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ABSTRACT

Ths wind tunnel invesgation examined the lift, drag, and pitchink moment of a 20% thick,

8.5% camber, partial elliptical cross-smion, single blowing slot, rectangular, circulation control

wind. 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 degree to the

inception of stall. The maximum lift coefficient measured was 3.17 with an equivalent drag

coefficient of 1.85. Results also 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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1. INTRODUCTION

Hfigh-til devices air. used by nearly alt airraft sometime during a flbight. Primnarily, thesw

high-ift devwie able the aircraft to take off awl land at lowe speeds and in shorter distancm

than possible without them. Also, an aircraft using high-lift technology will be able to climb more

quickly to aftitude than an aicft not np•ytng such technology. The result from climbing

quickly is a decrease in the amount of the noise reaching the ground near the airport.

Vertical/Short Takeoff and Landing (V/STOL) aircraft depend on high-lift wings for their unique

perf rn.

Ther are nunmeus practical reasons why high-lift technology is important to military

applications. They include the ability to operate from runways shortened by battle damage or from

abort improvised runways. A given airplane ro-equippd with high lift wings can cary a hoavier

load from the full length runway. Finally, the steeper climb possible with high-lift deiices

mini the fime the aircraft is vulnerable to attack from the ground.

Cunan , mcchanical high-lift devices can yield high lift coefficients, but with a weight and

complexity penalty. Two dimensional circulation control airfoils have been tested using blowing

rates availabe from production engine compressor blecd. The use of circulation control tripled the

lift generation of the basic airfoil section with a conventional mechanical flap. 1 The circulation

control wing concept, explained in the themy section, circumvents a good deal of the mechanical

complexity while still providing high lift coefficients.

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 argest circulation control experimental efforts was conducted by CGrnnman

Aerospace Corporation.2 An A-6 Intruder was fitted with a circulation control wing. Lift was

increased and the landing speed was decreased, but at the expene of maximum speed. The drag



of the blunt trailing edge ieduced the maximum speed. The circtlation control wing created such a

sthng nom down pitching moment that the horizontal stabilizer had to be mirged and given

vrNse cambar to m~ntain stability.

Seweral reseirchets have tested circulation control airfoils and wings in the AFT" five foot

wind tunneL Harvell3 examined multiple blowing slots on a two dimensional airilil. Trainor4 and

Pelletier5 developed tosting methods and tested a finite wing. Lacher6 showed a limit on the

maximum lift coeMcleent for a circulation control wing and began Initial tests with blowing air

This invetigation had three objectives. 7The first was to determine if lift coefficients as high

as the theoretical nmximum could be obtained with a new test wing. The second objective was to

test three differently shped triling edge Coanda surfaces and identify the bet one for the gve

test conditions. Tho final objective was to test the wing with both steady and pulsed blowing and

determiue if wing pmrformance was increased by pulsing the blowing air.

This investigation built upon the work of Pelletier5 and Lather6 . Unique to this

investigation are a new wing model of higher aspect ratio than previously tested and a now blowing

air supply systom. The wing was also equipped with a removable trailing edge Coanda surface.

The wing was tcsted at a Reynols number based on the wing chord or 500,000 in the AFIT five

foot wing tunnel. T7he angle of attack was varied ;-om minus 6 dog to the start of stalL Force and

moment data reduced to coefficient form were obtained using a six component 0.5 in. balance and

surface pressures on thi wing were albo recorded.
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IL THEORY

According t) the Kutte-Joukowski theorem, the force acting per unit lent on a cylinder of

any cross section is equal to:7

f =pk' xra (1)

who•r Me strength or tie circulation, gamma, is defned along a unit vector A as:

r = *-ds (2)
C

For a wing of span b, the total lift ran be written:

L = pVVJ (3)

As the flight volocity decreams, contmt lift can be nmaitafied only by -creasing any

combination of the r density, the wing span, or the circulation, F. In practice, the most effoctive

way to maintain lilt at low aitpeeds is to increase The circulation 89

In conventional wims, the airfoil has a sharp trailing edge. The presence of the sharp edge

determines te amount of circulation about the airfoil according to the Kutta condtion. The Kutta

condition states hat a body with a sharp trailing edge in motion through a fluid creates about itself

a cmirulation of sufficient strength to hold the rear stagnation point at the trafling edge.7 In

contrast, circulation control airfoils have a blunt trailing edge known as the Coanda surface.

Because of this blunt trailing edge, the Kutta condition does not apply. With the Kutta condition

removed, the position of the rar stagnation point and the mesulting circulation about the airfoil are

controlled by varying the magnidide of tire blowing momentum coefficin Ct.

C qJ J(4)

In these tests a jet of air was blown tangentially over the trailing edge Coanda muface. A

balance between inertia and pressure forces keeps the jet of air attached to the curved Coanda

surface for a dimsme. The rearward stagnation point is located where the jet separates from the

3_



surface. By varying th strength of the blowing air, the location of the rear stagnation point, and

thus the circulation, can be conviolld. In this research, circulation about the wing was controlled

by vaying the blowing momentum coefficient

McConmick 9 gives two limits for the maximum lift coefficient for an elliptic wing. The first

is from lifting line theory and is given by: C LIM = 1.21AR (5)

The second is for the exact solution for an elliptic lift distribution:

CLmax - O.55AR (6)

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

The bulk of the tests in this iesearch were run at a constant Reynolds number based on the

model's chord of 500,000. Using the definition of Reynolds nwmber, the definition of dynamic

pressure for incompressible flow, and the equation of state, the tunnel dynamic pressure or q can

be written as:

- (ReO) 2 RTan 7

Patm ()

where atmospheric pressure and temperature are the inputs.

As shown in Equation 4, to calculate the blowing momentum cooefficient, it is also necessary

to know the jet velocity and the mass flow rate of blowing air. It is assumed tha the air within the

wing expands isentropicaily through the blowing slot to the free stream static pressure. 9 Starting

with the following relatimns and the definition of Mach number:

Tt = +ý-?-1M2 (8)T 7"

2 - I MV2

M2= (10)
yRT



The jet velocity can be soved for as:

Vi 1 1I~
where Pt is die total pressure in the wing plenum, and P is the pressure to which the jet expands.

During static tsts, P is the afnospheric pressure. During these wind tunnel tests, the static

pressure in the, tunnel test section Pt. is below atmospheric and is found by cubstiluting Equation 7

for q.:

Pts = Patm -q• (12)

(ReIp) 2 RTM
Pts = Patm 2Ptm c2

The mass flow rate of blowing air was measured by a venturi mass flow meter. For this test

configuraion, as shown by Lachlr6, the mass flow rate is:

f--2T 1-(P2/PI) y-

hi= CdA2 PI R- (A2/A1) (14)

where P I and P 2 are thie praes read at the venturi pressure taps.

Wing surface static pressure data was taken for al rnmo except the first run when no hoses

were attached. The pressure dat was reduced to woefficint form for analyvis:

P-= P-- (15)

In this test, P. = Pts and Pt. is simpty the total pressure (or atmospheric pressure) minus the

dynnmic pressure. Using Equation 12 for Pts, the pressure coefficient can be writtem instead as:

5



Cpt +I (16)qwo

A.I wing surface static prtnsrwz d3ta are presented in fis fcmi.

The drag woefficiemt discussed is the cquivlent drog coeffcienL It is usd when compmnng

he perfomance of Circulation control wigp with convtntioval wing. The equivalent drag is used

for comparison because it correts for two traits mique to a ch'cula1on aontrol wing. First, it

accounts for the energy expended c4messing e blowing air, th first term In Equation 17. T10s

is n pent by the airplane and obtdined most kely in the form of sor bleed air.

Se,',ondly, the equivalent drag accounts for the dthat caused by the jet of air exiling the wing, the

smcond term in Equation 17. These two effecs are inxludid in two additional drag terms. As

ghown by Lacher6, the equivalent drag De is equal to:

D =D 6KE +rhV,• (17)
e meas V At

or in coefficient form"

C~~o v.C/V_ =C. + (18)CDo =D +2 V.

J

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

of state.

".=T (19)

whe•r Pt is the tet schon przagure. Using Equation 12 for the test section pressun , the flee

slicam velodty is finally:

V = f T, Am (20)"CIO 
q..



III. TEST EQUIPMENT

Whig Model

The wing model conanxted for this test was a 20% thick, 8.5% carnbered, partial elliptic

cross section rectangular wing. The model had a single trailing edge blowing slot, interrupted in

the center of the wing by the sting mounting block and blowing air supply tubes. Ea&h 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 paanmters for the configurations tested are listed in Table 1.

Table 1. Sunmary of Wing Parameters

Trailing Edge Chord (in) Span (in) Area (sq. ft) Aspect Ratio

180 5.81 23.19 0.936 3.99

90 5.81 23.19 0.936 3.99

45 6.25 23.19 1.007 3.71

With a maximum chord of 6.25 inches, the maximum chord to ttmel height ratio of 0. 104

was well below the maximum of 0.25 suseated by Woodl 0 for the chord to ttmnel height ratio.

The airfoil geometry for the wing with the 10 deg trailing edge is given in Table 2:

Table 2. Airfoil Geometry

Surface Coordinate (in) Distance From LE (in)

Upper z = 0.28 1(2.91)2 (2.91 - x)2 0:5 x:5 5.49

Lower Z=.O.56jF.(5g 1)2 _(0,58, _x)2 0O-ýx:S .581

Lower z = -0.325 0.581S x5 <5.49

Coanda z = +4(0.326) 2 - (x - 5.49) 2  5.49 < x s 5.81

7



The three trailing edges tested each had varying degrees of Coanda surface turning. 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 by 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 45 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.

/

i .. J .. L - -

180 deg 9o 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

indpcndent halves, left and right, which were iniror 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 expandod

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 area of the duct continuously increased out to the wing tips.

8



Turning vanes were used to turn and distnbute the air undrnnly across dhe slot at the trailing edge,

Figure 2.

23.19" --

0 hormlcouple 0 0

Air Inlet Tubes

FiVgue 2. Planform View of Test Wing

The height of the trailing edge slot where the blowing air exited could bc vaied by 14

adjustment screws on the upper surface. When tightened, the screws brought the upper surface

down and closed the blowing slot. The slot height was typically 0.009 in, giving a slot height to

Coanda radius h/r=0.028. EnglarI suggests that strongly attached Coanda flow is maintained for

0.01 <h/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 ports on

the surface of the model. Table 3 shows the chord locations of the surface mounted pressure

ports.

9



Table 3. Wimg Static Pressure Port Locations

6 inches froin left wing tip 6 inches froim 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 0.609
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
0.940 0.940 0.991
0.969 0.969
0.991 0.991
1.000

The flow tempenat within the model plcmun was measured by four thermocouples. The

thermocouples were positioned in pairs, two hi each half of the wing. One pair was located in the

front of the model near where the flow ented and the other pair was positoned near the traing

edge. The thamocouples 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 Kaee CS-90 compreso capable of delivering 360 cfmn at 110 p a 200 gallon

tank, a Kaeser refiigerated type compresed air dryer, and an in-line oil filter. After exiting the

compressor, the air flowed through the settling tank, drier, and filter in turn before being directed

10



to the wind tunnel control room. The compressor was set to maintain 110 psig +/- 3 pai in the

tank. The blowing air supply system is shown in Figure 3.

Figure 3. Blowing Air Supply System

With•n the control room, the compressd air fBowed trough a valve, •-ycIonc separator, and

filter before it was imod. Nex the model prossure was controlled by a regulator. For these tests,

the air flow for each ýest run was set using the reglator. To measure the mass flow of blowing air

aw4d, 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 pulsed blowing was used. For

the s•eady flow tests, the air was diMcd irto two streams, one for each half of the model, and

routed into the tunnel test section, Figure 4.

Cyclone -Sear atorT Peorect-

Figure 4. Blowing Air Supply System for Steady Blowing Tests

A schemtic of the pulsed blowing ysemu is shown in Figure 5. In these tests, the air was

divided into two streams foilowing the venbni mass flow meter. One of the sremsm entered the

pulser valve, and the other served as a bypass. A gate valve was used to control the amount of

bypaoss flow. The bypass air nmas flow was mesue by a second venturi mass flow meter.

Downi'trean of the bypass flow meter the pulsed air was introduced, aflowve to mix, and again

diided into two streams for erach half of the model. The bypass air was ryquired to moderate thT

11



severity of pressitre fluctuations entering the model. Earlier tests passed all the blowing air through

the pulst vakvc and the resulting hit oscillations seriously damaged the modei. 6

and~ ~ Filte RI ýe =A 111 l nI.ý

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 *ir passages in it. The core was spun within a

Pteet housing having the inlet and exit ports. Because of the two air passages, there are four pulses

of iir for each revolution of the valve. The pulser valve was driven by a direct curent motor with

a speed controller. A counter was used to detennine the pulsing frequency.

AFIT 5-ft Wind Tunnel

All tests were performed in the AFIT 5 foot wind tunnel at Wright-Patterson Air Force

Base. The open circuit tunnel has a closed test section and is enclosed in a building designed

spexifically for the turnel. The entrance has a contraction ratio of 3.7 to 1 and the test section is 5

feet in diameter. TFunnel airpeeds up to 200 mph are provided by two counter rotating 12 foot

fins driven by four DC motors.

FThe 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 nuinain a constant Reynolds number throughout testing with changing

atmospheric conditions, a new tunnel q was calculated prior to each run.

12



The wind tunnel has a turbulence factor (TF) of 1.$. When •ompazi test resul from

different wind tunnels, the effective Reynolds number, as defined below, is used.

Reeff = TFx Retest (21)

where Re,. is the test Reynolds number. The effective Reynolds number is higher becamus it

accounts for the additional turbulence in the wind tumel cawed by the propeller, the guide vanes,

and the vibration of the tunnel walls. 11

Data Acquisition System

The data acquisition proces was controlled by a Zenith Data Systems Z-300 computer using

the AFIT 5 foot wing tunnel data acquwition and reduction software. Data acquimiion was also

partly controlled by a Hewlett-Packard 3852A Data Acquisition Cointrol Unit (DACU) which read

outputs from the sting balance, angle of attack potentiometne, tunnel temperature theamocouple,

tunnel q pressure transducer, and the model base pressure transducer.

Forces and moments on the model are measured b) an Able Coiporation Mark V balance.

The 0.5-in diameter, six-component, sain gauge balance measures two notmal forces, two lateral

forces, one axial force, and one roiling moment. Pitch and yaw moments werm rtsolved by csing

the two normal and two side force mcasmurments. Excitation voltage was provided by a Hewlctt

Packard 6205 regulated power supply. Output voltages were rcad by the DAC0, j and stored in the

Z-300. After completion of a run, the voltagcs were converted into forces 'lining data reduction

using the calibration matrix.

Several diffcrent pressure measurements were made duinng testing. They inclhded: static

pressures on the surface of the wi total pressures of the blowing air inside of tie wing, static

pressues at the ventuti meter taps and time varying pressures during pulsed testing,

The static pressures on the wing surface and the total prcssures in the wing plenum were

measured with a Pressure Systems Inc. 780Bfr Pressure Metu-mnen• System Data Acqowuton

and Control Unit -ming a 78OB/T Pressure Calibration Unit. The pressure transducers were

13



housed in Electronically Scanned Pressure (ESP) sensors. The prsu=re measurement system was

connected to the HP 3853A DACU with an IEEE-488 interface bus. For this test, a +/- 45 psia

ESP sensor and a +/- 5 pgig ESP sensor were used. The ESP units were attached through 3/32

inch tubing to the model pressure ports and mounted in the wind tunnel downstream of the test

section. The control 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 model base and the tunnel q pressur were measured with two Robinson-Halpem 0-25

inches of water presure transducem. Two venturi flow meter pressure measurements were made

using Endevco 8530A-100 pressure tratxsducen powered by Endevco 4225 power supplies and

conditioned with Endevco 4423 uignal conditione(s. The output voltages were read with standard

volimeters. Two other venturi flow meter pressure measurements were made with a 50 inch

Mercmy manometer.

A pressure transdue•r was mounted in the blowing ar supply line to measure the shape of

the pressure pulse entering the model during pulsed testing. Two locations were chosen for

measurements. The first mcamured 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 transduce was

located as close as possible to the model so that the wave form of the pressure entering the model

could bt datermined. The pressure was measured with an Endewvo 8530A-100 pressure

transducer powered by wv Endewco 4225 power supply and conditioned with an Endevoo 4423

signal conditioner. The output volage was read on a Tektronix 7854 recording oscilloscope.
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IV. EXPERIMENTAL PROC EDU RE

Calibration

The dig balance was cahmrated prior to any testing by loading each of the strain gauges of

the Mark V balance with known loads. With lhe exception of the axal force gauge, all gauges

were loaded in the poMtive and negathn diectionm of fe bablnce's coordinate system. Since only

positive axial forces were expected, that gpuge wa oMly calibratW in the positive direction. Each

nomial force gauge was calibrated usg a 20 point calibration from 0 to 50 lbt each side force

gauge was caibaed using an 18 point clbration ftom 0 to 50 lbf and the rolling moment gauge

was calirated with a 12 point calibration firmn 0 to 10 Kbf.

During the cah'lration of any one gauge, tie wind turnel DACU recorded the applied load,

ag strain gauge voltages, the sting angle of amck, and the sting bend. After completion of the

calibration for each gauge, a calibration file was written for that gauge. The linear fit of the

calibration file was chocked with the correlation coefficienL All of the gauges had a correlation

coefficient of 0.99996 or greater. The process was repeated for each gauge in the positive and

negative directan where applicable. After the 11 calibration files were collected, they were

combined into a single calibrton matrix. The calibration matrix inclhu any cmr-talk betwoen

the gauges when loading occurred. The calibration marix was used during testing to reduce the

raw gauge voltages into forces and moments.

During the calibration, a sting bend file was written for each gauge relating the applied load

to Ast bend. This file was used later dumn data reduction to correct the angle of attack

measured with the potentiometer for the deflection of the sting due to aerodynamic loads.

Before testing, the angle of attack voltage was related to the wing angle of attack. TIe wing

was moumted on the sting with an inclinometer to measure the angle of attack. The wing was set at

a ghi angle and the voltage rocord•d. This alpha-voltage schedule was used to set the wing angle

of attack while the tunnel was running and for the DACUT to determine the angl of attack.
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The three Endevco pressure transducers were calibrated prior to testing with an Amctek

dead weight tester using 19 and 15 point calibrations. The Robinson-Halpem transducers were

also calibrated with an Ametok dead weight tester using a 25 point calibration. For all pressure

transducers, the calibration curve correlation coefficient was 0.999 or greater.

Test Item Checkout

The jet vloity acrcss the trailing edge slot was chocked for uniformity prior to the model

entering the tunneL It was important that the velocity and mas flow of blowing air out the

blowing slot be uniform across the Van of the wing to achieve 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 thews, 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 achieved when the slot height was

unifonn across the span. Therefore, when the model was in the tinnel only the slot height needed

to be chocked. The maximum variation in jet velocity within any side was 12% and a typical jet

velocity survey is shown in Fige 6.
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Figure 6. Velocity Profile at Trailing Edge
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After the model was installed in ilo tunnel and all the data acquisition channels connected,

several test runs were performed before the wind tunnel was started. To determinc if 'installation

of the model 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 progrA a run consisted of an angle of attack sweep with the othr 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 blowing air was steady or

pulsed. In the pulsed tests, an additional variable was the pulsing frequoncy.

Following the intial 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. Ne, 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

numing at the same three blowing coefficients. With this method, the contribution of the jet of air

can be isolated frm the lift coefficient in the reduced data. Steady blowing was used for these

tests. The same gencral procedure was followed for all the trailing edges tested.

The 180 deg trailing edge was later reinstalled for a hysteresis check. In all of the testing to

this point, the angle of attack increased from -6 deg to the final vahle. For the hysteresis check,

the angle of attack was decreased from the maximumn value to minus 6 deg and comparud to a

previous run where the ange of attack in,.amsed.

Pulsed testing followed the steady Mowing tests. The vuaiables for the pulsed tests wecr th.-

angle of attack, the blowing ooefficint, and the frequency of the pulsing. All pulsed tests were
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performed with th-, 180 dog tailing edge. Thret angles of attack were examined: -2, 0, and 2 deg.

The frequency of ihe pulsing was vaned fi om zoro (steady blowing) to 80 Hz.

Figiure 7 and 8 show two views of dhe maodel mounted in the tunnel test section. In Figure 7

the 3/32 inch surface pressure lines are visible enterig the ESP unil mounted on the rzting. Figure

9 shows the two 1/2 inch blowing homc entering the rear of the model.

Figure 7. Model in' ;unnel Test Section Looking Downstreamn

is



Fagurc 8. Model mn Tunuc Test Sctlion Lookin Foiward

The pulsed Mlowing air plumbigb is shwn in Figwme 9. Vid~bl cc the thenncoupc wed to

meame the incoming flow teniprabre, the two wutuz flow inwteru mnd the by-pas valve. Mhe

pulse valve and it's mnotor am~ in Figure 10.
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Figure 9. Blowing Air Instrmirntation

Fgur 10, Pulse~r Valve and Drive Motor
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V. DATA REDUCTION

Wind Tunnel Corrections

Raw data from the wind tunnel man balance was first reduced by the wind tunnel data

aquisition system software into the measured force and moment coefficients. All of the force and

moment data were reduoed in the wind axis where lift is perpendicular and drag is parallel to the

umdistuibed flow. While the oefficients were being calculated, several standard wind tunnel

corrections wore applied as rccommended by Pope. 1 1 The corrections applied included: skew

factor correction to q, solid blockage correction to q, wake blockage correction to q, wind tunnel

buoyancy correction to the drag coefficient, induced drag correction to the drag coefficient, base

pressur correction to the drag coefficient, and an up-wash cor.ction to the an&l of attack Table

4 lists the corrections and their relativw size for a typical test rum. The corrections applied to the

tunnel cdyvamic pressure wnre all very smal The drag coefficiew 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 corrections, unique to tits investigaion, were applied: lift

coefficient corrections, drag cofficient corrections, and pitching moment conections.

Table 4. Summary of Wind Tunnel Corrections

Correctien 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 Presaue, Cd 19.1
Up wash, Alpha 0.3
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Lift Coefficient Corretons

The liI 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 vemss 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 1I was fitted by a second order polynomial. Since the

two rums were compe 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 argle of attack, was

calculated for every lift coefficient measurment based on it's corresponding angle of attack. This

correction was then added to all measured values of lift ceffin and was equal to:

Correction = -0001a 2 + 0.001a + 0.0003 (22)

The hose correction applied equally to all three trailing edges since it was stctly a functon

of the angle of attack. Table 5 shows the conribution of the lift coefficient 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 are added and the negative corrections
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are subtracted. The presence of the howe had a small and correctable effect on the lift coefficient

measurements.

Table 5, Summary of Hose Bend Corrections to the Lift Coefficient

Alpha (dog) 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 -0o14
13.84 -0.41
16.02 -0.73
18.08 -1.09

The lift coefficient was also corrected for the contribution from the thrust of the jet of

blowing air. For each wing configmation, 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 sane level of blowing momentum coefficient but with the wind

tunnel running. To correct the lift coefficient for the contribution by the jet thrust, the lift

coefficient for the jet alone was subtracted from the lift coefficient with the tunnel running. This

was done for all data points with blowing.

The jet thrust correction was larger tdan the hose correction and a function of both the

trailin edge shape and the blowing coefficienL Table 6 summarzes the jet thrust corrections

which were subtracted from the measured lift coefficient.
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Table 6. Summary of Jet Thnzst Corrections to the Lift Coefficent

Wing Configuration Magnitude of Correction Percent of Final Value
180 dog TE, Low Blowing 0.0055 -0.44
180 deg TE, Medium Blowing 0.0261 -1.43
180 dogTEHE&Blowing 0.0381 -1.21
90 deg TE, Low Blowing 0,0310 -2.31
90 dog TE, Medium Blowing 0.0625 -3.75
90 d TE, High Blowing 0.118 -5.84
45 dog TE, Low Blowing 0.0319 -2.76
45 deg TE, Medium Blowing 00611 -5.38
45 dog T", fHtgt lo1wing 0.0715 -5.62

As shown in Table 6 above, at a giv level of blowing the jet thrust correction percent wise

was smallest with the 180 dog trailing edge and largest with the 45 dog trailing edge. Also,

increasing the amount of blowing increased the required correction. Thew trends anr caused by

two reasons. The magnitude of the correction was smaller for the 180 dog traiing edge tm the

other two. Also, while the magnitude of the correction was similar for the 90 and 45 dogtrailing

edges, the 45 deg trailing edge had lower lift coefficients leading to a larger correction as a percent.

Overall, the jet thrust corroction was much larger than the angle of attack correction. The total

correction is the sum of the values in Tables 5 and 6.

Drag CoeMclent Corrections

The drag coefficient also was corfected for the blowing air hoses. As for the lift coefficient,

the drag coefficient was plotted against the angle of attack for the wing with and without hoses

attached, Figure 12.
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Figure 12. Effect of Blowing loses on Drag Coefficien'

As shown in the figure above, the hoses reduced the measured drag coefficient. Compared

to the lift coefficient case where the lift loads tznded to bend tht hoses., the drag loads wer' tying

to compress the hose axially. The hose was much stiffer in comqnsion than binding, leading to

higher hose bond corrections for the drag coefficient. To obtain the correction, both curves in

figure 8 wenr fittc4 with second degree polynomials. The correction to be added was !he

difference between the clean wing and hoses attached configurations. Each drag coefficient point

was corrected in this fashion. The correction added to each dr4g coefficient nMeaWrTenaCnt was a

function of the angle of attack and equal to:

Correction = - 0.0001a' + 0.0008a +0.017 (23)

This hose correction also applied equally to all three tra'ling edges Aince it was strictly a

fimction of the angle of attack. Table 7 shows the contribution of the drag coefficient hose

oorrection for several angles of attack. The positive coffections are added and the negative

cormctions are, subtracted. Although the presence of the hoses lrv a much larger effect on the

drag coefficient than oxi the lift coefficient it was dill comrcble.
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Table 7. Summaty of Hose Bend Coiicionm to the Drag Coefficient

Akph& (deg) Parnta of Final Valhe
0.69 22.7
2.F3 24.4
5.09 19.5
7.18 15.1
9.46 11.4
11.66 8.0
13.94 5.2
16.02 2.0
18.080.

Pulsed Blowing Reductions

Data from the pulsed tests were reduced the same way as the ste•ly state blowing tests. It

should be noted that because the data acquisition system takes many meaurements and avrages

them while at a single data point, transient forces and moments are averaged out in the output.
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VI. RESULTS

Hysteresis, Check

The results of the hysteresis test are in Figure 13. At the higher ingles of attack there is little

indication of hystercsis. However, at angles of attack lm than zero the lift measured while alpha

was increasing was higher than that meaurd with alpha decreasing. The ditlcrence between the

two cmve is snall, on the order of 0.046, but quite arge when expssed as a percent of lift

coefficient becamse the lift coefficient is very small at those angles of attack. The magnitude of the

hysteresis at neptive angles of atack is similar to that of the jet thrust correction and larger than

the hose bend correction to the lift coefficient.

1.4

i 0.2

-10 .6 5 10 15
-0.2

Figure 13. Hysteresis Resu£ts, 180 deg Trailing Edge

2,



Reimetability Check

Test rqpabilt was chocked by repeating points of an ealiier run later in the test. The

results, shown in Figure 14, suggest a high degre of repeatability. The maximum differen• in lift

c(oefficient between the two test, for the same angle of attack was 0.015. At the higher angles of

attack, this corresponded to an error of 3.3%.
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Fiure 14. Repeatabity Check, 45 deg Trailing Edge

180 degree Trailing Edge

First, lift data for the 180 deg trailing edge will be presented. The lift cocfficient was plotted

against momentum coefficient for four angles of attack, Figure 15.
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Figure 15S. Effect of BlowingonIjft Coefficient, 18Odog Trailng Edge

From Figure 15, increasing the blowing at a given fixed augle of attack increases the lift

coefficient as expected. The effect of changing the angl of attack only shiftis the CL VS.C curve

up or down. Also, along a given ani1e of attack curve, the slope of the curve decreases as the

momnentumn coefficient is increased. This suggests that a limit on how high the lift coefficient can

be raiod with ncreasin blowing is being approached.

Generally, the curves of constant angle of attack in Figure 15 ame uniformly spaced. The

exception is the curve at an angle of attack of 12.4 degrees. That particular curve was assembled

fr-om data fromn four different unse where the blowing coefficient was held constant and the angoe

of attack was vanied. The. data point at Cp=O.O6 was approaching stAl at this angle of attack and

blowing combination and consequently has a little lower value of lift caefficienL The other thre

data points on this curve were not near the stall angle of attack.

Figure 16 shows the lift to measured drag ratio plotted against the momentum cooeflicieni

As the momaentumn coefficient is increases at a given anmgle of attack the L/D ratio rim to a

nmaxmum before decreasing and finally leveling off. The same trend occurs for all three angles of

attack shown but each has a unique level of blowing coefficient where LID is a maximum. The
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peak lift to d(ag ratio occurs at rclatively low values of momentum coefficient for all three angles.

For momentum coefficients greater than 0.25, all the LID ratio curvs levl out. This trend

indicates a practical limit to blowing and is true for all three angles of attack examined. The trends

in the figure suggest that a sufficiently high angle of attack, the peak lift to drhag ratio will occur 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

coefficient at three angles of attack for the 180 deg trailing edge in Figure 17. Along a gin angle

of attack the pitching moment decreases as the blowing is increased. This coresponds to an

increasing nowe down moment as the blowing is raised. Increasing the angle of attack reduced the

nos down moment.
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Figure 17. Effect of Blowing en Pitching Momen, 180 deg Trailng Edge

Compadson of Trailing Edge Shapls

Fire the force and moment data will be discussed, followed by the prssr data. One of the

objectives of this researh invstigation was to determnine if pardially rounded trailing edges could

have equal or better pefrnoance than a full 180 dog rounded traiing edge. The lift coefficient for

the thre trailing edges i compared at maximum blowing in Figure 18. The performance of th

180 and 90 dog traling edges is nearly equal because the 90 deg case has only 4% 1,m lift anm the

180 dog traiing edge with 7% less biowing at the we angle of atack, zero. The 45 dog trading

edge has 4(0 less lift than the 180 dog tafi edge.

31



•.---5...• +

++. -'•o++--+• .... +. -a- -,

25

S"I TF. -O- u- 0.23

- -OD dsi Mt mou- 024

---•o t- --- t I -m

40 .6 0 5 10 15 a5

Figure 18. Effect of Blowing on Lift Coefficient for Thrm Traiing Edges

The effect of increased blowing on each traing edge a considred next. Figu 1 through

21 show the lift coefficient plotted agmait the an*l of attack.

35T

25

QMP9

------------

-40 6 455 10 16 2D) 2

Figur 19. Effect of Blowing, ISO deg Trailing Edge
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Figure 20. Effet of Biowing 90 dog Tra2ing Edge

Ftms 19 aud 20 have silar -,haracterisfics. Incmea'&mg tMe blowing hit the CL vs. alpha

curve up. Also, Cl. vs. alpha curve main siaight and pandl with no chage in slope.

Increasing th.- blowing also hift the st angle of attack. For the 180 deg trailing edge cane with

m; blowing, the wing stalls at about 18 dzg When blowing is first stated, the angle of MAtIl

decicases to 13 dog As the amount of blowing is increed, the acgle of stall increases. At

maximum blowing, the stall angle is approxhrnatly 22 dog. Low blowing rates disrupt the flow of

air at the trailmg edge and lead ?o anly asepration, but at higher blowing rates, the air over the

upp,,, surface iw energized aid remains attached to the wing at higher sngles of attack This tund

is als3 true for the 90 dog and 45 deg trailing edges, Figures 20 and 21.
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Figure 21. Effect of Blowing 45 deg Tral-hng Edgv

For the 45 deg trailing edge, Figure 21, the iml are mnbed. Increasing blowing does not

raise tht Wt codE-ficnt in all case. For example, there is iitlc diffeanc in lift coefficient betwoen

C,,=O.0726 and C,=O. 123. The higer blowing onfly allowed higher ages of attack and

produml an erratic lift ,owfficimnt curve.

The Uft coefficient at maximum blowing and alpha equal to nearly 20 dog was compared for

all three trading e'igs, The 180 dog taling edge had a lift coefifkient of 3.12. At similar

vanditicns, the 90 deg railing edge had a lilt coefficient of 2.99, only 4.2% less than the 180 deg

trailing edge. Alsi at indlar conditions, the 45 deg tramling ecg had a lift coefficient ef 2.36, 24%

less t0mn the 180 deg trwiin edge.

As shown by Equation 5 and 6 there is a iirit tc the maximum lM coefficient of a

a rculatian contrtA wing. For the 160 deg trailing edge with in aspect ratio of 3.99, the two limits

for the lift coefficient are 3.41 and 4.83. From Figtat 19, the maximum lift cocfficient mcatured

during testing was 3.17, lower than either of the two limits. Thir points out that though the lift

may be leveling off with incrbesing blowing, at showa in Figure 15, theav is still more lift to be

grimd by increasing the amount of b~Ivying
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The quvuMcnt drag of the three trailing edges at maximum blowing is compared in Figure

22. The 180 dog trailing edge had the highest drag of the three configurations. At an angle of

attack of approximately zero the 90 dog tr2ing edge had 15% less drag and the 45 dog trailing

edge had 34% less drag.
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Figure 22. Comparism of Lift Perfonnance, Maximum Blowing

The equivalent drag for each of the three ling edges is shown in Figures 23 through 25.

For the 180 deg traifing edg, Figue 23, the increase in drag is equal to the equivalent drag

contribution. At the higher blowing rates the drag is very ubstantial. The same trends ar= noted

for the other two Mraling edgs, Figures 24 and 25.
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Figur 24. Equivalent Drag. 90 deg Trailin Edge
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Figure 25. Equivalent Drag, 45 dog Trailing Edge

The pitching moments about the wing cenff of grwity for the three trailing edges as

compared at maximum blowing, Figure 26. The 180 deg and 90 dog trailing edgmw have nearly

identical curves. The 45 dog trailing edge has a much differet curve with the pitching moment

being positiv over most of the rnmge of alha.
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Figure 26. Effect of Blowing on Pitchhig Moment for Three Trailing Edges
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The pitching moment crves for the individual trailing edges at several levels of blowing

follow in Figures 27 through 29. The set of curves for the 180 and 90 dog trailing edges, Figu4r

27 and 28, am very similar. The pitching ruxment curve for the 45 dog trailing edge, Figure 29, is

different because all of the Cm vs. Alpha curves for the different levels of blowing hie on one line.

For the 45 dog trailing edge the pitching moment is independent of the amount of blowing and

only a function of the angle of attack.
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Figure 27. Pitching Moment, 10 dog Trailing Edge
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Figure 28. Pitching Moment, 99) dog Trailing Edge
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FiguVe 29. Pitcbing Moment, 45 dog Trailing Edge

Pressure coefficient plots are considered next. First, the 180 deg railing edge is shown,

FiWue 30, with no blowing. It is followed by thr plots, Figures 31 through 33 of the three

traling edges at maximum blowhig. All plois are at an mngle of attack of approxznaly zero.
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Figure 30. Pressure Coefflcmicn 180 dog Trailing Edge, CI--O alpha=O-.69
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Figure 33. Pressuar, Coefficient, 45 deg Trailing Edge, Cp=0.26, alpha=-O.75

Figure 30 shows the pressus coefficient plot of the wing with the 180 deg trailing edge and

no blowin& The stagnation point lies on the leading edge and there is a mild low pressure mgion

at the trailing edge. The pressure coefficient was plotted for the 180 deg trailing edge at maximum

blowing, Figure 3 L. The increased ciulation induced by the blowing has moved the firont

stagnation point from the leading edge back to the x/c=0.17 location on the lower surfaci:. Most

significantly, there is a very strong low presaure region at the rear of the wing. This suction peak

at maximum blowing causes an increase in the drag coefficient conmpaed to the unblown wing.

Figure 32 shows the wing at a similar angle of attack and blowing coefficient but with the 90 deg

trailing edge. The pressure coefficient dta is incomplete because the traiing edge was not

insiuwnetod for this and the 45 degree c.e. Again, increased circulation moved the leading edge

ctagnation point moved rearwar to the lower surface. As the rear of the wing ia approached, the

pressure coefficient becomes increasingly negative, sggesting a low presre rgion at the trailing

edge like the first configuration. When examining Fig=re 33, the 45 dog trailing edge cmz, the
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pressure coefficient is less across the upper smface than the other two cofigurations, leading to a

decreed lift coefficient. The four configuations ae compared in Table 8.

Table 8. Lift and Drag Data for Various Configurations

T.E. Alpha CU CT. CDC fDe

180 0.69 0.0 0.64 0.077 8.27

180 0.44 0.26 2.14 1.25 1.71

90 0.45 0.24 2.14 1-06 2.02

45 -0.75 0.26 1.25 0.795 1.57

When comparing tMe blown 180 deg and 90 deg trailing edges, the lift is equal, bir the lift

for the 45 deg traling edge is 42% less. The equivalent drag for the 90 deg trailing edge is 15%

lss than that for the 180 dog trailing edge. This asgests that thoigh the 90 deg tiailing edge also

may have a suction peak, it is probably less than the 180 deg trailing edge. The 45 dog trailing

edge has lower lift and drag coefficients than the first two cofigurations. A final cmnison 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 sinct all blown L/De are less than the unblown cases.

Of the blown wings, the 90 dog trailing edge configuration has the best lift to drag ratio, entirely

because of the lower drag compared to the 180 dog configuration.

Pulsed Testing

First, the shape of the pressre puls will be diaucu d, followed by force and nmoment

results. The shape of the pvmsure pulse was wry distinct as it left the pulsci valve and merged

with the bypassed air. A typical sirolj pulse at this lc~ation is givtn in Figure 34. The mean

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

As the air traveled down the 1/2 inch supply line tothe model, the mean and amplitude

pressures dropped and the wave form became distorted. Figures 35 through 38 give a typical

press= pulse as measured at the entrance to the model after passing through approximately 12

feet of hose. The effect of increasing blowing on the shape of the pulse is shown progressively in

Figre 35 through 37.
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Figure 35. Prwure Pulse At Modzi, Low Blowing 19.9 Hz
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Figure 36. Presurc Pulse At Model, Mcdium Blowin& 20.4 Hz
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Figure 37. Pressur Pulse At Model, High Blowing, 19. Hz

The pressum drop though the hoses was quite large and alterd the premue puise entemig

the model. For =xample, at low blowing the mean pnmuh measured at th'e model was 1.7 psig

compared to 22.3 psig at the pulser valve and the ampfituk was rduced firom 2.0 psi to 0.3 psi.

As the blowing icreased, the pressure pulse shape has more and more noisc in it, so that at

maximum blowing, Figue 37, there is no wel d~imed pulse enterhig the model.
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In Figure 38 the pressuTe pulbe shape at the model is shown at a higher puldng frequency,

40.2 1z. The effect of raising the frequency while keeping the blowing constant can be ceti by

comparing Figt,- 36 and Figure 38, both at medium blowing. Raising the pulaing frequency also

leads to a distoited waveform.

4.1

3.9 -4 •,-

13-

0 5 10 1I 2D 25
• r'e • r.)

Figure 38. Pressure Pulse At Model, Medium Blowing, 40.2 Hz

The effect of pulsing on the lift coefficient is examined next. The lift coefficient for the 180

deg traiing edge is plotted for three angles of attack at various pulsing fiequencies, Figures 39

through 41. At low blowing levels, Figure 39, the lift coefficient dcrs as the pusing

frequency increases for two angles of attack, -1.1 deg and 33 deg. The puking increased the lift

coefficicia for an angle of attack of 1.0 dog.
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Figure 39. Effect of Pulsing Frequency on Lift, C#=0.018

Mixed result also occur at a medium lewel of blowing, Figure 40. At tirs Pevvl of blowing

the lift coefficient increa=%-s at the two higher angles of nttack a the pulsing frequency was raised

from steady blowing to 20 Hfi Pulsing deco,•ased the lift at ai angle of attack of--G.9 dog. ResWuls

for all threOme vles of attack remin steady as the frequency is icasod aiovw 20 Hz. This is

caused by the break-down of the pressure pulses when the frequency n increoad shown earlier.

Increasing the frequency beyond 20 Hz only results i random pmrssure fluctuati•o reaching the

model instead of Istinct pulses.
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Figdtr 40, Effect of Pulsing Fmjtenc on Mit Cr --0099

At the highes kIvl, of pulsed blowing& Figure 41, dhc bi essentiay remains unchanged Lv

the psu6sin frequency is rai-id.. This a due to the wvcvrly dutorle presurc puls at high blowing

reaching the modcl noted earlier. The mxWe was not receiving distict presure pulse.

1,13 - U

~- -- - ---------

0 qI 2 3D 40 5D O0 70 OD
Pimkgm nqscy(I0"

Ppre 4 1. Effect of Pulsing Frequency on Lift Cr-. 11
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Overall, the fift wcmf iciut ~Asuhts of pulsin he b~cowing air u) du modcl arc tnixod. Thec

Wak of , clear trnd us the frequency or blowing is increased is becauna the pressure pulse ireaching

The mo~del is rc4 a clear sinusoidal signal, but aixnethin appoaching noise.
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VII. CONCLUSIONS

I. The max•im lift possible from this wing was not reached and higher lift coefficients can

be achievwd with higher blowing rates. Test data shows the rate of increase of lift with higher

blowing is decreasing, indicating dth a limit to the lift coefficient is being approached. The

e=vption is the 45 deg trailing edge, whero increasing the blowing gave mixed results.

2. The 90 deg trailing edge shows promis as a better tnaling edge for a circulafion contrd

wing. The lift performance of the wing with this trailing edge was essentially equal to that of the

180 deg trailing edge. The equivalent drag of the wing with the 90 deg trailing edge was as much

as 15% less than the wing with the 180 dege trailing edgO . Pitching moment characteristics for

the 180 mad 90 deg trailing edges were basically the same.

3. The 45 deg traiing edge had lift, drag, and pitching moment characteristics much

different than the 180 deg and 90 deg trhaling edgs. The lift on the wing with the 45 deg trailing

edge was less than that with the other two taiing edges and as much as 40% less than the 180 deg

trailing edge at zzro degrees angle of attack. The equivalent drag of the wing with the 45 deg

trailing edge was as much as 35% less than the 180 deg trailing edge. The pitching moment was

independent of the amount of blowing with this trailing edge.

4. Results from the pulsed tests were mixed becads the model was not recong clear

distinct prtsur pulses. By the time the presm pulse twaveled through the hose and reachod the

model it was dampened out. This situation was aggravated by higher blowing rates and higher

pusing frequencies.
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VIII. RECOMMENDATIONS

1. To obtain a complete pressure coefficient profile around the entire wing, it is

recommended dt the 90 and 45 degree traling edge be hinstrumented to measure pressmr. With

these measurements, it cm be determined if the 90 degree trailing edge has a less powerful suction

peak tan the 180 degre trimling edge.

2. When the actual pressure pulse entering the model was measured, it was found to be very

iregular. Much of the distortion was due 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 valve be brought closer to the

model by installing it in the tunnel downstream of the test section, or inside of the model

3. Since the maximum lift coefficient was not reached, it is recommnended that the model be

tested at still higher levels of blowing to see if the limits proposed by McCormick 9 can be reached.

4. If a new model is to be constrcted of sinular size, it is recommended fitat the amount of

instrumentation inside of the model (piimmaly static pressure ports) be limited to what is absolutely

rceazy. The small volume of the current model presented great difficulty to the model builders

and greatly lengthcned the time requicd to build the model.

50



REFERENCES

1. Englar, R. J., Low-Speed Aerodynamic Characteristics of a Small, Fixed-Trailing-Edge

Circulation Control Wing Configuration Fitted to a Supercritical Airfoil. Report Number

DTNSRDC/ASED-81/08, David W. Taylor Naval Ship Research and Development Center,

Bethesda, Maryland, March 193 1.

2. Grunmman Aerospace Corporation, Design of an A-6A Flight Demonstrator Aircraft Modified

with a Circulation Control Wing (CCW). NSRDC Report CCW/1255-RE-Ol, Naval Ship

Rs•arch and Development Center, Bethesda, Maryland, January 1978,

3. Harvell, John K., An Experimental/Analytical Investigation into the Performance of a 20-

Percent Thick, 8.5 Percent Cambered Circulation Controlled Airfoil. MS Thesit,

AF-T/GAEIAA/82D-13. School of Engineering Air Force Institte of Technology (AU), Wright-

Patterson AFB, OH December 1982 (AD-124732).

4. Trainor, John W., A Wind Tunne! Study of a Sting-Mounted Circulation Control Wing. MS

The*is, AFIT/GAU/ENY/89D-38. School of Engineering, Air Foace institumt of Teclmnogy

(AU), Wright-Patterson AFB, OHK December 1989.

5. Pelletier, Michael E., An Experimental Study of a Sting-Mounted Single-Slot Circulation

Control Wing. MS Thesis, AFIT/GAF/ENY/90D-18. School of Enginmeering, Air Force Institute

of Technology (AU), Wright-Paftmon AFB, OHR December 1990.

51



6. I.cher, Stuven J., An Experimental Swmy of a Stina-Motted Cir dAtion Control Wing. MS

Thesis, AFfIGAFJENY/91D-4. School of'EDgi"rin,& Air Force Institfte of Technoloy (AU),

Wright-Pauerson AFB, OHL Docember 1991.

7. Koethe, A.M. and Cwhow, C-Y, LF_• o!t John, Wiley and Sons, ic.,

Now York, New York, 1986.

8. Kohtmwin D. L., Moduqjgttion Y1toV Arlan. Iowa State University Pros, Ames, Iowa,

1981.

9. MrCormick, Bnies W., Agrodyamics g! YtTL E),S*. Academic Prems, Inc., Oslanjo,

Florida, 1967.

10. Wood, N. and Nidson, J., Circulation Control Airfoils Past, Presnt, and Future. AIAA.

Paper 85-0204. Amecrnan Institute of Aeronautics and Amontics, January 1985.

11. Rac, William H. and Pope, Alan, wd V in. Tm, Ta qgW Joha Wiley& Sons,

New York, New York, 1984.

,*2



APP]ENDLX

Corrcted Force BrIance Data

cir3._001.8## from dr3001.OUT
Circulation Control Run
1:50:29pm on 9/16M92
Description Configuration No Hoses
Comments No Problems
Baometric 29.3450
Re-497000
Cmu=O

Pt Alp. corr. WindCl WindCd WindCm
1 -8.42 -1.35E-02 5.82E-02 -4.1074
2 -6.14 1.41 E-01 5.67E-02 -0.0691
3 -382 3.43E-01 6.19E-02 -0.0256
4 4.1.53 5.21 E-01 6.92E-02 0.0169
5 0.68 6.45E-01 7.64E-02 0.0578
6 2.86 7.37E-01 7.80E-02 0.094.,
7 5.07 8.31E-01 9.36E-02 0.1252
8 7.22 9.11E-01 1.17E-01 0.1496
9 9.52 1.05E+O0 1.52E-01 0.188

I0 11.65 1.12E+00 1.59E-01 0.2175
11 13.85 1.20E+00 1.79E-01 0,2451
12 16.03 1.28E+00 2.17E-01 02729
13 18.08 1.31 E+00 7.60E-01 0.2803

cir3_014.0#9 from cir3014.OUT
9:14:46am on 9/22/92
0escription 180 dog TE. no blowing
Cornmentv No Problems
Barnmetric 28.9350
Pie=.499000
Cmu=0

Pt Alp. corr. C' corrct Cd, corr. Windfrr
1 -8.2 - -2.20E-02 5,4; E-02 -0.099
2 -ý5.11 1.57E-01 5 81E-02 -0.0552
3 -3.7, U".56E-01 591 E-02 .0.0242
4 -1.54 3.NL2E.UlA 6.83E-02 0.0147
50 .F 6.38E-01 7.71 E-02 0.05-33
6 2.83 7.29E. 01 7.56F.-02 0.OM02
7 5.09 8.35E-01 9.45E-02 0.' 177
8 7.18 9,15E-01 1.i7E-01 01399
9 9.46 1.03E+00 1,37E-0 1  0.176

10 11.66 1.13E+00 1.59E-01 0.2057
11 13.84 1.21E+00 1.72E-01 0.2332
12 16.02 1.28E+00 2.05E-01 0.2574
13 lO.08 1.31E+00 240E-01 0.2697
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cir3_005-#Di from ci3005.OUT
1:38:25pm on ?7/92

Description Configuration 180 deg TE. 20 psig
Commont Model began shaking at 12 deg
Barometric 29.2070
R=.497000
Cmu=0.0555

Pt Alp. ow,., C, correct Cd. corr. WindCm
1 *.7.58 6.6E-01 1.64E-01 -0.1403
2 -5.31 8.27E-01 1.&CE-01 -4.1028
3 -3.06 V.73E-01 2.08E-01 -0.0817
4 .0.84 1.11E+00 2.33E-01 .0.0222
5 1.36 1.2'4E*00 2.63E-01 0.0121
6 3.63 1.37E+00 3.01E-0i 0.04N8
7 5.87 1.47E400 3.31E-01 0.0747
8 .053 1.57E+00 3.76E-01 0.0w3
9 10.28 1.68E+00 4.0SE-01 0.1321

10 12.38 0.67E+00 4.35E-01 0.1678

cir3_XO6.### from dr3006.OUT
2:19:56pm on 9/17/92
Description Configurtiion 180 deg TE. 40 pig
Commaots model shaking at last point
Barometric 29.8,90
Ro=496000
Ctmu=O..56

Pt Alp. corr. C. correct Cd. corr. WindCm
1 -3.74 1.31E+0)0 5.92E-01 -0.1805
2 -4.43 1.46E+00 6.32E-01 -0..421
3 -2.23 1.%5E+00 6.62E 01 -0.1002
4 -0.02 1 72E-o00 7.04E-01 -0.0666
5 2.18 1.82E+00 7.42E-01 41.03U9

6 4.5 1.98E+00 7.93E-31 0.001
7 6.75 2.07,+0C S.A9E-01 0.0343
8 8.94 2.16E+00 9.02E-01 0.0557
9 11.18 2.29E+00 ).58E-01 0.0861

10 13.42 2.42E+CO 1.02E,+00 0.1144
11 15.65 2.51E"00 1.07E÷00 0.1352
12 17.74 2.54E+00 1.12E+00 0.17

54



c",_007l.#C from cirM007.OUT
2:59:5Wpm on 9/17/92
Description Configunotion 180 dog TE.. 60 psug
Comments No Problems
Baromet.ic 2. 10 70
Re=4g9000
Cmu=0.260

i Pt Alp. corr C. corMct, Cd. oorr. Wind.m
1 -6.27 1.68E+00 I1IE 00 .0.2106
2 -4.02 1.84E+00 11 6E÷00 -0.1748
3 -1.73 1.99E+00 1.20E+00 -0.1379
4 0.44 2.1C CZ,00 1,252+00 -C,101
5 2.76 2.28E+00 1.30E+00 -0.0711
6 5.36 2.39E+00 1.36E.00 -0.033
7 1.3 2.49E+00 1.43E+00 -0.008
8 9.47 2.57E+r)O 1.50E+00 0.0127
9 11.05 2.63E+00 1.53E+0O 0.0351

10 13.96 2.80E+00 1.62E+00 0.0718
11 16.3 2.92E+00 1.70E+00 0.0966
12 1R.37 ,.02E+00 1.74E+00 0.1258
13 20.62 3.12E+00 1.82E+00 0.1451
14 22.73 3.17E+OG 1.85E+00 0.1762

cir3_.0.5.### from cir6025.OUT
10:30:1) am on 9/23/92
Description Conliguration 90 deg TE. no blo,
Comments No Problems
barometric 29.4400
Re=A67000
Cmu=O

Pt Alp. corr. Cl. correct Cd. corr.
1 -8.37 -4.39E-0' 6.26E-02
2 -6.11 1.26E-01 5.79E-02
3 -3.85 3.19E-01 5.63E-02
4 -1.59 5.01 E-01 5.77E-02
5 0.58 6.29E-01 6.37E-02
6 2. 4 7.31E-01 7.37E-02
7 4.89 8.28E-01 9.08E-02
8 7.04 9.05E-C1 1.10E-01
9 9.15 1.01E+00 1.24E-01

10 11.32 1.12E+'00 1.47E .1

11 13.59 1.22E÷00 1.78E-01
12 15.69 1.28E400 1.93E-01
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cir3008.### from cir3ODO.OUT
3:12:57pm on 9/18/92
Description Configuration 90 deg TE, 20 psig
Comments No Problems
Barometric 28,9470
Re=496000

Cmu=0.0669

Pt Alp. corr. CI. comvct Cd. corn. WindCm
1 -7.44 7.39E-01 1.91E-01 -0.1406
2 -5.13 9,12E-01 2.10E-01 -0.1041
3 -2.89 1.05E+00 2.36E-01 -0.0623
4 -0.64 1.22E '00 2.70E-01 -0.0262
5 1.57 1.34E+00 3.07E-01 0.0131
6 3.83 1.46E+00 3.42E-01 0.0487
7 6.08 1..57E+00 3.gOE-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 12.69 1.84E+00 5,16E-01 0.1681
11 13.72 1.83E+00 5.05E-01 0.1839

cir3J009.### from cidr39.OUT
2:01:55pm on 9/21/92
Description Configuration 90 deg YE, 30 psig
Comments No Problems
Barometric 28.9140
Re=499000

Cmu=0.112

Pt Alp. corr. CI. corriet Cd. corr. WindCm
1 -6.89 1.13E+00 3.59E-01 -0.1613
2 -4.65 1.26E+00 3.92E-01 -0.1249
3 -2.39 1.41 E+00 4.21 E-01 -0.0845
4 -0.17 1.55E+00 4.54E-01 -0.0485
5 2.06 1.67E+00 4.93E-01 -0.0123
6 4.35 1.79E+00 5,32E-01 fl.0202
7 6.66 1.90E+00 5.82E-01 0.0525
8 8.82 2.02E+00 6.46E-01 0.0711
9 11.06 2.15E+00 6.99E-01 0.1066

10 13.29 2.26E+00 7.52E-01 0.1363
11 15.48 2.33E+00 7.89E-01 0.1644
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cir3010O,### frcm cir3l O.OUT
2:20:31 pm on 9/21/92
Description Configui ation 90 deg TE, 50 psig
Comments No Problems
Barometric 28.9070
Re=497000
Cmu=0.235

Pt Alp, norr. Cl, correct# Cd, corr. WindCm
1 -628 1.59E+00 6.98E-01 -0.213
2 -4.02 1.73E+00 9.412-01 -0.1748
3 -1.81 1.86E+00 9.S8E-01 -0.1383
4 0.48 202E+00 "C.0SE+00 -0,1022
5 2.72 2.12E+00 1.10E+00 -0.0633
6 4.99 226E+00 1 17E+00 -0.0345
7 7.31 2.38E+00 1.24E,;-00 -0.0084
3 9.48 2.44E+00 1.30ME+00 0.0177
0 11.71 2.58E+00 1.38E÷UO 0.0463

10 13.95 2.69E+00 1.44E+00 0.0773
11 16.17 2.79E+00 ),0OE+.)O 0,1053
12 18.42 2,93E,00 1.59E+00 0.1319
13 20.66 3.00E+00 1.(;4E+00 0.159
14 22.77 3.07E+00 1.70E+00 0.1826

cir3_021.### from cir3021 .OUT
8:43:33am on /M2312
Do:ciiption Configuration 45 dog TE, No Blowing
Comments No Problems
Barometric 29.4240
Re=501000
Cmu=O

Ft Alp, corr. 0l, correct Cd, corr . indCm
1 -6.38 -4.25E-02 5.44E-02 -0.0839
2 -6.13 1.SE-01 5.25E-02 -0.0384
3 -3.87 2.96E-01 4.78E-02 0.0174
4 -1.64 4.50E-01 4.81 E-02 0.0688
5 C1.5t; 5.65E-01 5.15E-02 0.1131
6 2.69 6.62E-01 5.72E-02 0.1542
7 4.82 1.53E-01 7.46E-02 0.1883
8 6.98 8.28E-01 8.94E-02 0.2185
9 9.13 9.38E-01 1.08E-01 0.2568

10 11.35 1,05E+0q) 1.34"-01 0.2953
11 13.55 1.14E+00 1.57E-01 0.329
12 15.66 1.23E+00 1.81EE-01 0.3585
13 17.79 1,24E+00 2.05E-OM 0.3"'1 4
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61r3019,4# frnm 64r3019.OUT
3:46:37pm on 9/22192
Description Configumthon 45 deg TE. 20 psig
Co•nnnts No Problems
Barometric 29,0300
Re=496000
Cmu=0.0726

Pt Alp, cort Cl. correch Cd, corr. WindCm
1 -7.66 5.83E-01 1.48E-01 -0.055
2 -5,45 6.0E-01 1.63E-01 -0.0064
3 -3.23 8.20E-01 1.83E-01 0.045
4 -0.99 9.71 E-0I 2.04E-01 0.0962
5 1.24 1.16E800 2.30E-01 0.1364
6 3.45 1.2BE+00 2.58E-01 0.1814
7 5.65 1,3TE+00 2.94E-01 0.2175
8 7.79 1.44E+00 3.21 E-01 0.2505
9 10.01 1.56E+00 377E-01 02396

10 12.21 1.64E+00 3.87E-01 0.3321

cir3_0.02.### from cir3022.OUT
9:04:56am on W23/92
Description Configuration 45 deg TE, 30 psig
Comments No Problems
BwxnmInc 29.4230
Re=502000
Cmu=0.1,3

Pt Alp, corr. Cl. coroft Cd, corr. WindCm
1 -7.71 5.43E-01 2.87E-01 -0.056
2 -5.43 6.96E-01 3.02E-01 -O.OO08
3 -3.2 8.64E-01 3.23E-01 0 043
4 -0.93 1.01E+00 3.38E-01 0.094
5 1.21 1.14E+00 3.68E-O1 0.137
6 3.43 1.28E800 3.96E-01 0.1827
7 5.64 1.37E+00 4.28E-01 0,219
8 7.8 1.48E+00 4.70E-01 0.2493
9 10.01 1.61E+00 5.09E-01 0.2939

10 12.25 1.74E+00 5.47E-01 0.3363
11 14.47 1.85E+00 5.89E-01 0.3755
12 16.58 1.92E+00 8.29E-01 04084
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cir3_023,0## from crXM23,OUT
9:22:42am on 9/23/92
Descripton Configurktion 45 deg TE, 50 psig
Comments Ignore last point
Bwrometic 29.4240
Ro--502000
Cmu=0.255

Pt Ap, corr. C3. conrec* Cd, corr. WindC'
1 -7.47 7.09E,01 7.25E-01 -0.0625
2 -5.21 8.75F.-C1 7.47E-01 -0.0162
3 -3.03 9.77E-01 7.67E-01 0.0348
4 -0,75 1.129ý+00 7,9E-01 0.0M35
5 1.42 1.27E+00 8.23E-01 0.1311
6 3.59 1.41 E+00 8.55E-01 0.1764
7 6.02 1.68E+00 9.22E-01 0.2117
6 8.22 1.78E÷00 9.79E-01 0.2421
9 10.4 1.89E+00 1.02E+00 0.2869

10 12.62 2.03E+00 1.07E+00 0.3298
11 14.81 2.08E+00 1.11 E+00 0.3725
12 17.13 2.31E+00 1.20E+00 0.4101
13 19.27 2.37E+00 1.24E+00 0.447
14 21.34 2.40E+00 1.2ff'+00 0.4848
15 23.48 2.48E+00 1.29E+M0 0.5117
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cir_016.#Ug from cir3016.OUT
12:38:17pm on 9/22J92
Description Simillar to PePetler but Re=5*E5
Oibments Nz Problems

Barometric 29.0120
Re=497000

Pt Alp. corr. Cl, correct Cd. corr. WindCm Cmu
1 -8.37 -1.43E-02 6.03E-02 -0.097 0
2 -1.54 511E-01 7.17E-02 0.0165 0
3 5.1 8.44E-01 9.79E-02 0.1192 0
4 5.48 1.14E+00 1,6SE-01 0.1001 00266
5 -1.21 7.92E-01 "6.10E-01 0,0026 0.0266
6 -8 2.96E-01 7.68E-02 -0.1069 0.0266
7 -7.59 6.35E-01 1.84E-01 -0.1276 0.0677
8 -0.82 1,12EOO 2,39E-01 -0.0208 0.0677
9 5.47 1.50E+00 3,26E-01 0,0756 0.06Tt

10 6.25 1.78E+00 5,58E-01 0.0527 0.116
11 -0.46 1.39E+00 4.45E-01 -0.0406 0.116
12 -7.14 9.53E-01 371E-01 -0.1485 0.1163
13 -6.84 1.19E'-00 6.3GE-01 -0.1689 0.177
14 -0.14 1.61E+00 7.21E-01 -0.0617 0.177
15 6.6 2.02f' '00 8.65E-01 0.0298 0.177
16 6.83 2.20E+00 1.15E+00 0.0085 0.236
'7 0.04 1.80E+00 1.01E+00 -0.0796 0.236
18 -6.67 1.36E+O) 9.12E-01 -0.1856 0.236
19 -6.48 1.52E+00 1.21 E+00 -0.2048 0.304
20 0.21 1.95E+00 1.31E+00 -0.0999 0.304
21 6.97 2.33E+00 1.48E+00 -0.0097 0.304

cir3_024.### from cir3024.OUT
10:01:28am on 9/23/92
Description 45 deg TE, repeatability chk of 21
Comments No Problems
Barometric 29.4600
Re=503000
Cmu=0

Pt Alp, corr. Cl correct WindOd WindCm
1 3.37 -2.73E-02 5.23E-02 -0.0949
2 -1.64 A.58E-01 4.04E-02 0.0581
3 4.86 7.03E-01 6.90E-02 0.189,
4 11.36 1.04E-00 1.33E-01 0.2958
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cir3_026.C## from cir3O26.OUT
11;21:36&m on 9t23W92
Description hysteresix check, 180 dog TE. Cmu=O
Comments No Problems
Barometric 29.4520
R.=501 000
Cmu=0

Pt Alp. corr. CI. orrect WrdOd WiCndm
1 13.79 121E+00 1.81E-01 0.2303
2 11.61 1.13E+00 1.59E-01 0.2053
3 9.37 1.01E+00 1.32E-01 0,1738
4 7.13 9.00E-o1 1,0615-01 0,1431
5 5 8.23E-61 8.77E-02 0.1208
6 2.85 7.46E-01 8.SOE-02 0.0939
7 0.63 6.18E-01 7.29E-02 0.0607
8 -1.57 4.89E.01 6.72E-02 0.0245
9 -3.83 3.12,E-O1 5.92E-02 -0.0125

10 -6.12 1.07E-01 6.1SE-02 -0.0521
11 -8.38 -5.8,E-02 7.06E-02 -0.0895
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Reduced Prcssure Dato

Pressure Cbeffic'lnt I Prese Coefficient
160 dgi•o "TE 180 degree TV,
CnMu=4  Crru=).726
Alph'aO.69 AJphu-M0.44

>Q pX/C Cp
0 0,827218 0 -0.07841

0.024 -0.69M 0.024 -2.01301
0,048 .. ,83 0.048 -1.89633

O.095 -0.97531 0.095 -1.9015
0.306 -0.8&;256 0.201 1.32836

C406 -07152,026 o.:0o -1.325

0.511 -07,1349 0.406 -1.47978

0.709 -0.&63d 0,511 -1.48894

OW1 -0.66082 0.709 -1.86367

0.94 -0.17477 0.801 -2.27385

0.969 -(1.178 0,969 -8.00717

0.991 -0.15902 0.991 -11.2261

1 -0.27731 1 -8.41615

0.991 -0.24057 0.991 -1.62872

0.969 -0.18 88 0.969 0.778982

0.94 -0.22927 0.94 0.772212

0.902 -0.(3711 0.902 0.77788

0.804 0.057763 0.804 0.74792

0.701 0.15888 0.701 0.675841

0.604 0.123566 0.604 0.591018

0.501 0.1 13221 0.50! 0.389912
0.403 0.151514 0.403 0.566726

0.305 0.140521 0.305 0.39469
0.203 0.('26678 0.203 0.489071
0.095 -0.03872 0.095 0.537965

0.048 0.174146 0.048 0.757478

0.017 0.57S307 0.017 1,004779
0 0.827216 0 -0.07841
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Premuim Coefficient Peesurs Coefficient
90 dogTE 45 degree TE
Cmu=O.235 mu=0.255
Aipha=0.40 degrees Alpha=-0.75

><JC cp xc cp
0 -0.0376 0 0.283104

0.024 -2.04308 0.0223 -1.24048
0.048 -1.91995 0,0446 -1.2634
0.095 -1.95665 00083 -1.41051
0.201 -1.58116 0.1868 -1.18985
0.306 -1.54976 0.2845 -1.20943
0.406 -1.48816 0.3774 -1.18985
0.511 -1,50043 0.475 -1.13063
0.709 -1.82292 0,6591 -1.32884
0.801 -2.09323 0.7446 -1.44872
0.902 0.59393 0.8385 0.401075
0.804 0.59026 0.7474 0,357134
0.701 0.477327 0.6516 0.320358
0.604 0.468358 0.5615 0.320836
0.501 0.348901 0.4657 0.254925
0.403 0.516059 03746 0.241075
0.305 0361948 0.2835 0.21194
0.203 0.449196 01887 0.217672
0.095 0.447157 0.0883 0.155582
0.048 0.719502 0.0446 0.341851
0.017 0.939253 0.0158 0.768358

0 -0.0376 0 0.283104
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