
W AD—A 076 610 LOCKHEED—GEORGIA Co MAR IETTA flO U3V AERODYNAMIC INVESTIGATION OF C 1 1  LEADING EDGE MOOIF!CAT7Op4 FO——!yC (IJ)
JUN 7~ w T BLACKERBY • P R SMITH FO9603—77—A ~ o2ot

UNCLASSIFIED L078ER0233—V0t— 1 AFFD L—TR~ 79—5O59—V OL~ 1 ML

I 
~~~~~~~ !~~iI--! U____‘ IN__ Fl Li 

_ _tO 
_ _

_ _  _
Jj

~~

[

~ 

I
_ ~iflIJUI NS~_bUt WNifl~



1.0 ~~~

I I

I .“ .~~

‘. ‘‘ U. U. S



-
~~~~

‘—4 
AFFDL-TR-79-3059
VOLUME I

C:

AERODYNAMIC INVESTIGATION OF ~~C-141 LEADING EDGE MODIFICATION ~
FOR CRUISE DRAG REDUCTION

-~~~~ ~_~\3)
\\ - 

‘ \__i

W. 1. Blockerby —
P. R. Smith 

~~~~~~

Lockheed-Georgia Company
86 South Cobb Drive
Marietta, G.orgio 30063

JUNE 1979

Final Report June 1977 to September 1978

Li~I
1 Approved for public release; distribution unlimited

‘ C.,
2 AIR FORCE FLIGHT DYNAMICS LABORATORY

AIR FORCE SYSTEMS COMIMND
WRIGHT-PATTERSON AIR FORCE BASE, OHIO 45433

79 11 08 u1 ’i
_ _

~~~~~~~~~~~~~~~~~~~~ ‘—— 
~~~~~



NOTICE

W1i.n Gav.rnm.nt *awlngs, specificatIons, or other data ore used For any
purpose other than In connection whh a definitely related Government procurement
operation, the UriU.d Statu s Government thereby Incurs no responsIl~ Ilty nor anyobligation whatsoever; and th. fact that the government may hay, formulated, furnished,
or in any way supplied th, said drawhigs, specifications, or other data, Is not to be
regarded by implication or otherwiss as in any manner licensing Ph. holder or any other
person or co~poration, or conveying any rights or permi&on to manufacture, us•, or sel l
any patented hw.ntion that may In any way be related thereto.

This report hos been reviewed and cleared for open publication and/or public
r leass by the opprapriote OfRc. of InformatIon (01), in accordance with AFR 190—17
and DODD 5230.9. There Is no objection to unlimited distribution of this report to the
public at large , or by DDC to the National Technical Information Service.

This technical report has been reviewed and Is opproved For publication.

ROBERT A. LARGE , Capt , U~~
’
.A .F . ERIC K. LINDBERG , Maj~~~J .s.A.p .P~of.ct Engin..r/r.chnicol Monitor Chief , Aerodynamics & Airfr ame Branch

FOR THE COMMANDER:

PETER J. KEWICZ , Col , USAF
Ch .f , hanics DiyI~Io~Air Force Flight Dynamics L.~boratory
AlA FORCE/517S0,t$ S.pt.mb., 3919 — 300

-

~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- -~~~

I ICUAI1Y C iSS~~ I A t I O N  •)~ TNt’  &~~I W’... fl~~s ’,,i.....p

‘ REPORT DOCUMENTATION PAGE 
—

_______ f ~~;O(, fl 
—‘  ~7~~!~~~~ v % &cc r s s%c ’~~ ~ (‘i~~’~~’~

’i’
~~~c ~~ to NU~II3 t A

AFFDI,. TR-79-3O59.V~~ .~. I_____ ____ 

& - ~~~~~~~~~~ ‘ - . J - ~-.--. - ‘
~~~~
“ - 

~ ~ \! 1r p,Lp~ ~~~~‘‘~~~ “~~ PI~~~

•‘ AERODYNAMIC NV6STIGA TIONI OF C-1 4 1 LEADING T hnical Fina l
EDGE MODIFlCi~JlON FO~ CRUISE DRAG REDUCTIONeL~~~~~

.
~~~

77_ Sep
~~~ ~~78

V - f
_ _ _  _ _ _ _  _ _ _ _  ~~~~~~~~ -~~~~~~~~~~~~

~ s ~~~~~~~~~~~~~~~~~~~~~~~~~~~~
“

/
, 
( W . T.,Blockerby — -

P R / Smith (
~:~: F~ 96~3 77.A 02O4/~~~~

~ P ,‘OAMI ~4~ O A G A N I Z A T , Ø N  NAU F AND *ct rt 
— — ‘ c ’ ~~i.i~ i’~~’ p~oj ~~t iT  a~..A P r A  A *ONPt UNIr 

~tU ØFR ~Lockheed-GeorgIa Company
86 South Cobb Drive , 2404 2 L )
Mcrietto, GeorQia 30063 (1  

__________________________

II Co p i l ’A Ot iuNG O F F I C E  N A N F  AND A O DAI S S ‘...,. ~ !AtPO*t ~ A’t tc
Air Force Flight Dynamics Laboratory (FXM) J

~
in

~~~ ?~JWri ght Patterson AFB , Ohio 45433 1 i ~~Thiumr ’ n. ~~~~~~~~~~~ 
- -

— in
14 M 0NIYO~~ING A~~FNC~ ,IA NF & A t t O A F s s , t  JIII. ~.nt I.. ~., ,,,u , . f l o~ .‘l f . . IS SS~- uA t l ” . CL#.SS ‘f th f .  r.p..rf ’

Unc lassified

In .. Pt .  t A c c i  ‘ Ic A l  ~~~~ p~~*W u A A P I N u
S I H L  P t I t  r

16 O I S T R I~~UT ION S T A T F h t 6 N T  ( o f  flIt. ~~~~~~~

A pproved for public le lease; dist ri bution unlimited

~? Df StAl ~~U TION A l A T F M r N T  ‘I uS. .f..f,aof ....f .,.d ,, Pto,-k :~‘. 
(I ,ttIq.,.., ( 5,.n,., R.1’~’~’’

lI~ SUP ,’L FM FNIAAY ~J .~1’FS

IA p,I’y *OADS ~‘nn(,,, ,. ..,.~~..-.r.. ,.u. 1 ,~~... ~~~ .o,1 t. t. n lth S~ lIl,’.S fl o.,, S.,(

C-14 l , Drag Reduction , Fuel Savings , Lead ing Edge Modification , W ing Design,
Transonic , Wing Modification , Wing Drag Rise , A irfoil Ding Rise , Wing
Pressute Distributions .

u ft

/ - ~~ APSTPt A CI C.’nitn.,. .I~~~a~• 1 ~~• .uJ~ ~~T ~~~~~~~~~~~~ 
- ________

~A study~of the aerodynamic desig’i and high speed wind tunnel investi gation of wing
leading edge modilicxitons to, cruise drag reduction on the C- 14 1 ai ,c taF t~l~ s been
completed .<-AIso investi gated w ere the effects of a w ing swept tip extension and t tc i i l —
ng edge anti-drag bodies . These modifications wa~e tested in the AEDC 16—Foot

Tronsonic Facility , using a 0.044 scale C- i4 iB model , to determine the effec ts on
C-14 1 cruis e aerodynamic c haracteristics and w ing chordw ise pessute disti ibutions .
Des ign of the leading edge modifications was based on ti’ie use of tronsonic w ing 

~
DD , ‘~ 1473 ,1

AP C U A t 1~~ C L A S S I F , C A l t O p u  01 ?HI$ PAeI ~t.’..... z’.,. p~,,.,.s

•) / ‘

~ 

fl 
( ,

__
~~~~~~

‘

L ~~~ ~~~~



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

I t  A . I ~ t ( ~~~~~ .‘~~ f~ , , t ’ A ~~P, 4 l I t , I’ .,. 6 .t. ,..t

, ‘ tbeo,y, tiansonic oiifo il theory and exp..i.nce pieviousl y gained w i t h a two~
d mensiona l oi i t o l l.ading edge modif ication piogiarn . Forc e da ta t esu lts were
ano lyzid to d.t.; mine the effect s on C —14 1 ci uise diog, drag iss cha.octeu ist ics
and c,uise pei loiniance. Co,i.lot ics~s we is mad. wi t h tiunsonic th.oiy using th.
m asu t ed choidw se pi ess ut a d sti ibut ions . A fuel and c ost savings evaluation was
mode of th. selected lead ing ,dg. c on( guuot ion bused on ni.osu .d and piedicted
cl u ise peifoimanc e im pioveme nts.

— 

I

~~~~~~~~~~~~~~~~~~~~

c ”

- 

,

( 

‘

‘.1’ u A f ~~ . t  S~~ S t I. A ? l . ”N ‘ P  ¶ N I ’ . PA.t t 6lI.. IS .,. l...,,,.dt



This is the t inal t e~ui t cx~ the at’redynamic desiqu , test  a nd

analysis ot n~xiit ied wing leading edges toi ciu r’ dt aq retluct ton on
the C—14 1 d lt ’CLJ t t .  This WOt’k Wds ~k ’L I O11~L\1 by the LOCkl’1e d (k’u.fl’tjla

Ccm~sany , Marietta, Georqia , under Contract No. t~’U96O 3— 77—A—02 U4—UUl0
for the Air l•’orce ~‘l iqht [Yynamics t~ i[v,t .itory . The stndtc~; and wind
tunne l testing ~~re acca~plished bct~~cn J une 1977 and Sept~nhei 1978.

This re~x)rt is pub i ished in t~~ vol ’.mvs. Vo l ume I ~~vuis  the

aerodyna~uc des i.in approach to t  im~x1i t y inq an ox 1st trt~i 0.044 scal’,’
C—1411t nvzxiel tot  h iqh s~~’ed t ost at the AKi~ ’ 1 ~— I- ’~~ t Tr ansonic
Facil i ty , t.hc analysts  and cortela tioi ot t t x ’  wind tunne l results and
a tuci and cost say inqs eva m a t  ion ot the ~~~t ton~tance in ’t ovcments due
to the selected lead i n j  r ’tiqt’ flLx i i t  I cat ion . Vol uiiie I i  coiit a ins the
details ot the wind tunnel ni’dt ’ 1 , the t ost pt~~ it~ iii and plot  t ~~i wind
tunne l tost results.

• 3 • I). Wa 1 la~t’ was the 1’t t ~ iram Manaqet and W . ‘I’. I l l  .tckt ’i t v ~ w.,s

lit ’ ‘I’t’t.’hfl i t ’d 1 1 ( ‘.kIL ’t . ~~~ W 1I~ 1 l~’.i, 1 I I~~ (\I’k’ fl5 , hj I t 1..’. t t  1011 (it ” ; ~qfl was

actxsrtpl isht-’~i ty~’ 1’. h . ~-‘rni t t  ark i M . - .  Cai 1 ton . ‘h it ’ tc nt ’l -tqv t u , i~ t’

or thi~ p i t t i r a m , in the t .mw ot ttansonic an.u 1~ st ; .  and numet it~~1

opt t rn i .~a tio,i IW ’tlKxis t o t  w in g s  and 5 u t t o i  Is , W.Is develo~~’tI by ti lt ’

Adv 1ttiu ,’t’d 1 1  iqht  ~‘c I ’ ’n ct ’s t~~pat tn*’nt at  I &x’ cd—4k\)rqla .

The authors wish t o  thank 3 • I’. Ithidue I ,1~ assis t  ,uice iii

conducting the wind tun ne l t t ’st 5lfld h’t . I”. I .5 intv.•t’t ta t~~i 5155 1St

w i t h  the a n a l ys t  ot the wind tLWu k’ I t i ’s i t  I t s  .iiid pret \il . t t  1011 ot t he
I ina l t t ’~’u’t t .

‘I\ ’chnica l direct ion t ot  this m’ t~~~t’am was }‘i ovi led h ’~’ Mt • .1 •
Johnson ot the A u I - u ‘t er’ (“ I u ih t I nam i cs I , 5tL’ t ’ut ~it  01 ‘~ l”>~N .

This ((t ~~’t i t _  is  ~t l ;o ident i t  ted .~~~ I~ ;7~ I’~k0.~ t~~ VkllOt’d
4,, u~ ~t~t at IOu ’ s internal c ’oiit t \ l l  ptii \su’5.

i i ;

I
- 

_ 
,.~~~~ t_~ - ~~~~~~~~~~~~ 

—‘-
~~ ~~~~~ ~~~~ ~~~~~~~~~~~~~



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ - ~~~~~~~~~
=

~~~~~~~~~‘‘

TABLE OF ~~~~~~~

SECFI~~
xNTI~ Duc-rIc~’~ 1

II AEI~JDYNAM I~ DESI~~ 3

1. Background - Two-Dimensional Design and Test 3
2. Design Methodology 5

a. 2—D (X)NMIN Approach 6
b. 2—I) T~st Airfoil Approach 10
c. 3—D COt~4IN Approach 11

3. Additional Drag Reduction Concepts 13
a. Swept Wing Tips 13
b. Wing Anti—Drag Bodies 14

III WIND ‘IUNNEL DATA ANALYSIS 15

1. General 15
2. Modified Leading Edge Results 15

a. Transition Fixing 15

b. Chordwise Pressure Distribution Comparisons 17
c. Effect of Pylon/Nacelles on Chordwise 18

Pressure Distributions
d. Aerodynamic Characteristics 19

(1) Repeatability 19

( 2 )  L i f t , Drag and Pitch ing Moment 19
Characteristics

(3) Drag Rise Characteristics 20

e. Incremental Drag and Pitching Moment 21
3. Aerodynamic Correlation of Leading Edge 21

Effects
a. Comparison of Theoretical and Measured 21

Wing Ordinates
b. Comparison of Theoretical and Measured 22

Pressure Distributions

c. Comparison of Predicted and Measured 26

Drag Results

d. Drag Reduction for the Design Leading 27
Edge Modification

Lt.

- — ~~~~~~~~~~~~~ ~~~~~
- _ -

~~~~~~~~~ - ‘- - ,- - -- 
‘
~~~

. _ 
‘ -  ‘ -  _ ‘ 

.._



—— 

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

TABLE OF I~ENTS ( a)N’r ‘D)

SEcrIa’~ PAGE

4. Swept Tip Results 28

5. Anti—Drag Body Results 29
IV PERFORMANCE AND WADS ANALYSIS 32

1. Spanwise Load Changes Due to the Selected 32
Leading Edge

2. Surrrnary of Effects on C—l4lB Cruise Perfor— 32
nuance, Productivity and Mission Fuel for the
Selected Leading Edge

V DNCLUSI~~ S AND RE~t*1MENDATIONS 37

REFE}th~’JCES 153

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ -_ — --— -- I - , - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ —— ~~~~~~~~~~~~~~~~~~~~ 
—

~~~~~~~~~



— 
- ---

~~~~
--— -

~~~
— ‘ ---- --“- ,-‘- ---‘-- --

- -

LIST OF I LLUSTRATIONS

FIGURE PAGE
1 C—14 1A Drag Characteristics 41
2 Research Airfoils—Example of the Effect of 42

Edge Req ion on Airfoil Drag Rise
3 Results from High Speed Test Evaluat ion of C—14l 43

2—I) Air foi l  Leading Edge Modifications
4 r~~sign Procedures for Leading Edge Modifications 46

5 Comparison of Theoretical (2—D aiuivalent) and 47
Experimental 3—D Pressure Distr ibutions

6 2—D W~ 4IN Opt im ized Leading Edge Modifications 49
7 Cc~uuparison of the Invisc id Pressure Distributions 50

for the Basic and 2-I) COlIIIN Leading Edges

q= 0.389
8 3—D Ct*IIIN Optimized Leading Edge Modifications 51
9 Comparison of the 3—D CONMIN Inviscid Pressure 52

Distributions for the Basic and 3—D CCU~hlN

Leading Edges

10 St~~pt Wing Tip Extension Planform 53
11 C—14 1 Airfoil Af t  Canter Change 54
12 Sketch of Anti—Drag Body Locations 55
13 Planform Sketch of 0.044 Scale Model Wing 56

14 2—I) Airfoil Test Results—Fixed and Free 57
Transit ion

15 Sub1is~acion Photographs for M = 0.77 and a = 1° 58
16 Ef fect of w35 Leading Edge Modification on 60

Chordwise Pressure Distributions at M = 0.7.
Pylon/ 1’Jacelies-On Configuration

17 Effec t of W~~ Leading Edge Modification on 64
Chordwise Pressure Distributions at M = 0.75.
Pylon/Nace lies-On Conf iguration

18 Effect of W~~ Leading Edge Modification on 68
Chordwise Pressure Distributions at M = 0.77.

Pylon/Nacelles-On Configuration.

V I I

—A ---- - ~-- - __,_---_,-I~~~
- - -~,---___,__~ ,_- -_---— - — -‘—---—---—- - — - - - - ------—

~~~~~~
- - -



- I ~ l’ Cl  I t  .t~L ~ TRA’t~~1~ -Z ¼~ ’N~r’ L ’~

t I oct ot W ~ 
‘ I ead t rlq F~1p.~ Mc~ii t icat tou~ cure. ‘

Cl~~t~ iwist ’ I’ t ~‘ssiut u ’ !)istt  ibu t ions at ‘1 — ~~ .
‘‘~~. 

- -

I’v 1ou~ N~ u~ ’ I II ’~~~~) ‘Cut  1qur ~ t jon
.~0 F’t tect ot Py lon Naco l los on W~ •

‘
~ ChCrdwj se “ p

Pressure 1)1st i but  ions

Ft I Oct ot I\’ I or~ Naco Li e ’ ;  on W ‘ ‘ 4 , )~ edW 1 se 0
Pi05511t t ’ 1)1st Fl lxi t 101)5

l-’t tect ot W~ ~ IL’adl r~~ t -~hi~’ ~ ‘di I t eat  ion on

CtK ’tu tW i so I 11 t ’ssiut o P1st r I tut u t ions .
Nac’el it ’s—’~~t I Con t iqurat  l Ot)

2 1  Baseline Data }c~x ’at. abi1itv — 
- -

24 Ft tOCt Ct  01) 1 . it  t , 1F~)~) .ti )d Pt t el) L i’t~) ‘~0

~Ui~ ’uit  Ch.~i t a e t o r i st  ics

25 t~ aq Rise Character 1st io~; tot  Rise l inc t~’adi fl~1

Edqe , Cr it Cede 1) , ~~ Ion ‘Naec I los On
flra q Rise Chatact er  1st i~~; tot W-~~, Cr i t  ~

‘4,\~~’ 1)~ I

Pylovi ‘Nace l los s~’) )

.Y’ vt  t e ’Ct ot on Pr~~ Rise Chat act or  ist  ics , t~4

Py1~ M’t ’Nae ’e1les C~u
1)t-aq R iso Charactet-ist ie~; tor Base line I~”ad i ruti ‘)S

Edge, Grit Code 1), Pv l ’Nacelles C t t
Draq Rise t acte i-i st  es tot  Baseline I &’Mir ~ %

t- ’d’-~ ’ , Ci it  ~~~~~~~~ 
1) p~• lo~ Nace 1 los C i t

30 ~‘t teet ot W—~~ on Pr~~ R ise Chat a~’t or i st  tes ,

Dvi au~ N~’i~.’~’ I l~’s Ct t

U t”r aq Rise Characteristjc~ t~~t Baseline teadin-i ‘)5

Edge, Ct-it Cc~k’ C

rt’aq Rise ‘ rdcter tstie~ tot W~~ , ~ i t t  ~‘ude C ‘1’)

Ft I eel ot W 3b on Draq R ise Chara~’t or is t tes 100
14 1 neremen t al 1l~~ and F’ t tth I ruti M~ii~’n I C1x’ t t t— 101

cients tor

Vi  ii

_ _

_______________  - — ~
~~~~~~~~~~~~~ ‘-~~~~——~~--------— - -~------- -------~~~~ --—— -— - ‘--



-

~~~~ 
-

~~~~~~~
-

~~~~~~~~

-

~~~

-- -

l1l sP OF 1 IJt ’S’I’RATIC*IS ( CON’!” 1))

FIGURE PPC,E

35 C~vipar j son ot Measured ~‘t~do1 Ordinates wi th  102
R”;iqn Ordirtates at I) = 0.4 18

36 Cclnpa ison of Measured Mode l. Ordinates w i t h  103
tk~s i qu-~ Ordinates at ;~ 0.637

t~~~~~rtson of Measured ~~x~ ’1 Ordinate: ; w i t h  104
Ik~s iqn Ci ~i inat es  at i~ = 0. 793

38 Comparison of w 1 2L
’ and W~~ Measured and 105

Theoretical Ordinates at i j =  0 .~~)3
Comparison of r~~siqn and Measured Pressure 106

Distributions for w 12C at ,
~ 

= 0.193
40 Comparison of t~~siqn and Measured Pressure 109 &

Distributions for W-~~
41 Constant L i f t  Coe tt i cj ent  Comparisons of iead i nq 112

Edge Effects  on C~orc1wise Pressure
Dis t r ibut ions  at q = 0. 793 ~~~ 0 .73 ,

0. 75 .
4 2  Constant  Li f t  C01~f t i c  ient Compari sons of 1~~ad i nq 114

Fd~e Et t t ’ctS on Ctx rdw iso Pressure D i st r i—
bu t t o n s  at = 0 .637 M21) = 0. ’3 , c 1,1,~ — 0. ’5

43 ‘onstant 1 i t t  ~~ o t t j cj e n t Ccv’parisons of T~~adinq 116
Fdqo } :t f ects on Chordwise Pressure
Dis t r ibu t ions  at t~= 0 .t ’37 , M2p = 0.7 1 ,

L 1 2 1)  = 0. 75
44 u orr e latton of l~ ad inq Edge Effects  on Compress— 1 10

ib i l i t v  Draq - Ti~~-Dime nsiona1 C—14 1
A i r t oj i  Thst Results

4 -
~ Coi t l at  ion ot Leading R1~o Ft fects on Compress— 119

ib i l i t v  Drag — Three—Di~~ nsiona1 0-141
Test Results and B~1uiva1ent Tu,~~~Dimensiona 1
Predications

4b i•:t feet of S~~pt Tips on Chordwise Pressure 120
Distr j hut ions



- - - I

t I ~ ’1’ Cl II .I ~1t-~’l’)l.\’rI(~’ L S  ~~t’~ti’’ Di

4 ‘ l i  t t ’Ct  ot S~~’pt t’ t l s  011 - i t t  , t’i a.~i ar~i t .’4

Pt t cit i u~~ ~k~ t’ui t Chat ~t ct et 1

45 k t~ .t ~hat Si~~~t 01 ist  ics I¼~se Ii  W i t  I
P lus  S~~’pt I’ t p;; , ~~ I t  Cede C

Ft 1 oct ot t Do ~~~ I’ Ii ’s on au Ri  ;o  oo- I _ ’

t ot  1st ics

“0 ~~ ~~~~ ~~~~ ‘~ ~~~ -; I Wi ~~ 1’ i ;  1 _‘0

“ 1 Ft t u ’Ct CI Sl~~’pt i tt ’ s  Ott  l t n u ~ i5~’ ~~‘a~i i’ i s t t  1— 1 .“~

but ton s and Cou ’. t u ’t ot ~‘t ess;uu e , ‘~ 0 .
1’. oct o’. i~0’ t Ant i -  ~‘t ~.-i R\ l i t ’s ~~‘t\ ~‘t ’~0t\1Wi5u ’ 110

Pt essut u ’ P t ; ; t  I t t ’ t t t  IOIIs at  ~
‘o T i st  a nt

S I ~~I 1~ ot - i~ 0; t An t  —- I t  ~~~~ •k -~d i t ’ ’: On Ct~aniwt ~~~‘ 114
i’t t ’SSUI o P i n t  1 iD ~t t  i on;; at  ~‘o n s t o r i t  l i t  t L

u ’ ’ t  ‘1 F t .~iD Ant t—I k  a~i I~Od ton on i t t  , t’t ~i I 1~I

and t teh in~ ‘)~I’~ n)  1 C t h t t  act 01 1st ics

LI t u ’Ct 01 1 04,11 Ant ~~~~~~~~~~~ t~~’s j u ’5 01) i t t  • 140

mi  l’ t t c 1 ’  n~~t ~~~‘~~ ‘;t Ct ;a t a c t o t  m t

‘1’ Pt a~t R t ; ’t ’ ~ t i~ii .t~’ to i  t n t ics t o t  ‘~~n o i  m u ’ W m t ~ i i 4 ’
P lo: ; i’ i t h t  ~\fl t 1—l ~~~ ) R-~~l~ ’n , s t  Is) C \~ ’ P

- ‘ 
‘ Put Rise C1’at act~’t i s t  ics ~ P lus  Lout 14 1

-\ :i t  i—Pt  a’i R~~i t ~ ’;;

‘0 ‘ 1 t u ’c t 01 1’ iu h t  “lilt  1-- Pt .lsl 1 k \ t t ~n; Oil lx.i’ t R t ; ; u ’ 144

Chat act 01 1st 1

Pt  t oct ot Pout Ant i — I ~~.iu t k \ i t 0 ; :  on Li Rise 14”

4 , t t ~l t  o c tet  1st mc ;:

a l l  - ~ca lo I ~ ao tu ;c i  e : ;t ’t \t ; ;  t ot P 15)ht ~Ant l — t ~~~ ) I 4t ’

1 Piu l l—S ~’ol~’ t’~ au I act u ’u;~ n i t  101 tAxut ‘l t lt  t— Pt ,~ i 14

Lk\i it’ S
1’ .

’ Pt t u ’5 ’t 01 ‘lat t i ’ ~~ lut R - u j t , ’’; on ; \ l t) t i ’t St ’ ~‘0C 140

P1511 l~ \ t  tO’i5 l ’ ~~~ u u ’ t ) t t ’t 01

—

_____ -- — ——~~~~~~~~~~
- - - — - - - - - -

~~~~~~~

_  -



—~ ——~ -— —- --------- ~~~~~
-- . --

~~
-- - -- -—---

~~
- - —

~~~~~~~~
--—- 

~~~~~~
--- -

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

~~
-- -

~~~~~
-- - -- V.’

LI  SI  ~i- I !JkTST W&T IONS ( CON’!” 1))

FIt 1 ’Rf: PAC E

63 F t t e c t  ot Lead ing Edge Modificat ion on SparM i~ e 149

b~ad l ) i s t r  i k it  ion;;

64 Effect of Lead i ng Edge Modificat ion on C— 14 1B 150
Dr ag and Cruise Range Paran~ ter at Tr m i
Cp = 0.46

65 Projected Fue l Savings t ur  Lead ing Edge 151
Mod i f i c a t i on

66 Projected Cost Saving s for Lead ing Edge Modit i— 1’2
cation

LIST OF’ TABLES

T1’tBU~I PACE

I F t fect of Leadinq Edqe Modif icat ion ( Experi— 35
nEntal  w35 ) on Fuel and Cost Savings

I

xi



-s--.--’—--’w_ - _._____ ____ ’______ ___ _ _ _ _  - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘—-

~~~~

LIST OF SYMBOLS

A1 2 3 4 Coefficients of independent variable in leading edge
I I I

curve f i t  polynomial, upper surface

B1, 2, 3 4 Exponents of independent variable in leading edge

curve fit polynomial, upper surface

BL Butt line

b Wing span

2 
Coefficients of independent variable in leading edge

curve f i t  polynomial , lower surface

CD Drag coefficient

CD Compressibility drag coefficient
C

D Mininium drag coefficient
MIN

C.~ Wave drag coefficient
W

— CL Lift coefficient

CL Tail—off lift coefficient
TAIL-OFF

CM Pitching nrsnent coefficient

CM Pitching n~xnent coefficient about the quarter chord
c/4

C~, Pressure coefficient

C~ Minimum pressure coefficient
MIN

Critical pressure coefficient for M = 1

x l ,



-- -~~~~ 
- -- -

~ 

-

~~~~ 

- 

‘1

LIST OF SYMBOlS ( CON’r ‘I))

c Chord

- Ave rage chord

Cd Sect ion drag coeffic ient

C1 Sect ion lift coeffictent

Sect ion design lift coot ticient

FRL Fuselage t o t  otonco line

PS Fuselage station

L I )  Li I t  t o  drag 1 at j o

i k ’at i in g  (‘dgu’

M Mach numhe r

MA(’ Mean aerodynamic uiiot d

M( I 1) ) (‘ru t su’ I inqu’ parameter

t~X) odi t icat ion

~i Dynamic P, et ;m ;uI ( ’

Reyno lds number Lvj sed (‘ifl he i gh t , k

lk’ynol di; numt x’t-

W at e t  l in e
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LIST OF SYMBOLS ( CONT ’D)

W ing stat ion

~~~ x “c Non—dimensional chordwise location

x Chordwise distance

Chordwise distance, lower surface

‘tNaSE Chordwise location of leading edge point

Y ’C , y. - ’c Non—d imensional ordinate

y Ordinate or vert ical location

y1 Lower surface ordinate

y Ordinate at leading edge

tJppe r suti ace ord i nate

2D Two—dimensional

3D Three—d imensiona l

a Angle of at tack

-
~~ Incremental

Non—d imens iona l semi—spa n location

A Sweep angle

E f I oct iVe Sweep a~~i le ~~sed on loca l f low

x i v
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WIND IUNNEL t4)DEL (DNFIGURPITIC*~ SYMFI3 LS

B’2 Fuselage - C-141B base ; basic C-141A fuselage with
280 inch full scale extensions

K19 Pylons - eng ine nacelles

N8 Nacelles — flow through, with inlet spinners

P4 Aerial refueling pod-prototype product ion

..12C ‘ ‘ 12w Wing—basic high/low speed w steel wing with

removable leading edge ( forwa rd 12% chord) .  3 panels

each semi—span

W Wing — wi th 3-D CO~ lIN leading edge

W36 Wing — wl2C with 2—D test airfoil  leading edge

~
a2 Antenna t a i r ing  — located on tcç of fuselage , af t  of

wing

— Anti—shock bodies — flap track fai r ing type , winq

trailing edge , B per semi—span

z~
2 Anti—shock bodies — flap track fairing type , wing

trailing edge, 4 per semi—span

G21Z Wheel well fairing

zt6 Wing tip — swept , chord/span ratio = 1.33

Wing—fuselage f i l le t  — C—141A product ion
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S[~MMA}~i

A research program has been conducted to investigate the potential for

cru ise drag reduction for several modifications to the C—141 wing leading
edge .

The proqrai~ consisted of the aerodynanic design of two Mternate

leading edge contours , fab rication of necessary model cançonen ts, a h iqh -
‘

speed wind tunnel test, analysis and correlation of the test results, and
an evaluation of the effects on C—l41 cru ise performance, fue l and cost
savings .

‘I~~ design approaches were ~ nployed during the aerodyn t vlic design of
the leading edge cand idates. (~ e desiqn was based on application of a 3-n
numerical cçt imizatio n schene coupled with an inv iscid ful l potent ial code.
An alternate leading edge was designed using previous experience ga ined

during a 2—D lead ing edge investigation. In the latter case the ordinates

from a successfully tested C—lU. 2—I) leading edge ttcxii f ication were sealed

to fit several contro l stations on the wing with linear lofting het~~en
stat ions.

The test was conducted at the Arnold Enq ineerirxi fleveloç lilent Center
16—Fbo t Transonic Wind Tunnel in Ap ril 1978. Analysis of the test data led
to the selection of the 3—I) design leadi ng edge as the preferred configura-

tion . In addition to high speed evaluation of the leading edges, two other
drag reduction concepts were evaluated : swept wing tips and wing trailing

edge anti—drag bodies.

A drag reduction qoa l of from ‘
~ to 7 percent of total cruise draq was

established for the mo dit  icd leadi ng edge des igns , based on previous 2—fl
test  resul ts and theoretica l predictions. As tested , the selected lead ing
edge ( 3-P des ign) produced only abou t one—halt the des ign ~oal. This result
is shown to be consistent with  the fact that the fabricated mode l contours
for the Lead i ng edges di I fered from the design in such a way as to lessen
the measured drag improvement. By correlating theoretically predicted dr~~
with exper imental ~— [) and i—I ) drag as a function of the upper surface

xvu 
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ord i nate at two percent chord , it is shown that the pred i cted drag t educ~—
t ion would be achieved for the des i~~t leading edge contours. Accordingly,
performance improvements are presented for both the leading edge madi I i ca-
t ion as tested and as predicted . As tested , an increase in the lonLi ran le

cruise par~ neters , M( L/t )), of 2.4 percent was obtained . Based on the
correlation , an improvement in M ( L ’t)) of 5. 7 percent is project ed for the
design lead i ng edge mod i f  i cat ton .

Increased cruise speed is also an an ) or t an t  r esult f or  the modified
leading edges . i’he test results sb~~ a ..~ N 0 .OV’ utet-ease in cruise ’

- t
speed and a predicted increase ot 0.0 .4 is ind i cat ed . Th i s  e ft e ~.’t pr ov i des
an additional potent i al bene f i t  of m c :  easexi product iv i t  iy tot the C—1 4 1.

Substantial dray reduct ions were shown for  the swept t i p  and ant i-it -ag

body conf igurat ions . The swept t i p  ntxiit icat ion pr ov ides a 17 count reduc-
t ion in induced drag at crui se w i t h  f u r t h e r  reduct ions in c~~r !1ressihi I i ty
dray at h igh Mach nunters . The ant i-d r ag bodies improve the drag rise
characteristics beyond the norma l cruise Mach number. Increased cru i se
speed for both the swept wing t i p  and ant i— d r ag Lxxlies are indicated , w i t h
potent t a t  pr~xiuct iv :  ty  improvements.

ost and I ue 1 sat : :-~as analYSes t or the so b e t  od leadi n i  edge
de?nunst at e that  the savings for h i gh  Ut i i  izat ion a it  cr a f t such as tb’

C— 14 1 are impressive . Assuming no ~ncr ease in pr(xiuct ivi  t~~, the pr edicted
load t r~ i edge won Id save .~ m i l l  ion gal Ions ot fue l  pet year to : th e’ ~~

‘— t 4 1
f l e e t  . W i t h  pr cd~~ t iv i ty increases , a total  01 OVe r 43 m i l l i o n  gal Ions of
t uel are saved . (~r a cash f low b a si s, assuming .r fue l cost of bO cents pet

~1a lion , the tormer case woir hi save almost ~ 1 5 mill ion n fue l cost per
year . Inc ludin g the product iv i t  y increase , the I ue’ 1 cost say ing s won 1 d
reach nearly $25 m i l l i o n  annua .1 ly. c~ e-’r the renu in i ng l i t  t ’ ot the’ ‘

~
— 1 4 1

flee t , t hi’ accrued savi rigs cixi Id r each over 80(1 m i l l i o n  ~a1 Ions of fue l and
approximate ly a h a l t  b i l l i on  dollars of tue l costs. 
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S1-\~1’ION I
INTRODU CFION

Requirements for ef ficient transonic performance of aircraf t

continues to lead aerodynamicis ts to explore new concepts and apply
emerging technology to the design of future fuel—efficient aircraft.
The aerodynamicist also raist recognize the importance of apply ing such
technology to improve the performance of current production aircraft
where practical. In particular , aircraft  such as the C—l4lA , which
utilizes approximately 15% of the total Air Force fuel allotment,

should be continually evaluated against a framework of advancing

technology to identify and develop modifications with pay-off

potential .

Lockheed—Georgia has given special attention to several concepts
which could reduce the C—141 cruise drag and hence lower fuel consunp—
tion . One concept wh ich appears feasible is to modify the wing
leading-edge contour , forward of the front spar, to reduce the
subsonic creep drag and premature ca~~ressibili ty drag .

— The C—141A wing was designed in the early 1960’s prior to the
development of advanced technology “peaky” airfoils and the recent
“supercri tical” airfoil types. As a result, the C—l4lA wing airfoil

sect ions are not as aerodynamically efficient as those that would be

des igned today . The C—141A aircraft is characterized by a significant

amount of drag increase prior to the onset of drag divergence and
Lockheed—Georgia studies indicate that a major portion of this drag is

associated with the wing.

Recent airfoil research on peaky and supercri t ical airfoils has
demonstrated the importance of the upper and lower surface chordwise

pressure distributions in the design of h igh—speed airfoils. In
particular, attention has been focused on pressures over the region
fran the upper surface leading edge back to the airfoil crest. In
this region , several characteristics of the pressure distribution,

L1ii
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such as the ain~-~unt  c~f leading—ed ge suet ion , th~’ shape of the
reca~pression reg ion a f t  of the minimum pressure , and the pressure ~it

the cr est , are related to the deve lopi~ nt ot cr eep drag , ore—shock
drag lcsses, and premature shock formation . Fl igh t  and wind t unnel
me.isi:ron~’nts  of the ( ‘—141 chordwise win g  pressure demons t ra te  the
ion-existence of faw rahle leading edge suction at cruise conditions .

~ ince the C— i 41 has no leading edge h iqh l i t  t dcvi cv, the region

ton~ar d of the front spar (1 .~ chord) could I~’ mo di f ie d  at lcw cost
wi th a p” b le reduct ion of S to 7 percent in ct-u i so drag .
Consequently, the C—1 4 1 wi no  r epresents an excellent cand i dat e to :
appl i cation of redesign effor t s  based on advanced t echrioIc~iv me t hods .

Lockheed—~eorqia researchers , in corvj un ct ion w r t h  the A i r  Force
F l igh t  Dynam i cs Laboratory and researchers at NASA~- Ames have been
studying ways to improve the C— 14 1 win g aerodynamics . Sever al e ffor t s
have resulted . An independent Research and t)evelcpim�nt Prcxiram at
Lockheed—Georgia investigated the use of viscous t ranscinic a i r f o i l
theory to design small leadino edge contour charr~-res to improve a

two—dimens ional (‘-141 airfoil. These concepts were e xp er im en t a l ly

vet : ied at the Lockheed—Georgia Ccepressible Elc~ Faci ii tv .

Fo llowi ng th i s, a research contract was awa rded by AF’FTIL to
Lodtheed—Gcorgia to apply these concepts to i nvest iqate

~hr ee—di nie nsiona 1 applicat ion of leadinq edoe modit i ca t ions to the

~‘— l 4 l  win g .  An exis t in g lar ge scale ( 0 . 0 4 4 )  model of th e C — l 4 1l ~ was

~‘ -.t;er: tor use in an experimental program to evaluate the re tat Ivt ’
merits of the nix i ified leading edges . This report , in two volumes,
present s t~io results of this prc~ ram, includi ng the desitin , wind

sand te st  data , data analysis and correlat ion stud ies. Volume I

~itves  suimviry results of the wind tunnel test , data analy s is  and
correlation with theoretical predictions. Volume I I  contains the
details of the test facility , model conf igurat ion , pronram and

procedures , and the basic wind tunnel test data .

2
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AERJDYNAMIC l~~SI~~

1. BACXQ~J1t4D - ‘l’W)-DIMENSION AL (~~SIC~ ~ND TEST

Drag Characteristics for the C— l4 lA , as determined f ran both
flight and wind tunnel tests, exhibit an increasing drag with
increasing Mach number th roughou t the subsonic Mach number ranqe.
These characteristics ar e suninarized in Figure 1. The wind tunnel
results in Figure 1 reveal that the basic airfoil and wing also
experience sub~~nic drag rise , or creep drag , of the same order of
magnitude as that of the airplane.

Previous studies to determ ine the source of the C-l41 wing creep
drag characteristic indicate that the problem is not related to
induced drag ch anges or premature flow separation as Mach number
increases. Attention has, therefore, been directed toward the more
likely source of increased profile drag due to viscous and pressure
losses.

Independent Research and Develop~ent (IRAD) studies were
t n ~ t i a t e d  at the lockheed—Georgia Cii~pany to understand note fully the
rolat r onsh i ps between pressure distributions and the creep drao
phenc~ ’na as they occur on 2—fl a i rfoi ls  such as that of the C—l4 lA .

I n i t i a l  efforts were directed toward cc*i~ ar inq the creep drag and
di ao rise chara~’tcr o;t ics of a number of recently developed
super cr r tj ca l a i r f o i l s  w i th  the characteristics of more conventional
a i r f o i l  shapes such as the ( ‘— 141 a i r f o i l .  In addition to the well
k nown t r a i l i n g  odue cusp reg ion effects , another qecinetric’
cha r ac t e ri st ic , leading edge contour , emerged as an important
determinant  of a i t f o u l  dra-i rise performance. An example of this is
shown in Figure 2. The two research a i r fo i l s  are essentially the same
except over the fo rward 15 percent chord . The’ peaky leading edge
characteristic  result s  in a m~xt ’rate pressure peak with a weaker shock

3
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1 opnt n t wh i ct~ is t ur : at t t han t ho shock on the a i t t  ‘1 1 w t thou t
the leading ed~~t’ peak.

The m t  luenct-’ of t h e  leading edge ~‘cak is ev idenct’d th rouqh~u~
the Mach nunt~’t- r ange , caus t rb-i i i~i’: ovod ci OOL’ drag as we l l  as d:a~:r ise performance. S t n ~v t h e  pi 055510 di st r i t u t  ion and drag
tharacter ist  ics of the ( ‘— 141 w i n g  a r c  ni~i lar  to t hose exhj hj t cd  hv
the non—peak y a i r f o i l  in F igure 2 , i t  was :easont~i t h a t  a re—design of
the upper surface of a (‘- 141 a i r f o i l  to pr ovidc a more favorable
pressure d is tr ibut ion should prod uce an accu~~anyi~~ dr~~ r educt ion .
Therefore , the ~~AD studies were exranded to  include th~ design , test
and analysis  ot a series ot Leading edge m o d i f i c a t i o n s  to a two—
dimensional ( ‘— 14 1 a i r fo i l  model. 1-at t he  ( ‘—141 , oract ical cons idera—
t ions restrict the extent of n~ d i fj c i t  ion to the forward 12* chord ,
thus l im it in q  the amount of drag reduct ion wh ich  r iOht  be achieved.

An ex i st ing  2— fl model of an a i r f o i l  equ i valent  to the ( ‘— 141 win g
at ‘1 0 .389 , previously fabrica t ed for t e s t in g  in the Lockheed—
Ck’ct~11a Company Cc~npress~h le  F low Wind Tunnel ( CFWr), was cut at the
1 2~ chord location and a~~ii  t ied to accept i r e t ~v\-ah1~’ leading edge. ~
replacement lead i n~i edqe was const ~~cted us i no the ci to inal airfoil
ordinates to provide a baseline a i r f o i l  for n~~rison .

A numbe r of des igns were developed u s ing  manual iterat ion of the
V - coin a i tt o  i I t t~~~~ t~~ of ftmct , e t a! i design was a! ‘;~~‘

determined during a cooperative effort with NASA Ames using the 2-fl
CONMIN method which was under development at mes.~~ 

(3~ This latter
design procedure also verified the previou s modifications to the lead—
i ng edge contour determined [ran the manual iteration scheme using the
viscous theory .

Results for the baseline arid two of the modif ied  lead ing edges are
summarized in Figure 3. The 2—D CC4’4MIN leading edge , LE 6, uses the
existing lower surface shape and is thus a more practical nodifica—
tion . Several larger pertubations, such as LE 3A, were included in
the prograi~i to provide a range of leading edge shapes. Figure 3 (h )

_ _ _
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illustr ates relativ e changes of the flow over the leading edges and
demonstrates that weaker shock fornut ions were achieved with the
modif icat ions. The drag r ise data of F igur e  r ( c )  shows the substan-
ti a l improvement of both LE ‘ and IA ovv r the baseline . Althou gh the
expect ed reductions in creep dra g at the low and i nt erme(1 la te  Macti

~ . ~ ) did not -.t t ci i a l t  •
~~ 

, cr eep Jr a~i is Iessent~ i t o t  ‘!

0. bS and an i ncteast  in drag d iver’-~ence Mach number of approx inta t e lv
0.02 is achieved. At ~~~~ corresp~)nding to a cruise Mach
nuut*r ot 0. 775 , a drag r educt ion of 11 ctx]nts is indicated.  ~‘or most

conditions evaluated Jut  i ng the study , i F  t’ ni oved to be as good or
better than an~’ of the o the r s , thus ver i t v i  rig the capahi I i  tv of the
t3~~MIN desicwi approa ch and als& ’ en~~r a s i : in g  that the m o d i fi c at  ion may

be s imply app lied to  the upper surf  ace on lv.

At the sect ion l i t  t c~~’ t t ,. c t en t  whi ch c~ r t e s r ~ond t o the
equ iva lent 2—fl loca l l i t  t ceet t icients at cr u i s e  on the mid and ~ut er
span o tt  ions ci t h e  C — I 41 wing , drag  r educt tons 01 11 to it ’ counts
were tvi~ica 1. Since I ~ counts ot drag t-ei~t esent at-out t’ pet- cent ct

t he (‘—141 ci u~ se tot al , a des igri goal ot ~ to ~~rcent drao reduct ion
t o t  the w ~t’r was adce t ed as a stand a rd tor the aerix~vnarnic design.

2. Pf- S 1 ~ N MPfi k

~hree lead i ~~ edoe tiud t I i cat tons were designed for the c ur r en t
s t i i J \- , t oo~ wh i ~~~ i two were select ed for  model fabr icat ion ar~i test  ir ~o
in cou • auct ton w i t h  the basic ( ‘—141 leading edge . The first modj t  i—
cat to r i w~ des toned u sin g  a I ckheed—~eotgia version ot 2—P (‘Ct4MIN

~\t c~iJcd to i~e:1~ t t a  w id e r r ang e ot design vat tab les . \ three—
J~ r *’rrs ion i l  n u - e t  ical opt nit i~ at ton scheme under development by H ick s,
s t i ~ a t  lv  c~ t ~-n~1cd I !1 scope , w i s  etf l ~ oved t o o tt  a in  a second leadIn g
edgt • modit tea t ion . The t h i r d  lea ding  edge was t~ased on the best of
the 2—P modi t c . t t  tons t e st e d  i i  the I ckllt ’t\i—~eorg ia C~W1.

A n a l - s  t s  ot the r e s i l t  m o  2—P t~1uivalent a i r f O i l s  wa~ aL\’c1Tç~1ish—
c l  us ing the Riuct 2 — P viscous t t arison i c code . iht ’ leading e’d~e nv’di—

t icat t ori t \ I s~~ \~ on the i- ~~ des i gn c~x1e was further an aIv : t~1 with the

- - 
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Rr i 1 ev—ji a I haus and Jj trk Scrr ~
— I i nv i sc id t ranson to wi no cv~des •

surmutv of the de~i ign piocedur ‘ it ;  S th .lt in  block diao ram tot-u t in
F tgu r e 4. ~~ t a t  I s ‘t the in d i v i d u a l des t o r i  methods a r e  • t  vt- r i in the
t o l l  c~- t rig sect ions.

2—P a)~~1IN ApprL\ich
Anal yt t ea l 2 — P t r ansort ic  f l o w  ~~~ *t pu t  t ’t  o~des have been

~x ’ueral lv ava t I able to t  seve r i i  v ’a r 5, the rt ~~;t pr~~ 1ri nent • ue r t i . i p s  •

be no t he  L~ iirer et • a I .  ~~~~ , k ;n~c; at I a~c~ i t - o t u t  a as the  lA! ’

I t  ~~~~t t  tm . C~ir~~t t  at Ic des ion ~~~~~~ - i t  cul l en IV •;ndci devel~~ nk~nt . An
e x L ~’ I lent ~~ k’ ha~ bet t i  deve ~~~~ t v Cat  I son , w~’ ~~~~; ~\~i~ n it  es t he

a i r  t o  I ot d i na t e ; ;  t e q U i r e d  t o  r o t c h  th e  in t ’a t  i - i  t ’55~It~ d t s t  thu t ton .
1h is r u t  itod , tn ~~~~v t t  , t t \~~i t 1  t 5  t tn ’  ni t o t  det t : i i t  t or i  ot the leading
t \ i O t’ , and is t n t  c i  o r e  ur i s t i  i t  at’  e t ot  t lie cur  t t ’ t t t  ~u ’ n I r  c i t  to r i .

An a l t e i  n i t  ive • t t r ’ r  i ctt  hac k e r ;  t n t  \hrct ’d be

w h t~~~t i n ~vlvec  t t i e  use 0! ;s i : I c i l  ~~‘t t : r t : t t  t o r t  ot t h e  i i i  t o i l

s I ’  a ch i eve  t ~;e Je s t  ed tel  ~\ : n I r ; t c  char i c t e r i s t  tes w h i l e
m a i n t a l n i r u  ocuc t r t : ; r  S 011 u~~’~- 1 t t e d  vat  i t t -  f e c . ~‘ln’ me th~~i kr~~~ i as
‘— P ~\~~M I N , - • i -~~ r cii t he ‘r ; c  t r a t  ut  — m t n ;  1 ton sche;r ~ - ot \ an~k’i~

: - ~~~~ i t  ~~~~
‘ 

~~ r d i  ‘ l o \ - ; t h e  ~t e t  ~~~ ot l e t s  t b~ e P i t  cct ro: ;s is t h e  b a s i c

~~ i t t :  i - • 
- a 1 o~ ‘r t I i - . ‘v i  1 u i  t t on or t h e  ct ‘~~‘ct ice and const r a t  ~t

anot iou:: is ;;:. nie u s i  no t he i nv r  re td :1t~~~~~ 0! t I r e  l A P  n ut’., and t h e

c ~n cal I rig ~~ii  art: i : ~ ;r~ r ’nI  ted l v  t In ’ rid i V r~ !ua I user t o  sat id v 1;

- . 1t t i~~~’ t :i~\i ~. 1: - t~~’ i’i fl tot  l it ’ ot t Ire t heor et t cal

no eage aud ‘. t t eat  tons in  I it ’ cut r ~‘nt i t  udv

cent i ci S I at  to n s Ott I In -  ~, t i l t i~Vt  e ch~ -~err I or t h e  2—fl
i c c  ion — — 

~ 
•

fi

’ = At o l l o t t  t he i :lk\ i r  d narr e I , arid I* t’i

• 
- 

‘ On t In - out t -t \ I l  d r~~irn  1 . 1~tcse - I a I t or t s  were  chosen because

Itt _ fl. cot e erid~~r t o  I host ’ a t wIt  ich n~dt ’ I ccl chor dw i se ni essur ~
‘

• 
- - I it t o u r : ~~t - ~ ‘ tv a t 1 at le t , ar ~ ; i,e: e t v~’ teal ot the sect iori ;~ on

n t  r i t Si ’~ Ct tve ~~i r t g  u’ ir ’n ’ l ~~. I s  r u  r - e r r ~\’ ot s t u n t  I i cant  tht ee-
t t t k t i t  101111 l~~~ t ’t  t t ’s t  St even! f i \ l  o t t  i :i: ; :at lo t ;  ot t In ’  t~ \ ’t .ir’Ki t

~ t t f i ’t1 .
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It was necessary to convert the three—dimens ional bas ic  wing

sections into equivalent 2-P ordinates. This war~ accai~ 1ished using
s imple sweep corrections based on the sweep angle of the chord
location at wht di the uppe r surface shock occurs at the 3—0 des ign

petnt represented by M = 0.775 and CL = 0.50. Examination of the
model test pressure distribution indicated that the shock occurs at

approximatel y 50 percent chord, resulting in sweep angles of 18.457

degrees ar-rd 22.728 deqrees for the inner and outer winq panels

respectively . The 3—0 wing ordinates and design Mach number were

factored in accordance with the simple sweep relationships:

(y c)~~ = (y/c) 30’cos
.\

= M30cos .~

Select ion ot the 2—0 design lift coefficients was handled in

a slightly different manner. The measured 3—0 pressure distributions

are affected be the presence of the fuselage, pylons arid nacelles,

which induce a lower surface lift loss not present in the isolated

winq case. Thus there i~ no di rect correspondence between th~ 2—fl

calculated upper surface pressure dis t r ibut ion and that measured in

the wind tunnel for the equivalent 3—fl lift coefficient. Since the

leading edge modification was limited to the first 12 percent of the
win f i : Chord , t u e  desired aerodynamic improvement at the design
t~Or .- ~i t ion must result fran changes in the upper surface pressure

din t r ibut~on and reduction in local Mach number ahead of the shock .
It was therefore necessary to insure that the 2—fl theory was run at a
l i f t  c e — t f i c i e n t  which would reproduce the 3—D wing upper surface
pressure ditrtributions in terms of C~, , shock stre ngth and shock
loca t ion . As shown in Figure 5, the ~~ TAP viscous theory provided
exce l lent upper surface pressure correlation with the 3—D test

pressures when run at l i f t  coefficients somewhat higher than those
obtained by s imple sweep corrections. In these figures , the 2—0

calculated pressures have been f actored by cos2\ to retain 2—0 to 3—D
equivalence.
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The next task was to choose curve f i t  equations for the

leading edge contour , whose coefficients and exponents could be

perturbed in the optimization process . Based on previous experience ,

the following equations were selected :

Upper Surface

= + A 1x~~ + A2XB2 + ~~~~ + A4XB4 = y + A x Bn

n = l

Lower Surface

BAVy1 = C 1x + C 2x + y 0

where BAy = (B 1 + B2 + B3 + B4 )/4

Initial exponent values were input as follows:

B1 
= 0.4; = 0.7; B3 1.0; B4 = 2.0;  y0 = 0

These resulted in the following coefficients required to f i t

the basic C—14 1 2—D airfoil leading edge upper surface :

77 = 0.389
A 1 = 0.084335; A2 

= 0.15273; A3 = —0.15281; A4 = —0.030996

C 1 = — 0. 200977; C2 .194520

‘7 = 0.794

A1 = 0.06877; A2 = 0.27321; A3 = —0.28619; A4 = —0.032942

C1 = —0 .200105; C2 = 0,243282

The calling prog r am SUB1 was writte n at Lockheed-Georgia to

define Ce/CL as the objective function to be minimized and to

constrain the following variables :

8
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C
L 

> 0.74
—0. 3 ‘— CM ~~. + 0.3

—0.01 -
- y0 

-
~- + 0.01

Des ign variables which could be perturbed were:

A1, A2, B1, B2, B3~ B4, yO
, a ,  M, x SE

The A3 and A4 coefficients were computed by the program to
permit the modified lead ing edge upper surface contour to match the
ordinate arid slope of the basic airfoil at the front beam location.

Similarly the C1 
and C2 coefficients were calculated to match the

lower surface front beam ordinate and slope .

Preliminary runs with the 2—0 COtrI4IN code indicated that the
A
1 

and A2 coefficients were less powerful than the other design

variables. Mach number was held constant at the 2—D design value ,

since the program tended to want to reduce it below the design

condition in minimizing the CD/CL objective function . Attempts to

vary the chord leng th by va ry inq X
NOSE led to the conclusion that the

1-asic chord length gave the lowest value of CD/CL at or near the

des ign conditions . Accordingly the f ina l  runs wh ich defined the

Ieadinq edue modi f i ca t ion  were made with six design variables , i . e . ,
the four exponents , y ,  and angle of attack .

The opt imized lead ing edges are shown in Figure 6. At both
contro l stations the upper surface was raised above the basic contour

I U.S ~-u imar i1v  to positive values of y0 of approximately 0.5 percent
chord.

A comparison of the modified and basic theoretical 2—fl

~nviscid pressure d i s t r ibu t ions  as computed by 2—D CONMIN for the Ti

0.389 stat ion is g iven in Fiqure 7. The computed sect ion wave drag

coeffic ient  t a r  the modif ied leading edge was reduced by 20 counts at
the 2—fl desiflin lift coeffi c i en t .  The modified pressure distribution
features i ncreased leadin g edge suction , followed by an iserttropic
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rec~ upress ion wh ich resulted in a reduced shock strength. A s imi lar
improvement resulted at the 77 0.793 outboard wing control station .

The complete three—d imens iona l wing was obtained by linear
lofting the leading edge fr om the exist in g root section throuqh the

77 = 0.389 modified section t ’~) obtain an extrap olated wing break

sect ion. From the break station the leading edqe was then linear

lof ted through the ‘7 0.793 modified section to obtain an
extrapolated tip section.

The contract called for the design and test of two modif i ed
leading edges. Comparison of the 2—fl CO NMIN modification with the 3—U
COM~iIN m od i f i c a t i o n  described in Sect ion lI.2.c. showed close

similarities in ordinates , theoretical pressure di st r ibut ions and drag

coefficients. Accordingly , the 2—fl CO~~i 1N airfoil was subordinated to

the 2—0 test airfoi l  described in the next sect ion in the select ion
process at the modif ica t ions  to be tested .

b. 2—fl Test Airfoil Approach

Durin g the IRAL) studies, d incu ~nn ’d in  ~-.ect ion 11 .1 ., a total
at four leading c-dies were t est ed and e~inpared with  the basic C—i 41

a i i  t o i l  • The most promis i nq nud i f i c a t  ion based on analysis of the
est resul ts wa S; ident i t  ied as 11 - 6. Unlike the other test airf o il s ,

whi ch had l’~’en derived by t i  t a l  and cor rect ion methods usin g the TAP
.inal k - s i r  ‘r ’wam , LE 6 had been 1~~n; i gned u s i n g  an earl v ve~~ ion at tin ’

2—i) WNMI N numer ica l  o p t i m i z a t i o n  scheme described in the prev i~~is

sect ion. fl its version , wh tel t was extended to include additional
design van abler  dur ing the cut i ent r t  tidy as described in Sect ion
I I  .2 . a • , r at ai  ned the same 1 ~~~‘i surf aca and y value at the basic

a i i  - f ci 1 . As a candidate I or one -~t the ~~ lead 11)0 edge mod i t  i cat ions
to k’ t ast i  ~I , the efia ice of a three—dj mens I ona 1 1 eadi r~i edue I\ISL\i On

he I t- ~ 6 2—fl at i f  a t  I had t ht e e  flu j ar advantages :

1) The airfoil t a t  a i ned the same lower su r f a c e  as that of the

t \ t n i c  C—1 41 .

10
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-~) As such it was a distinct alternative from the other
numerically optimized leading edges.

t )  The 2—0 airfo il had already been successful ly tested , and
the 2—D test data was available for correlation with the
subsequent 3—fl test data , thus permitting an assessment of
pure 3—D effects .

Since LE 6 was a modification of the basic section at 
~1 

=

0.38 9 , it was necessary to derive a comparable section at the 
~~~

=

0.793 control station . This was accx~rplished by using the following
rela tionsh ip:

x y
= 

uLE 6 U ( = 793
~BASIC ‘7 = 389

~BASIC
The three—dimensional wing was then lofted using the method

described in Section II.2.a. The model designation for this wing
design is W36.

c. 3-fl CONMIN Approach
The Vanderplaa ts CONMIN scheme has recently been applied to

the numerical optimization of three—dimensional wing s~
8
~ . The method

war extended for application to the design of a third modified leading
edge candidate . Procedural ly ,  the 3—fl CONMIN scheme is similar to
t h a t  for  2-D CONM1N described in Section I I . 2 .a. The major advant age
o the  3— [) scheme is its ability to account for the 3—fl effects at the
root and tip, which is not possible with a purely 2—D method.

The number ot design variables was increased to permit curve
f i t t i n g  o f  the leading edge at a maximum of four control stations.
Stations at the root , ws = 113, ( ii = 0.118), break , ~‘S = 426 ( 17 =

0.445) and tip, WS = 958 ( 11 = 1.0) were used in the present study.
The flow prog r am used to calculate the objective funct ion and
constraints was the 3—I) ful l potential inviscid code of Jameson ( FLO
,~~ (9)
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The form of the curve fit equations used for the leading

edge upper surface were identical to those for 2—fl CONM I N:

B( k)
~
‘u (k) 

= 
~o + 

~ 
A~1~ k ) ’

~ 
~~

n 1
where k index of wing station

~l (k) = y + C1x
0 

+ C2x

Initial exponent values were input as follows :

k) 0.2; 8(2 k) = 0.6;  8(3 k) 
= 1.0; 8(4, k )  

= 1.0

A calli ng proqram was written to define C~ /CL as the

objective function to be minimized and to constrain t~e following

variables :

C
1~ ~~ 0.60

— 0 .0 l5~ -- y ~-~T .0101 
-

—0.01 ~~y .01302

—0.01 - y0 ~ .01
3

Design vj r ia~ les wh ich could be perturbed were :

A 1, A 2, Bi, B2, 83, 84. ~), 
~
‘
0 

at each wing station plus

angle of attack .

The A 1, A 2, C 1, C 2 variables were computed by the program to

permit leading edge matching at the f u l l  scale design conditions of N

= 0.77 and CL 0.46. The wave drag computed by the inviscid PLO 22

code was virtuall y zero. Accordingly, a Mach number ci 0.79 was i nput

to give the CO~IIIN scheme a larqe enough value of C~ /C1 on Which t~
cptim.ze . The final cai~ uter run which established ~ ie leadin g edge

12
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~txii t icat ion was ~kr ia  w i t h  thir teen design variables , i.e . , B1, 82, ‘~
and Y0 at each station , and angle of attack.

The resulting optimized leading edges at each station are shown

in Figure 8. At the root station the nose was lowered relative to the

basic leading edge. This result takes into account the 3—D wing

centerline effects and could only be obtained using a 3—D optimization

scheme. At the break and tip stations the nose point was raised in a
manner similar to that obtained by 2—fl CONMIN. The inviscid pressure

distributions computed by the 3—D (DNMIN flow program are presented in
Figure 9. The theoretical wave drag is reduced from 51 counts to 42
counts. This wing des ign is designated W35.

3. ADDITICt~AL DRAG REDUCTIC!~ CONCEPTS

Two additional wing modifications were included in the wind tunnel

test portion of this study to evaluate additional drag reduction

potential for the C—l41 aircraft. These two modifications were:

swept wing tips (extended span), and a series of wing trailing edge
bodies called anti—drag bodies spaced across the wing. The necessary

model components for these configurations were provided at the expense
of the Lockheed—Georgia Company and the test time was included in the
overall test program with the agreement and cooperation of the Air

Force Flight Dynamics Lab . Design cons iderat ions for these two
modifications are discussed in the next two sections.

a. Wing Swept Tips

The rationale for the employment of swept wing tips on the

C-141 wing is two—fold. First, the obvious increase in aspect ratio

reduces the induced drag for a given wing lift coefficient.

Simultaneously, the overall lowering of the wing loading for a given
total l ift  should tend to reduce shock losses on the wing at the
higher cru ise speeds. The second objective of the wing tip
modification is to sweep the leading edge to counter the tendency for

the isobars on the present wing to becai~ unswept at the tip. The

amount of extension and sweep was determined for this C—l4 1 wing

13
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application based on experience with similar applications on the
Lockheed C—SA wing. The tip planform is sketched in Figure 10.

— b. Wing Anti—Drag Bodies
Lockheed—Georgia experience with development tests on the

C—SA flap—track fairings indicated that such fairings could be

designed to provide a net drag reduction notwithstanding the increased

profile drag due to the fairings themselves. Analysis of the C—5A

results show that the major effect at cruise speeds must be a

reduction in shock strength due to an effective change in camber. For

application to the C-l4l wing an approa ch to desiqn of a set of

anti -dr ag bodies , similar to flap—track fa iri n q s, was devised as
follows: Assuming that a favorable change in 2—fl camber could be
applied to the 3—fl wing by means of properly sized anti-drag bodies,

use was made of the 2-fl TAP airfoil analysis program to determine the
effects of changes in camber. To i ncrease the aft camber in a manner

which could be approximately represented by isolated bodies at the

trailing edge, a lower surface modification was devised as shown in

Figure 11(a). The lower surface ordinates were modif ied  by the

addition of thickness which varied fran -zero at XiC = 0.65 to 2

percent at the trailing edge. Figure 11 (b) shows the e f f ec t  on the
theoretical pressure distribution . I n canpatison with the basic

airfoil , the higher aft loading permits a reduct i on in sect ion anale
of at tack from 2.7 degrees to 0. 9 deqrees. Thi s results in a decrease
in uppe: surface shock strength coupled wi th  a rearward shock

movement, which reduces the section compressibility drag from 24

counts to 5 counts.

The increase in lower surface trailing edge thickness of 2
percent chord was converted into a spanwise cross—sect ional ar ea
distribution at the trai l ing edge . To ensur e a reasonable
representation of this distribution with  adequate spacing to prevent

local channe l flow interference effects, a total of eight bodies on

each wing was chosen, with the most ou thoard f-ody located at the

inboa rd edge of the aileron . Figure 12 shows a sketch of the body

locations on the wing .
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I C I K~ 111

WIND fl JNNEL DATA ANALYSIS

1 . (~~ ERAL

Presentation of the basic wind tunnel data for the various

configurations tested is to be found in Volume 11 of this report.

Suninary curves, caiparison plots and discussion of the principal

analytical results are presented in this sect ion.

Volume II also contains a detailed descripti~ i-i of the wind tunnel

facil i ty , model , ins t rumentation , test conditions, schedule and data
reduct ion . The test was conducted at the Arnold Engineering

Development Center 16—foot Transonic Faci l i ty  in April 1978 and is
designated as Test TF—48 1. The mode l wa s a 0.044 scale C-141B wi th  an

internal balance for 6—component force measurement and pressure
inst rumentation for four stations on the win - i . The forward 12* chord

of the wing was removed and thr ee new sets of leadina edges were
fabricat ed , one set to replace the Rise l inc C — I  41 leading edge and ti~a

modif ied sets for evaluat ion . ~t ructural break locations and the

loca t ions of th e  four pressure measurin g stations are shown on the
nodel win g  planf orm sketch in Figure H . Locations of the nacelle and

ant t di ~q body c~ nt et l i ne s  arc also shown in Figure 13.

.
~
. t~t)t)II’IE1) IEAPD&~ FD(~ RESULTS

a . ‘r r ansit ton Fixi n g
Previou s test results on a two—d imens iona l C-1 4 1 airfoil ,

nodified in a manner and amount s imi lar  to that used for this program,

indicate that th e increased lead ing edge suction of the modified
airfoil  compared to the baseline produces a forward shift  in natural
transition loca t ion . This is illustrated in Figure 14. The cavorahle

pressure gradient over the leading edqe of the modified airfoil
extends only to about 2-3 percent chord , whereas the basic airfoil has
a favorable gradient (no peak ) almoet to the shock. Thus the
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trans i t  ion ~~XI Id L~ ’ expect ed t ~ be fur th er  t or~’aid on the nud i t i ( ‘d
[~ adt r~i edge. The f t  xcii t r a n s i t i on  t ree t tans 1 t i t  ti l  di a.i o~iupar i sons
of l-’igure  14 show a larger increment between f i x e d  and tree drau
levels  it  the l owe r test F~evno l ds nunt~ r for the basic a i i t o l  I . This

is diat acter i st i c of  a further a f t  ext ens ion of t he  laminar  L~~indarv

I avei on the [us ic a i r f o i l  re t a t  i ~~- to the rn_xi i tied . ~na 1 vt 1 cal
results [or t hese t~~i air t o t  is us i rig vi s~~~ is t t anson jc t heor~’ such as
TAP sut~ tantiate this et [cot . The siun i t icance of this transit ion

phenai~~non is that the add i t ional drag issoci at  eti w i t h  the more
extens iw t u rbu len t  [\)undary I ayer on the a-~di t ied a i rt t -t ii obscures

the t’t t ect iveness ot the ni~d i t i c i t  ion as a drag ~educt ion dcv i ce.

Ther efor e , caret ul attent ion to  the  d e t a i l s  of t i an sj t  ion t i xj r i u

ed~ntque kind ver i t  tcat ton of t I I ~~~ S i t  ion lo~at ion ate in~k~rt a nt
is~~’ct s of any ex~vr i merit at eva m i t  ion of lead i na cii nud i t  i cat ions

as ~ieScr i bed here.

i l  d i t t  c t i’~flt met beds ~v re emp 1 ov~ du t  i r~ i A!1~ ‘ T1 — 4 $I  in
or det to  r i n  i~t i i . ~ ’ t l ari s i t  ton b eat ion di t t o t  Cflct ’5 and m v  ~~ ss t H e

cot t t ’Ct i t  ~I t t he dat a t ~~t t I a t 1 : ~ i t  ioU. Those i t e  di 5Oti55Ct~ in  ‘Jo Iunk’

II . The r e s u  1 ts ‘t the analyses  doscr i bed in Vol time I ti - -
~ t h at  the

-~udo l con t ~~~~t i  di t t  et onco:~ ~~ ~een ~~ ~s~~~; t o  md i~~h f id l eading dees
:~iij l b r  t t i n  ~-lj nnci i , t t i e i  e t o l e J flV ~~ i t ’ i ~ ’ f t  I l i s i t  ion coi r ec—

ion i.&~u Ui be in s ign it icmt and a single met hod ~as select ed lo t  thi ’
l ad i n-i  t~~i-ie t i t it i C \ m I t h I t  ion . The t i  e t t - i  t~~i ‘~-thetd, ceded is ‘~‘th ~-’d 1~
I i  \ 1  ~~~~~ I l ~ c on si st  ~~~~~~ I i t i h t  I t t i  h~~ t i ’ M  ‘t t~al lot jut ulass tx’a~ls 

-

i i  -~ -at I - ~~~ \~~~ 5 , ( i i . i~~” i not --:  w i  be I ‘cat ~I . i ncho i ’e’ t -

t \ , 5~~. ~t t i ~ . t I ~~1 t~~~ l~~~ i - - t t  ~~~ l I t ’ ~~‘‘1~~~ I ’\ t i i , i I w ~~~ , b r  i

~ r I t  I s ’ i i  1 ‘ i i -  j 1  !-~e\ - M . ’ 15 t i ’ ~ i ‘~ - l  I t C l i t ’l — N i  . bk~~aiit .  ~t t i’’l( ’

I n’a t mt ion- ;  l~~r i l i s i t h e  ~~~~~ i l l  t h r  -~ lea5l t ~~t ~~bgo c~’tfl f j t f l i I~~~t ions

t~~~ t s  s’t  t t - 5 t 5 \ b  iis i n’ i ~- mch ~‘t ¶ he it -th ,~ is . ‘be t hetd j~~ wa s i n n \ 1  on t h e

I~ i~~~l t t i e  ii~~i ‘ ls ~ i 1 i t ~ t e t h i t - 1’I~ 501 011 \~~~~~. ~‘b’ t ’ lea~l i i ~i t~ 1ci e

i s t i t s  s l i t  ‘ 1 - . \ l  Ml  l~~~~1 - ~~i t  tori  I X ~~~~t I~~~~5 I I : ~~t ‘t~’ t b t ~~ l C wh i ch

is  a t - ~ i l u t  t o  ~~- t  ~~1 P s - x c t - t t t h a t  t h e  i ans i t on kir~ i i s  h \ ’at t \ i  it  a

Cs ‘n:- t  t n t  t cent 5 h  h ‘c i t  iou tie n he ) eiJ t i t  edsi~’

I - x ~~’t imeuit  a at •\) \~, re t ~~rt cii by Keenes ~~~ , eat ih l  i~ h a
I I ’ t  et N-d t cchn i~~uo to t  v i  5 L 1 1  l i v  a t I t - ~1t ant  r a t  i ng the  locat ton ot

r-an5it ion at the A t - l \ ’  l r ’T t a c t  lt t~- . l’his m e t t t - \ i  is a sub l j n~itie ’n
t t ’din ~~ue wti ~ ’ m c i i i  a 1 li i i  of t 1 nor oz ;c ’nt o t  1 is  ant I \ t \ ~ o~~’t - t be wi flu
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surf ace and unde r u l t r a v i o l e t  1 iqht t rig , the vii t a t  iou in  f ilm thick —

nes~- caused by the shear t ria me t tOn ~ sf the  botmi-kit-y m e t  d i  vett an
ind i ca t i on  of t aria i t  ion . I3ased on AEIX’ expt ’ r i en~~’ i , a so lu t ion of
t luo re r i , -’ t r idiloroethane’ ~t r i s’u) was selected tot  subl imation checks
dur i r ~; the C— 14 1 t e s t  m u .

Fixed and t r e e  ti - aria i t  ion r esti I t s  at approximately the ciii ise
condition ( M = . ‘

, a = l° b i t e  shown tot  the b a s i c  winu  ar-id noclified
win g i n F’ iuurc 1 ~‘. In t bi e~ t’ photos , the white areas ovet- the
I eil m ng ~‘due i rid i cat e where t he as ’ l i i  t ion has not stahl irtied and
the boundary layer i s St i l l  laminar .  The 1 2~ chord break l ine can be
seen in a l l  these phot c~t and is a ~c’ci1 r e f e r e n c e  l ine . For the f i xcii
t rans it  ion cases , the sir it line can a iso ~~ seen • Trans it ion on the
basic win g is seen to occur natural ly at em a f t  of the 1.’~ chord
lo~’at ion whereas , t or natura l  t t ~~n s it  ion is uenera liv ahead of the
.~~ l i ne. In loth cases , the t i li t  at i it ’  successful lv moves t ran si t  ior -m

torwa r~i to the st r ip .  Again , the act ual  location of transi t  ion
I i xt-dt on rr~iv be s l igh t ly  ahead of the basic wing . This  is as

t ’xi~ ’cted but tht ’ dt  t I cr ences are qui te’ small and no cor rect ion t o t
t r a ns i tio n  is ind i cated .

b- . Chot tIlt l i t ’ Pt et l5ui  0 P m s t r j b u t ion (‘c~~urjtlofla
Chor dwt so pr essure d i s t r ibut ions  at the four a~unw i ae

, i . i. - - -  3~ -c s e e  -n t i~ - a to t  the  base (1~ and ~—r nocit tied (W ) winus ar e
cs m r t u u  cii i t t  m u u r es I n  throuuh H to t  M r t L ’, O .~~S , 0 .T 7  and 0. 7g.

ill s l be of atta ck of appr oximately 1. .~°, corrt’spandinq to C—14i
cu t :ma e  et-’r i 4 l t  t ions , was chosen for t hese exinparisons.

- S -I’iie of t oot of t lie intoa rd lead i ng edge dy vi- , des tuned into W
by [ f i t ’ 3—1) CONMIN me t hod , can be seen in the 1~ — 0.193 pressure data.
:; i floe this apparently k-ca not improve the t ranson i c I icw devek~inent
on the node 1 , tutu r e des ion permutations would not ine 1u~~ this
characteristic. The comparisons at 11 0.418 indicate  that the
i ncreased lead i r ig edge peak of w3s does occur over the middle part  ~‘t
the wing with a correspond ing favorable effect on the fkw~. This
effect a quit c 1 oca I i zcd as can be seen by exaxn i nat Ion of the results
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at 17 = 0.637 and 0.793. The pressure distributions for the base ar id
W’35 wings are very similar at these two stations . Therefore, the

improverm~nt area for is limited to between abou t Ti = 0.3  and T~t =

0.55. Since it is known that the ~~mpressihility drag on the C—lU.
wing at cruise extends frciim 77 = 0 . 3 to about 77 = 0.85, these data

indicate that less than half of the critica l area is favorabl y
affected.

Effect of Pylon/~’Jacelles on Chordwise Pressure Dis t r ibut ions
The pylon/nacelles— off cont iguration was i ncortorated in to

the test program primaril y to provide a source of clean—wing pressure

data for correlation of 3—f) wing transonic codes. No deq rad atior i of
the leading edge effects due to the pylon nacelles is anticipated but
these data also should offer insi ght um t o  that  possibility .

Figures 20 and 21 compare chordwiac pressure distr ibutions for
the base wing and w~~, wi th  and wi thou t  py l on nacelles installed on
eath wing . These data show that the o t t e c t  of the pvlon nacefles is

essential ly the same en both winos. A lower s i i r~ aee l on di rmu chanue is
obviou s on the two inboard stations . Since t hese two pressure
measuring stations are at least one nacel le  diameter  away from the

nacelles, see I - m u u r e  13 , any severe localized pressure dis -urbances
arc s~~~ what attenuated . Results for the two ou tbaard sta t ions are
sur p r i l  i :iq in that  lower surface e f f ec t s  have almost o~~p letelv
a t t enua t ed , however, the upper sti r face load inu for a constant angle of

attack has been decreased and the shock moved ter ~%-ard by the addition
of the pv lou nace.l lea .

Comparisons are made in Figure 22 ~at wl2C and W ’ chor iwise

pressure d ist a ibut ions for the p\ Ion uncoil es—oft  conf igurat ion .
These data show lead i no edge effects  wh ich are the same as those

observed pr ev ious ly  wi th  the py l on nace l lea installed . Therefore ,

al though the pyloni nacelles evidently have a s l i gh t l y  unfavorable
effect on the basic wing flow deve1~~~ment , thet -e  is no deqradation of
the leading edge effect .
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d . Aerodynamic Characteristics
(1) Repeatability

The importance of data accuracy , especially the drag

force measurement, cannot be over emphasized in an evaluation of this

type where small increments between configurations are to be measured.
The accuracy of the data acquisition is discussed in some detail in

the report documenting the test data by Spurlin of ~~~~~~ Balance

uncertainties of ±7 to 10 drag counts are quoted for the Math number

and angle of attack corresponding to the cruise ran ge for the C— 141.

During Test TF—481 the accuracy , as evidenced by the final results,

was considerably better than this. Figure 23 illustrates how this
conclusion can be made. In Figure 23 , repeat runs are shown for the

baseline configuration, one set taken at the start of the test and the
second set taken near the end of the test. The rep eat ibili ty with in a

run as well as from run—to-run, is excellent , about ±3. to 3 drag

counts. For nest conf igurations , a large number of data points were

taken, with repeats at a = 0 , so that inaccuracy due to scatter may be
minimized by judicious fairirig of the data. Therefore, the accuracy

for the results rep orted here are believed to be within 1 to 2 drag

counts between configurations. Accuracy of the lift and pitching

moment data are seen to be close to the limits given by Spurlin~~
2
~,

±0.002 for CL and ±0.0005 for CM , except at the high CL/H combination

where shock location repeatability becomes a significant factor

affecti ng both lift and pitching n~~m~ nt .

(2) Lift , Drag and Pitching Moment Characteristics

Lift , drag and pitching moment characteristics for the

base wing , w~
21 , and modified wing are cc~pared in Figure 24. The

leading edge modification has no significant effect on the aerody-
namics at M = 0.7 where most of the differences are seen to be within

the accuracy of the test data. At higher Math numbers, as exemplified

by the M = 0.79 data on Figure 24, some ilTprovemerlt is noted, starting

at approximately CL = 0.4. A lift increase, at constant angle of

attack , is accompanied by a drag decrease at constant lift coeff i—

cient. This is due to the improved supersonic flow develcçment over

the wing with the modified leading edge described above. At a= 1.2°,
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- lift increase is 0.01 uii at C 1 = 0. , t ~ dr ati  reduction is

approximately () to 10 drag c~ unt  s. The n~ so down t )  1 teh i rp~ moment

sh i f t  ( ..
~ 

Cr~ 
= — .005) 5i : ~ac i it ~~d - .~i t h  the chang e is considered

ins ign i f i can t , as i t  represents less than 0.1 of a degree at

s tabi l ized t r i m  change for the C— 14 1.
( 3 )  Drag Rise Character is t ics

Drag rise summarie s  t ar  the base wino and W 35 for a
range of l i f t  coef f ic ien ts  are shown in Figures 25 and 26. These data
were interpolated from the drag palars contained in Volume I I  at

constant l i f t  coeff ic ient .  A comparison is made in Fiqure 27 of the
drag rise for foth winus  at three l i f t  c~~ f f i c i e n t s  near the cruise
value . Since these data are t a i l - a f t  and untrimmed , the cruise lift

coefficient ~s approximate ly 0.5 , correspondirt-i to  a trimmed airplane

lift coefficient at cruise at 0.46. The low speed draq level remains
essentially unchanqed whereas a decrease in creep drag between M = 0.7
and M = 0. 76 and an improved drag diveruence M -i d~ number is evidenced.
Simi lar  data fur  the py l on -n a c e l l e s— o f !  conf iqurat ion are shown in
Fiqures 2t~, 29 and 30. The comparison - ‘f Figure 30 shows an
improvement due to t i e  wing mod i f i c at i on  wh ich is close to that
observed in Figure 27. This resul t  increases confidence in the
ind icated benet  its of 1~-~~ and also implies that the pylon/nacelle
ins ta l la t ion does not adversely af fec t  the leading edcie aerodyn am ic
improvement .

Drag r ise  r e s u l t s  for w36 and the base are summarized in Figures
31 , ~~‘ rnJ 33. Improvements in th~ dra-i rise characteristics of W36 ,
re la t ive  to wl2C , similar to those observed for W35 can be noted .
However , the magnitude of the effects are less than for w35 . This is
believed due to several factors. First , the amount of leading edge
change associated with w36 was less than W35 by desiqn and the results

~~ t-e an t i c ipa ted  to be intermediate to W~~ . Second , as noted in
Section I I I , 2 , ~ was not tested using the selected transition

fix in g techn ique arid thus the cariparison basis is not the same . This
represents an unknown t acto r  which could be unfavorable to the
leading edge ef fec t .  - or these reasons , the leading edge was
selected as the preferred conf iguration. Accordingly, all the

theoretical correlations and pay—off evaluations detailed subsequently
in thi s report are based on the leading edge modification.
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e. Incremental Dr ag and Pi tching Moment
Incremental drag and pitching moment coefficients for the

selected leadi ng edge , ~35 , are summarized in Figure 34 for constant

values of t a i l—off  untrimmed l i f t  coefficient . Since no corrections
are believed necessary, these data are increments t-ken directly from

the plotted results of Volume I I .  Scatter , amounting to ±0.0001 in
arid ±0.00 1 in 

~~ have been faired out in ~‘igure 34 to provide
systematic variations with  CL and Mach number. At a typical cruise
point for the C—14 1 , approximately M = 0. 77 and C

~~AIL~~ FF = 0.5 , the
w35 irodification reduces drag by abou t 5 counts. This increases to
over 9 counts at M = 0. 79. Pitthinq rrctrent changes are seen to be

less than —0.005 ove r the cruise range .

3. AE RODYNAMIC CORRELATI ON OF LEAC INC EDG EFFECrS

i. Comparison of Theoretical arid Measured Wing Ordinates
Fabrication of the basic and two modified leading edges was

accompl ished by app ivinu a standard method for model wing construction
to sna~~ the forward 12 percent of the wing . This method consisted of
the use uf winu station templates at several spanwise control
s t at i ~ - n:-, shown on Figure 13, f i t  to the existina wing af t  of the 12
Ic- ree nt d~urd i~~(- .~t 1on . The templates for each Station were based on
tJ eoret ical Gr cllnateu for the C—14 1 wing a f t  of 12 percent chord

ccanbinea in each case with the appropriate theoretical ordinates for
the leadi ng edge por tion. Previous experience with the t emplate/
contro l station urocedure at the I~ockheed—Georqia Model Shop has re-
sulted in model ~~-curacies of 0.001 to C.0 02 inches .

Validation of the wing crdinates with each leading edge in place

shows that  for th is application the procedure was successful for the

leading edge s inboard of the wing planform break , ( 1— 0 . 4 3 ) .  However ,
for the outboard wing , significant deviations fran theoretical
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contours were found. Measurements were made along the pressure

instrumented stations for each leading edge in order to c~~ ,liment the
correlat ion process. Cci~parisons of these measured contours and their
theoretical or design counterparts are made in Figures 35, 36 and 37.
The basic wing agreement at 7) = 0.418 is within 0.002 inches and this
is typical of the results for all three leading edges inboard of q =

0.418. As can be seen, the deviations on all three leading edges vary
considerably for the outboard stations. Generally, the basic leading
edge is fuller than the theoretical by as much as 0.02 inches, and the
modified leading edges are undercut by as much as 0.02 inches. M—
though these are small deviations, which might not be critical over
the mid—chord to trailing edge regions of a wing , they represent
critical differences for a leading edge study of this type. Figure 38
illustrates the magnitude of the problem. Basic and W35 contours are
canpared for both the theoretical and measured ordinates at 77 = 0.793.
At this station , 0.01 inches amounts to 0.13 percent chord for the
model, and since both contours have moved toward each other by

approximately that amount , then the overall difference between the
basic and modified leading edges has decreased by 0.26 percent. This

represents about half of the difference which was intended by the
design change at the 17 = 0.793 station. Similar comparisons for w36

and for the other measured stations show that the trends of Figure 38
are typical for both leading edges for the entire outer wing panel.

b. Comparison of Theoretical and Measured Pressure
Distributions — Equivalent 2—D Method
Correlations are made in this section of the experimental

pressures measured during the test and theoretical predictions based
( 1)on the 2—0 viscous transonic code , TAP . The equivalent 2—D method —

is employed , as discussed in Section II, wherein an effective sweep

angle is used to convert the 3—D wing ordinates to equivalent 2—D
sections for theoretical analysis. The measured pressure coefficients

are also ratioed to their 2—D counterpart for comparison with the TAP
results. This process was used during the design phase of this study
to analyze the flow characteristics of the modified airfoil shapes at
various stations on the model wing. In order to verify the procedure,
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i t  is Important that the test results be s imi la r ly  analyz ed. I f  i t
can be shown that 2—I) transonic theory can be used to predict the
ettect of relatively small changes in leading edge contou r on the flow
development and associated drag , then the equivalent 2—I) approach is a
ve ry useful inter im me t hod for the aerodynamicist until 3—I) viscous
transon ic codes become economically feasible and well proven.

‘I~ -~ t y r ~’n of comparisons are made in this section. The first
ii ~~ip et comparisons relates to the degree of success achieved with
the TAJ’ program in ma tch ing  the chordwise pressure distrihition
shapes, shock locat ion , shock strength , etc. The second group is
inclucie ’d t o  compare the leading edae effects pred icted by the theory
to t  both the design and measured wing ordin ates. For the firs t group,
an i te ra t ive  process is followed to find the TAP l i f t  coef f ic ien t,
which pi ov ides the best match  of the experimental upper surface
pressure d i s t r i bu t ion .  This implies that any tuselaqe and nacelle
over—pressure effects are relega t ed to the lower surface . Whi le  this
may not in fact be true , by matching the upper surface load i ng the
proper wave drau can be determined and a close simula tion of the
boundai -v layer e f fe c t s  made . The second qrcx~p of comparisons is made
t ot  a constant l i t  t coet I icient and Macti number using the TP~P
theoretical pred i ct i ons. In t h i s  way the leading edge e t t e ~ ts can be
systenut ical ly cc*~pared .

The C—I -I l win g , because of its high aspect r a t io , moderate sweep
angle and r e lat i ve ly low tane r ra t io , represents a good ca ndida te for
ct ’r te l s it  ion usinq the equivalent 2—I ) method . It is recocinized,

~K ’w~’ve r , t h a t  ~--h e f f e c t s dominate the pressure dis t r ibut ions  at the
r~~ot and t ip. Accord i ngly ,  the 2— fl i nvestigation has been l imited to
the w i r i ~ stations I r a n  ~1 = 0 .418 to 11 = 0.79~.

l~esii I t s  f o r  t h e  I l i s t  grou p of cot -t -elat ions , are iivcn in  I-’ioures
~ ) and 40. Il  ~e compar i sons for the three out t-oa rd s tat  ions on the

Ri : ;  ic win g , shown in  F’ iqure ~~) , are typ ica l of the h i q h  degree of accu—
t aey a t ta inable  with  the TAP theory . Theoret ical predict ions are
shown 1 u  bot h the design and measured mode l w i n ~ ord i nates . At the
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= 0.418 station , where t h e  measur ed ord i nat es are ve rs’ close to

the des ign o rd ina te s , no di I I t ’relice i r the pressut -e d i s t r i b u t i o n  is

predicted and t h e  t hei wet ical pi e~ st1i es match the f lrasute~ values

quite well .  The conven tional a i r f o i l  ~iiatac tcrist ic of a collapsed
peak is obvious in the ~1 = 0. 418 da R . ~hock location is  predict ed

exactly in Ficiur e 39 and the sllp}’ressed shock st t e n gth  in the
CXj  ~~‘t imt n t a  1 lata is  ~i-ol abl y a res i ( h a  I ~ ‘ t I ‘ct ~t t lw i nboa t d I ~~~ii f- ~~ j ,- i

shock sometimes noticed on the C— 14 1 w in g  at t h i s  station . The theot-v

predicts the shap e of the lower sur f ace  pressure d i s t i ibu t ion b itt  an

almost constant overpressure ot ~ C~, = 0 . l ’~ t esult s  h a n  the
upper—surface match i ng .

A noticeable di f t  erence is seen hetweert the two theoretic a l upper
surface pressure distributions over the  leading edoes of the t~~ most
ou tboard stations , 7) = 0 .637 arid O .7~H. Pi-ed i ctions tot the desian

ordinates show a shape simil ar to the 1) = 0. 4 18 d i s t r i b u t i o n  and to
previous wind tunnel and [1 ig l i t  test pi essut e data  to t  the outboard

portion of the C— l4l wing , whereas, the FAP t h e o r y  tot  the measured
ordinates shows increased leading edge suet ion , telat ive to  t h e  design

ordinate case .

Al though the i ncreased lead i n~i ~ hie su et ion has a n i m~ ‘~ ~~t 
- t ant

influence on the transonic flow development , t he  s iqn i I ican ’e to f - e

qa i ned I r ~r these ~~ I1pa! i sons is the t-emarkal ’l ~‘ a~iteement  I ~et ween the

experiment a I pressure ovei the 1 cad i ri~ ~1 ne s and t hose pi ed i ct ed lot

the  measured ordinat es . Of not e a 1 so i t  e the  tac t  s tha t  the TAP

theory predict s the shock location to  w i t h i n  ‘ ot 3 ~ ‘t-cent chord and
the shock strength f o r  these outboard ::t at ions. The lower surface

— pressure distri b ution shapes a,-e a lso  duplicated  it both stat ions with
some residual over—pressure , 1 ! 0 i l( 1 the  ent t i e  chord length. I t  is
surprisi~~ to observe that the over—pr essure e lf ect has not a t tenuated
s iqn i l  icantly even at the 7) = 0.793 s tat  ion.

The comparisons of I - ’ iqur e ~‘) at  e repeat ed in  I-’ igur e 40 for the
modified leading edge W35. The t i- ~sults and conclusions arc ~mit e

similar , except in this ease the TAP data  for the measured ordinates
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show decreased leading edge suction relative to the design ordinate
case for the two ou tboa rd stations. Again , a more favorable agree ment
is achieved between the measured ordinate TAP theory and the
experimental data. These results qive added confidence to the
capability of the TAP proqram to monitor the effects of the relatively
smal l leading edge shape differences involved in this study.

After having established that the TAP theory can predict the flow
over the tested wing shapes , includi ng the effect of small differ ences
in local contour, the theory was used to compare leadi ng edge effect s
for both the measured and design ordinate cases. These ccinpar i sons
were made for a series of constant Mach number/lift coefficient

conditions for several spanwise stations on the wing.

Typical results are shown in Figures 41, 42 and 43. In Figure
41(a) can be seen the expected differences in leading edge
characteristics at T~ = 0.793 wh ich were desiqned into the modified

leading edges. The 2—I) conditions, = 0.73 and c1 = 0.75,
correspond to 3— D conditions of M = 0.79 and CL = 0.5. These
conditions are slightly above cruise conditions (M = 0.77 and CL =

0.46), but were selected to ensure that the comparisons were made
somewhat into the drag rise where wave drag differences can be seen

more clearly. The actual leading edge differences at 77 = 0.793 are

shown in Figure 41(b) for the same conditions using the measured
ord i nates as input to the TAP theory . The result s are as expected .
The differences have been decreased in each case , partly due to the
increased ordinates on the base leading edqe and partly due to the

decreased ordinates on the measured modified leading edges. Similar
results for 1? = 0.637 ar e shown in Figure 42. These data show that,
for the outboard portion of the wing , the actual leading edge effects
are approximately one-half of the desired effects. Additional

evidence of these results is presented in the Figure 43 cclnpa risons
for M2D = 0.71, M3I) = 0.77.
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C. Ccinparison of l t ( ’dj c t ed arid M~’ast i i  ed I~i au I~esn r I t  5

Having est iL ’ I ishi~l t hat the I i  arisen i c i i  i t o  i i t heot \’
accurately pi ed j et s the ‘~hock loi,’ i t  ion and st renq t h I ct  the C— i 41 wi no
on an ~ iu iva lent 2—I) t\i5is , it now t ei i~n i t ic  necessary to  i nvest i~iate

how w e l l  the cot t t ’5~~\ ~t i I i  n~ drag pred j e t  i ~fl c~ ~ni pa  t e with t he t est

resti i t  . In t h i s  sect ion , TAP t beet et i cal di ao is ectupared w i t h  t he
experimental  r e su l t  t i the w i n g  nicd i t  i i ’d lej d j no eduies as well as

pt ev i c t i s l v  tested d—l ~ j i  i t oj i  n~~di t t e d  leadini i l uj u tes . The d t , g  used

t o t  these c~ iipa r i sons is , I ~ i t hn ’  TAP c. n ‘ t he i i  ict ‘l’k nt  ,‘l w, ry e di i’

ci 1 cu hit ed by t ti e t lieorv , and t ‘t t he u ’xper i ment al dat a , an
t ncremental di ag taken I i c~n i some ii ‘~i~ i n i l  low cn eed I eve I ( !‘ = ~

‘ . 7)
where compres s ib i l i t y  e f f e c t  c- a n ’ n i t n i n i a l

A ceriveni icnt eat iune~ i t  was ~u ’i iu ih t  wh cli ceu Id he used to
summar u~t ’ t he el t ‘et of leading -doe ine id i I t eat  r un on drao . The

over lay of lead n no edoe sh ipt ’s shown i i i  I-’ ton e ~ hews t h a t  t h e  ma b r

~it ’~~~Iut i ic i l i t  I erence intenluis t  t he te ad i  no u~ l u n l - ’c is t lie vei t i c i l  di  s—

p1 acemt’nt of the I ~t wa i J ~~ nt out . ‘I’ hi u s t he  aim i t tn i t  of cha :-nuie t -~ t ween

the t~~ist ’ l in e  lead i n-i  ed it ’ sti s ‘o a n t i  an’ - oh t h e  nod i t  i ed and ci

ni ac in  e l  I n ,  i~~ n nut ho ’ ch~~”u ’c cn n t e s t  h i ’ ‘cci i I’eui by t h e  non—

di mens ional  - i n  t o i l  n d i  i t t  t ’ i t  cone f e r w i t  J I ec,it ten on t h e  I I I M k ’i

at t a~~’. ~ in ~-~’ t h ’  iox n i nn inn i -  n it d i  ~, i t  i ’ h’v t a t  n on eccuis  i t  irpi ox l n’klt e ly

I ne .‘ t ~ ‘I ci a i t  ~ -t - n  i I ~ ‘ - n t  n ‘n , t h i  - 
~~~

-‘ tnt w, c t in ’ en as the 1-’ost

~‘ i i Unk’ t ’t I n  e’i t e l i t  t u g  t h e  I n i d i j i  ~‘d- ’~’ - t  I -et c on drao .

‘c-i: f t  ‘ j  t :  e .‘ - t ‘ a i t  ‘ i  - a  n ~ shown in  I- ’ it - t uF t ’  44. The
. - t- - f  n i :  l i t t  c n n - f t  le n t - -ct  ‘n ~~~~ - i t- ’ c t a  th is t- ’~ii~p n i j i vn , is  t he

I V I i t  ~ P l i f t  c’ ‘t - I t l e t  t ’i~~i b - n  ~ - : t  i i - c n n  n ’o t  t ton of the ’ C—I 4 1

n~ i t ~~n at the n’rutci - li lt - - n - I f l - r i . ~ , t  i n t i  I i  two ~‘ach nuni1~ ’is

- i t  e tn  ~~n i t o t  I h i ’ c - l i n e i i i  I - i I i r  I 1 nt ~ 1 t~’o nod i t i ~~ I eadi no
t O n i ’S ( I I ’  -1 an d I t I  • -

~ : ;  i - l I l t  I i c ’ n t  h~ t - n ‘ w i ’ i n  wave nit ~~~~ oct-m t c

w t t h i i net ease i n  n :  ‘~ n t  c i  I at - ’ ’ - i  i a i’ to t  ‘0 I i  t he  I ‘st a i n  t o t  Is and
I : - I :~~‘ 

- t  s t I I - ’ nu . A~’ - - i j 1 ’ s I  ‘n ‘s - i n ’ t n  t h r  c n n t h  t h e  t est d i  t t

I ‘ c~ in:~-n i n ’ i~ t t h i  I i s I n  - 1 I t ’ ’ ’ I t i en i t  , ‘t n c, i i  i - n  ed r e t  ‘n. The t ht’orv

I etit is I ~ n n u i hi a — n - i  - d i e t  I hi - I h i t  a , n - i  ct - _ i t f~ - i n ’ t- ’, j ~ l5( ’ t he t tiect et te a l
t’I i ’ h i n ’I i t - ’ i l  u ’t1 I \ n t ’nS j i l t ’? - h tc i i i ’ ‘ I i t ’ t  ~~‘ t - 0  - , t-s I i t  i , i ~~. I I~~ t i ’~;t nI l t  , i

-
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includes the addi t iona I e f f e c t  of the shoc* oii the lx~indary 1 -iyt’i and

as~~x’iated torm dta~.

A s irn i  I at chart, t-’iout e’ 4’~, is used to  xittpare the AFfl’ measured
j — ~~_n t t’s t t ’sni I~ w i t h pt -edict toni ; based on the r~lu iva lent ~‘—f ) theory .
Si nc*~ the t t -’ h~t i onsh i p be tween 3—I) t -and .~— t ) drao t c  unknown and the

sub lect of tb is c o t ie  L i t  Ion , a ;~~i ng Ic w i n g  st at ton , ?~ (1.79 ~, was

chosen as t ct’t esenlt at  ive of the wino and the v~nt’ j a t ion in leading edw

o r d i n a te . Theoret t cai cal cu la t  ton: ; lot  tx~t h the des ion and measured

ot d r . nat e  case:; t o t  all I h t ec  ic -it - I m o  edges it y~ 
(1 • hav~’ been

p1 ott  cii ar~i the coils i st n ’iin ’v t - i t  the i ecu Its is gti i t  e tIn -i’d . tk’caiiso of

the di f t  ci ‘nice:; hot Wen ’nl nn k ’ asnn t  ct-i and des ion or di. nat i ’S , tf’ii ’ t annie

between the di’s it - n i base I i tie and is eovt’i cii and the slope of

cn,lllpresz; i h i  i i  t~ that-i v~’isn:; icad i nt-i edge’ oid  t nat e i t ;  w e l l  est at’I t hod .

The test result a te p1 o t t  cii at t he  appropriate nk ’asu i cii ot di n a t e  t o t

each 1 (‘ad i no ~~~~~~~~~~ These t es t di ao i nerenk’nt wi’ t e t ~-iken I tom t hi’

w ino I n i selaoi ’ cent iourat ion at the c i n i s e  l i f t  coot t ic ient  and I bet

tot t- ’ t n~ I udt ’ t nt  t- ’ t f  en enci ’ and term di ,it - i o t t  e~ t not 1 epi csi --S n’t t  ed in the r
~‘—f i theorct-t j e t - n i  caln _’u lat tons. Con ce njj tn ’ni t  lv , the t hne t i t e t  tea l .‘—P s l t- ’nio

is  i n ’s:; t hat - n  t h e  sl ope’ t n t -h e a t  ct-I by the ~— P expn ’t ink ’nt a l  dat a .  Tint ::

chat  act t ’tast it -’ i t ;  :;i n~i Iai t o  t h a t  sh own i n  F i o n i t  e 44 , f ’ &i t , t

al tonuren t of clopi ’:; i ’,~t s t  s in  t- ’toutt -’ 4 ’’. S t n i c e  t in ’  ~ - (l~ ~ t-I st ,t t  it- rn

s n t s t ’~i to t ept n ’ cn - n i t  t he  c u t  i u n ~ wing , al t:~~lut e  cet t eLit- ion is  not

ant  i t - - i  p t -it ‘d it -it - I ~vtu ld he to t  t i i i  tout :  i t  n I oct-mit i ~-d . ‘the impor t mci’ ot

best ’ t-- t- ’n:~’t - n i  1 s, ’nns is the ci~ is t st ent  t t ent -I:: n ’s t ,it ’ I i  u t f i c i l tnv t h e  .‘— P

t heot~- at r7 = • ~ I ,t nd t he a t-i t n ’cnk’nit ct the I ~‘5t I estil  I s  w i t h  I best-’

I t  et inis .

d. t 1 i , % t i l-k’duct ‘iot ’n I on I he 1’i.’:; ju l11  Te adi rio )-~dtj i ’ Mciii I ici t ton ’
t- ’1ii the lii: ; i :~ of the  ,nit  t ’t- ’nii’nl t ’ ’ t  we’en t h e  I heotet  tea l ~ n’nd

‘ ‘1 iment a I ~hi at-, i ‘:ni I t  det an 1 c’d in  the ni c i i  ou, : :~ ’et n on , and ti lt ’
: ; i t t - ’t- ’i’~ c fu  1 ci’i i i ’ l.it ion of di jin tin t h  t he a i t  I t - ’ t I ni ~’~~ ’t sti i t ~it -’t ’

n ’t n i t  t i , i t  i , t t  t s  vn ’sstt-l~’ to de ’tn ’t-n’n rii’ t he ~lt at- i icihic t ion wh i ch i~’tih 1

hi’ of ’ t , n in in ~i w i t h  t h e  1i~’sjgn con t e nt s  lot  t tie It ’ad inn t t i \ i O i’

nut - l i  I neat loll .
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Figures 44 and 4 have’ shown that the t hi ’orv (ceu i va lent  2—P

method plus vi sen-_ntis t ian son it -’ al t t o i I I heory ‘I can he i t :  ed to

conservatively estimate the’ i nii}’t t-’vt--men vt ton the ta n g e i - i t  lead ing edt- i ’
ordinate diange i nvesti gated . In F igur e  4~, the measured dt-ao
reduction for 

~~~~~~~ 

re lative to the haste wing is at—ou t 7 counts at M =

0.78. Using the conservat iw t h ie o te t  ica l pi ed i et ion , th is  i educt ion

would increase to at least 13 t-\xtnt s t a t  the design otdinates as

opposed to the luDdel measured o idn  nt - n t  cc. Recal I i  ri-i-i , tm-os Sect ion
11.1, that the 2—D tests results ind i cated drao reduct i ons of 11 to 16

counts for sections acr oss the wino , it is reasoned that the dt ati

reduct ion goal nat 5 to  7 percent tsOU Id bavi ’ been ach i eved I on the
des ign contour.

Consequently, both nk ’asur -ed and pr edicted dran levels hav e -’
been included in the perforn’unce jnd t-’n--vnosic pay— el t evaluat ioni c
presented in Sect ion IV. in on dt-’ t t o  covet t ti e t-vw:i~ ‘1 et c t ’I at -’h numbe r
and lit t coefficient ranoc , t i-n t’ 2—Un test j e sn i  Its - wet-ri’ u sed to

determine the aerodynamic data for the ut-’s n-in_ n lead ino edt-in’ contours.

4. SWEPT TIP RESULTS

The c It ects ot the swept wing t ip on cliore~~i si’ pt e ssuntc

t - i i s t r ibu t ions at the t oum t ’ri,’sSut e :1 at  ions n i t -’ shown in Figure 4(~ at

t i n e  Ci’u i~~’ cond it ion , M 0 . 7 7  and u = I .d t- ’. Cosparisons nat the l i l t ,
orao and ~- i i  tdimnci nft)Im?nt c h a t - a c t - c t - t n t  icc , tip on and nat I , at - n-’ pre—

- - - ‘ — - - - -t osented in Figure 47 f o r  ~ = 0.7 . Phe t-idd i t t ona l lift at a = 1.
approx imately .~ t

’
~ ~ ~~~~~~~ i s  pn i nnu t liv cn-’nen-’ n _ n t t a t - e d  at the t ip  as

the pt cssut-c data sh ow:; • 7~t 17 ,~ • 
‘t-)~~~ , cone i ndi eat tern of a favot -al ’It -’

effect on I-he t ip  i softirs t s  seen_ n , a:- the shock has beet_n nuvt--’t - f aft

approximately 5 pei~’t’n_ nt chot-d . ‘I’?_nn -’ n ’X~’n ’ct t- ’d ldfl - it ’ saVi fln -~ it _ n win g
induced drag due to the Q 

- ~ ~\ ‘tci ’nt in _ nn -’i ease m i  wi t i t-i c~un_ n are tea l  ized
as Figure 47(b) t:cveais. ?n si ight  t n inn ’ p ’na l tv  i’&~u 1c3 he’ enc’ount :et-ed

by the airplane to ot I set the nest-’ down p t t t -- i i i r ~-i tm*m~nt shif t  seen in
Figure 4 7 ( a ) .  At C~ 0.5 , t i _ n t --’ p it ch ino  nuimant increment is ~~~~ =

— .024 , wh ich ce--it t-espandn; tn t  appt t -ix imat t- -’ iv on e—h alf deoree oh
stabi liz i’t trim change tot the nt-’— 141.
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L)rag rise characteristics for the swept tip configuration are
plotted in Figure 48 and are cc~t-ipared in Figure 49 with data for the
baseline conf iguration tros Figure 33. Drag increments due to the

tips are summarized in Figure 50 for constant values of tail—off lift
coefficien”-. These results show that in addition to the induced dr ag
change , an improvement in cc~npressibi lity drag does occur above about
M = 0.76. At CL 0.5 and Mach number below 0.76, the induced drag
reduction amounts to about 17 draQ counts, whereas , at M = 0.79 the

drag is reduced by 31 counts, indicating 14 counts less cctnpressi—
bility . This constitutes further ev idence that the swept tips are

improving the shock losses over the wing , especially at the tip where

the isoba rs on the basic wing become unswept.

Because the swept tip modification alters the wing load ing in the
region of the tip, the center of pressure for the wing is shifted out—
board a significant amount. Figure 51 illustrates this effect . The
actual load distribution shape outboard of 17 = 0.793 is unknown and an
extrapolation has been made wh ich approximates the additi onal lift
measured . The location of the wing center of pressure can be
determ ined frc tn the spanwise loads and are shown in Figure 51 for the
basic wing and with the swept tip. During the wind tunnel testing
several runs were made with only one of the modified tips installed in
orde r to provide asymmetric rolling moment data from which art incre—

mental center of pressure movement could be found . The resulti ng in—
crements calculated frcsn these data have been applied to the basic

wing data and are also shown on Figure 51. The incremental cente r of
pressure at cruise lift is approximatel y 2.3 percent of the wing
semi—span for both methods .

5. ANTI-DRAG BODY RESULTS

Two anti—drag body configurations were tested during the AEDC

TF—48 1 wind tunnel test, one using the baseline wing with eight per
side as designed and located on Figure 13, the second using with
four per side formed by removing every other body starting with the
one closest to the fuselage. Chordwise pressures were obtained only
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on the eight anti—drag body configuration and typica l results ate —

shown in Figures 52 and 53 for constant an~ 1e of attack and constant
lift coefficient , respectively. it is clear fr om Figure ~2 that the
design objective of increasi ng camber was ach ieved with the anti -d ra ci
bodies. At constant alpha , the upper sur fa ce loadin o is increas ed
sutstantial ly for all four pres sure stations wi th  the shock movin g a f t
5 to 10 percent except at the most inboard station . Good can t-v —ev en -
of the upper surface d_nanqe is evidenced at the 7~ = 0.793 stat i on
which is somewhat outboard of the l ast an t i—draa body , see Figure 13.

The lower surface load th anoe is more s i on _ n i t icant  i nboa rd and has
somewhat attenuated at the t~ = 0.793 station_n .

Because of the increased lift associated wi th  the cairber e f fec t ,
the angle of attack for a constant lift coefficient is considerably

less. This can be seen in Fiqnire ~~~. For a constant C
L 

= 0.~ , the

alpha is lower by al most a degree . Thus, t o t  constant l i f t , the upper
surface loading is reduced for the ant i—d raci bod~- configuration

relative to the basic wing loading , and the :Thock I_na~ nnaved aft with

reduced stre ngth . A comparison of the 77 = 0. 418 data , F i g u n n’ 53(h~,

with the theoretica l 2 —f l  data of Fioure 11 i l l u n t t - at es  how ~ a 1l  the
2—D design approa ch achieved the desi red e f f e c t .

Force data for the eioht anti tou t  ant i—drau ~~~ confioun- at ions

are compared with the baseline in F in i i i t en 54 and ‘Y~. The ainnas t
constan t increase in l i f t  c e ’ n a f f i c j e n t  at a l l  angles of at t a ck ,
approxi mately .

~ 
C~ = 0.09 fot the eight body case, is fu r ther

evidence of the camber—increase e f f ect  of the anti—drag body den icin .
The l i f t  increase for the fou r kxh- cj nn ’ , ~ C 1 .045 , in ha l f  that
of the eight body casn -’, indicatin g that the lift et feet s at-c somewhat

linear. This in not the cast ’ for the t-lt t-nq ef tect  • A lam-ocr draa
increase occurs for the eight  t-xxiy con -nt i s u n a t  i~an at low C 1 ‘ s due t o
the prof i le drag of the bodies . n\t i_ n igher C~ ‘s , t h i s  drao is ovn’i- nan--*m~
by the cambe r effect  on the shock ln ’cSOS , so f-hat a net dr aci reduct ion

occurs at CL ’S above abou t 0.47 in I- i -- nut - n ’ — 4 ( h ’ n .  s im i l a r  data i t _ n
Figure 55(h) for the four anti—dra g h-odv ct-inc show that the t ’r o f i l n ’
drag penalty at low CL ’S is very small , and a ’tthoucih the ct feet on
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compressibility is less, the net dr ag reduction at CL ’S around the
cruise point is about the same as for the eight body case. At higher
loading conditions, the accrued benefits for the eight body configura-
tion are superior to those for the four . Thus, sane cptimization
process is indicated to achieve the max imum improvement with the
minimum wing trailing edge modification.

Drag rise characteristics for the eight and four anti—drag body
configurations are presented in Figures 56 and 57. Comparisons with
the appropriate baseline dr ag rise are made in Figures 58 and 59 for
each anti—d rag body configuration. Since the four body case was
tested with the W35 leading edge , and with free transition , Figure 59
may not reflect the true effect of the four body case on the base,
J.2C - - -w wing . However , assumi ng that it does , these cariparisons show

suba tantia ]. drag savings for both configurations above M 0.76 and CL
= 0.5 .

Incre mental drag data for the two anti—drag body configurations
at constant l i f t  coefficient are shown in Figures 60 and 61.
Corrections have been appl ied to these data to account for the
Reynolds number effect on skin friction so that the increments
corres pond to full—scale flight conditi ons. The effect iveness of the
four body configuration is to be noted for P1 < 0.78. The net drag
reduction at 0.5 l i f t  coefficient and M = 0.78 is abou t 9 counts which
is essentially the sane as for the eigh t body case. Above M = 0.78

the four body configuration shows no additional improvement , whereas
the compressibility dr ag reduction for the eight body configuration
continues to increase.

Spa nwise load distrib ution and center of pressure data for the
eight anti -dr ag body configuration are presented in Figure 62. The
additional camber inboard is seen to cause a redistri bu tion of the
load whi ch shifts the center of pressure inboard by approximately 0.8
percent. This represents an additional favorable effect for the
anti—d r ag bodies which might be useful from a structural standpoint.
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PERFORMANCE ANt) LOA[~ ANAL~’S IS

1. SPANWTSE LA)~D CHANGES Dlii TO THE SELECrEE) LEADIN G EDGE 
—

Pypical spa nwise load d i s t r ibut ions  for  the selected lead ing

edge , ~~~~~~ are compared wi th  the base l I i _ n t- in F i c u r e  63. These
comparisons are made for a constant a = 1 .20 at two cruise Ma ch

numbers. Recalling that the 3—1) CONMIN design proqram ‘~drooped ” the

leading edge inboa rd and raised the ou ttv’ird leading edge , effect  ivn -’iv
reduci ng the twist d i s t r ibu t ion  helps expla in the results of F i - lutt ’
63. For a constant l i f t  c o e f f i c i e n t, the inboard load i s decreased

and the outboard load increased s l igh t l y . These chan ges are au i t c
smal l and the center of pressure would only move outboard less than
0 .2 pe r cent of the wing semispan. Since t !’ ’ drcoped inboard leading

edge is not cons idered the pr efcrn cd d i t e et  ion _ n for the i nboard Icadino

edge nijd i t icat ion , an opt imum den ion u~auld employ n~ c~ang n’ or a

slight incr ease in the inboard ordinat es . find er t hase circumstances ,
the load t n ’—d i st t ibut ion u~-~n 1d be even loss t h i n  indicated for t h t ’~ n-’
data and would , in _ n ei ther  case , be i ncon_n seoun-’r_n t ial  to the avt ’ral 1 wi n o

loads and have no impact on th e  wi t _ n o  s t r uc tu re .

•~. SUMMARY 01-’ l- l- ’f - ’F -~ ’l~ ~~ C— 141R ( ‘J~’(1 l5 i-

PER FOl-~!iAr~rF , pR~)u)(nC’rlvprv -\N -n - n i l  O5i~
1-IIEL l-U 1~ ‘IIIE SELECTE1~ LEADIM~ E[i E

In order to determine the net ef fect at the Icadino cduc
modificat ion on C—141 perfornu nce , i t  is necessary to establish the

pro per ba seline pe r formance leve l , determine the proper wind tunne l
results and how to apply these to the baseline, and invt ’st i c iatt ’ an_ ny

corrections to the data necessary t n - t m - full—scale app lication .
Previous sections have discussed vat: ion s aspects at these ster ns and

~~~~~ have, in effect , provided the intonni at ion n c’iuired to f u l f i l l  I-he
performance analysis. This sect ion presents an outl ine of the
information leadi ng to the pe r foniiance apprai sal.
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The baseline configuration for the performance evaluation in this
study is the C—l4 lB aircraft , as fligh t tested and reported by
Lodtheed~

13
~ , modified to incorporate the C—14 1A wing/fuselage fillet

fairing . Perfo rmance impr ovements for the leading edge modification
are incremental to the performance for this aircraft , herein referred
to as the C—141B with “A” fillet.

The leading edge which shows the most promise, based on the AEDC
TF—48 l results , is the 3D CX)NMIN or W~~ leading edge. Since the
baseline and W35 model contours are known to be different from the
design or theoretical shape s, per formance improvements for the
predicted W 35 leading edge , as well as the exper imental W35 leading
edge, are included in this summary . ~~r the exper imen tal w35, the

actual test drag increments are applied to the C—14 1B with “A” fillet
results for a given Mach number and trimmed l i f t  coefficient.
Similarly, the predicted drag increments for are appl ied to the
full—scale data.

No corrections are applied to the tested drag increments. Since

the gec*i~ tric changes are so small , the only potential corrections

would be due to differences in nodel transition location for the base—
line and W~~ leading edges , t rim drag changes, and any structural

considerations affecting drag . In section III.2.a, it was shown that

the model transition differences are insignificant and no correct ion
was determined . Pi tching moment changes were shown in Figure 24 to
require less than 0.1 of a degree of stabilizer trim change between

the baseline and W35 . Even double this amount , which migh t occur for
the predict ed leading edge , would represent an ins ignificant trim
drag change. The load distribution effects , shown in Section IV.l.,
demonstrate that no structural problems would be incurred for the
addition of the leading edge modification , and thus no drag penalty is
assessed in this area. Finally, the primary drag benefit of the

modified leading edge appears to be a compressibility—type improve-
ment. This type of drag reduction is assumed to be independent of

scale effects and therefore, the total measured wind tunnel drag
increments are applied directly to the full—scale drag.
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The cruise lift cx-fficient for th (- C— 14 1 is typically 0.46, —

tr immed , and has been chosen for the cruise summary comparisons. This

value corresponds to approximately C1 0.5 for the tail—off untrimmed

test results rep orted herein. Figure 64 summarizes the effect of the
lead ing edge modificat ion on the C— 14 1B wi th “A ” f i l l et draq r ise and
range parameter , M(L / D) , for a constant tr immed CL = 0.46. Two
conclusions can be drawn from these resul ts. First, an increase in
the range parameter is indicated for both leading edges above N1= 0.74 .
Commensurate wi th the increased range parameter is an increase in the

cruise Mach nun-ber . Cruise speed for the C— 14 1B wi th  “A ” f i l l e t  is ~‘1
= 0.754 and , assuming that th~ rodified aircraft would cruise at or

near the maximum M(L/D) point, an increase in cruise Mach number of

about 0.0 15 is possible for the tested W~~ configuration and 0.03 for

the predicted w~~. The corresponding improvements in the range

parameter are 2.4  percent for the tested W~~ and 5.7 percent for the
predicted w~~.

The combination of reduced drag arid increased cruise speed

provides a potential for even greater fuel saving s than that due just
to drag reduction . By taking advantage of the higher speeds, the
product ivity of th-~ C— 14 1 is increased . ln other words , by cruising
at the higher speeds indicated in Figu’~e 64, mission time for a given
mission , will be reduced accordingly as well as the fuel flow

seduction indicated by the range parameter change. A ~M 0.03

change ~s equivalent to about four percent of mission time for a

typical long range cruise mission. A s~~ui~ary of the effects of the

leading edge modification on C—14l performance, using the predicted

arid exper imental w35 drag reduction , is presented in Table 1 for two

bas ic assumptions; firs t , that the C— 141 fleet is maintained at

constant flight hours, thus accru ing only the drag reduction benefit;

and second , that constant productivity is maintained and accumulated
benefi ts  from the speed increase are alsD included . These results are
based on the current C—l4 1 peacetime fleet utilization rate of 1170
t l igh t  hours per aircraft  per year . Penalties to specific fuel con—
sumption for cruise at the higher speeds have been included in these
data.
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TABLE 1

EFF EC r OF LEADING EWE MOD IFICATION
ON FUE L AND FUEL COST SAVINGS

PREDICTE D

~FiUE_l~ SAVINGS **F~J~~ COST SAVINGS
(MILLION GA1.(i~R) (MILLION $tiR)

, 2 o y i  r 20 YEARS F
CONSTANT FLIGHT HOURS 18.4 367.2 8.5 170.0

REE *XED FLIGHT HOURS 29.4 585.3 13.6 271.0
( CONSTANT P}~JDJCTIV 1TY )

EXPERIMENTAL w35

- 
tFUE L SAVINGS **FUEL_COST SAVINGS

(MILLION GAI/YR) (MILLION $/YR)
ANNUAL 20 YEARS ANNUAL 20 YEARS

— CONSTAJ-rr FLIGHT HOUIiS 7 .8  156.0 3 .6 72.0

RE WCED FLIGHT HOUR s 13.9 278.0 6.4 128.7
( CONSTANT PIOWCTIVITi)

-&11E. * BASED UN CURRENT PEACETIME tJ~ILIZATION

** BASED ON CURRENT FUEL PRICE = 46.3~ PER GALWN
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it ’ l O f l~i L i t  irs~ i t  I t  01 t he C— i 4 1 I I ~- - t  . The const di t t  pI skhl i i ’t iv i t  v h i  no
01 i ii - p i t  -~ i t  s-i t~~ I 

‘ h - i s  I t  r~ ; c ~I~ t ’ ;l~ i~~~: t lid l v  I tic - ei~ h u it I he

I I  u i n - s - t  c -i l  h t t i - , the t u s t i l  - ; u \ l u i q : ;  i i  ~- -v - i ‘ 4( 1 m i  h i  ion LI I  h it - i s i tt

I i: ’ —I •

‘I’tiO ~i t e t l t  i i i  t iie l \s: ;t s i v u u i q - ;  t u e  u s-u i  i u l i f i t 5 5 I Vt ’ . A~-tsLiltliil ( 1 an
_ u t ’ i . I t It siS t s i t  4 t .  1 s- i t t  fiS i s f 1 1  l t n i  t i t  I Lits i ( . i  t ’t i u l S t ’ t V . i t  i ’.k’ value

out I ’)  
~ ~~ 

Is-i-: ;) , s-os-i t ; i v u i ~ is t i t I t V i i ~~flt t o t he t ii(’l s - dV il~~~~~5 (‘an
t * ~ ‘tt’nnirit 1. Thi- u t - ; tt lt -t i lt- shown i n  t-i ~~ui t - t s i . W i t h i n  it) veal-s
I t  s i f l  t hi’ ixiu u l i l  t ’ t  i t i t i  s i t  t t ie iii -ii i t  I - ‘at  ion i ~~~~~~~~~ t lie cost say i ntis t ill
the put - i l  i s-i t 1  ‘ct i u ls t  uui t  ln khuct i vi  t y ~

-.u:a- u isi s-I t neat l y l it) i~i I I ion

dot l a t s . Ove r th e rci~i .tinir ~ l j t t ~, (ho sav ir ,~:; I t )  the A i r  Force t ot
(lie ( ‘- 1 . 1  III  I I t ’t ’t ‘~ xiLd 1w- di sI i r o x i i u ~i t e h v  t u t u ’ q&iartt’r of .i b i l l  ion 

S

tkul hits.
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the baseline and nodified lead inq edqei; au r oot ; with the predicted wave dra q

in cre ments.

c . I’he b(?st li’.id i lls) u ’ds~i ’ , dOs - Ot t i  ( II t J  t u  s the AEIX test data , 1:; h

Lor which a ~h ia ~ reduction at cru i se cit ap~)r OXimatC 1y 5 to 9 counts wa:;

tested. Because of the hi -~li d~ u~~ et ’ ol sues-es-:; obtdined wi th corr eiation s ,

es~~’cia 1 ly the s h t . i s f  lead t mL ~ u ’sls ie 0 1 u t i  nate conparison , i t  is concluded that

the target ~ii a’-i reduct tout  ~ x i i  s-it between and 7 p( ’t- c(-f l t  s - n u t  s-u ’ Iraq

reduction would have been obtained with  the ~-ropt i leading t -ds~t ’ i t s i  i flat ts- : - ;~

Piccordiritj ly, pert!ounance unprovciiitsnts ~io ju - t’tes l t o t  t l i t ’ opt ij-num ht ’i iinq

eulge were inclt~ied in  the tinal ue :sul t s.

d . The lead ing edqe nu d i f i c a t ion s  t o  tht e ’ C-14 1 winq increase the

anount of lcadinq edge suct ion , compared t o  the baseline , and this net

thrust ing effect tends to reduce creep drag . A d d i t i o n a l l y ,  the nore

favorable leading edge pressures pronrste . i  weaker initial shock formation ,

thus increasing the drag divergence Mach number. For the selected 1eadin ~
edge, Wi 5 , .~ slight rcduct ion in creep dt ,iui Wa;; s ii’t i in t ’d  above M = 0.7 and
the dia’t diver gence was inct e5is-csi l’y approx imate ly  .~~ M = 0.01. This ~~~i*u i —

nat ion nuni lests- I t~;(’1f as an improvement j u t  the u ’ I U  iSO i-an tic parameter ,

M( i .  1) ) , and an associated ins -t eas-i ’ in cru i se :;1x’ed . Fo 1.~t i vu’ t o  tI ie  C—1 4 W
-
~ i t  ft ‘A ’ f i l l e t  conf iqurat ion , i mpt oventot i t - s for the tested and 1it od et Oil

H iea-~mn ti edges are :

- ~. M ( I -1-t )

Tested Wi5 2.4 0.015

Predicted W 35 u .7 0 .03

—- - ~~~~~~~~~~~~ - ~~~~~~- - t~~~~~~~~~~~~
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~~~~~~~~_ - ~~~~~~ -~~~~-- -~~~~~~~~~
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*!. The increased cru ise speed capability provides a lx tentj a lbenefit w ith respect to productivity of the C— 14 1. 13y taking advantaqe ofthe higher cruise speed , mission t ime is decreased , Which either reducesthe amount of fuel and f l ight  hours for the fleet or increases the totalfleet productivity capability.

t .  Fuel and cost savings have been projected for the lead ing edgenodification based on the following assufipt ions:

o Two alternatives are evaluated , one based out constant fligh t
hours, the other based on constant produ ctivity .

o Peacetime C— 14 1 fleet ut i l izat ion rates ot 1170 hours per air—craft per year.

o Fuel price = 46 .3 cents/gallon .

The results for the predicted w35 are:

Total Fuel Total
Saved Cost Savings

(Gal/Year) ( $/Year )

Constant Flight Hours 18,400,000 8,500,000
Constant Productivity 29 ,400,000 13,600,000

g. Analyses of the incremental chordwise and Spanwise load changesdue to the leading edge modificat ion ind icate that the effects are minimaland should have no signi ficant impact on the wing structure .

h. Two additional wing modifica t ion concepts were investigated whichshow potential for reducing C— 14l cruise drag . These were: (1) swept wingtip extensions and (2) trailing edge anti—dr ag bodies .

In the case of the swept wing t ips, substantial drag savings were
observed. Wing Induced drag at cru ise lift was reduced by 17 counts, as
expected, by virtue of the 9.5 percent increase in wing span. laproved

39
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drag rise characteristics were also measured wh ich would produce increased

cruise speed and productivitY benefits similar to those outlined for the

leading edge modification.

The anti—drag body conf igura tions performed successful ly by

— increasing wing caffber and reducing shock losses as intended .

Cc~tpressibilitY drag 
reductions of 10 to 15 coun ts are ind icated for the M

0.77 to 0.79 cruise range . Increased cruise speed and improved

productivitY would also be a benefit from this 
modifica tion.

In view of the above discussion and conclusions, the following

recommendations are submitted :

a. Additional high speed wind tunne l testing should be expeditiously

pursued to substantiate fully the predicted aerodynamic improvements for

the selected leading edge modifi cation. The model lead ing edqe components

should be modified to the correct des ign ordinates for both the baseline

and the two modified lead ing edges.

b . High speed testing of all three drag reduction concepts (lead i nn

edges, swept tips and anti—dr a<~ bodies) 
in various combinations with each

other shotfld be accompl ished. This pwCeSS is considered essent ial to

remove the uncertainty of superimposing the individual drag and perfor~~nCe

improvements-. This i: especially cru i c’ial for compressibility type drai

~~anges since these are not l ikely to be add itive .

c. Following the hiqh speed wind tu nnel test demonst ration of the

drag reduct ion benefits, a program ;;hotil d be init iated to evaluate the

structu ral and economic feasi bi lity of jn~~~ oratthq the drag reduction

concepts into the C—141 fl e et .
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b . Comparison of Exper imental Pressure Distributions
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44

L~~~~~



-~ 
- — - - - 

— —----- --,—------,- ---- -~~~~~- —5—---- -. -1
~i

- : -
— —_ -

~
- ----— 1- —— -- LU

0 ~~~O ~
- -

- ~~~~~~~- - -~~~~~~~ -- - Z~~ 30)- = 0

0 < 

— -—- I
,
- - — — 

1)~~~~~~~~~~~~~~~~~~~~~~~~~ -

4 w u ~ - 
- 

-_.J - 

_ 
- - 

_ 
- E

I 

--

~~~ 

-

I

- 

~

______________________________ -~ L.~~~~~~ --
~~~~~~~ L... —------ - -~~~~ ~~~~~~~~~~~~~~~ - --~~~~~~ .- ~~~~~~~~~~~~ _ _



r~~~~~~~i 
Li-I ~~

- - - - - - -

~
[H

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

I-Li

L - ~~~I I 
I~ 

t O~- C

_________ L:J L I - - -

V
0

~~~~~ LI..

- - j  
~~~~~- 

-

~

r i r - ~ - ~~~c-~~
H _ .~_~~~~~~~ i

_ 

I 

-
- -~ 

- 

I c

1 -
~ 

I 0

L J L J  L

I-

1 r~~~~~ r~~ 
-

- ~~~~~~

— 
_ - -~

I) .. I

I -  
•
--
‘ _

~~~
- — -

46 

-— -~~~ 



- -

~11

-) TEST , REFERENCE 7 , M 0.7/4, a 1°,
CL ~~~

- 0.58, c 1 ~ 0.644

T.A.P .  THEORY , SIMPLE SWEEP A= 18.457°
M = 0 . 7 4 , c 1 ~~0.74

-1.2

0 0

-.8 - -

5)

- 

-

- .4 
-

0

o~
1oo °°°

~~~~~~~~~~~~~~~~~~~~~~~~~
X C

.8~~ 
- - - - 

- 

- 

-

I-
1 2  

_. 1........... ! 
I I

a. 7) 110.389

Fi gure 5 .  Comparison of Theoretical (2-0 Equivalent) and Experimental
3-D Pressure Distributions

47 

__ .  - _ ___________ - ~~~~~~~~~~ ~



TEST , REFEREN CE 7 , M = 0.7 ;4 , ~1 1 °,
C1 ~~

- 0.58 , c
1 ~ O .o4

- - — - - T . A . P .  THEORY , SIMPLE S\~EEP A z 22. 7280,
M 0.72 , c 1 z O .7 0

-1 .2

0 • S

- .8 - _

Cr - 

0

- .4

o 
o~~~~~~~~~_~~~0 Q 0 0 0 0 0

~~~~~~~~~~~~~~ 

\/ C 

1 0

- 

b . 77z0 .793

Fi gure 5. Concluded

48

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

_ _  —~~ - - 
_ 

- 
-



— -S. - -- - - ---- — ---—~~~~~~~
—---. - - - - —-—- ~~—--~~~~-—_ ---~~~~~~~ - _

0
_ _ _ _ _ _ _ _ _ _0

C
0

0
0

_ _ _ _ _ _ _ _ _ _ _ _ _ _  I 0
0—

LU

0)
C

0
C’) -J0’
N 0

• 1  w
0 N

~~I
I

a.
/ 0

I
I z

0
/ 

(‘~ C.)
0 0/ H ’ I

/ 
(‘— 1

~~- I
—~~~~ I / I ‘0

“ ‘ ‘C

/
/ .9’I / U-

4 I /
~~~c’4 ‘5- / 

/1
~
.s ,

,

5— _
_5 /

— —  
/

/
/

/
\ /

49

ff ~~ ’- r ~~~~~~~~~~~~~~~~~~ JI/~ 
_____________ 

- -



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

c 1 0.74 M ~
- 0.74

_ _ _ _ _  - - - BASIC LEADING EDGE
- 2-D CONMIN LEADING EDGE 

-

— 1.6 1 - - — -

- 1 2

\

.:

0

~~~~~~~~~~~~~~~~~~~~~~~~~~~

L

.

•J

• C

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

LO

.8

F k;w& ’ 1 Compuriso ,~ ot (he ~nv isc d P,e~su t e Dish but i C.WIs (L~I the’ Basic
and 2-I ) CONMIN Leading Idges at 17 0.389

-—
~~~~~

- 
J

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



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ -- _

0

0
___ I ___ _ _ _ _- U ~~~~~~

-- - -- ____ _ _ _ _- —

0

0
I’ = I

--

C\ (N I
C C

I 0
0

0
_____ = I

1 -—

0)
C~’l 0 I  -

~~~— •
1 I-U

U

I / I!
‘I I

I
I I —

- I I
I j  ci z\

\
\

\
\\ 

\ 
,
~ I

\ \ \  \ / /  I 8
\ \ ‘  I 1 /  I 0
\ \ \  I 1 /  / c~)

TZ I I i  I
\ N ~~ / /  / 

CI-;
L U - ’  

—S / / —
—7 ~ — 

5_.. .5—

/ 0
— ‘ C . ) ‘I
UJ II / r~- 0)

/\
\ \ /
\ \ /
\ \ ,/ /

-
_ /

1/I-

\ II
‘5 - -

/ -

/ /
N
‘S.

~~

51

—S-S..——- - — ~_ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ - _ - -~~-~ - — - -_ — - --~-~ — - —~~ ‘ - _ —.—-_-_- - -------— - —--—— 
—



M O .79 C
1~~

0.65

- — - - ----- BASELINE LEADING EDGE - - -

- - - 3-0 CONMIN LEADING EDGE

-1.2 -

\17=0.780

— ‘1. 2 - .4

5- --

5-.

__ _ 5_ —

/ — — —

-. 8 : 0  \~~~ 
—

q .8

-1.2 - ,4 .4 I 17= 0 .455

-.8 0— --..— —

/ 
0 

— 

.2 .4 • 6 .8

_ 4  1 4

0. 1 30

.: 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~

.0
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Figure 63. Effect of Leading Edge Modification on Spanwise Load Distribution
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