
AD AO&4 320 VOUGHT CORP ADVANCED TECHNOLOGY CENTER INC DALLAS TEX F/G 1~ 3VALIDATION OF A TRANSONIC MANEUVER/CR UISE AIRFOIL DESIGN EMPLOY——ETC (u)
JUN 70 C H HAIGHT. R L MASK N62260—76—C—0310

UNCLASSIFIED ATC 0 91 100/ICR—fl NADC —7601$7—30 NL

IS II _-

~

tIUW
~iU_EUEI iLliltil
GEr U!i flEJ~I~
U END

4



• i )M!~L~ IlIl2~.
LU i~

_ _ _ _  

L ~~~2 2.2

ow •

11111’ .25 lIlli~ . llflI~
MICROCOPY RESOLUTION TEST Cl4~~T

NATIO 4~L BUREAU OF STANOAROS-1963-



UNCLASSIFIED ATC Report No. B-91100/8CR 84

(~~~

o

~~~~~~~~~~\~(© OF

VAL I DAT I ON OF A TRANSONIC MANEUVER/C RUISE A IRFOIL DESIGN

EMPLOYING ACT I VE DIFFUS I ON CONTROL

FINAL REPORT

(29 JUNE 1976 - 31 DECEMBER 1977)

by ~~~~~~ ‘
~~~~~

C. H. Ha i gh t and R. L. Mask

U Prepared Under Contract No. N62269-76-C-0318

For the

NAVAL AIR DEVELOPMENT CENTER
NAVAL AIR SYSTEMS COMMAND

Approved for Public Release: Distribut ion Unlimited

~~q9q7
VOUGHT CORPORAT I ON ADVANCED TECHNOLOGY CENTER , INC.

P. 0. BOX 226i4~i
DALLAS , TEXAS 75266

UNCLASSIFIED

~~\ 
/ ,~ ~~)



i i ~j ri Aç~~I~~ I F f l
SECURITY~$iJ~ SIFICAT IO N OF THIS PAGE (1P1~.n D.i. Ent.r.d) 

___________________________________-
f ~~ IIkk k i V A VI~ %~~I , READ INSTRUCTLON S
I . ~1 V I UM I~~UMI IUI~ U BEPORE COMPLET ING FORM

REPORT PkJMBE R 2. GOVT ACCESSION NO. 3. RECIPIENT S C A T A L O G  NUMBER

( iDc~ 6o47- 1 ‘,“ 

________________________

~~~~ 4. TITLE (~~I ub 1lSl.L __~~~~_ . . ..~~~ 
j~y~~ ‘~~ ~ ~~~~~~~~~(

~, ,~~ LIDAT ION OF A JJ~ANSONIC .W\NEUVER/.~RUISE 7 FINAL IEPORT ‘1
AIRF OIL DESIGN EMPLOYING ~~T IVE DIFFUS ION ~~ June ~~~~~~~~~~~~~
~
‘ONTROL ... .~ ... ~~~~~~ Owl . ~~~~~~~~ ..JM

-liJ fri ~_ B-9 l1øp/8CR-84 
II1. A UTHOR(.) ..-

~~~~~ 
I__~aiTfl T ,_~ ...~~ n i UM5ER(a)

~~~ g ,ui4 R L/ Mask 1 (~j~ 
N62269_76-C-

~3J! i 
., )

9. PERFORMING ORGANIZATION NAM E AND ADDRESS 10. PROGRAM E L E M E N T . PROJtCT . T A SK

Vought Corporation /
Advanced Technology Center , In c.,. P.O. Box 226144
Dallas , Texas 75266 _________________________ —

II. CONTROL LINGOF FICENAME AND A DDRESS . A

Nava l Ai r  Development Center ( j j  ps~~~
3 Jun~~~~78 

-Code 6053, Wa rminster , Pa. 18974 ,IUM5~~W~~~~~ AG ES~~~~~~~~~~

J 

.

IS. MONITORING AGENCY NAME & AODRESS(IS dif t.r .n t treat Controlling Ofttc.) IS. SECURITY CLASS. .1 — -

Unclassified
IS.. DECLASSIFICATION/DOWNGRADING

SCHEDULE

16. DISTRIBUTION STATEMENT (of f f 1 .  R.port)

This document has been approved for public rel ease and sale; its distribution
is un limited.

17. DISTRIBUTION STATEMENT (of ii. ab.tract eat•r .d In Block 20. Sf dlii .r.nt treat R.port)

IS. SUPPLEMENTARY NOTES

11. KEY WORDS (Continu. on r.v. ri. .Id. It n.c...y .id Id.ntib’ by block ns ,b.r)

Aerodynamics , Transonic , Airfoil/wing , Boundary Layer Control

20. A~~ TAACT (Continui atI r.v.ra. aid. Ii n.c..a y ,d Sd.ntlb by block m b r )

~~The use of advanced active diffusion control has resulted in cruise and
maneuvering transonic airfoil des i gn points which are similar enough to
permit deployment from a comon section while still achieving outstanding
performance at both fli ght conditions . An airfoil thickness ratio of seven
percent was selected , relating to hlgh performance airc raft/missile
applications . The antiseparation tailored contour (ATC). is the basic

(continued)

DO 
~~~ 

1473 c~u now o:’,i:vss IS OBSOl EtE UNC LASS IF I ED
$ICU~ ItY CI.AUIPICATION OF THIS PAGE (IN,., Oat. Oa.~~~~

4 

3~~i 7 
- 

J

_ _ _ _  _ _ _ _ _ _ _ _ _ _ _  _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~ 
..~~~~~-



r 
-

UNCLASSIFIED
..LLIJ4ITY CLASSIFICATION OF THIS PAGE(Wh w Data En*.r.d)

lowing/contouring device for active diffus i on control. A design phase
roduced transon ic ATC cruise and maneuvering a ir foi l  geometries designated

is TATC7C and TATC7M , respect ively, Corresponding predictions of s l gn i f l—
:ant performance improvements motivated entry into model fabrication and
iind tunnel testing tasks.)

Data taken in the Vought High Speed Wind Tunnel validate unique perfor-
‘ance characteristics for both the TATC7C and TATC7M. At Mre 0.80,
increments in maneuvering lift coefficient of +0.18 and +0.40 were measured

~or the TATC7M section respective to supercrit lca l .and conventiona l airfoi l
taselines. Drag divergence for the TATC7C geometry was de l ayed by 0.08 —

1.09 on Mach number relative to predictions for a comparable Whitcon~—type
ection. Equivalent drag polars define potential performance gains over
i wide range of operating conditions.

Because of the highly efficien t ATC blowing, p lenum pressure ratios
in the 2-3 range are acceptable and by—pass engine bleed becomes viable.
ata show ATC airfoil Ca—required , even for m aneuvering, to be well within
:he limits of by-pass bleed and approaching levels for compressor bleed ,
lased on estimates using existing engine technology.

7The hi gh Mach number des i gn point performance of a variable geometry
transonic section emp loying active diffusion control indicates the potential
or uniq ue performance and efficiency advantages in advanced airfoil design.

S

UNCLASSIFIED
SECURITY CLA SSIFICATION OP THIS PAO E(IThea Data Ent.r.d~

4 - . .-...



FOREWORD

Th i s investi ga t ion was performed by Vough t Advanced Technology Cen ter ,
Dal las , Texas for the Nava l Air Development Center (Contract No. N62269-76-C-0318)
under the auspices of the Nava l Air Systems Comand. The NADC contract mon i tor
was Dr. K. 1. Yen and the NASC administration was performed by Mr. R . F. Siewert.

Acknowledg ments also go to Arnold Eng i neerin g Deve l opment Center for the
loan of USAF wind tunnel mode l mounting and support equipment.

ACCESSION b r  ______

- NTIS White SEt~~
• 

~
.
. DOG ~~~~~ Sectto” D

• I IJ N N0~~t~~ 
0  

4 — .- — — ... .. ~. •~~~~~~~~~~~~~~~~~~~~~~ ... - -~~-• — .. -~ 
~~~

_ _  — •- • —-



TA BLE OF CONTENTS

Page No.

FOREWORD i

1.0 INTRODUCTION 

2.0 ACTIVE DIFFUSION CS~NTRO L 3
2. 1 AIRFOIL APPL ICA) ION 3
2.2 BLC CHARACTERIST ICS 3

3.0 A IRFOIL DESIGN 9

3. 1 DESIGN OBJECT IVES/ PROCEDURES 9

3.2 TWO-PO INT DESIG II 11

3.3 PREDICTED BLEED POTENT IAL  19

4.0 HIGH SP EED WIND TUNNEL TEST 21
4. 1 FACILITY AND TEST ACCESSORIES 21

4 . 1.1 High Speed Wind Tunne l 21
4. 1.2 Mode l Support System 2 1
4. 1.3 Instrumentat io 21

• 4 . 1.4 Data Reductio 25
• 4 .2  DESCR IPT ION OF MODELS 27

5.0 TEST RESULTS AND DISCUSSION 33
5.1 RUN SUMMAR Y 33
5.2 PRESSURE DISTRIBUT IONS 33

5. 2.1 TATC 7M Maneuvering Configuratio 
5.2 .2 TA TC7C Cruise Configuration 36

5.3 LIFT/DRAG PERFORMANCE 41

5 .4 P ITCHING MOMENTS 53
5.5 BLEED POTENTIAL - DATA 53

6.0 CONCLUS IONS 57

7.0 RECOMMENDAT IONS 58

8.0 REFERENCES 59

‘I

4 - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -



LIST OF ILLUSTRA T IONS

5-
FIGURE TIT LE PAG E

2-1 SCHEMATIC OF ATC ACTIVE DIFFUSION CONTROL DEVICE 4

3—I AIRFOIL DESIGN PROCEDURES 1 0

3-2 BASELINE AND TATC SECTION GEOMETRIES 12

3-3 MANEUVERING DESIGN PO I NT — TATC 7M 14

3—4 CRUISE DESIGN PO I NT - TATC7C 15

3-5 DESIGN PHASE COMPAR I SON OF DRAG POLARS — N = 0.73 16

3-6 REYNOLDS NUMBER EFFECT AT M,, = 0.73 17

3—7 DESIGN PHASE COMPAR I SON OF DRAG DIVERGENCE 18

3—8 FULL SPAN BLOWING CHARACTERIST ICS FOR STATE—OF -TH E—ART
ENGINE INSTALLATION 20

4-1 TRANSONIC TEST SECTION AND EJECTOR 22

4-2 WIND TUNNE L TEST ASSEMBLY 23

4—3 MODEL INSTALLED IN TUNNEL 24

4-4 WAKE PRESSURE RAKE 26

4-5 TATC7C , 7M WIND TUNNEL MODEL ASSEMBLY 28

4-6 SCHEMATIC CROSS SECTION OF TATC7C , 7M HSWT MODELS 29

4-7 TATC7C , 7M STATIC PRESSURE ORIFICES 30

4-8 TEST SECT ION BLOCKAGE OF TEST ASSEMBLY 32

5-1 HSWT RUN SUMMARY 34

5- 2 TATC 7M PRESSURE DISTRIBUTION AT ANGLE OF ATTACK -

N = 0.73, C = 0.0178 35

5-3 TATC7M PRESSUR E DISTRIBUTION DATA AT MACH NUMBER - = 3.0° 37
5_ Li TATC7M MANEUVERING DESIGN PO INT - DATA 38

5-5 TATC7M PRESSURE DISTRIBUTION AT ANGLE OF ATTAC K -

N,, = 0.8, C~ = 0.0161 39

ill

_ _ _ _ _ _ _ _ _ _• • _ , • 1_ ._ _ . ,1±1 ±1.~



LIST OF ILLUSTRAT I ONS (Continue d )

FIGURE TITLE PAGE

5—6 TATC7M PRESSURE DISTRIBUTION DATA AT BLOWING - P4,, = 0.8,
c s = 3 .O° 40

5—7 TATC7C PRESSURE DISTRIBUTION DATA AT MACH NUMBER -

C =0.005 42
ii

5—8 TATC7C CRUISE DESIGN POINT - DATA 43

5-9 TATC7C PRESSURE DISTRIBUT I ON AT ANGLE OF ATTACK - M = 0.9,
C = 0.005 44p

5-1 0 TATC7C PRESSURE DISTRIBUTION DATA AT REYNOLDS NUMBER -

N,, = 0.9, = 4° 45

5—11 TATC7M , 7C AIRFOIL LIFT CHARACTERISTICS 46

5-12 DRAG POLARS - N,, = 0.8 48

5—13 DRAG POLARS - N,, = 0.9 50

5-14 CRUISE DRAG DIVERGENCE - C~ = 0. 1+ 5 1

5-15 CRUISE DRAG DIVERGENCE - C~ = 0.6 52

5-16 DRAG DIVERGENCE MACH NUMBER vs. THICKNESS RATIO 514

5— 17 TATC7M , 7C AIRFOIL PITCHING MOMENT CHARACTERISTICS 55

iv

4 
- —

~

.- - . . •..

~~~ 

—- -  —••—- ---•



r~ ~

NOMENCLATURE

ATC Antiseparation Tailored ontour

BLC Boundar y Layer Con t rol

c A irfoi l  Chord Length

Cd Sect ion Drag Coeff icient

C~ Sec t io n L i f t C o e f f i c i e n t

Cm Section Pitch i ng Moment Coefficient About Quarter Chord

CN 
Section Norma l Force Coefficient

C Local P ress u re C o e f f i c i e n t

C *  Pressure Coeffici ent at Local Mach Number equal to one

C B low in g Je t Momentum C o e f f i c i e n t

C B low i ng Jet Momen tum C o e f f i c i e n t For Comp le te Energ i za ti on

D Drag

h Blowing Slo t Width

HSWT H i gh Speed Wind  T unnel

L Lift

L
M 

M i x i n g  Ramp D i s tance

M Mach Number

11. Blowing Jet Mach Number Attaine d By Expandin g To

N,, Freestream Mach Number

MDD Drag D ive rgence Mach Numbe r

Mom Momentum

Jet Mass Flow Rate Per Unit Span

P Static Pressure

P To tal Pressure

q Dynamic Pressure

Re c Reynolds Number Based on Chord Length

~~~~

.

4

L --
~~~~~~~~ 

-
~~~~~



s Surface Dis tance

I Tempera ture

I Total Tempera tu re

TAlC Transon ic ATC A i r fo i l

U Veloci ty

Je t Ve l oc i ty Attai n by I sen t ro p ic Expansion to

x Dis tance from Leading Edge Measured Along Chord

z D i s tance A lo ng Wake Rake

a Model Ang le  of Attack

y Ra t io of Spe c i f i c  Hea ts

Boundary Layer D i s p lacemen t Th i ckness

8 Boundary Layer Momen tum Th i ckness

0 Effective Momentum Thickness

Empirica l Factor

p Densi ty

SUBSCRIPTS

b2~ Boundary Layer

c Comp le te Ene rg i za t ion

DD Drag D i ver gence

j Je t Exi t Cond i t i ons

L Externa l Conditions at Lip of Blowing Slot

o Total Pressure/Temperature

R D i f f u s i o n  Ramp

I Tota l

v& Viscous Losses

w Wake

Freestream Condi tion

yr

4 - 
- - ___________



_ _ _  -r

1 .0 INTRODUCT I ON

Two fundamental p rob l ems encountered by tactica l aircraft or missiles

during transonic flight are drag dive rgence and buffeting. Drag divergence

is the sudden increas e in dra g wi th Mach number ca used by increasin g shock

strengths and thickening boundary layers . Buffe t in g i s  assoc ia ted wi th the
uns teady interaction between a shock and a sepa rated flow. Both phenomena

are related to critical flow conditions on the lifting surfaces. Cruise

pe r for mance , measured by the transonic cruise parameter N,, L/D , i s i mp roved
by i ncreas ing  the Mach number atta in ab le  wi thout enter i ng the d rag d iver gence
regime (MD0 

- Mach number of drag divergence) . Maneuvering pe rformance is

dependent on the upper lim i t of the lift coefficient that can be obtained ,

w it h adm i s s i b le  leve ls  of drag,  before sepa ration and subsequent buffet onset.

Decreas i ng wi ng th i ckness , optimizing aspect ratio , and i nc reasi ng lea di ng
edg e swee p hel p to a tten uate adverse shock effec ts bu t these pass ive  methods
are limi ted as to what they can accomplish. Advanc ed a i r f o i l sec t io n desi gn

ep i tom i zed by the work of Whitcomb (e.g., Reference 1) has been successful

for poin t designs but lacks flexibility in covering a-full range of flight

conditions. Camber requirements are normall y con f l i c t i ng in terms of des i gning

a si ngle airfoil capable of nea r—optimum performance at both cruise and

maneuvering conditions. Blowin g has been used as an add—on to a variety of

• 
• transonic airfoils to achieve high maneuver ing lift coefficients through

supercirculation and separation control (e.g., Refe rences 2 ,3). These studies

ut i l i z e  conven t ional  b l ow ing  devic es s uch as the wa l l  j e t , j e t f l a p , etc.
• and generall y suffe r from high bleed requirements and the lack of a unified

approach to blown transonic airfoil desi gn .

Under the present effort , the u se of adva nced d i f f us i on con t ro l ,

valida ted for transonic sections in Reference 1+, along wi th a dep loyment

commona lity constraint has produced cruise and maneuvering configuration dc-

sign points tha t define a sing l e variable geometry airfoil with outstand i ng

performance characteristics at both flight conditions . An airfoil thick-

ness ratio of seven percent was selected because of the past attention

given to thicker sections (ll-l 2 ~ , Refe rence 1 ,4) and the i mmediate need

for innovative techni ques i n the th in ner a i r fo i l ra nge more s uit able to
fighter type aircraft. The cruise and maneuvering des i gn points have ex-

ceptiona l commonality: performance data ind i cate that required changes can be

4 -
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li mited to small deflections over the last 25% of the airfoil , compared
wi th changes over 50% chord for an analagous Wh i tcomb two-point design.

Fur ther , the integrated contouring/blowing techniques inherent in active

diff usion cont rol lead to practicable engine bleed requirements. The pri ma ry

device utilized is the antiseparation tailored contour (ATC). The ATC device

controls bounda ry l ayer separation •~nd p rovides a mechanis m for rep lacing

gradua l geometric camber with l ocalized jet/geometry camber, effec t ive l y
vary i ng with blow ng rate. in this process, efficient bounda ry l ayer energiza-

tion is coupled with rapid flow diffusion . Active diffus ion control Is dis-

cussed in Section 2.0 and Its utilization In maneuvering/cruise design of a

seven percent thick airfoil is treated in Section 3.0.

Valida tion of the airfoil des i gn concept was obtained in a series of

transonic tests In the Vought Hig h Speed Wind Tunnel. Facilities , hardwa re ,
and procedures are described in Section 4.0. Section 5.0 contains a discussion

of airfoi l data th terms of lif t, drag, pitching moment , p ress u re d i s t r i bu t ion ,

and blowing momentum. The re por t conc ludes wi th a s ummary of res u l ts and
recommendations for detailing advanced airfoil options and i ncorporation of

the section characteristics in three—dimensional wing configurations.

2
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2.0 ACTIVE DIfFUSION CONTROL

2.1 AIRFOIL APPLICATION

Ac tive diffusion contro l is a new approach to solving transonic airfoil

prob l ems and has the pr’tential for improving both cruise a-d maneuvering

performance. The primary dev ice  ut i l i z e d  fo r ac t iv e d i f f us ion  co ntr ol is  the
an tiseparat ion tailored contour (ATC). It consists of an auxiliary b low ing
slot upstream of a contoured BLC energizat ion zone, fo l lowed by a seve re

diffus i on step. The concept is based on the hypothesis that if the maIn-

stream boundary layer existing at the slot location is p roperl y energized ,

significan t diffusion over a short distance is possible. Efficient bounda ry

layer energ i zation in combination with rapid flow diffusion re l axes the air—

foil shape constraints and permits a tailoring of the airfoil pressure dis—

t r i b u t i o n . For examp le , an a f t  uppe r sur face ATC device can produce a near-

cr itical “roof—top” distribution extending over ninety percent of the airfoil ,

thus reduc ing the shock strengths for a given loading whi le  simultaneousl y

controlling aft sepa ration (e.g., Fi gure 34). Effective aft camber is a

function of blow ing, espec i a l ly  on the thin ne r sec t ions , which  ass i s ts i n
minimizing cruise—to—maneuvering deployment. The ATC princi p le ca n a l so  be
utilized for the tailoring of airfoil pitching moments. A key characteristic

of the ATC dev i ce is the low auxiliary blowing rate (or engine bleed) required

for full BLC. This permits the use of relative l y low p ressu re fan a i r  for bleed
wi thout having prohibitive mass flow requirements. The transonic app roach to

active diffusion control began with the concept investigation in Reference 5

and was v e r i f i e d  in  the w ind  tunne l tes ts of Refe rence 4 us ing  a twelve pe rcent
th i ck section . It evolved from a high technology STOL conce pt tha t has a l ready
undergone Navy—funded wind tunnel testing .6 The t ransonic ATC ai rf o i l , therefore ,

has inheren t qua l i ti es re la ted to hi gh per fo rmance STOL opera t ion and the
potential for producing an airc raft with superior all-around capability .

2.2 BLC CHARACTERISTICS

A schematic of the ATC device is shown in Figure 2-1. The mainstream

bounda ry l ayer momentum loss at the lip of the ATC blowing slot is defined as

(Mom)
b = (P ou2)L

3
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where 0
L Is the Incoming momentum th i ckness. Experience with the ATC device

leads to an e m p i r i c a l  r e l a t i on  for the e f f e c t i v e  v iscous  momentum loss;

(Mom)
~~ 

= (P
~
u2)L 

(I)

wi th  0L = AO
L and A an empir ica l factor. The jet supp ly momentum is defined as

the jet mass flow times V ., the veloc ity wh i ch the je t wou ld at ta in  by isentropic
expansion from the Jet stagnation conditions to freestream static pressure.

Thus ,

(Mom), = A.V.
J J J

where is the total jet mass flow per unit span. In the form of a jet momentum

coefficien t, referenced to airfoil chord c and freestream dynamic pressure,

m .V .
C = -~~~-~ (2)p q,,c

In genera l, C can be any val ue dependin g on the amoun t of bounda ry layer

energ izat ion des ired and becomes interdependent w i th  the momentum def ic i t
appearing downstream of the ATC device. The jet momentum coefficien t for

comp le te energizatlon C~~ , however, corresponds to a zero 0 condition leaving

the BLC reg ion and can be predic ted. A contro l volume analysis has been used

to estima te the C~ required for complete energization of an i ncoming boundary

l ayer by a blowin g jet. The anal ysis assumes : (i) a uniform external pressure

fIeld , (2) isen tropic flow , (3) un i form total temperature , (4) a uniform flow
exi t ing the cont rol vol ume , and (5) that the mainstream losses dominate the

new l y-building ATC wall losses. Althoug h this contro l vol ume model does not

permit the calculation of the distance required for comple tion of the mixi ng

process nor veloc i ty profiles wi thin the mixing region , I t does provide usable

estimates of compressible blowing requirements and handles ATC wall losses

secondaril y through the empirical A factor In Eq. (1). The essential equations

for cal cula ting C~ are the following.

ri
(I +1~

.L M
1
2 \ (~ i\ (3)

\Po / \~ +x
~

L ML
2 / \~~L/

5
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Here , H1, Is the Mach number of the external stream at the lip of the blowing

slo t, and M~ is the Mach number at the opening of the convergent blowing slot

and Is , thus , always less than or equal to one. When the je t is unchoked ,

= 

~~ 
and Eq. (3) Is solved for M~.

I’i ~~~~~ 1
= —!~- [~çl + Y ~~~~~~~~~ 

_ i j  ~ Jet unchoked (4)

When the jet is choked , M. = 1 , and Eq. (3) may be solved for the pressure ratio

~~

f~ +LIM 2\~~
T

= I\ l + (~
_l )/2) 

Po~/Po,, , je t choked (5)

Once the je t Mach number and p ress u re ra t io are known, the densi ty ratio can

be obta i ned.

I y-l 2
o. P. : 1+ —N
— ! . = --~~- ~ 

2 
~ (6)

k ~L ~L \l +L~
J_ M

1,
2

Then the ratio of jet velocity, ~~ to vel oci ty of external stream at the lip

may be calculated v ia

1/2

U [1 
+ 
(y
~
’l)M L

2 (l - ;
~
.
~~)]

From the integra l con t inuity and momentum conse rvation equations for the mixi ng

contro l volume , one can show

~~~~~~~~~~~~~~~ 
~~~~~~~~~~~ [(at-’) (l-!~~I)

(8)
11L h J

6
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where

h = blowing jet slot width ,

= boundary layer disp lacement thickness within the slot opening,

= boundary layer momentum thickness within the slot opening.

Usuall y, the jet slo t boundary l ayer parameters are specified along with

and a total pressure rat io so Eq. (8) may be solved for the slot width

pa rameter h/c. Equations (3)-(8) provide all the necessary auxiliary informa-

tion to calculate the various terms wh i ch appear in the equation for the

required jet momentum coefficient for complete energization .

Standard isentrop ic flow formulas with To. = To and i ncl usio n of i nternal
j

slot losses give

1/2 1/2
p . f~~\ I 2~~~\ M. fi + LJ~ M 2\ ~. Ii + M 

2

= 2 i~~~~LJiI 1 ...~~~~~.... ~~~ 2 = 
~ 

2 
~ 1

~c ~L ‘~~L~
’ 

/ \ h / M,, \l + ~~ L H.2) M,,~~l + 1~~~~~
2 )

where

N. = Mach number blowing jet attains by expanding to P,,

~‘ 2 2

De termina t ion  of other pert inen t ATC des i gn pa rameters such as the m ixing

length LM (Figure 2 — 1) ,  the di f fusion ratio constraints , and the jet/mainstream
mixing angle follow from empir icisms based on a mass of experimental ATC data.

The mixing length LM is configuration dependent in the sense that , at the
des ign point , mixing must occur in the absence of an adve rse pressure gradient.

Fur ther, the empiricism for LM is dependen t on the mains tream momentum thick ness

at the li p and has the form

L
constant (10)

L
This means iteration i s  required between the Inv i scid airfoil so lu t ion , the

boundary layer calcula t ions , and the location of both the blowing slot and the

diffusion step to insure compatibility of the LM requirements. The flow chart

7
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given in the next section further illustrates this point. Since the hypothesis

(verified by experiment) is that after L
M 

the mainstream has been restored to

an effective potential flow condition , attachment of the flow through the

diffusion process is Insured and the pressure distribution can be predicted

by the Inv i scid airfoil solution. Nominally , for desi gn pur poses a val ue of

ML
/PI

R 
= 2 (Figure 2—1) corresponds empirically to the C~ level of energ iza tion .

Because of the curren t lack of reliable transonic wall jet m ixi ng analyses , the

underb iowing case of C < Clic 
was treated by scaling the amount of 0L energized

by the factor C /C~ , carryin g the excess 0L loss through the imposed pressure
c, .gradient , and determining the corresponding non—zero 0 leav~ng the BLC reg i on .

This i n tu rn modifi ed the effect ive camber p roduced by the ATC .

For jet engine bleed , C Is a basic parameter in the drag/BLC eva l uation

si nce i t can be combi ned w it h the aerodynam ic drag coeffi cie nt Cd and dire ct ly

related to engine—wing performance. Bleed effects on eng i ne performance

depend on the character is t ics  of the total BLC/propulsion system , most notab ly

on the required aux i l ia ry  pressure ratio , the bleed l ocation (fan or compressor

air) , arid BLC ducting losses. For a simple BLC airfoil configuration , the jet

C i s the only ava i lab le  meas u re of aux i l i a ry blowing requirements and the

eq u iva lent  sect ion drag (C
d)T becomes

(C d)T = c d + C P

where Cd is the wake drag as detected by a wake rake survey . Those def i nit ions

wi l l be us ed in all subsequen t determinat ions of ATC transonic airfoil perfor-

mance. Practical available— required bleed matchups will be discussed further

in Section 3.3.

8

4  ~~ •-• - - --—--



3.0 A IRFOIL DESIGN

3. 1 DESIGN OBJECTIVES/PROCEDURES

The use of act ive di f fus ion control in a transonic a i r fo i l  envi ronment

was validated in Reference ~i under con trolled conditions which dictated utiliza-

tion of a conventional fore-contour (C-i’d type) mated with an aft upper surface

ATC on a twel ve percent thick section . Detailed baseline test data were avail-

able for this initial ATC performance eva l uation . The present ATC airfoi l

des i gn object ives are to comb in e advanced leading edge/lower sur face desi gn

pr inc ip les  wi th an aft  uppe r surface ATC to produce uni que levels of desi gn

point roof-top loading and maximized pe rformance. For specified des i gn Ct, H,,,

this reduces the peak loca l Mach number relative to non—ATC sections and further

acts to reduce off—design shock effects. App lica tion of this des i gn concept to

bot h c ruise and maneuvering design C
~
, M combinat ions , wh ile res t r ic t ing  the

resulting two geometries to have deployment commonality, then produces a s i ng le

variable geometry airfoil design with improved cruise/maneuvering performance.

Wh itcomb supe rcri -ti ca l sections with their shockless fore—contouring and aft

camber and the ATC results of Refe rence 4 provide the necessary hi gh technology

references for accompl ishing the des i gn . An airfoil thickness ra t io  of seven

percent was selec ted because of the past atten t ion g iven to thicke r sections

( i l_ l 2 % ) , i,4 and the immediate need for innovative techni ques in the thinner

airfo il range.

k. An out li ne of the ATC a i r f o i l  design procedures is g ive n in flow char t

form in Figure 3.-I. It represents a unified view of the transonic analyses ,

the AIC emp iricisms , and the BLC si mula t ion techn i ques described i n References

4,5 and in Section 2.0 and serves to define the interactions and i terations

inherent in the ATC design. After the design objectives are set (Figure 3—1 ),

inv isc id transonic calcula t ions are performed th rough an i terati ve process5

to specify the airfoil geometry corresponding to the des i red pressure distribu-

tion . Bounda ry layer calculations predict 0 dIstributions and test for separa-

tion for the passive portions of the airfoil flow . The ATC energ i zation and dif-

fusion reg i on is assumed to have comp le tel y attached flow and to have blowing levels

set to maintain but not to per turb the pressure dis tr i but ion except through ~~ re-

duction . A second inv i scid calculation is then perfo rmed to include ~~ boundary l ayer

effects. These transonic calculati ons are coupled , when feas ble , by automatic itera-

tion of the Garabed i an and Korn program as modified by Jameson to include boundary

l ayer effects (corrected drag form - GKJ Program). It is i mportant to note at

9
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this point that , wi thin these assumptions , the pressure distribution includes

the effects of ATC blowi ng. Verification of the assumptions is given experi-

mentally In Reference 4. The next step locates the blowing slot and determines

the available LM according to the rules described in Section 2.2. A compati-

bility check is made to insure that Eq. (10) is satisfied. If not , an iteration

back to the inv isc id  geometry specification mus t be perfo rmed. Otherwise ,

des i gn point performance in terms of C~ , Cd, Cm~ C is calculated utilizing

GKJ Program output and the methods of Section 2.2. A check aga i nst the perfor-

mance goals determines whether further geometry changes are required. If the

experimental data base needs more substantiation , a BLC simulation test program

is undertaken such as that described in Reference 4. This was not required in

the present effort. The above tasks complete the ATC airfoil design point

geometry/perfo rmance specifications as outl ined in Figure 3— 1 .

The impact of the ATC airfoil on transonic aircraft design depends on

the design point advantages carry ing over to off—design Imp rovements in drag

divergence and buffet onset lift coefficient. The last stage in the design

procedures (Figure 3—1) invo l ves off-design performance calculations of C~ , Cd,
Cm~ 

C , and comparisons with the pre-set goals. Because the off-des i gn opera-

tion includes moving and strengthening shock waves , the loca l conditions at

• the blowing slot are also checked for compatibility with the ATC requirements of

Section 2.2. The empirica l data base for the blowing is for a sub-critica l

local frees tream f low and, f u rther , the shock th i cken ing of the boundary laye r

changes the requirement on LM 
through 0L’ Off-des i gn operation can therefore

require a final iteration on the AIC airfoil geometry.

3.2 TWO—PO I NT DESIGN

As per the design objectives discussed in Section 3.1 , a i rfoil desig n

tasks led to the definition of a two—po int cruise/maneuvering design for an

advanced 7 percent thick transonic ATC (TATC) airfoil and the calculation of

off—des i gn charac teristics for each geometry. Deployment commonality was used

as a constraint. The two ATC geometries , desi gnated TATC7C for cruise and

TATC7M for maneuvering, are illustrated in Figure 3—2 along with conventiona l 7

and Whi tcomb type baseline sections. Both Wh it comb supe rcri t ica l sha pes , for
cruise (SC7C ) and manuevering (SC7M), evolved from a 1976 anal ytica l design

st udy for 6 percent thick airfoils conducted jointl y by Vought Engineering

11
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personnel and Whitcomb at NASA—Lang ley. Expansion of the airfoils to a seven

percent thickness has produced what should be a very representative “thin”
airfoil Wh i tcomb baseline for the ATC comparison . Ac ti ve di f f usion cont rol
pri nci ples have enabled the cruise/maneuvering camber changes to be limited to

sma ll deflections over the last 25 percent of the airfoil (blowing slot at

0.85 c), thus making dep loymen t commonality feasible. If the analogous

Whi tcomb--type geometries were considered as cruise and maneuvering settings for

a sin g le va r iable geomet ry sec ti on , significant camber changes would have to

be effected over the last 50 percent of the airfoil .

The TATC7M , 7C sections we re designed ana l y t i ca l l y for best performance
at maneuvering (max. roof-top C~) and cru i se (minimized drag) points defined by

M,, = 0.73, C~ = 1.47 and M,, = 0.8, C~ = 0.6 , respective l y. Pressure distributions

for these two cases are given in Figures 3-3, 3-4 and clearl y illustrate the roof-

top l oad i ng associated with ATC airfoils. Design C values are also noted . Cal-
6 u

culations were performed at Re = 10 x 10 as a compromise between l ower values
6 c

(2.5 - 6 x 10 ) associated with the subsequent wind tunnel testi ng and fli ght

conditions that could range to Rec 
= 60 x 106. Analytica l perfor mance checks were

• made over the full Rec range for selected cases after completion of the designs.

Perfo rmance at design and off-des i gn is summarized in Fi gures 3—5,6,7.

Drag polars (C
~ 

vs. Cd + C1) are p lotted in Figure 3-5 for M,, = 0.73 and

comparisons are made with ca l culations for the 7 percent Whitcomb baseline and

data for the 64A406 section . Increments in maneuvering lift of 0.18 and 0.50

are predic ted, with equiva l ent drag, relative to Wh i tcomb-type and conventional

a i r fo i l s , respectively. The behavio r of the ATC va ri able geomet ry/blow ing
envelope in Figure 3-5 was p rojected ana lyticall y over the range 2.5 x 10

6 
<

Re
~ ~ 

60 x 106 and i s illustrated in Figure 3-6. Predic ted performance gains
car ry through the full tunnel to fli ght range. Drag divergence comparisons

for nominal blowing off conditions are plotted in Figure 3—7 at C~ levels of
0.4, 0.6. Blowin g—on ATC predictions show no significant benefits at these

low C~ levels. Clea rl y, the deployment of the TATC7C from the maneuvering
TATC7M confi guration is required to match the drag divergence characteristics

of the Whitcomb—type SC7C cruise section . In fact the predictions show that

the TATC7C Is comparable to the SC7C at C~ 0.6 and sli ghtly better at C~ =

0.4 (Figure 3—7). In addition , the TATC7C deployment , at the low design blowing

l evel of C = 0.0017, has the potential for producing distinct off-design

performance imp rovements at N,, = 0.8 for C~ 
> 0.6, rela t ive to the Wh it comb

13
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crui se baseline. Checks on pitc hing moment behavior were also made analyticall y

and imp ly  reduced t r i m penal t ies re l a t i v e  to the bas e l i nes exce pt fo r the
extreme lift/blowing conditions.

Since wind tunnel data follow in Section 5.0 and for m the p r i mary bas i s
for s tud y concl us i ons and recommen da t ions , the above des ign  resul ts should be
view ed as i nte rmedia te resul ts tha t served to de f i n e the geomet r i es  and moti-

vate the entry into model fabrication and wind tunnel testing tasks. To
summarize the design results: maneuvering and cruise geometries with deploy-

ment commonality were determined for an advanced ATC airfoi l with a seven per-

cent thickness ratio; significant increments in maneuvering lift were predicted

at equiva l en t drags relative to both Whitcomb—type and conventional airfoils;

cruis e dep l oyment of the ATC airfoil at reduced blowing resulted in comparable

desig n point performance and Imp roved off-design characteristics relative to

a Whi tcomb-type baseline; and predicted maneuvering performance improvements

carried through the full tunnel to flight Reynolds number range (2.5-60 x 10
6
).

3.3 PREDICTED BLEED POTENTIAL

A perspective on engine bleed requirements is presented in Figure 3-8 by

comparing with the C~ available from both by—pass and compressor bleed for a

state—of—the—art P&W FZeO1 engine ins tallation . Because of the highly efficient

ATC blow ing, plenum pressure ratios in the 2—3 range are acceptable , thus
mak ing by— pass bleed a viable alternative to the more conventiona l compressor

bleed arran gements. The C~ required for the manuevering des i gn point (0.0128)

i s  we l l  wi thi n the capa b i l i t ies of by— pass bleed while the C~ required for the
cruis e design (0.0017) is attainable with comp ressor bleed. I t  shou ld  be noted
also tha t the predictions for C required are conservative , as prev ious experi—

‘4 1-’
ments have verified , and the wind tunnel tests (Section 5.0) were oriented

toward determining relaxed blowing requirements. Further , the C p red i c t ions
6are for a chord Reynolds numbe r of 10 x 10 and reductions will be obtained at

Reynolds numbers approaching f l i ght conditions. Bleed requirements are dis-

cussed again In Section 5.5 In terms of data results.
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4.0 HIGH SPEED WIND TUNNEL TESTS

4.1 FACILITY AND TEST ACCESSORIES

The transon ic a i r fo i l  wind tunnel experiments were conducted in the High
Speed Wind Tunne l (HSWT ) facility of the Vought Corporation . The wind tunnel

facili ty, model hardwa re, instrumentation , and data reduction are describ ed

in the following pa ragraphs.

4.1.1 H igh Speed Wind Tunnel

This is a variable pressure blow—down wind tunnel with a test section

1.22 m x 1.22 m (4’ by 4’) capable of Mach numbers from 0.5 to 5.0 and unit

Reyno l ds numbers from 6 to 125 million per meter (2 to 38 million per foot).

For the tests reported here the porous—wall transonic test section was used.

All four walls have round holes perpendicular to the surface giving a total

poros i ty of 22.5 percent. The holes are not adjustable but the porosity can

be varied by covering a selec ted number of the holes with tape. In the tests

of Reference 4, a wall interfe rence—free poros i ty of seven percent was deter-

mined for an i dentica l model/support arrangement. Strips of vinyl tape were

placed leng th—wise along all four test section walls to attain this poros i ty.

A sketch of the HSWT in the transonic configuration is shown in Figure 41.

Ie.l.2 Model Support System

An end—p lated support assembly for the quasi—two dimens i onal testing of

airfoil mood s was obta i ned on loan from the Propulsion Wind Tunnel Facility

of Arnold Engineering Development Cente r, U. S. Ai r Force Systems Command.

The assembly Is shown in the sketch of Figure 4—2 and the photograph in

Fi gure 4—3, It is the same hardwa re that was used at Vought in the blown

airfoil tests of Reference 4. The sting—supported models were mounted on

the tunne l model cart so that they could be pitched about a constant center

of rotation on the test section centerline at test section station 67.

4.1.3 Ins trumentation

A irfoil models we re instrumented wi th  s ta t i c  pressure taps wh ich were

connected v ia p last ic  tubing to modular pressure scanning sw i tches (trade

• name, Scan i valve) mounted on the mode l cart sting support. Each modular unit

contained a pressure transducer appropriate in range for the pressures measured

and could measure up to 48 pressures per unit. All modules were synchron i zed

to be sampled simultaneously at a rate of 5 samples per second.
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A wake pressure rake with 61 total pressure probes and 3 statIc pressure

probes spaced as shown in Figure 4—4 was mounted on the centerline of the

• model support apparatus at a distance of 2 model chord lengths behind the

ai rfoil model trailing edge. The wake pressure rake along with the model

taps were connected to a total of 3 Scaniva l ves.

For BLC blowing tests high pressure air was piped into the model support

system from an auxiliary air supp ly in the HSWT facility. The aux iliary air

was th rottled to obtain desired pressure levels in the wing cavity. The
air flow rate was measured with an orifice plate flow meter in the main supply

li ne. The flow rate measurement , along with temperature and pressure measure-

ments of the air in the wing cavity were used to calculate mass flow rate in

the blowing jet. The temperature of the BLC air was measured with a ch romel-

al ume l thermocouple mounted in the air fitting at one end of the blown wing.

Two total p ress u re tubes were mounted in  the wing  cavi ty and moni tored to
set and maintain desired blowing pressures.

4.1 .4 Data Reduction

Prima ry data reduction was accomplished i mmediatel y af te r each tes t r un
by an IBM 1802 computer on—line with the data system at the HSWT. Pressure

da ta on the a i r f o i l  were reduced to c o e f f i c i e nt for m referenced to frees t ream
stati c pressure and integrated to provide lift and pitch i ng moment values .

Data from the BLC blowing system were reduced and printed out in the form of

blowin g momentum coefficients (C). The drag coefficient was obta i ned from

in tegra t io n of the wake total and s tat i c  pressures which we re used to def i ne
the wake momentum deficit. The equation used for the wake pressure Integ ration

8has the form ______________ ______________

I
(P 0 p~~~~J p  j 

P0 j 
P0

Cd = 2 J  (
W ~)Y 

p~~~~! 

W 
l J  

W d(~)
WAKE o P P v—I I P v-i,, w 

— i.._ _._~ 
• 

— ‘ . . ‘ ~~~~
—

~ ~ ~p 
I Y  ~ 1
,,

whe re

P = Static pressure at wake rake
w

P,, = Freestream static pressure

— Tota l p ressure reg i s tered by probe at wake rake

P — Freestream total pressure
0
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4.2 DESCRIPT I ON OF MODELS

Model configurations were fabricated corresponding to both the maneuve r-

i ng (TACT7M) and cruise (TACT7C) design points . Since the des i gn points

have deployment commonality , a common leading edge part and i dentica l basic

di mensions were used. The models have a chord of 15.24 cm (6 inches) and a

span of 38.1 cm (15 inches) (Figure 4—2). They were constructed in two major

segments; (1) a leading edge/upper surface (Part A), and (2) a lower surface/

trailing edge (Part B). Sketches of the model par ts and the assoc i ated
assembly are shown in Fi gures 4—5 and 4-6. The leading edge/uppe r surface

(Part A) provided a common attachment for the TATC7M maneuvering airfoil

lower surface/trailing edge (Part B) and the TATC7C cruise airfoil counter-

part. Surfaces of parts A & B form both the airfoil externa l con tour and

the Internal access plenum/plenum webbing which feeds the blowing slot p lenum.

The maximum thickness of 7 percent for both configurat ions is located at

x/c = 0.350. The airfoil sections maintained a common airfoil shape forwa rd of

x/c = 0.7, d i f fe r in g onl y for slot adjustment and trailing edge camber aft of

x/c = 0.7. The trailing edge designs provided both an antiseparat ion tailored

contour and a two position dep l oyment comonality . A nominal coordinate jump

of i~y/c = 0.0032 at x/c = 0.85, is rep resen tat ive of the blowin g slo t gap of
0.0254 cm (0.010”), plus the thickness of the blowi ng li p edge of 0.0254 cm (0.010”).

The perc ent cho rd s i ze  of the s tep in a f u ll scale w i ng app l i ca ti on would depend
on li p tolerances and pressure ratio/s lot gap trade—offs .

Both models were instrumented with 43 static pressures taps , Fi gure 4—7,

located nominally at the center span of the models. The majority of the static

pressure orifices have a 0.0508 cm (0.020 inch) diameter feeding into 0.1066 cm

(0.042 inch) O.D. Monel tubing. A t the t ra i l ing edge, the s tat ic p ress ure

taps have an orifice diameter of 0.0228 cm (0.009 inch) and feed into 0.0508 cm

(0.020 Inch) O.D. Mone l tubing coupled to the 0.1066 cm O.D. Monel tubing.

The statlc pressure lines extend out both ends of the models and were connected

via plas tic tubing to the modula r pressure scanning switches mounted on the

mode l cart stin g support.

The aIr supp l y for BLC was obtained from air lines routed along the side

p la tes of the model support assembly and connected with sealed fittings to each
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TATC SECTIONS , tIc = 0 . 0 7  7M

SURFACE : UPPER LOWER
x/C x /C

0.0 0.0125

2 0.012 0.025

3 0.025 0.05

4 0.05 0.075

5 0.075 0.1

6 0.1 0.15

7 0.15 0.225

8 0.2 0.3

9 0.25 0.35

10 0.3 0. 4
11 0.35 0. 45
12 0.4 0.5

13 0.45 0.55

11+ 0.5 0.6

15 0.55 0.65

16 0.6 0. 708
17 0.642 0.77
18 0.7083 0.84

19 0.75 0.93
20 0.8

21 0.858

22 0.9

23 0.95

24 1. 0 
_____________

FIGURE 4—7 TATC7C , 7M STATIC PRESSURE ORIFICES
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end of the mode l , Figure 4—2. These fktings were centered ove r the main

access p lenum cavity on each end of the model. The main access plenum cavity,

shown i n Figures 4—5 ,6, feeds the blowing slot plenum through an area of

chordwise webbi ng used to increase the aft  structura l s t i f fness .  Adjustments

in the slot heig ht are made with a row of screws located at x/c = 0.795.

To insure un i form deflection of the adjustable blowing lip, a bending flexture

was machined in the lip internal contour . A spanwise uniform slot height of

0.0254 cm (0.010 inches) was used throughout the testing.

— 4.3 TUNNEL CAL I BRAT I ON

The transonic airfoil test capability of the Vought High Speed Wind Tunne l

was established in Reference 1i for quas i two-dimensiona l testing with the same

sting/sidewall support hardware describe d above . Wall interference and

poros i ty criteria were determined within the constraint of a nom i na l chord

dimension of 15. 24 cm (6 inches) and a related sting/sidewall sizing . Calibra-

tion data
4 from unblow n C- l 4l and blown ATC airfoil model tests provide a

reference for the present testing . In these calibrations , the reliability and

consistency of airfoil data obtained in the Vought HSWT at Re = 2.5 — 6 x 10
6

were validated with respect to other test facilities (e.g., those at AEDC).

The blockage distribution of the TAlC model/support system appears in Figure 4-8.

For this type of blockage , and the calibrated wall interference effects at the

selected test conditions , the poros i ty was set at 7 percent (Section 4.1 .1).

Also , from Reference 4, a wake rake located at the present downstream distance

of two chord lengths (Section 4.1.3) was found to have a negligible interference

effect. F i na l ly ,  al though ar t i f i c i al boun da ry layer tri pping was not used in the

Reference 4 tests for a twelve percent thick blown section , it was added to the
thinner TATC7M , 7C models to assist transition . A 0.0254 cm (0.1 i nch) wide

strip of #80 grit was used 1.27 cm (0.5 i nches) aft of the lead i ng edge .

31

4 
- - - - - ---- •• -_____



r~ r~ 

- - -

Diffuser
Break

Center Body
and Cross Plate

Blockage 2
Area , in.

20 Wing Rake

• 10 -

0 I I

Sta. 70 60 50 40 30

FIGURE 4—8 TEST SECTIO N BLOCKAGE OF TE~1 ASSEMBLY

32

4 - - -

L — -~~~~~~~~~-~~~~~~~~~~~ _ _  ~~~- -~~~~ —- _ _



5.0 TEST RESULTS AND DISCUSSION

5.1 RUN SUMMARY

Tests with the TAlC airfoil models are summarized in Figure 5-1 . The

sequence of testing was to complete al l tests with the TATC7M model first to

determine maneuvering performance and then to install the IAIC7C model and

concentrate on cruise conditions. Runs with each model , however , covered

both simulated cruise and maneuvering conditions to a sufficIent .degree to

indicate off-design performance . Mach number/lift comb i nations for the TATC7C

model were oriented toward deter mining drag divergence characteristics. Angles

of attack varied up into regions of high wave drag and stall for both airfoils

and jet momentum coefficients ranged from zero blowing to values exceeding

the desi gn predictions , even factoring in the Reynolds number effect in going

from the Re = 10 x 106 des i gn to the 2.5 x ~o6 prima ry test condition .

Test time constraints precluded extens i ve testing at the maximum tunnel Rec 
of

6 x iø6 but runs were made for selected cases to obtain an indication of scale

effects. Airfoil pressure distributions , and lift (norma l force CN), dra g,
blow ing , and quar te r chord pitching moment characteristics are discussed in

the following sections.

5.2 PRESSURE DISTRIBUTIONS

5.2.1 TATC7M Maneuver ing Configuration

Initial tests revealed an anomaly between the AIC airfoil p redic t ions and
the data. Experimental pressure distributions are given in Figure 5—2 for

M
00 

= 0.73, C~ = 0.0178 over a range of angle of attack that should encompass

the roof—top TATC7M maneuvering des i gn point of Figure 3—3. Instead , a “saddle”
pressure distribution persists without development of a true roof—top . At low

a the section is aft- l oaded due to the trailing edge blowing/camber but , before
the roof—top can fill in as a increases , leading edge shock separation appears.

The des ign C = 0.0128 given in Figure 3-3 scales up to a level of 0.0~7 in
p 6 6

going from design (10 x 10 ) to test (2.5 x 10 ) Reynolds numbers so blowing

is close to the equivalent design level. As stated previously, the effec t ive
aft camber is a function of blowing (Section 2.1) and re-energlzation of the

slo t li p boundary layer per turbs the pressure dis tribu t ion by reduc i ng
through the BLC region (Section 3.1). Deta ilIng of the transonic mixing process

through the assumed BLC con t rol vo lume of Sect ion 2.2 is a compl ex research
task in i tse l f . The pred ictive methods of Section 3.2, therefore , incorpora te

33
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empiric isms successfull y utilized in Reference 4 for a twe l ve percent thick

airfoil in determining ~ reductions as a function of surface distance S.

It is apparent that the present thin airfoil design is much more sensitive

to ~~~~~

‘ 
(s) and the effective blowing camber is less than predicted. Thus ,

aft camber loading is insuff icient to close the roof—top pressure distribution

at M = 0.73 before hig h angles of attack are reached that cause leading edge

shock separation . A simple leading edge d roop would alleviate this effect at

M = 0.73.

The net result of the above anoma l y for the existing TATC7M (and TATC7C)

geometry , however , is a very positive one. Reduction of the effective camber

permits the roof—top desi gn pressure distribution to be reached at a higher

Mach number , shifting the maneuvering (and cruise) design point(s) and the

attendant performance gains to more innovative and beneficial Mach number

ranges. Pressure distributions for the TATC7M section are given in Figure

5—3 for fixed a, C = 0.0155—0.0178, and Mach n umbers from 0.73 to 0.83 to
illustrate this shift. The roof—top persists from M~= 0.80 up to M 0.83,

the hig hest IATC7M test condition , with CN
’ S from 1.06—1 .15 . initiation of

the roof—top distribution occurs for 0.73 M~~ 0.80. The M~ = 0.73 design

point prediction is compa red with data for M = 0.80 in Figure 5—4.

Typ ica l variations with angle of attack and blowing are shown in the

pressure distributions of Figure 5—5 , 6, respective l y. I n Figure 5—5, fixed

val ues of M~ = 0.80, C~ = 0.0161 are used with a varying from 0° up into stall.

Corresponding CN va l ues are also given. As a increases from the roof—top

val ue of 3
0
, a minimum deve l ops in the mid—chord area and lift is eventually

• los t through leading edge shock effects. Again , leading edge droop or camber

is a possibility for enhancing the lift performance at high angles of attack

in future ATC airfoil studies. Blowing is varied in Figure 5—6 from Cu 
= 0

up to 0.0161 for fixed M = 0.8, a 3.0°. An increment of AC
M 

= +0.154 is

indicated over this blowing variation . As expected , the blowing-off distr ibu-

tion has no sharp aft upper surface diffusion step due to the onset of sepa ra-

tion as indicated by the loss in trailing edge pressure recove ry.

5.2.2 TATC7C Cruise Configuration

A Mach n umber shift in roof—top desi gn p ressur e d i s tr ib ut ion was meas u red
for the TATC7C model analogous to that described in Section 5.2.1 fo r the

• 36
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TATC7M conf i guration . Distri butions for M.= 0.8, 0.84 , 0.90 are shown in

Figure  5-7 a t f i xed C
u 

= 0.005 and nominal a in the 2-3 degree range . The

C — 0.005 va lue is the c losest  blowing case to the design C = 0.0017 quoted
p P 6

in Figure 3—4. A pprox i mate scaling of the predicted C at Re = 10 x 10

down to the Re
c 

= 2.5 x io 6 test conditions brings C
u 

up to 0.0022. Even with

overb l o w i n g ,  the p lots in Figure 5—7 indicate aft loading for M = 0.8, 0.84

tha t depar ts consid erabl y from the des i red roof—top criteria. At M = 0.9,

however , the criteria is achieved and the design point and the associated

performance ga i ns have shif ted by AM.0: +0.1.

The M = 0.80, C~ = 0.6, Cu 
= 0.0017 predicted design point distribut ion

is compared with data at M 0.90, a = 2° in Figure 5—8. An interpolation

be tween the C~ = 0 and 0.005 curves provides a good matchup with the aft upper

surface shape of the prediction as we ll as the des i gn c~ = 0.60. Leading edge
p ress ures ar e a lmos t id ent ical  for a l l  cases wh i le local Mach n umbers a re, of
cours e, diffe rent due to the C~, sh ift. This figure also p rov i des data at

M = 0.90, cx = 2° that exhibits the effects of blowing variations. An increment

of ACu = +0.16 is shown for C changes from blowing off conditions up to C
u 

=

0.010. The blowing—off distribution has a reduced aft loading but shows no

• dis tinct separation or loss of pressure recovery at the trailing edge. This

w i ll  be discussed further in Section 5.3.

Varia tions with angle of attack are shown in Figure 5—9 for the TATC7C

section at M = 0.9, C~ = 0.005. In this limited range of a = 0, 2° , no
unusual effects are encountered and the roof—top behavior generall y ex i s ts for

both plots. Scale effects are illustra ted in Figure 5—10 for M = 0.9,

a = 40 and test Reynolds numbers of 3.0 and 6.0 x ~o
6. Al tera t ions in  the

pressure distributions related to Re for this uns tal led example are negli gible.

Only the very l ocal spike at the blowing slot attributed to the significantly

hi gher C~ val ue for the Re
~ 

= 6.0 x 10
6 

distribution is apparent.

5.3 LIFT/DRAG PERFORMANCE

Lift as a functio n of angle of attack Is sumarized in Figure 5—11 for

represen tative TATC7M , 7C da ta. Comparisons are made with the ATC twe l ve

percent airfoil (TEATC12) data of Reference 4 and data for a conventiona l

C— 14l section (t/c = 0.12) from Reference 9. The comparison data were taken

with the same sting supported model hardware and thus provide the most direct

CN
a reference. Although the flow Is quasi—two dimensional on the model ,
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the support system provides a finite induced angle of attack wh i ch makes other

CN—a comparisons less valid. Increments on C
N at a = 6° of +0.4 and +0.65 are

shown for the TATC 7M section , relative to the TEATCI2 and C— 14? twe l ve percent

airfoils , res pec t ive l y, in the M = 0.70—0.73 range. At M = 0.80, a = 4°,

the TATC7M CN is 0.4 hi gher than that for the TEATC12 geometry. The TATC7C has

a CNMAX increment of +0.2 relative to the TEATC12 for M = 0.80 and a = 4~~5
0~

Blowi ng coefficients for the TATC7 series are of the same order as those for

the TEATC 12 .
As discussed in Section 2.2, Cd 

+ C is taken to be the equivalent section

dra g for the ATC airfoils. Plots of CN vs. Cd 
+ C are given in Figures 5—12 , 13

for M = 0.8, 0.9, respectively. The baseline Whitcomb-type SC7C , 7M airfoil

perfo rmance (Section 3.2) has been re-calculated for Rec 
= 2.5 x 106 and analytical

-• results are plotted in Figure 5—12. The SC7M hi gh lift benefits shown in Figure 3—5

degrade significantly at low Reyno l ds number due to changes in displacement thick-

ness creating hi gher drags and l ower lifts. Experimental and anal ytical scal ing

effects need further investig ation to imp rove the comparisons discussed below .

Data for conventional 64A406, 64A0O6 sections are also utilized in Figure 5-12 , 13.

Data is presented in Figure 5-12 for the TATC7M section at M,0 = 0.8 with C~

var y ing from 0 - 0.016. An additional plot for the TATC7C air foil with blow i ng—off

is included to emphas i ze lift advantages for ihe TATC7C to TATC7M dep l oyment at

CN 
> 0.6 and to provide low drag data at CN 

< 0.6. A per fo rmance envelo pe i s
shown representative of ATC variable geomet ry/blowing characte ristics for the

TATC7C , 7M comb i nation. At equivalent drag , increments in maneuvering lift

coeff icient (_C
N) of + 0.18 and +0.40 are measured relative to Whitcomb-type

p red i ct io ns and conven ti onal a i r f o i l da ta , respectively. These increments are

comparable to the corresponding 0.18 and 0.50 values predicted in the ATC design

phase at a l ower Mach number of 0.73 (Section 3.2). Following the enve l ope to the

lower CN
I S is indicative of continuous dep loyment from the maneuvering to cruise

geomet ry and associated reduct ion in blowing toward blowin g-off conditions. The

drag l eve l s  a t cru i se CN < 0.6 are less than or equal to those for the conventional

section and approach the SC7C predictions. At zero blow i ng , the s lo t w i d th become s

an af t f a c i n g step w i th a base drag contr i b ut ion tha t i d e a l l y  cou ld  be el i m in a ted

by s lo t clos u re , thus moving the TATC7C cu rve further to the left. It is interesting

to note that , even with a slot drag contribution , the blowing-off TATC7M curve
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in d i ca tes imp roved CN vs. Cd performance for C
~ 

= 0.86 —1 .0 relative to the

Wh i tcomb baseline . The separation illust rated in Figure 5-6 apparently reduces

the ef fec t ive upper s u rf ace cu rva ture in such a way that dec reased wave drag

more than compensates for increased base drag.

Stall for the TATC7M air foil in Figure 5— 12 is very abrupt as a resu lt of

shock /bou ndary l ayer i n terac t ions a t the low tes t Re
c 

= 2.5 x 10
6. A da ta check

was made in the stalled region at Re = 6.1 x 10
6 for an angle of attack match i ng

one of the C = 0, Rec 
= 2.4 x 106 points. An increase of 0.068 in CM , accompanied

by a decrease of 0.018 in Cd, was measu red i n d i c a t in g a d i s t inc t sof ten i ng of s ta l l

as Re
~ 

i ncreases .

Polars for the TATC7C configurations appear in Fi gure 5-13 for M
00 

= 0.9 and

C = 0, 0.005, 0.010. Comparisons are limited to conventional 64A006, 64A406

sections since the analytical routines used for the Whitcomb-type basel ine did

t not converge at M =  0.90 and no TATC7M data was acquired past M~ ,=O.83. Zero
blo wing achieves the l owest equivalent drag at M = 0.9 and very low C

M 
but

blowin g-on is advantageous at cruise CN 
> 0.35. In addition , the blowing-o n

cu rves show the ab i l it y to ob ta i n  AC M incremen ts of +0.12 , re la ti ve to C~ = 0,

for off-desi gn cruise l i f t  f l e x i b i l i t y  without dep l oyment to the TATC7M geometry .

Maximum measured C
N

1
S exceed 0.9. One key point in this figure is that , at

M = 0.9, C
u 

= 0.005 performance is significantly better than that for either

= 0 or C = 0.010 on a C vs. C + C basis. Because of the des i rabil ity of
p N d P
low blowing rates , the data base sho u ld be expanded to include C~ between 0 and

0.005 for determination of a true blowing/performance optimum and a minimum

C
u
-requ i red .

• Drag as a function of Mach numbe r is plotted in Fi gures 5-14 , 5-15, for the

TATC7C ai rfoi l at cruise C
N 

= 0.4, 0.6 , respectively. Conventional and cruise SC7C

curves appea r for reference. The onset of drag divergence for the TATC7C is delayed

by z
~
MDD = 0.08 - 0.09 relative to the baseline Whitcomb calcul ations . Drag dive rgence

Mach numbers (MDD) of 0.92 are observed for blowing-on cases , ind i cati ng beneficial

t rades be tween ~~ sized to skin friction losses , and the much h i gher losses assoc i a ted
wi th wave drag and separation . The pre-divergence TATC7C Cd + C l evels are hi gher
than the Cd 

levels for the SC7C , al though the C~ — 0 case for CN 
= 0.~i (Figure 5-114)

• approaches equivalence . Blowing slot step drag contributes here to the levels for

C~ = 0. Non-optimized blowing can also contribute to this effect since C~ I s
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25—50 percent of the total Cd 
+ C~ . Performance at C = 0.005 exceeds that at

either C = 0 or 0.0)0 for all plotted M
00 

at CN 
= 0.6 (Figure 5-15) illustrating the

existence of a C minimum and the relevance of future optimi zation . Tailoring of

d rag l eve l s , at CM 
= 0.6 for examp le , m i g h t be achieved th rough ATC deploy men ts

i ntermediate to the TATC7C and TATC7M geometries and refinements in the blowing

rates as ind i cated by the envelope in Figure 5-12 for M,,, = 0.8. The res u l t of

primary importance is tha t ATC blow i ng has the proven c a p a b i l i ty to al ter the bas i c

drag vs. Mach number behavior and de l ay drag divergence to MOD value s well over 0.9.

Drag d ivergence comparisons , based on Cd + C , are made in Fi gure 5-16

as a function of airfoil thickness ratio for severa l airfoil sections ,

incl ud i ng the previous twel ve percent ATC blowing geometry (TEATC12).
4 Co r rela ti on

curves are shown for both conventiona l and advanced supercritica ) designs at a

cruise-type C~ of 0.5. Ca l culated points for the SC7C baseline and for the TATC7C

des i gn point (Section 3.2) are also shown. The TATC7C prediction is conservative .

The TATC7C data point exceeds the prediction by M’t00 
= 0.08 and falls above an

extens i on of the su percr it ica l cor rela t io n .

5.4 PITCHING MOMENTS

Pitching moments about the quarter chord poi nt are plotted vs. CN in Figure 5-17

for representative TATC7M , 7C data. Effects of Mach numbe r and blowing are illus-

trated by vary i ng Mc, from 0.73 to 0.80 and C from 0 to 0.016 for the TATC7M airfoil

and , corres pond i n g l y , utilizing M = 0.80, 0.90 and C~ = 0, 0.010 for the TATC7C

section . Blowing effects on Cm 
for the maneuvering TATC7M geometry at both

M = 0.73, 0.80 quantify the aft l oad i ng tendencies seen in the pressure distribu-

tions of Section 5.2. P i tch i ng moments for the TATC7C are insensitive to blowing

at M = 0.8 but reach the TATC7M sensit ivity levels at M = 0.9. The high Mach

number curves for both design points show monatonic increases in aft load i ng as

a i ncreases to sta l l . Ove r a l l , Cm var iations for the comp l ete ra nge of ATC
variable geomet ry/blow i ng configuratio ns are limited to J~ C mJ = 0.18.

5.5 BLEED POTENTIAL - DATA

Sec ti on 3.3 d i s c usses predicted C a
-ava i lab le/requi red matchups between the

ATC airfoil and a state—of—the—art eng i ne instal lation . The data plotted in

Figure 5-12 provide additional Ind i cations of realistic bleed potential that
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FIGURE 5—1 7 TATC7M, 7C AIRFOIL PITCHING MOMENT CHARACTERISTICS
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show the predictions to be conservative . A C = 0.005 results in a significant

maneuvering performance improvement , as evidenced by the 
~
CN 

= +0.13 shown in

Figure 5-12 for the TATC7M section relative to the Whitcomb baseline at equivalent

drag. This data point is included in Figure 3-8 and is shown to approach the

C~_ avai lab 1e curve for compressor bleed while increasing even more the practicality

of using the des i rable by-pass bleed mode. At flig ht Reynolds numbers the C = 0.005

would be reduced further by perhaps a- factor of two.

C-,
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6.0 CONCLUSIONS

The use of adva nced ac ti ve d i f f us io n con t rol has res u l ted i n  cr ui se and
maneuvering transonic airfoil design points which are similar enough to permit

deployment from a common section while st i l l  achieving outstanding performance

charac teristics at both flight conditions. An a i rfo i l th i ckness ra t io of seven
percent was selected because of the past attention given to thicke r sections and

the i mmediate need for i nnovative techniques in the thinne r airfoil range . The

ant iseparat ion tai lored contou r (ATC) is a proven device for transonic act ive

d i ffusion control.

Perfor mance of the t ra nson ic  ATC a i r f o i l  maneuve r ing  and cr ui se geometr i es ,
desi gnated TATC7M and TATC7C , res pec t ive ly) has been valida ted in the I/ought

Hi gh Speed Wind tunnel. A t a 0.8 Mach number and an equivalent drag (Cd 
+

increme n ts in  maneuv e r i n g  lift coefficient of +0.18 and +0.40 are indicated for

the TATC7M section relative to Whitcomb-type airfoil predictions and conventional

a i r f o i l  da ta , respectively. Data shC.w drag divergence for the TATC7C deployment

delayed at cruise lift coefficients by ~M00 — 0.08 - 0.09 when compa red with the

Whitcomb-type reference . Equ i v a l e n t d rag polars  d e f i n e  poten t i a l  per formance
gains over a wide range of operat i ng conditions. I n  add i t ion to concept

v a l i d a ti ons , the HSWT data provide comparisons with predictions that define

required ana l y tica l refinements for design optimization (Section 7.0).
4

- Because of the highly efficient ATC blowing , plenum pressure ratios in

the 2-3 range are acceptable . Thus , in a perspective on eng i ne bleed require-

ments , by-pass bleed becomes a viable alternative to the more conventiona l

compressor bleed arrangements . Data for the ATC airfoi l (s) show C -required ,

even for maneuver ing , to be a small fraction of the available by—pass bleed

for exis t ing  eng i ne tech nology and to be comparab le  to a v a i l a b l e  comp resso r

bleed when extrapolated to full-scale Reynolds numbers.

The above disc ussion of hi gh Mach number desi gn poi nt performa nce for a
variable geometry transonic section emp l oy i ng active diffus i on control ind i-

ca tes the poten t i a l  for un i que  performance and e f f i c i ency advan tages i n
advanced a i r f o i l  desi gn rela t ive to pu r e l y  pass i ve approaches.
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7.0 RECOMMENDATIONS

Although present analytica l/emp i rica ) techni ques have resulted in a successful

design for a transonic blown airfoil , the deve l opment of an analytica l tool to

treat the p roblem of transonic jet mixing in an airfoil pressure field is needed

to optimize blowing effects on section camber. Jet momentum coefficient measure-

ments must also be refined to p rov i de a data base for treating contouring/blo wing

sensitivity. A joint experimental/analytica l effort of this type should also

include conside ration of l ead i ng edge geometry variations (droop , camber , etc.) in

the context of further imp rov i ng airfoil integration of ATC principles.

A second recommendation is to expand the test program to prov i de detailed

scaling to higher Reynolds numbers . The present results indicate potential that

m is t be verified at conditions approaching those of flig ht.

T ranso ni c ap p l i c a t ions fo r h ig hl y loaded and /or low dr ag sec t io ns s uch as
the ATC airfoil vary from aircraft cruise/maneuvering to missile lift/con tro l ,

each with distinct planform requirements. Three-dimensi ona l wing design studies

ar e recommended to assess the pe rformance poten ti al of ATC sect ion s for  a ran ge
of typ i cdl aircraft/missile configurations .
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