the pulsing frequency.

AFIT 5-ft Wind Tunnel

All tests were performed in the AFIT 5 foot wind tunnel at Wright-Patierson Air Force
Base. The open circuit tunnel has a closed test scction and is enclosed in a buikling designed
specifically for the turinel. The entrance has a contraction ratio of 3.7 to 1 and the test section is 5
feet in diameter. Tunnel airspeeds up to 200 mph are provided by two counter rotating 12 foot
fans driven by four DC motors.

The total pressure in the tunnel is assumed to be atmospheric and the static pressure is
measured by a ring of eight static pressure ports located 2.5-ft from the tunnel mouth. Tunnel
dynamic pressure (tunnel q) is taken as the difference between atmospheric pressure and tunnel
static pressure. To mainiain a constant Reynolds number throughout testing with changing
atmospheric conditions, a new tunnel q was calculated prior to cach run.
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The wind tunnel has a turbulence factor (TF) of 1.5. When comparing test results from
different wind tunnels, the effective Reynolds number, as defined below, is used.
Recff = TF X Reygoey (21)
where Re,,,, is the test Reynolds number. The effective Reynolds number is higher because it
accounts for the additional turbulence in the wind tunnel caused by the propeder, the guide vames,
and the vibration of the tunnel walis. 11

Data Acquisition System

The data acquisition process was conirolled by a Zenith Data Systems Z-300 computer using
the AFIT 5 foot wing tunnel data acquisition and reduction sofiware. Data acquisition was also
partly controlied by a Hewlett-Packard 3852A Data Acquisition Control Unit (DACU) which read
outputs from the sting balance, angle of attack potentiometsz, tunnel temperature thermocouple,
tunnel q pressure transducer, and the model base pressure fransducer.

Forces and moments on the model are measured by an Able Cotporation Mark V balance.
The 0.5-in diameter, six-component, strain gauge balance measures two normal forces, two lateral
forces, one axial force, and one rolling moment. Pitch and yaw moments were resolved by csing
the two normal and two side force measurements. Excitation voitage was provided by s Hewlett
Packard 6205 regulated power supply. Output voltages were rcad by the DAC:] and stored in the
Z-300. After completion of a run, the voltagss were converted into forces during data reduction
using the calibration matrix.

Several different pressure measurements were made during testing. They included: static
pressures on the surface of the wing, total pressures of the blowing air inside of the wing, static
pressurcs at the venturi meter taps and time varying pressures during pulsed testing,

The static pressures on the wing surface and the total pressures in the wing plenum were
mcasured with a Pressure Systems Inc. 780B/T Pressure Measurement System Data Acquizition
and Control Unit using a 780B/T Pressure Calibration Unit. The pressure transducers were
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housed in Electronicaily Scanned Pressure (ESP) sensors. The pressure measuremnent system was
conmected to the HP 3853A DACU with an IEEE-438 interface bus. For this test, a +/- 45 psia
ESP sensor and a +/- § psig ESP sensor were used. The ESP units were attached through 3/32
inch tubing to the model pressure ports and mounted in the wind tunnei downstream of the test
section. The conirol and calibration units for the ESP units were located outside of the wind
tunnel. The pressure measurements were coordinated with the rest of the measurements by the
DACU.

The mode! base and the tunnel q pressures were measured with two Robinson-Halpern 0-25
inches of water pressure transducers. Two venturi flow meter pressure measurements were made
using Endevco 8530A-100 pressure transducers powered by Endevco 4225 power supplics and
conditioned with Endeveo 4423 signal conditioners. The output voliages were read with standard
volimeters. Two other venturi flow meter pressure measurements were made with a 50 inch
Mercury manometer.

A pressure transducer was mounted in the blowing air supply line to measure the shape of
the pressure pulse entering the model during pulsed testing. Two locations were chosen for
measurements. The first measured the pressure just past the mixing of the pulsed and bypassed
air. The second was located about 12 feet downstream in one of the blowing air supply lines
approximately 1.5 inches from the model. For the second measurement, the transducer was
located as close as possible to the model so that the wave form of the pressure entering the model
could be determined. The pressure was measured with an Endeveo 8530A-100 pressure
transducer powered by ar Endeveo 4225 power supply and conditioned with an Endevco 4423
signal conditioner. The output voltage was read on a Tektronix 7854 recording oscilloscope.
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IV. EXPERIMENTAL PROCEDURE

Calibration

The sting balance was calibrated prior to any testing by loading cach of the strain gauges of
the Mark V balance with known loads. With the exception of the axial force gange, all gauges
were loaded in the positive and negative diroctions of the balance's coordinate system. Since only
positive axial forces were expecied, that gauge was only calibrated in the positive direction. Each
normal force gauge was calibrated using a 20 point calibration from 0 to 50 Ibf, cach side force
gauge was calibrated using an 18 point calibration from 0 to 50 Ibf, and the rofling moment gauge
was calibrated with a 12 point calibration fromn 0 to 10 Ibf,

During the calibration of any one gauge, the wind tunnel DACU recorded the applicd load,
all strain gauge voitages, the sting angic of attack, and the sting bend. Afier completion of the
calibration for cach gauge, a calibration file was writien for that gauge. The lincar fit of the
calibration file was checked with the correlation cocfficiens. All of the gauges had a correlation
coeflicient of 0.99996 or greater. The process was repeated for cach gauge in the positive and
negative directions where applicable. After the 11 calibration files were coliected, they were
combined into a single calibration matrix. The calibration matrix included any cross-tslk betwoen
the gauges when loading occurred. The calibration matrix was used during testing o reduce the
raw gauge voltages into forces and moments.

During the calibration, a sting bend file was writien for each gauge relating the applicd load
to sting bend. This file was used later during data reduction to correct the angle of attack
measured with the potentiometer for the deflection of the sting due to acrodynamic loads.

Before testing, the angle of attack voltage was related to the wing angle of attack. The wing
was mounted on the sting with an inclinometer to measure the angje of attack. The wing was set at
2 given angle and the voltage recorded. This alpha-voltage schedule was used o sct ihe wing angle
of attack while the tunnel was running and for the DACU to determine the angle of attack.
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The three Endeveo pressure transducers were calibrated prior to testing with an Ametek
dead weight tester using 19 and 15 point calibrations. The Robinson-Halpern transducers were
also calibrated with an Ametek dead weight tester using a 25 point calibration. For all pressure
transduceis, the calibration curve correlation coefficient was 0.999 or greater.

Test Item Checkout

The jet velozity acress the trailing edge slot was checked for uniformity prior to the model
entering the tunnel. It was important that the velocity and mass flow of blowing zir out the
blowing slot be uniform across the span of the wing to achicve consistent and repeatable
performance during testing. The model was mounted on a table with the blowing air hoses
attached and a total pressure probe was positioned in the jet of air exiting the wing. Jet total
pressure measurements were made in 0.5 inch intervals along the span of the wing. Also, the total
temperature within the wing, and the ambient pressure were recorded. From these, the jet velocity
was calculated using Equation 11. The slot height was adjusted to achieve a even flow velocity
distribution across the span as possible. The best flow was achicved when the slot height was
uniform across the span. Therefore, when the model was in the tunnel only the slot height needed
to be checked. The maximum variation in jet velocity within any side was 12% and a typical jet

velocity survey is shown in Figure 6.
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Figure 6. Velocity Profile at Trailing Edge
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After the model was installed in wic tunncl and all the data acquisition channels connected,
scveral test runs were performed before the wind tunnel was started. To determine if installation
of the mode} disturbed the main balance, the model and balance were loaded with a check load.
Measurements from the balance within 3% of the applied load were determined to be acceptable.

Testing
In this test program, a run consisted of an angle of attack sweep with the other parameters

held constant. The angle of attack was varied in 2 deg increments from -6 deg to the start of stall
(between 14 and 22 deg). The Reynolds number based on the wing chord was 500,000 for nearly
all tests. A new q was calculated, using Equation 7, prior to each run using current atmospheric
conditions. The parameters varied were the trailing edge Coanda surface shape, the amount of
blowing air (represented by the blowing coefficient), and whether the biowing sir was steady or
pulsed. In the pulsed tests, an additional variable was the pulsing frequency.

Following the initial tare, the wing was tested without hoses attached. After another tare
with the hoses attached, testing of the trailing edges began. This was done to isolate any effect the
hoses may have on the forces and measured. Next, the thrust of the jet of air at three values of the
blowing coefficient was measured with the tunnel off. Finally, the wing was tested with the tunnel
running at the same three blowing coefficients. With this method, the contribution of the jet of air
can be isolated from the lift coefficient in the reduced data. Stcady blowing was used for these
tests. The same general procedure was followed for all the trailing edges tested.

The 180 deg trailing odge was later reinstalled for a hysteresis check. In all of the testing to
this point, the angle of attack increased from -G deg to the final value. For the hysteresis check,
the angle of attack was decreased from the maximum value to minus 6 deg and compared to a
previous run where the angie of attack increased.

Pulsed testing followed the steady blowing tesis. The variables Yor the pulsed tests were the
angie of attack, the blowing coeffici_nt, and the frequency of the pulsing. All pulsed tests were
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performed with the 180 dog trailing edge. Three angles of atiack were examined: -2, 0, and 2 deg.
The frequency of the pulsing was varied fiom zoro (steady blowing) to 80 Hz.

Fignres 7 and 8 show two views of the model mounted in the tunnel test section. 1n Figure 7
the 3/32 inch surface pressure lines are visible entering the ESP units mounted on the cting. Figure
8 shows the two 1/2 inch blowing hoses entering the rear of the model.

Figure 7. Model in Tunnel Test Section Looking Downstream

18




A

Figurc 8. Model in Tunnci Test Scction Looking Forward

The pulsed blowing air plumbing i3 shown in Figure 9. Visible 21¢ the thermocouple used to
measure the incoming flow temperature, the two venturi flow meters, and the by-pass valve. The
pulser valve and it's motor are in Figure 10.
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Figure 10. Pulser Vaive and Drive Motor
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V. DATA REDUCTION

Wind Tunnel Corvrections
Raw data from the wind tunnel main balance was fint reduced by the wind tunnel data
scquisition system software into the measured force and moment coefficients. All of the force and

moment dats were reduced in the wind axis where lif is perpendicular snd drag is parallel to the
undisturbed flow. While the cocfficienis were being calculated, soveral standard wind tunnel

corrections were applicd as recommended by Pope. 11 The corrections applied included: skew
factor cerrection to g, solid blockage correction to q, wake blockage correction to g, wind tunnel
buoyancy corvection to the drag coefficient, induccd drag correction to the drag coefficient, base
pressure correction to the drag cocflicient, and an up-wash correction to the angle of attack. Tabie
4 lists the corrections and their relative size for a typical test run. The corrections applied to the
tunnel dynamic pressure were all very small. The drag coefficient corrections were much larger in
comparison and the angle of attack correction was very small. In addition to the wind tunnel
corrections, the following additional correciions, unique to tlds investigation, were applied: Lft
coeflicient corrections, drag coefficient corrections, and pitching moment corrections.

Table 4. Summary of Wind Tunnel Corrections

Correcticn Percentage of Final Value
Skew Factor, q 1.9
Solid Blockage, q 0.10
Wake Blockage, q 0.11
Buoyancy, Cd 11.8
Induced Drag, Cd 12.6
Base Pressune, Cd 19.1

Up wash, Alpha 0.3
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Lift Coefficient Corrections

The lifi coefficient had two corrections applied: the first for the effect of the blowing hoses
and another for the component of lift caused by the thrust from the jet of blowing air. The first
correction was obtained by plotting lift coefficient versus alpha for the wing without and with the
blowing hoses attached, Figure 11.
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Figure 11. Effect of Blowing Hose on Lift Coefficient

Each lift coefficient curve in Figure 11 was fitted by a second order polynomial. Since the
two runs were completed at identical conditions, the difference between the curves was due to the
presence of the blowing hoses. The correction for the blowing hoses was equivalent to the
difference between the two curves. The correction, a function of the angle of attack, was
calculated for every hift coefficient measurement based on it's corresponding angle of attack. This
correction was then added to all measured values of lift coefficient and was equal to:

Correction = -0.0001a” + 0.001a + 0.0003 (22)

The hose correction applied equally to all three trailing edges since it was strictly 2 function
of the angle of attack. Table 5 shows the contribution of the lift cocfficient hose correction for
several angles of attack. As shown in Table 5, the lift coefficient correction was less than 1% over
a wide range of angles of attack. The positive corrections arc added and the negative corrections
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arc subtracted. The presence of the hose had a small and correctable effect on the lift coefficient

measurcments.

Table 5. Summary of Hose Bend Corrections to the Lift Cocfficient

Alpha {deg) Percentage of Final Value
0.69 0.15

2.83 0.32

5.09 0.34

7.18 0.25

9.46 0.08

11.66 -0.14

13.84 <0.41

16.02 0.73

18.08 -1.09

The lift coefficicnt was also corrected for the contribution from the thrust of the jet of
blowing air. For each wing configuration, an alpha sweep was completed with the blowing air on,
but the wind tunnel off. These data files recorded the lift coefficient due to the jet of air alone.
Later the wing was tested at the same Ievel of blowing momentum coefficient but with the wind
tunnel running. To correct the lift coefficient for the contribution by the jet thrust, the iift
cocfficient for the jet alone was subtracted from the lifi coefficient with the turmel running. This
was done for all data points with blowing.

The jet thrust correction was larger than the hose correction and a function of both the
trailing edge shape and the blowing coefficient. Table 6 summarizes the jet thrust corrections
which were subtracted from the measured lift coefficient.
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Table 6. Summary of Jet Thrust Corrections to the Lift Coeflicient

Wing Configuration Magnitude of Correction Percent of Final Value
180 deg TE, Low Blowing 0.0055 -0.44
180 deg TE, Medium Blowing 0.0261 -1.43
180 deg TE, High Biowing 0.0381 -1.81
90 deg TE, Low Blowing 0.0310 -2.31
90 deg TE, Medium Blowing 0.0625 -3.75
90 deg TE, High Blowing 0.118 -5.84
45 deg TE, Low Blowing 0.0319 -2.76
45 deg TE, Medium Blowing 0.0611 -5.38
43 deg TE, High Blowing 0.07153 -3.62

As shown in Table 6 above, at a given level of blowing the jet thrust correction percent wise
was smallest with the 180 deg trailing edge and largest with the 45 deg trailing edge. Also,
increasing the amount of blowing increased the required correction. These trends are caused by
two reasons. The magnitude of the correction was smaller for the 180 deg trailing edge than the
other two. Also, while the magnitude of the correction was similar for the 90 and 45 deg trailing
edges, the 45 deg trailing edge had lower lLift cocflicients leading to a larger correction as a percent.
Overall, the jet thrust correction was much larger than the angle of attack correction. The total
cotrection is the sum of the values in Tables 5 and 6.

Drag Coefficient Corrections

The drag cocfficient also was corrected for the blowing air hoses. As for the kift coefficient,
the drag coefficient was ploticd against the angle of attack for the wing with and without hoses
attached, Figure 12.
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Figure 12. Etfect of Blowing Hoses on Drag Coefficient

As shown in the figure above, the hoses reduced the measured drag coefficient. Compared
to the lift coefficient case where the 1ift loads t=nded o bend the hoses, the drag loads were irying
to compress thc hose axially. The hose was much stiffer in compression than bending, leading to
higher hose bend corrections for the drag coeflicient. To obtain the comrection, both curves in
figure 8 were fittcd with second degree polynomials. The correction to be added waz the
difference between the clean wing and hoses attached configurations. Each drag coefficient point
was corrected in this fashion. The correction added to cach drag coefficient meastrement was a
function of the angle of attack and equal to:

Correction = - 0.0001a” + 0.0008< +0.017 (23)

This hosc correction also applied equally to all three trailing edges since it was strictly a
function of the angle of attack. Table 7 shows the contribution of the drag cocfficient hose
correction for several angles of attack. The positive corrections are added and the ncgative
corrections are subtracted. Although the presence of the hoses had a much larger effect on the
drag cocfficient than on the Lift coefficient it was still correctable.




Table 7. Summary of Hose Bend Comrections to the Drag Coefficient

Alpha (deg) Pexcentage of Finad Value
0.69 22.7

2.83 4.4

5.09 19.5

7.18 15.1

$.46 11.4

11.66 8.0

13.84 52

16.02 2.0

18.08 .3

Pulsed Blowing Reductions
Data from the pulsed tests were reduced the same way as the steady state blowing tests. It

should be noted that because the data acquisition system takes many measurements and averages
them while at a single data point, transient forces and moments are averaged out in the output.
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V1. RESULTS

Hysteresis Check

The resulis of the hysteresis test are in Figure 13. At the higher angles of attack there is little
indication of hysteresis. However, at angles of attack less than zero the fift measured while alpha
was increasing was higher than that measured with alpha decreasing. The diffcrence between the
two curves is small, on the order of 0.046, but quite large when expressed as a percent of Lift
cocflicient because the lift coerficient is very small at those angfes of attack. The magnitude of the
hysteresis at negative angles of attack is similar to that of the jet thrust correction and larger than
the hose bend correction to the lift coefficient.

= hcreasing Alpha
—— Decreasing Alpha

Lif Coeflicient

Apha {deg)
Figure 13. Hysteresis Results, 180 deg Trailing Edge
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Repeatability Check

Test repeatability was checked by repeating points of an carlier run later in the test. The
results, shown in Figure 14, suggest a high degree of repeatability. The maximum difference in hift
coefficient between the two tests, for the same angle of atfack was 0.015. At the higher angles of
attack, this corresponded to an error of 3.3%.
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Figure 14. Repeatability Check, 45 deg Trailing Edge

180 degree Trailing Edge
First, lifi data for the 180 deg trailing edge will be presented. The lift cocfficient was plotted
against momentum cocfficient for four angles of attack, Figure 15.
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Figure 15. Effect of Blowing on Lift Coefficient, 180 deg Trailing Edge

From Figure 15, increasing the blowing at a given fixed aiigle of attack increases the Lift
cocflicient as expected. The effect of changing the angle of attack only shifts the Cp_va. Cy curve
up or down. Also, along a given angle of attack curve, the slope of the curve decreases ss the
momentum cocfficient is increased. This suggests that a limit on how high the lift coefficient can
be raised with increasing blowing is being approached.

Generally, the curves of constant angle of attack in Figure 15 are uniformly spaced. The
exception is the curve at an angje of attack of 12.4 degrees. That particular curve was assembled
from data from four different runs where the blowing coefficient was held constant and the angie
of attack was varied. The data point at Cu=0.06 was approaching stail at this angle of attack and
blowing combination and consequently has a littlc lower value of lift coefficient. The other three
data pomnis on this curve were not near the stall angle of attack.

Figure 16 shows the lift to measured drag ratio plotted against the momentum coefficient.
As the mornentum coefficient is increases at a given angle of attack the L/D ratio rises to a
maximum before decreasing and fmally leveling off. The same trend occurs for all three angles of
attack shown but cach has a unique level of blowing cocfficient where L/D is a maximum. The
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peak lift to drag ratio occurs at relatively iow values of momentum cocflicient for all three angles.
For momentum coeflicients greater than 0.25, all the L/D ratio curves level out. This trend
indicates a practical limit to blowing and is true for all thres angles of attack examined. The trends
in the figure suggest that a sufficiently high angle of attack, the peak lift to drag ratio will vccur at

zero blowing.
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Figure 16. Effect of Blowing on Lift to Drag Ratio, 180 deg Trailing Edge

The pitching moment about the model center of gravity is plotted against the blowing
cocflicient at three angles of attack for the 180 deg trailing cdge in Figure 17. Along a given angle
of attack the pitching moment decreases as the blowing is increased. This corresponds to an
mcreasing nose down moment as the blowing is raised. Increasing the angle of attack reduced the

nose down moment.




|
015 % Aphau .8

01 ——a— pphew 0
~ ——— piphe=6
0 Bt " ' M= —ty '
e 015 02 225 03 035
§ 006 .M““me_.\__\
01 r—
016 \w-\
———
02 N g
0B
Nomesium Coefficient

Figure 17. Effect of Blowing on Pitching Moment, 180 deg Trailing Edge

Comparison of Trailing Edge Shapes
First the force and moment data will be discussed, followed by the pressure data. One of the
objectives of this rescarch investigation was to determinc if partially roundsd trailing cdges could
have equal or better performance than a full 180 deg rounded trailing edge. The lifi coefficient for
the three trailing edges is compared at maximum blowing in Figure 18. The performance of the
180 and 20 deg trailing edges is nearly equal because the 90 deg case has only 4% fess Jift than the
180 deg trailing edge with 7% less biowing at the same angle of attack, zero. The 45 deg trailing
cdge has 40% less lift than the 180 deg trailing cdge.
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Figure 18. Effect of Blowing on Lift Coefficient for Three Trailing Edges

The effect of increased blowing on each trailing edge is considered next. Figures 15 through
21 show the lift coefficient plotted against the angle of sttack.
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Figure 19. Effect of Blowing, 180 deg Trailing Edge
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Figure 20. Effect of Biowing, 90 deg Traiting Edge

Figaares 19 and 20 have similar characteristics. Increasing the blowing ahifis the Cp vs. alpha
curve up. Also, Cp vs. alpha curves remain straight and parallel with no change in slope.
Incressing the blowing also ehifis the stall angic of attack. For the 180 deg trailing edge canc with
no blowing, the wing stalls at about 18 deg. When blowing is first started, the angle of stall
decreases to 13 deg.  As the amount of blowing is increased, the angie of stall increases. At
maximum blowing, the stall angle is approximately 22 deg. Low biowing rates disrupt the flow of
air at the trailing edge and lead 0 carly separation, but at higher blowing rates, the air over the
upper surface is energized and remains attached to the wing at higher angles of attack. This trend
is alss true for the 90 deg and 45 deg trailing edges, Figures 20 and 21.
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Figure 21. Eifect of Blowing, 45 deg Trailing Fdge

For the 45 deg tradling edge, Figure 21, the results are mixed. Increasing blowing does not
raise the lift cocfficient in all cases. For example, there is little difference in kift coeflicient between
C,=0.0726 and C\;=0.123. The higker blowing onty aliowed higher angles of attack and
produced an erratic Eft cosficient curve.

The bft coeflicient at maximum blowing and alpha equal to nearly 20 deg was compared for
all three irailing edges. The 180 deg trailing odge had a lift coeflicient of 3.12. At similar
zonditivns, the 90 deg irailing edge had a lift coefficient of 2.99, only 4.2% less than the 180 deg
tra’ling edge. Also at s'milar conditions, the 45 deg trailing cCge had a lift coefficient of 2.36, 24%
less than tire 180 deg trailing edge.

As shown by Equations 5 and € there is a limit tc the maximum Kft coefficient of a
circulation control wing. For the 180 deg trailing edge with sn aspect ratio of 3.99, the two hmits
for the lift coefficient are 3.4} and 4.83. From Figwe 19, the maximum lift coefficient measured
during testing was 3.17, lower than either of the two Emits. Thiz points out that though the Hft
may be leveling off with increesing blowiny, as shown in Figure 15, there 1s still inore 1ft to be
geined by increasing the amount of blowing.
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The equivalent drag of the throe trailing edges at maxiroum blowing is compared in Figure
22. The 180 deg trailing edge had the highest drag of the three configurations. At an angle of
atiack of approximately zero the 90 deg trelling cdge had 15% less drag and the 45 deg trailing
edge had 34% less drag.
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Figure 22. Comparison of Lift Performance, Maximuin Blowing

The equivalent drag for cach of the three trailing edges is shown in Figures 23 through 25.
For the 180 deg trailing edge, Figure 23, the increase in drag is equal to the equivalent drag
contribution. At the higher blowing ratcs the drag is very gubstantial. The same trends are noted
for the other two trudling cdges, Figures 24 and 25.
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Figure 25. Equivalent Drag, 45 deg Trailing Edge

The pitching moments about the wing center of gravity for the three trailing edges is
compared at maximum blowing, Figure 26. The 180 deg and 90 deg trailing edges have nearly
identical curves. The 45 deg trailing edge has a much different curve with the pitching moment
being positive over most ot the range of alpha.
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Figure 26. Effect of Blowing on Pitching Moment for Three Trailing Edges




The pitching moment curves for the individual trailing edges at several levels of blowing
follow in Figures 27 through 29. The sct of curves for the 180 and 90 deg trailing edges, Figures
27 and 28, are very similar. The pitching moment curve for the 45 deg trailing edge, Figure 29, is
different because all of the Cm vs. Alpha curves for the different levels of blowing lic on one line.

For the 45 deg trailing edge the pitching moment is independent of the amount of blowing and
only a function of the angie of attack.
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Figure 27. Pitching Moment, 180 deg Trailing Edge
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Pressure coefficient plots are considered next. First, the 180 deg trailing edge is shown,
Figure 30, with no blowing. It is foliowed by threc plots, Figures 31 through 33 of the three
trailing edges at maximum blowiisg. All plots are af an angle of attack of approximately zero.

Figure 30. Pressurc Cocfficient, 180 deg Trailing Edge, C,=0, alpha=0.69
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Figur= 31. Pressure Coefficient, 180 deg Tralling Edge, Cpy=0.26, alpha=0.44
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Figure 32. Pressure Coefficient, 90 deg Trailing Ldge, C,,=<0.24, alpha=0.48
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Figure 33. Pressure Coeflicient, 45 deg Trailing Edge, C p=0.26, alpha=0.75

Figure 30 shows the pressure cocfficient plot of the wing with the 180 deg trailing edge and
no blowing. The stagnatior: point kies on the leading edge and there is a mild low pressure region
at the trailing edge. The pressure coefficient was plotted for the 180 deg trailing edge at rnaximum
blcwing, Figure 31. The increased circulation induced by the blowing has moved the front
stagnation point from the leading ¢dge back to the x/c=0.17 location on the lower surfac:. Most
significantly, there is a very strong low pressure region at the rear of the wing. This suction peak
at maximum blowing causes an increase in the drag coefficient compared to the unblown wing.
Figure 32 shows the wing at a similar angic of stiack and blowing coefficient but with the 90 deg
Waiiing edge. The pressure coefficient data is incomplete because the trailing cdge was not
insirumnented for this and the 45 degree czse. Again, increased circulation moved the leading edge
ctagnation point moved rearward to the lower surface. As the rear of the wing is approached, the
pressure coefficient becomes increasingly negative, suggesting a low pressure region at the trailing
edge like the first configuration. When examining Figure 33, the 45 deg trailing edge case, the
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pressure cocfficient is less across the upper surface than the other two configurations, leading to a
decreased lift cocfficient. The four configurations are compared in Tabje 8.
Table 8. Lift and Drag Data for Various Configurations

T.E. Alpha Cy Cy. Che L/De
180 0.69 0.0 0.64 0.077 8.27
180 0.44 0.26 2.14 1.28 1.7
920 0.48 0.24 2.14 1.06 2.02
45 0.75 0.26 1.25 0.795 1.57

When comparing tite blown 180 deg and 90 deg trailing edges, the Lift is equal, but the Lift
for the 45 deg trailing edge is 42% less. The equivalent drag for the 90 deg trailing edge is 15%
Jess than that for the 180 deg trailing edge. This suggests that though the 90 deg trailing edge also
may have a suction peak, it is probably less than the 180 deg trailing edge. The 45 deg trailing
edge has lower lift and drag coefficients than the first two configurations. A final comparison is
made using the lift to equivalent drag ratio. This ratio shows that increasing the circulation about
the wing raises the drag more than the lift since all blown L/De are less than the unblown cases.
Of the blown wingg, the 90 deg trailing edge configuration has the best lift to drag rato, entirely
because of the lower drag compared to the 180 deg configuration.

Pulsed Testing

First, the shape of the pressure pulse will be discuased, followed by force and moment
results. The shape of the pressure pulse was very distinct as it left the pulser valve and merged
with the bypassed air. A typical single pulse at this lccation s given in Figure 34. The mean

pressure was 22.3 psig and the amplitude was 2.0 psi
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Figure 34. Preasure Pulse Near Pulser Valve, Low Blowing, 20.8 Hz

As the air traveled down the 1/2 inch supply line to the model, the mean and amplitude
pressures dropped and the wave form became distorted. Figures 35 through 38 give a typical
presaure pulse as measured at the entrance to the model afier passing through approximately 12
feet of hose. The effect of increasing blowing on the shape of the pulse is shown progressively in

Figures 35 through 37.
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Figure 35. Pressurc Pulsc At Model, Low Blowing, 19.9 Hz
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Figure 36. Pressure Pulse At Model, Medium Blowing, 20.4 Hz
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Figure 37. Pressurc Pulsc At Model, High Blowing, 19.8 Hz

The pressure drop through the hoses was quite large and altcred the pressure puise entering
the model. For cxample, st low biowing the mean pressure measured at th< model was 1.7 peig
compared to 22.3 paig at the pulser valve and the amplitude was reduced from 2.0 psi to 0.3 pei.

As the blowing increased, the pressure pulse shape has more and more notsc in it, so that at
maximum blowing, Figure 37, there is no well dufined pulse enterirg the model.
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In Figure 38 the pressuze pulie shape at the model is shown at a2 higher pulsing frequency,
40.2 He. The offect of raising the frequency while keeping the blowing constant can be scen by
comparing Figme 36 and Figure 38, both at medium blowing. Raising the pulsing frequency also
leads to a distorted wavetorm.
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Figure 38. Pressure Pulse At Model, Medium Blowing, 40.2 Hz

The effect of puising on the hft coeflicient is examined next. The lift coefficient for the 180
deg trailing edge is plotted for three angles of attack at various pulsing frequencies, Figures 39
through 41. At low blowing levels, Figure 39, the lLift coefficient decreases as the pulsing

frequency increases for two angles of aitack, -1.1 deg and 3.3 deg. The puleing increased the lifi
cocflicicnt for an angle of attack of 1.0 deg.
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Figure 39. Effect of Pulsing Frequency on Lift, C,=0.018

Mixed results also occur at a medium level of blowing, Figure 40. At s Jevel of blowing
the Lift coefficient increases at the two higher angles of attack as the pulsing frequency was raised
from steady blowing to 20 Hz. Pulsing decr=ased the lift at an angle of attack of -.9 deg. Resulrs
for all three angles of attack remain steady as the frequency is increased above 20 Hz. This is
caused by the break-down of the pressure puises when the frequency is increased shown carlier.
Increasing the frequency beyond 20 Hz only results ia random pressure fluctuations reaching the
mode! instead of &Lstinct pulses.
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Figare 40. Effoct of Pulsing Frecuency on Lifi, C,,=0.089

At the highest lvvel of pulsed blowing, Figure 41, the lift cssentially remains unchanged s
the pulsing frequency is raised. This is due to the severely distorted pressure puise at high blowing
rcaching the modcl noted carhier. The mode! wae not receiving distinct pressure pulses.
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Tigure 41. Effect of Pulsing Frequency on Lift, C,,=0.11




Overall, ths 1ift coofficivnt sesults of pulsing e blowing air io the model arc mixed. The
Jack of 1 clear trend as the frequency or blowing is increased is because the pressure pulse reaching
the model is 1ot 3 clear sinusoida) signal, but a»mething approaching noisc.

48




VII. CONCLUSIONS

1. The maxtmun kift possible from this wing was not reached and higher lift coefficients can
be achieved with higher blowing rates. Test data shows the rate of increase of tift with higher
blowing is decreasing, indicating that a limit to the kift coefficient is being approached. The
exception is the 45 deg trailing edge, where increasing the blowing gave mixed results.

2. The 90 deg trailing cdge shows promise as a better trailing edge for a circulation control
wing. The lift performance of the wing with this trailing edge was essentizlly equal to that of the
180 deg trailing cdge. The equivalent drag of the wing with the 90 deg trailing cdge was as much
a8 15% less than the wing with the 180 degree trailing edge. Pitching moment characteristics for
the 180 and 90 deg trailing edges were basically the same.

3. The 45 deg trailing cdge had lift, drag, and pitching moment characteristics much
different than the 18¢ deg and 90 deg trailing edges. The lift on the wing with the 45 deg trailing
edge was less than that with the other two trailing edges and 2s much as 40% less than the 180 deg
trailing edge at zero degrees angie of attack. The equivalent drag of the wing with the 45 deg
traiting cdge was as much as 35% lcss than the 180 deg trailing odge. The pitching moment was
independent of the amount of blowing with this trailing edge.

4. Results from the pulscd tests were mixed becaase the model was not receiving clear
distinct pressure pulses. By the time the preesure pulse traveled through the hose and reached the
model it was dampened out. This situation was aggravated by higher blowing rates and higher
pulsing frequencics.




VIII. RECOMMENDATIONS

1. To obtain a complete pressure coefficient profile around the entirc wing, it is
recommended that the 90 and 45 degree trailing edges be instrumented to measure pressure. With
these measurements, it can be determined if the 90 degree trailing edge has a less powerful suction
peak than the 180 degres trailing cdge.

2. When the actual pressure pulse entering the model was measured, it was found to be very
irregular. Much of the distortion was duc to the pressure pulse traveling through the long, small
diameter hose from the pulser valve to the model. To obtain more control and achieve a more
distinct pressure pulse at the wing, it is recommended that the pulser vaive be brought closer 1o the
model by installing it in the tunnel downstream of the test section, or inside of the model.

3. Since the maximum kft coefficiont was not reacked, it is recommended that the model be
testod at still higher levels of blowing to see if the limits proposed by McCormick® can be reached.

4. If a new meodel is to be constructed of similar size, it is recommended that the amount of
instrumentaticn inside of the mode! (primarily static pressure ports) be limited to what is absolutely
riocessary. The small volume of the current model presented great difficulty to the model builders
and greatly lengthcned the time required to build the model.
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APFENDIX

Corrected Force Briance Data

cir2_001.#8# from cir3001.0UT
Circulation Control Run

1:50:28pm oh /16/92

Description Configuration No Hoses
Comments No Probiems
Barometric 28.3450

Ra==497000

Cmu=0

P Alp. corr. WindCl  WindCd  WindCm
-8.42 -135E-02 562602 -0.1074
€14 141E01 567E-02 -0.0869%
382 343E-07 6.19E-02 00256
-1.53 521E01 6892802 C.0185
068 645501 764E-02 0.0578
286 737E-07 T.80E-02 0.084"
507 831£-01 936E-02 101252
722 SUE-07 1.17E-01 0.1496
8.52 1.05E+00 1.52E-01 0.186
10 1165 1.12E+00 1.59F-01 0.2175
11 13.85 1.20E+00 1.79E-01 ¢.2451
12 16.03 1.28E+00 2.17E-01 0.2729
13 18.08 131E+00 2.60E.O1 0.2803

QN AW N -

cir3_014.44# from cir3C14.0UT
9:14:46am on 9/22/92

Description 180 deg TE. no blowing
Cornmenty No Probloms

Bammaetric 28.9350

Re=4938000

Cmu=0

Pt Aip, corr. O correct Cd, corr. WindCm
1 8.3 -220E-02 54,E-02 -0.099
2 £.11 152E-01 5B1E-02 .0.0552
3 -3.7% Q256=-01 S591E-02 .0.0242
4 -1.54 3.22E.41 6.83E-02 0.0147
5 0£% 6.38E-01 7.71E-02 0.0533
6 283 7.29E.01 7.56F-02 0.0802
7 508 H.35E-01 9.45E-02 0177
8 7.18 9.75€-01 1.17E-01 0.1399
9 8.46 103ZE+00 1.37E-0" 0.176

10 11.66 1.13E+00 159E-01 0.2057

1 13.84 1.21E+00 1.72E-01 0.2332
12 16.02 1.28E+00 2.05E-01 0.2574
i3 12.08 1.31E+00 240E-01 0.2687

53




cird_ 005 ### from cii3005.0UT

1:38:25pm on AN 792

Deacription Configuration 130 deg TE, 20 psig
g Comments Model began sheking at 12 deg
: Barometric 29.2070

Re=497000

Pt Alp, corr. G, correct Cd, corr. . WindCm

i 1 -7.58 B862E-01 1.64E-01 -0.1403

2 531 827E-01 1.84E-01 -0.1028
3 -306 9T73E-01 208E-01 00817
4 .0.84 1.11E+00 2.33E-01 -0.0222
5 1.36 1.246+00 263E-01  0.0121
6 363 137E+00 301E-01  0.0478
7 587 147E+00 3.¥1E-01 00747
8 305 157E+00 3.76E-01  0.0953
9 1028 168E+00 4.08E-01 9.131
10 12.38 1.67E+00 4.35E-01 0.1678

cir3__006.284 from cir3006. OUT

2:19:56pm on 9/17/92

Description Configuration 180 deg TE. 40 paig
Commants mode! shaking at last point

Baromaetric 20.1830
Re=406000
Cmu=0.156
P Alp, corr. Tl correct Cd, corr.  WindCm
1 574 1L.RE+ND 5.92E-01 0.1805
2 -4.43 146E+00 5.32E-01 0.7421
3 -2.23 156E+00 6.62E 01  -0.1002
4 002 1.72E+00 7T.04E-01  -0.0666
B 2.18 1.82E+00 7.42E-01 -.0308
6 45 198E+00 783E-01 0.001
. 7 6.75 207E+0C 3.49E-01 0.0343
8 894 216E+00 Y.OZE-01  0.0557
9 11.18 2.29E+0C 7.58E-01 0.0861
10 13.42 2.42E+C0 1.02E+00 0.1144
11 15585 251E+00 1.07E+00 0.1332
12 17.74 254E+00 1.12E+00 on7
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cir3_007 84t from cir3007.OUT
2:58:54pm on $/1792
Description Configunation 180 deg TE., 60 psig
Cominents No Problems
Barometric 24.1670
Re=455000
Cmu=0.260

M

Alp. corr. !, corvect: Cd, corr.

DO NIDOLGWON =

1o
1
12
13
14

-6.27 1.88E+00 111E:00
-4.02 1.84E+00 1.16E+00
-1.73 1.98E+00 1.20E+00
044 210200 1.25£+00
276 :28E+00 1.30E+00
5.6 239E+00 1.36z+00

73 249E+00 1.43E+CO
8.47 257€+n0 1.50E+00
11.05 263E+00 1.53E+00
13.96 2.80E+00 1.62E+00
16.3 292E+0C 1.70E+00
1837 C.02E+00 1.74E+00
2082 3.12E+00 1.82E+00
22.73 3.17E+0C 1.85E+00

cir3_0i3 . ##% from cir5025.0UT
10:30:17am on 9/23/92
Description Configuration 90 deg TE. no blo
Comments No Probiems
Barometric 29.4400

Wingom
0.2106
-0.1748
-0.1379

-C.101
0.07T1
-0.033
-0.008
0.0127
(5.0351
0.0718
0.0866
0.1258
0.1451
0.1762

Re=467000
Cmu=0
Pt Alp.corr. Cl, correct Cd, corr.

© T NG L WN -

10

~8.37 -4.39E-0? 6.26E-02
-6.11 1.26E-01 5.78E-02
-3.85 3.19E-01 5.63E-02
-1.5¢ 5.01E-01 5.77E-02
0.58 6.29E-01 6.37E-02
2.4 7T.31E-01 7.37E-02¢
489 8.28E-01 9.08E-02
7.4 9.05E-01 1.19E-01
9.15 1.01E+00 1.24E-01
11.32 1.12E+00 1.47E .01
13.59 1.22E+00 1.78E-0i
15.69 1.28E+00 1.93E-01




cir3_008.### from cir3008.0UT

3:12:57pm on W18/92

Description Configuration 90 deg TE, 20 psig

Comments No Problems

Barometric 28,9470

Re=496000

Cmu=0.0669

Pt Alp. corr. Cl, correct Cd, comr. WindCm
1 744 739E-0" 191E01 -0.1408
2 513 8.12E-01 Z210E-01 -0.104%
3 -28% 1.0SE+00 236E-01 -0.0623
4 064 1.22E+00 2.70E-01 -0.0262
5 1.57 1.34E+00 3.07E-C1 0.0131
6 383 146E+00 342E-01 0.0487
7 6.08 1.57E+00 3.90E-01 0.0747
8 8.28 1.65E+00 4.35E-01 0.1012
9 10.48 1.77E+00 4.75E-01 0.1327
10 1269 1.84E+00 5.18E-01 0.1881
1k 13.72 1.83E+00 5.05E-01 0.1839

cird_009.### from cir3003.0UT

2:01:55pm on 9/21/92

Description Configuration 90 deg E, 30 psig
Comments No Problems

Barcmaetric 28.9140

Re=499000

Cmu=0.112

Pt Alp, corr. Cli, correctiCd, corr.  WindCm
1 -6.89 1.13E+00 359E-01 -0.1613
2 -465 1.26E+00 3.92E-01 -0.1249
3 239 1.41E+00 4.21E-01 -0.0845
4 0.17 155E+00 4.54E-01 -0.0485
5 206 167E+00 483E-01 -0.0123
6 435 1.79E+00 5.32E-01 n.0202
7 6.66 190E+00 5.82E-01 0.0525
8 882 2.02E+00 6.46E-01 0.071
9 11.06 2.15E+00 6.98E-01 0.1066
10 13.29 2.28E+00 7.52E-01 0.1363
11 15.45 2.33E+00 7.89E-O1 0.1644




cir3_010.444 frcm cir3010.0UT

2:20:31pm on 9/21/32

Description Configuration 90 deg 1E, 50 psig
Comments No Problems

Barometric 28.9070

Re=497000

Cmu=0.235

Pt Alp, corr.  Cl, correct Cd, corr.  WindCm
1 6.28 158E€+00 8&.98E-01 0213
2 402 173E+00 94101 .0.1748
3 -1.81 1.86E+00 9.88E-01 .0.1383
4 0.48 202E+00 1.0SE+00 -0.1022
5 272 212E+00 1.10E+00 -0.0633
6 489 226E+00 1.17E+00 -0.0345
7 7.31 238E+00 1.24E<00 -0.0084
3 9.48 244E+00 1.305+00 0.0177
11.71 258E+00 1.38E+U0  0.0463
10 13.95 269E+00 1.44E+00 0.0773
1n 16.17 279E+00 1.50E+N0  0.1053
12 18.42 293E-00 1.59E+00 0.1319
13 20.66 3.00E+00 1.64E+00 0.15¢
14 2277 307E+00 1.70E+00 0.182%

o

cir3_021.82# from cir3021.0UT

8:43:33am on W23/92

Dosciiption Configuration 45 deg TE, Mo Blowing
Cornmaents No Problems

Barometric 29.4240
Re=501000
Cmu=0
R Alp, corr.  Ci, correct Cd, corr.  WindCm
1 638 -425E-02 544E-02 -0.0839
2 613 1.15E-01 5.25E-02 -0.0334
3 -3.87 296E-01 478E-02 0.0174
4 -1.64 450E-01 481E-02 0.0688
5 056 S565E-01 5.15E-02 01131
6 269 662E-G1 572502 01542
7 482 753E-01 745E-02 0.1883
8 688 B828E-01 894E-02 02185
9 293 938E-01 1.08E-01 0.2568
10 11.35 1.05E+00 1.34:-01 0.2953
" 1355 1.14E+00 1.57E-01 0.329
12 1566 123E+00 1.81E-01 0.3585

13

17.719 1.24E+00 2.05E-0 0314




cir3_019.4i# from cit3019.0UT

3:48:37pm on W22/92

Deacription Configuration 45 deg TE, 20 psig
Comments No Problems

Baromatric 28.0300

Re=496000

Cmu=0.0726

™ Alp, corr.  C1, correch Cd, coir.  WindCm
1 -7.66 5.83E-01 1.48E-01 -0.055
2 -5.45 B.80E-01 1.63E-01 -0.0064
3 -3.23 B8.20E-0% 1.83E-01 0.045
4 099 O9.71E-01 2.04E-01 0.0952
5 1.24 1.16E+00 2.30E-01 0.1364
6 345 1.26E+00 258E-01 0.1814
7 565 13TE+00 2.94E-01 02175
8 1.78 1.44E+00 3.21E-01 0.2505
9 1001 1.56E+00 3JIT7E-D1 0.2896
10 1221 1.64E+00 3.B87E-01 0.3321

cir3_022.##8 from cird022.0UT

8:04:56am on ¥/23/92
Description Configuration 45 deg TE, 30 psig
Comments Nc Problems
Barometric 29.4230
=50200U
Cmu=0.123
A Alp, corr. Cl, correck Cd, corr. WindCm
1 -1.77 543E-01 2B87E-01 -0.056
2 -5.43 6.96E-01 3.02E-01 -0.0088
3 3.2 3.64E-01 3.23E-0% 0.043
4 083 1.01E+00 338E-01 0.084
5 1.21 1.14E+00 3.68E-O1 0137
6 343 1.28=+00 396E-C1 0.1827
7 564 137E+00 4.28E-01 0219
8 78 1.48E+00 A470E-OV 0.24993
8 10.01 1.81E+00 5.09E-01 0.2839
10 1225 1.74E+00 54701 0.3363
n 1447 1.85E+00 5.89€-01 0.3755
12 1658 1.92E+00 8.29-01 04084
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cir3_023.48%# from cird023.0UT
0:22:42am on 9/23/92

Description Configuration 45 deg TE, 50 psig

Comments Ignore last puint

Barometric 29.4240

Re=502000

Cmu=0.255

M Alp, corr. Cl, correck Cd, corr.  WindCm
1 -747 7.09E01 7.28E-01 -0.0625
2 521 B.756-01 TATE-01 -0.0162
3 203 9.77E-D1 T787E-01 0.0348
4 075 1.18E+00 795E-01 0.0835
& 142 1.27E+00 8.23E-01 0.1311
6 359 1.41E+00 8.55E-0% 0.1764
7 8.02 1.68E+00 9.22E-01 0.2117
8 8.22 1.78E+00 9.79E-M 0.2421
9 104 1.89E+00 1.02E+00  0.2869
10 1262 2.03E+00 1.07E+00  0.3298
" 1481 208E+00 111E+00 03725
12 1713 231E+00 1.20E+00 0.4101
13 19.27 237E+00 1.24E+00 0.447
14 21.34 2.40E+C0 1.28%+00 0.4848
15 23.48 2.48E+00 1.29E+00 05117
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Re=5032000
Cmy=0

Pt

b WwNnN =

Baromatric 29.0120
Re=497000
M~ Alp, corr.
1 -8.37
2 -1.54
3 5.1
4 5.48
5 -1.21
6 -8
7 -71.59
8 -0.82
9 587
10 6.25
11 -0.46
12 -7.14
13 -6.84
14 0.14
15 6.6
16 6.83
17 0.04
18 £.67
19 -6.48
20 0.21
21 6.97

-1.64
4.86

11.38

cird_U'6.488 from cit3016.0UT
12:38:17pm on W22/92

Description Simitiar to Pel'etier but Re=5"ES
Copyments Nz Problems

Cl, corect Cd. corr.  WindCm  Cmu

-1.43E-02
511E-01
8.44E-01
1.14E+00
7.92E-01
2.96E-01
6.35E-01
1.12E+00
1.50E+00
1.78E+00
1.39E+00
9.53E-0
1.18E~00
161E+00

2.C2t" 00

2.20E+00
1.80E+00
1.36E+00

1.52E+00
1.9GE+00
2.33E+00

cir3_024.##% from cir3024.0UT
10:01:28am on 9/23/92

Description 45 deg TE, repeatability chk of 21
Comments No Problems
Barometric 20.4600

4 58E-01
1.63E-01
1.04E-0C

6.03E-02 -0.097
717€-02  0.0165
979602 01182
1.65E-01 0.1001
1.10E-01 £.0026
7.58E-02 -0.1069
1.84E-01 -0.1276
239E-01 00208
3.26E-01 0.0756
5.58E-01 0.0527
445E-01  0.0406
37TIE-01  -0.1485
6.36E-01  -0.1689
1218001 -0.0817
8.65E-01 0.0298
115E+00  0.0085
1.01E+00  -0.079%6
9.12E-01  -0.1856
1.21E+00  -0.2048
1.31E+00  -0.0999
148E+00  -0.0097

Alp, corr. Cl correct WindCd  WindCm
-3.37 -2.73E-02

523E-02 -0.0849
404E-02  0.0581
6.80E-02  0.1883
1.33E-01 0.2958

60

0.0266
0.0266
0.0266
0.0677
0.0677
0.0677
0116
0.116
0.11¢
0177
0177
0177
0.236
0.236
0.236
0.304
0.304
0.304




cir3_025.#4# from cir3026.0UT
11.21:36am on 923/92
Dascription hysterasis check, 180 deg TE, Cmu=0

Alp. corr. i, correct WindCd  WindCm

Comments No Problems

Barometric 29.4520

Re=501000

Cmu=0

Pt
1 13.79 1.21€+00
2 11.61 1.13E+00
3 9.37 1.01E+00
4 713 9.00E-01
5 5 B.23E-01
6 2.85 7.46E-01
7 0.63 6.18E-01
8 -1.57 4.89E.01
9 383 3.12e-01
10 6.12 1.07E-07
19 -8.38 -5.82E-02

1.81E-01
1.58E-01
1.32E-0"
1.06E-01
8.77€.02
8.8CE-02
7.29€-02
6.72E-02
5.92E-02
6.18E-02
7.05E-02

0.2303
0.2053
0.1738
0.1431
0.1208
0.093¢
0.0807
0.0245
-0.0125
-0.0521
-0.0895

€1




Reduced Pressure Data

Prassure Coefficient | Pressure Coefficient
160 degiee TE 180 degree TE
Crmu=t) Criu=0.16
Alphs=0.69 Alphu=0.44
X/IC Cp \
0 0827218 ?f/ ¢ S)‘.’omn
0024 06994 0024 201301
0048 -0.83966 ‘ '
0095 -6.9751 o 0cs 189633
0.095 -1.9015
o201 084663
0306 -0.87i258 g-gg; lifgzg
C406 071526 - e
0511 -0.73349 0.406 147978
0708 -0.69635 0.511 -1.48894
0801 -06082 0.709 -1.86367
094 -0.17477 0.801 -2.27385
0.969 €.178 0.962 -8.00717
0991 -0.15902 0.991 -11.2261
1 027713 o1 -8.41615
0997 -0.24057 0.991 -1.62872
0969 -0.18588 0.969 0.77R982
084 052927 0.94 0.772212
0802 -0.03711 0.902 0.777788
0.804 0057763 0.804 0.74792
0.701 0.158688 0.701 0.675841
0604 0.1:23568 0.504 0.591018
0501 0.173z21 0.501 0.389912
0.403 0.181514 0.403 0.566726
0.305 0.140521 0.305 0.39469
0.203 0026678 0.203 0.489071
0095 -0.03872 0.095 0.557965
0048 0274148 0.048 0.757478
0.017 0.575307 0.017 1.004779
0 0827218 0 007841
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Pressuro Coeflicient

90 deg TE

Cmu=0235
Alpha=0.40 degrues

xic

0
0.024
0.048
0.095
0.201
0.306
0.406
0.511
0.709
0.801
0.902
0.804
0701
0.604
0.501
0.403
0.305
0.203
0.095
0.048
0.017

0

Ccp
-0.0376

-2.04308
-1.91995
-1.95665
-1.68116
-1.54976
-1.48616
-1.50043
-1.82292
-2.08323
0.59393
0.59026
0.477327
0.468358
0.348901
0.516059
0.361948
0.449196
0.447157
0.719502
0.839253
-0.0376

Pessura Coefficient
45 degree TE
Cmu=0.255
Alpha=-0.75

x/C

o
0.0223
0.0446
0.0883
0.1868
0.2845
0.3774
0.475
0.6591
0.7446
0.8385
0.7474
0.6516
0.5615
0.4657
03746
0.2835
0.1887
0.0883
0.0446
0.0158
0

Cp
0.283104

-1.24048

-1.2634
-1.41051
-1.18985
-1.20843
-1.18985
-1.13063
-1.32884
-1.44872
0.401075
0357134
0.320358
0.320836
0.254925
0.241075

0.21194
0.217672
0.155582
0.341851
0.768358
0.283104
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