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SECTION 1 
SUMMARY 

The Douglas c o n t r i b u t i o n  t o  t h e  NASA LFC Leading Edge Glove F l i g h t  Test 
Development Program was the  design and f a b r i c a t i o n  o f  a l ead ing  edge t e s t  
a r t i c l e  f o r  t h e  NASA Je tS ta r  a i r c r a f t .  This a r t i c l e  w i l l  achieve laminar f l o w  
over t h e  l ead ing  edge box by c o n t r o l l e d  s u c t i o n  through a p e r f o r a t e d  t i t a n i u m  
surface. 

The 6-foot-span t e s t  a r t i c l e  was designed t o  be l oca ted  i n  t h e  space on t h e  
r i g h t  wlng l ead ing  edge t h a t  i s  opened up by removal o f  t h e  s l i p p e r  f u e l  
tank.  The a c t i v e  s u c t i o n  panel i s  on the  upper sur face  only ,  f rom j u s t  below 
t h e  l ead ing  edge attachment l i n e  t o  the  v i c i n i t y  o f  t h e  f r o n t  spar. An 
unper fo ra ted  t i t an ium-su r faced  sensor panel forms a smooth c o n t i n u a t i o n  o f  t he  
upper sur face  t o  a l i n e  approximately 6 inches a f t  o f  t h e  f r o n t  spar. The 
lower sur face  i s  composed o f  access panels and t h e  o u t e r  sur face  o f  t h e  stowed 
r e t r a c t a b l e  h i g h - l i f t  s h l e l d  contoured t o  t h e  a i r f o i l  shape. I n  t h e  extended 
p o s i t i o n ,  t h e  s h l e l d  p r o t e c t s  t h e  pe r fo ra ted  t i t a n i u m  upper sur face  from 
a i r b o r n e  d e b r i s  d u r i n g  t a k e o f f  and landing.  The s h i e l d  a l s o  supports an 
a n t i - i c i n g  system and a f l u i d  spray system t h a t  can be used t o  p rov ide  
a d d i t i o n a l  p r o t e c t i o n  aga ins t  contaminat ion and f o r  i c e  removal f rom the  
l ead ing  edge reg ion.  

1 



S E C T I O N  2 
INTRODUCTION 

Under t h e  sponsorship o f  t h e  NASA ACEE P r o j e c t  O f f i c e  a t  Langley, Douglas 
A i r c r a f t  Company o f  McDonnell Douglas Corporat ion,  designed and f a b r i c a t e d  a 
laminar f l o w  c o n t r o l  (LFC) wing l ead ing  edge f l i g h t  t e s t  component. The t e s t  
component i s  i nco rpo ra ted  i n  a g love  on the  r i g h t  wing o f  t h e  NASA Je tS ta r  
a i r c r a f t  (See F igu re  1 )  and w i l l  be f l i g h t - t e s t e d  under cond i t i ons  
approximat ing those o f  f u t u r e  LFC commercial t r a n s p o r t  a i r c r a f t  ope ra t i on .  

The 72- inch- long t e s t  component i s  located approximately midway between t h e  
fuse lage s i d e  and t h e  wing t i p  and extends a f t  t o  approximately 12 percent  o f  
t h e  chord. LFC i s  achieved us ing  s u c t i o n  through t h e  porous o u t e r  sur face  t o  
s t a b i l i z e  t h e  laminar boundary l a y e r  and avo id  t r a n s i t i o n  t o  t u r b u l e n t  f l ow .  
The t e s t  reg ion  inc ludes  attachment l i n e ,  c ross f low,  and, t o  a l e s s e r  degree, 
To l lme in -Sch l i ch t i ng  i n s t a b i l i t y  cond i t i ons .  

The Douglas concept f o r  ach iev ing  LFC takes advantage o f  new techniques i n  
m a t e r i a l  p rocess ing  t h a t  were n o t  a v a i l a b l e  t o  e a r l i e r  LFC f l i g h t  researchers 
such as Raspet and Pfenninger i n  t h e  U.S. and Lachman i n  England (References 1, 
2, and 3 ,  r e s p e c t j v e l y ) .  I n  p a r t i c u l a r ,  t he  ou te r  porous su r face  i s  e l e c t r o n -  
beam-perforated t i t a n i u m .  The electron-beam p e r f o r a t i n g  equipment was 
developed compara t ive ly  r e c e n t l y  by S te igerwa ld  i n  Germany; improvements i n  
technique i n  t h e  use o f  t h i s  equipment a t  P r a t t  and Whitney i n  t h e  U.S. now 
enable t h e  a t ta inment  o f  a c l o s e l y  spaced p a t t e r n  o f  0.0020- t o  
0.0025-inch-diameter holes i n  0.025- inch-thick t i t a n i u m  sheet m a t e r i a l .  
Douglas has developed welding, forming, and bonding methods us ing  t h i s  
m a t e r i a l  t o  o b t a i n  an LFC sur face  t h a t  has t h e  des i red  p o r o s i t y  
c h a r a c t e r i s t i c s  and meets su r face  waviness c r i t e r i a .  

The p e r f o r a t e d  t i t a n i u m  sur face  i s  bonded t o  a f l u t e d  subs t ruc tu re  t h a t  pro-  
v ides i n t e g r a l  d u c t i n g  f o r  c o l l e c t i n g  the  s u c t i o n  a i r f l o w  through t h e  sur face.  
This  system has been demonstrated t o  be h i g h l y  e f f e c t i v e  and t o l e r a n t  o f  o f f -  
design c o n d i t i o n s  d u r i n g  ex tens i ve  wind tunnel  t e s t i n g  a t  Douglas. For t e s t  
purposes, t h e  s u c t i o n  a i r f l o w  f rom each f l u t e  i s  c o n t r o l l e d  separa te ly .  

To achieve laminar f l ow ,  i t  i s  e s s e n t i a l  t o  ma in ta in  an uncontaminated 
sur face .  The Douglas design i nco rpo ra tes  a r e t r a c t a b l e  l ead ing  edge sh ie ld ,  
which when deployed, p rov ides  t h e  pr imary  p r o t e c t i o n  aga ins t  impingement o f  
i n s e c t s  and o the r  a i r b o r n e  debr i s .  I n  a d d i t i o n ,  a contaminat ion  avoidance 
f l u i d  spray system i s  mounted on t h e  back o f  t h e  s h i e l d  t o  m a i n t a i n  a wet f i l m  
over t h e  wing l ead ing  edge d u r i n g  exposure t o  a i r b o r n e  contaminants. This  i s  
i n  case some contaminants a r e  n o t  t o t a l l y  d e f l e c t e d  by t h e  s h i e l d .  Th is  f l u i d  
spray system a l s o  prov ides  t h e  a n t i - i c i n g  f u n c t i o n  f o r  t h e  p e r f o r a t e d  l ead ing  
edge w i t h  t h e  s h i e l d  extended. The s h i e l d  l ead ing  edge i s  p ro tec ted  from i c e  
accumulat ion by a standard TKS d e - i c i n g  system which exudes a glycol-based 
f r e e z i n g  p o i n t  depressant through a porous surface. The exploded view i n  
F igu re  2 i l l u s t r a t e s  the  r e l a t i o n s h i p  o f  components. 

The Douglas LFC lead ing  edge component was d e l i v e r e d  t o  NASA Dryden F l i g h t  
Research F a c i l i t y  i n  May 1983. Acceptance ground and f l i g h t  t e s t i n g  began i n  
November 1983. 
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SECTION 3 
SYMBOLS & ABBREVIATIONS 

ACEE 

AF31 

BLC 

CA 

CALSPAN 

CL 

‘LAC 

CP 

*Cpnacel l e s  

cQ 
DAC 

EB 

EGME 

FAR 

FL022 

FM73 

GELAC 

h 

hP 

I P  

KEAS 

L.E.S. 

A i r c r a f t  energy e f f i c i e n c y  

Phenol ic adhesive 

Boundary l a y e r  c o n t r o l  

Contamination avoidance 

Cornel1 Aeronaut ica l  Laboratory 

L i f t  c o e f f i c i e n t  

A i r c r a f t  l i f t  c o e f f i c i e n t  

Pressure c o e f f i c i e n t  

Pressure c o e f f i c i e n t  increment due t o  Nacel les 

Surface mass f l o w  c o e f f i c i e n t  ( s u c t i o n  nega t i ve )  

Douglas A i  r c r a f t  Company 

E l e c t r o n  beam 

Ethylene g l y c o l  methyl e the r  

Federal  A i r  Regulat ions 

Three-Dimensional Transonlc P o t e n t i a l  Flow Ana lys is  
Computer Code 

Epoxy adhesive 

Lockheed-Georgia Company 

Surface d e v i a t i o n  f rom mean contour (waviness c o n d i t i o n )  

Pressure a l t i t u d e  

I c e  p r o t e c t i o n  

Knots equ iva len t  a i rpseed 

Leading edge s t a t i o n  
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LETA 

LFC 

MN 

M A R I A  

N-Factor 

PGME 

PS f 

PS i 

Re 

SA 

SALLY 

SCFM 

TIG 

TKS 

"D 

W.S. 

x/c 

X 

Y /C 

Y 

z/c 

z 

A 

Leading edge t e s t  a r t i c l e  

Laminar f l o w  c o n t r o l  

Normal Mach number 

Boundary l a y e r  s t a b i l i t y  a n a l y s i s  code 

Boundary l a y e r  i n s t a b i l i t y  a m p l i f l c a t l o n  f a c t o r  

Propylene g l y c o l  methyl  e t h e r  

Pounds per  square f o o t  

Pounds per  square i n c h  

Attachment l i n e  Reynolds number 

Surface d i s t a n c e  measured streamwise f rom l e a d i n g  edge 

Boundary l a y e r  s t a b i l i t y  a n a l y s i s  code 

S t a n d a r d  c u b i c  f e e t  p e r  m i n u t e  

Tungsten i n e r t  gas (we ld ing  process) 

TKS L td .  ( a i r c r a f t  d e i c i n g )  

L i m i t  d i v e  speed 

Wing s t a t i o n  - inches f rom a i r c r a f t  p lane o f  symmetry 

Nondlmensional chordwise c o o r d i n a t e  

Wing ( A i r f o l l )  chordwise coord ina te  

Nondimensional spanwise coord ina te  

Wing spanwise coord ina te  

Nondimensional normal coord ina te  

Wing ( a i r f o i l )  normal coord ina te  

Surface wavelength 
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S E C T I O N  4 
CONCEPT SELECTION 

4.1 DESIGN REQUIREMENTS 

I n  t h e  e a r l y  phase o f  t h e  Leading Edge Glove F l i g h t  Test A r t i c l e  Development 
program, da ta  exchange between NASA, t h e  i n t e g r a t i o n  c o n t r a c t o r ,  Lockheed- 
Georgia Company, and McDonnell Douglas Corporat ion es tab l i shed des ign c r i t e r i a  
and i n t e r f a c e  requirements.  Th is  s e r i e s  o f  exchanges and c o n s u l t a t i o n s  w i t h  
NASA prov ided a bas is  f o r  s t r u c t u r a l  loads a n a l y s i s  and mechanical j o i n i n g  
requirements f o r  t h e  l e a d i n g  edge t e s t  a r t i c l e  (LETA) and t h e  deployable 
l e a d i n g  edge s h i e l d / s l a t .  

The LETA developed by Douglas i s  a t tached t o  t h e  r i g h t  wing spar o f  t h e  
Je tStar  a t  about mid-semispan f o r  a d is tance o f  about 72  inches. A s  s p e c i f i e d  
by Lockheed, t h e  LETA cannot impose any s i g n i f i c a n t  load  on t h e  upper o r  lower 
spar caps. Also, t h e  deployable lead ing  edge dev ice  cannot adverse ly  
i n f l u e n c e  t h e  s t a b i l i t y  and c o n t r o l  of t h e  J e t S t a r  d u r i n g  deployment and 
r e t r a c t i o n .  

4.2 DESIGN AND PERFORMANCE SPECIFICATIONS 

To adequately d e f i n e  t h e  i n t e r f a c e  parameters o f  each o f  t h e  LETA systems, 
s p e c i f i c a t i o n s  were drawn up t o  descr ibe  t h e  requirements o f  each system and 
i t s  necessary r e l a t i o n s h i p  t o  t h e  o t h e r  systems f o r  t h e  successfu l  achievement 
o f  LFC. F i v e  s p e c i f i c a t i o n s  were generated t o  gu ide t h e  design, f a b r i c a t i o n ,  
and performance t e s t i n g  o f  t h e  Douglas t e s t  a r t i c l e :  

( a )  The Aerodynamic Surface S p e c i f i c a t i o n  d e t a i l s  t h e  aerodynamic requirements 
f o r  ach iev ing  LFC us ing  a porous e x t e r n a l  s k i n  and f l u t e d  subs t ruc ture  t o  
p r o v i d e  t h e  plenums and d u c t i n g  f o r  t h e  a p p l i c a t i o n  o f  s u c t i o n  through t h e  
sur face.  I n d i v i d u a l  meter ing  and c o n t r o l  o f  t h e  s u c t i o n  f l o w  a r e  t o  be 
prov ided f o r  each s u c t i o n  f l u t e .  The lead ing  edge shape i s  d e f i n e d  by two 
sets  o f  chordwise coord inates w i t h  s t r a i g h t  l i n e  elements mainta ined 
between them. Waviness c r i t e r i a  a r e  de f ined as no d e v i a t i o n  f rom 
chordwise l o f t  l i n e  g r e a t e r  than 0.010 i n c h  and no r e s u l t i n g  waviness 
g r e a t e r  than t h e  c res t - to - t rough depth d i v i d e d  by t h e  c r e s t - t o - c r e s t  
l e n g t h  g r e a t e r  than 0.001. Steps and gaps i n  t h e  sur face  a t  necessary 
j o i n t s  a r e  t o  be as near i m p e r c e p t i b l e  as p o s s i b l e  b u t  n o t  t o  exceed t h e  
f o l l o w i n g :  

Forward f a c i n g  s tep  0.011 i n c h  

A f t  f a c i n g  s t e p  0.005 i n c h  

Gap across f l o w  0.090 i n c h  
Gap a long f l o w  0.013 i n c h  

Leakage throughout t h e  system f rom one s u c t i o n  f l u t e  t o  another must be 
e f f e c t i v e l y  n i l  i n  order  t o  i n s u r e  p o s i t i v e  f l o w  c o n t r o l .  
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( b )  The Suct ion System S p e c i f i c a t i o n  d e t a i l s  t h e  s u c t i o n  pressure and f l o w  
requirements t h a t  t h e  system must p rov ide ,  mon i to r  and c o n t r o l  i n  order  t o  
assure LFC. To c o n t r o l  each i n d i v i d u a l  f l u t e  f rom zero t o  maximum s u c t i o n  
f low,  a s e r i e s  o f  c o n t r o l  va lves i s  s p e c i f i e d  a long w i t h  a means o f  
m o n i t o r i n g  and a d j u s t i n g  them f rom a c o n t r o l  console.  The c o n t r o l  valves 
operate i n  a common chamber t h a t  i s  con t inuous ly  be ing evacuated by t h e  
s u c t i o n  pump. Each va lve  a l lows f l o w  t o  dump i n t o  t h e  chamber and 
mainta ins t h e  r e q u i r e d  f l o w  by h o l d i n g  a t  a p r e c a l i b r a t e d  p o s i t i o n  which 
can a l s o  be ad jus ted  as r e q u i r e d  f rom t h e  console.  

The C lear ing  System S p e c i f i c a t i o n  de f ines  how t h e  s u c t i o n  system c o n t r o l s ,  
valves and d u c t i n g  a r e  used t o  d i r e c t  a h igh-pressure a i r f l o w  i n  t h e  
reverse d i r e c t i o n  ou t  through t h e  porous sur face  t o  c l e a r  any l i q u i d s  f rom 
t h e  pores. These pores can be blocked by r a i n ,  contaminat ion avoidance 
f l u i d  o r  i c e  p r o t e c t i o n  f l u i d ,  a l l  o f  which must be purged o r  c leared  f rom 
t h e  openings i n  t h e  sur face  p r i o r  t o  a p p l y i n g  suc t ion .  The source o f  
pressur ized a i r  i s  e i t h e r  t h e  a i r c r a f t  a i r  conditionlng/pressurization 
system o r  t h e  emergency p r e s s u r i z a t i o n  system (above 12,000 f e e t ) .  The 
same chamber va lve  assembly, needle valves and f l u t e  d u c t i n g  a r e  used t o  
channel and c o n t r o l  t h e  c l e a r i n g  a i r  t o  t h e  underside o f  t h e  porous 
sur face.  By m a i n t a i n i n g  pressure i n  t h e  f l u t e s  and p r o v i d i n g  s u f f i c i e n t  
f l o w  as f l u i d  i s  c leared  f rom t h e  pores, t h e  p o r o s i t y  i s  r e s t o r e d  t o  the  
o r i g i n a l  o r  d r y  c o n d i t i o n .  Approximately 1 p s i  i s  s u f f i c i e n t  pressure t o  
accomplish c l e a r i n g  o f  p e r f o r a t e d  t i t a n i u m .  H e a t i n g  o f  t h e  c l e a r i n g  a i r  
a l lows c l e a r i n g  t o  be completed i n  reduced t ime.  

( d )  The Contamination Avoidance ( C A )  Spray System S p e c i f i c a t i o n  d e t a i l s  t h e  
requirements o f  an a u x i l i a r y  means o f  c o a t i n g  t h e  p e r f o r a t e d  l e a d i n g  edge 
sur face  w i t h  a l i q u i d  t h a t  w i l l  p revent  contaminants f rom s t i c k i n g  t o  t h e  
sur face.  A s e r i e s  o f  spray nozzles at tached t o  t h e  unders ide o f  t h e  
extended s h i e l d / s l a t  p r imary  p r o t e c t i o n  system prov ides f o r  a f r e e z i n g  
p o i n t  depressant s o l u t i o n  t o  be sprayed d i r e c t l y  onto t h e  l e a d i n g  edge. 

When extended I n  f r o n t  o f  t h e  l e a d i n g  edge, t h e  s h i e l d  d e f l e c t s  oncoming 
a i r b o r n e  debr is ,  p r i n c i p a l l y  i n s e c t s ,  and prevents  i t  f rom c o n t a c t i n g  t h e  
p e r f o r a t e d  l e a d i n g  edge sur face.  To supplement t h e  s h i e l d  p r o t e c t i o n  
a g a i n s t  any d e b r i s  t h a t  may p o s s i b l y  escape t h e  s h i e l d  and impact t h e  LFC 
sur face  and s t i c k  t o  i t , t h e  l i q u i d  spray prov ides a means o f  m a i n t a i n i n g  
a wet c o a t i n g  o f  l i q u i d  so t h a t  d e b r i s  w i l l  n o t  adhere t o  t h e  sur face.  
The c o n t r o l  s p e c i f l e d  f o r  t h e  spray systems permi ts  p u l s i n g  t h e  f l o w  as 
r e q u i r e d  t o  m a i n t a i n  a wet c o a t i n g  w i t h o u t  excess f low.  
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The l i q u i d  s p e c i f i e d  f o r  t he  CA spray system i s  a s o l u t i o n  o f  60% 
propylene g l y c o l  methyl  e the r  (PGME) and 40% water.  PGME i s  a 
f r e e z i n g - p o i n t  depressant which a l lows the  CA l i q u i d ' s  use a t  below 
f r e e z i n g  temperatures t o  supplement the  i c e  p r o t e c t i o n  system. However, 
t o  avo id  l i q u i d  remaining i n  the  l i n e s  and nozzles exposed t o  very  low 
temperature a t  c r u i s i n g  a l t i t u d e s ,  a h igh-pressure n i t r o g e n  gas purg ing 
c a p a b i l i t y  i s  incorpora ted  .in the  system. I n t e r l o c k s  prevent  opera t ion  o f  
t he  CA spray system o the r  than when the Sh je ld  i s  I n  the  f u l l y  extended 
pos i  t i  on. 

(e )  The Sh ie ld  I c e  P r o t e c t i o n  S p e c i f i c a t i o n  d e t a i l s  a means o f  p reven t ing  i c e  
f rom forming on the  s h i e l d  by sec re t i on  o f  a f l u i d  through a porous 
l ead ing  edge sur face.  The porous lead ing  edge i s  a TKS L td .  u n i t  b u i l t  t o  
Douglas s p e c i f i c a t i o n  and f i t t e d  t o  form the  l ead ing  edge o f  t he  sh ie ld .  
Wi th  the  s h i e l d  extended d u r i n g  i c i n g  cond i t i ons ,  the  TKS i c e  p r o t e c t i o n  
u n i t  keeps the  s h i e l d  f r e e  o f  i c e  and the  s h i e l d  i n  t u r n  keeps i c e  f rom 
accumulat ing on the  porous l ead ing  edge. The CA spray system can be 
operated a f t e r  any i c i n g  encounter t o  c l e a r  the  pe r fo ra ted  l ead ing  edge 
sur face  o f  any res idue l e f t  by the  TKS opera t i on  and t o  p rov ide  
supplemental i c e  p r o t e c t i o n .  

4.3 CONFIGURATION CONCEPT 

The concept f o r  laminar  f l o w  c o n t r o l  t h a t  evolved f rom prev ious s tud ies  and 
wind tunne l  research a t  Douglas i s  based on a porous sur face through which 
some o f  t he  boundary l a y e r  can be drawn by d i s t r i b u t e d  suc t ion .  The suc t i on  
a i r  can be c o n t r o l l e d  i n  pressure and volume a long spanwise s t r i p s  o f  v a r i a b l e  
w i d t h  and o r i e n t a t i o n .  The suc t i on  pressure app l i ed  i n d i v i d u a l l y  t o  t he  
spanwise subsurface ducts  o r  f l u t e s  (as they a re  r e f e r r e d  t o  i n  t h i s  r e p o r t )  
creates a more negat ive  pressure beneath the porous sur face  than e x i s t s  above 
on the  a i r f o i l  sur face.  This  d i f f e r e n t i a l  pressure causes the  f l o w  through 
the  sur face.  This  i s  the  mechanism by which the  laminar  boundary l a y e r  i s  
s t a b i l i z e d ,  de lay ing  t r a n s i t i o n  f rom laminar t o  t u r b u l e n t  f l ow .  

Al though o the r  research I n  boundary l a y e r  c o n t r o l  (BLC) has achieved s l g n i f i -  
can t  m o d i f i c a t i o n  o f  the  boundary l a y e r  t o  produce h i g h  l i f t  o r  reduc t i on  i n  
drag, t he  a t ta inment  o f  t r u e  laminar  f l o w  c o n t r o l  (LFC) was d i f f i c u l t  because 
o f  t he  l ack  o f  s u i t a b l e  porous sur face  m a t e r i a l .  F l i g h t  researchers such as 
D r s .  Raspet and Pfenninger i n  the  Uni ted States and Lachman i n  England used 
very f i n e  punched o r  d r i l l e d  holes t o  c rea te  pseudo-porous sur faces o r  f i n e l y  
sawed s l o t s  t o  c rea te  a means o f  sys temat i ca l l y  removing a p o r t i o n  o f  the  
boundary l a y e r  e i t h e r  u n i f o r m a l l y  o r  a t  s p e c i f i e d  i n t e r v a l s  i n  the  case o f  
s l o t s .  S in te red  m a t e r i a l  as w e l l  as woven w i r e  had a l s o  been t r i e d  w i t h  
va ry ing  success as a means o f  ach iev ing  a un i fo rm porous sur face  (References 
1, 2, and 3 ,  r e s p e c t i v e l y ) .  

Since the  d i f f i c u l t i e s  o f  manufactur ing and ma in ta in ing  f i n e l y  sawed s l o t s  i n  
a very accurate aerodynamic sur face  a re  w e l l  documented by t h e  work on the  
Nor throp X21 program, t h e  Douglas approach has been t o  re-examine the  
p o s s i b i l i t y  o f  us ing  porous m a t e r i a l s  f o r  ach iev ing  LFC. 
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Two promis ing m a t e r i a l s  were evaluated under a NASA-sponsored study (Reference 
4 ) .  Both a smooth f i n e l y  woven s t a i n l e s s  s t e e l  mesh, Dynapore, and an e l e c t r o n  
beam (EB)  p e r f o r a t e d  t i t a n i u m  sheet m a t e r i a l  were evaluated e x t e n s i v e l y .  The 
EB p e r f o r a t e d  t i t a n i u m ,  made u s i n g  a process developed by Ste igerwald I n  
Germany, was se lec ted  as t h e  most p r a c t i c a l  sur face  m a t e r i a l  because o f  i t s  
b e t t e r  s t r u c t u r a l  and damage-resistant p r o p e r t i e s .  The Ste igerwald equipment 
w i t h  improvements by P r a t t  and Whitney produces a smal l  h o l e  o f  0.0020- t o  
0,0025-inch diameter u n i f o r m l y  I n  0.025- Inch- th ick t i t a n i u m  sheet, w i t h  a 
spacing between holes as r e q u i r e d  t o  achieve t h e  sur face  p o r o s i t y  des i red .  
This computer-contro l led process a l lows sheets o f  p e r f o r a t e d  m a t e r i a l  t o  be 
produced which very c l o s e l y  approximate a u n i f o r m l y  porous sur face m a t e r i a l  
t h a t  can be welded, formed, a t tached,  and otherwise handled l i k e  any o ther  
s t r u c t u r a l  m a t e r i a l  used i n  a i r c r a f t  f a b r i c a t i o n .  

Using t h e  EB p e r f o r a t e d  t i t a n i u m  as a bas is  f o r  t h e  porous surface, a pre- 
l i m i n a r y  design f o r  t h e  LETA evolved as f o l l o w s :  

The sur face o f  0 .025- inch- th ick  t i t a n i u m  i s  supported and s t a b i l i z e d  by a 
corrugated carbon and f i b e r g l a s s  subs t ruc ture  approx imate ly  1 i n c h  t h i c k  and 
formed i n  such a way as t o  p r o v i d e  t h e  spanwise s u c t i o n  f l u t e s  which i n  t u r n  
d i v i d e  t h e  sur face i n t o  chordwise bands o r  s t r i p s .  The a l t e r n a t e  f l u t e s  
between t h e  s u c t i o n  f l u t e s  fo rm lands t h a t  p r o v i d e  contoured sur faces t o  which 
t h e  t i t a n i u m  i s  bonded t o  b o t h  h o l d  t h e  shape and separate t h e  f l u t e s  i n t o  
i n d i v i d u a l l y  c o n t r o l l a b l e  u n i t s .  A p r e l i m i n a r y  cross s e c t i o n  concept o f  t h e  
Suc t ion  Panel i s  shown i n  F i g u r e  3 .  I n d i v i d u a l  f l u t e  f i t t i n g s  c a r r y  t h e  
s u c t i o n  a i r  f rom each f l u t e  t o  a tube whlch goes t o  a c o n t r o l  va lve  t h a t  
regu la tes  t h e  r a t e  o f  s u c t i o n  a i r f l o w .  An e a r l y  concept o f  t h e  valves 
r e q u i r e d  t o  c o n t r o l  t h e  f l o w  i n  each tube cons is ted  o f  I n d i v i d u a l l y  a d j u s t a b l e  
valves mani fo lded t o  a common s u c t i o n  source. However, based on t h e  LFC wind 
tunne l  work a t  Langley where a s p e c i a l  chamber va lve  assembly was under 
development, i t  was decided t o  develop a s i m i l a r  chamber va lve  t o  be f i t t e d  i n  
t h e  cab in  o f  t h e  Je tStar .  An e a r l y  concept o f  t h e  chamber va lve  conf igured  
w i t h  15 needle va lves i s  shown i n  F i g u r e  4. 

~ 

I 
Besides t h e  above bas ic  system f o r  ach iev ing  laminar  f l o w  by s u c t i o n  through a 
p e r f o r a t e d  surface, t h e  DAC concept incorpora tes  a p r o t e c t i v e  s h i e l d / s l a t  w i t h  
p r o v i s i o n s  f o r  extending and r e t r a c t i n g  i t  as r e q u i r e d  by t h e  p i l o t .  The 
pr imary purpose o f  t h e  s h i e l d  i s  t o  p r o t e c t  t h e  a i r f o i l  sur face  f rom oncoming 
a i r b o r n e  d e b r i s  t h a t  would o therw ise  s t r i k e  t h e  wing l e a d i n g  edge. Since 
d u r i n g  l o w - a l t i t u d e  o p e r a t i o n  t h e  wing l e a d i n g  edge i s  most vu lnerab le  t o  
a i r b o r n e  contaminants such as i n s e c t s ,  t h e  s h i e l d  i s  p o s i t i o n e d  ahead o f  t h e  
lead ing  edge t o  i n t e r c e p t  these contaminants d u r i n g  t a k e o f f  and l a n d i n g  opera- 
t i o n s .  The shape o f  such a dev ice  t h a t  can be incorpora ted  i n t o  a l e a d i n g  
edge shape a l s o  makes i t  adaptable f o r  use as a l i f t  augmentation device,  very  
much l i k e  a s l a t .  Two o t h e r  a u x i l i a r y  systems a t t a c h  t o  t h e  s h i e l d  and are  
operable o n l y  when t h e  s h i e l d  i s  i n  t h e  f u l l y  extended p o s i t i o n .  

I 

I 
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FIGURE 3. LEADING EDGE FLUTE AND SUCTION TUBE CONFIGURATION 

FIGURE 4. LFC CHAMBER VALVE PRELIMINARY LAYOUT 
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To supplement t h e  p r o t e c t i o n  f rom d e b r i s  a f f o r d e d  by t h e  s h i e l d ,  a 
contaminat ion avoidance ( C A )  spray system i s  a t tached t o  the  underside o f  the 
sh ie ld ,  F igure  5. Th is  system c o n s i s t s  o f  a se r ies  o f  f i n e  spray nozzles 
d i r e c t e d  a t  t he  l ead ing  edge so t h a t  a f r e e z i n g  p o i n t  depressant l i q u i d  may be 
sprayed on the  l ead ing  edge, c o a t i n g  t h e  sur face  s u f f i c i e n t l y  t o  p revent  any 
contaminant t h a t  eludes the  s h i e l d  f rom s t i c k i n g  t o  the  l ead ing  edge. To 
prevent the  l i q u i d  f rom passing through the  p e r f o r a t e d  sur face  and f l o o d i n g  
the  s u c t i o n  passages, a smal l  p o s i t i v e  pressure i s  maintained i n  each f l u t e  
r e l a t i v e  t o  t h e  sur face  pressure.  The same v a l v i n g  system t h a t  regu la tes  
s u c t i o n  pressure can be u t i l i z e d  t o  c o n t r o l  t h i s  p o s i t i v e  pressure.  Since the  
p o s i t i v e  pressure requ i red  i s  q u i t e  smal l ,  any convenient source, such as 
engine bleed o r  cab in  a i r  p r e s s u r i z a t i o n ,  can supply t h i s  a i r  f o r  c l e a r i n g  the  
f l u t e s  and porous sur face  s k i n  o f  any l l q u i d ,  i n c l u d i n g  r a i n  and d e i c i n g  
f l u i d s .  Since most l i q u i d s  become more viscous w i t h  lower ing  sur face  
temperatures, t h e  c l e a r i n g  a i r  should be as warm as pe rm iss ib le  i n  order t o  
c l e a r  the  sur face  as q u i c k l y  as p o s s i b l e .  

I 

I The second system i s  a d e i c i n g  o r  i c e  p r o t e c t i o n  ( I P )  system supp l ied  by TKS 
o f  England. This cons is t s  o f  a t h i n  r e s e r v o i r  shaped t o  form t h e  l ead ing  edge 
o f  t h e  sh ie ld ,  F igure  6. The o u t e r  sur face  o f  t h e  r e s e r v o i r  i s  porous such 
t h a t  a g l y c o l  f l u i d  pumped i n t o  t h e  r e s e r v o i r  under pressure w i l l  ooze 
un i fo rm ly  t o  wet the  sur face  o f  t h e  s h i e l d  and prevent l ead ing  edge i c e  
accumulation. Since t h e  g l y c o l  f l u i d  w i l l  m ig ra te  back onto t h e  suc t i on  
surface, t he  CA spray s y s t e m  may be needed f o r  c lean lng  a f t e r  t h e  encounter. 
The CA spray i s  i t s e l f  e f f e c t i v e  as a d e i c i n g  agent f o r  t h e  l ead ing  edge 
s u c t i o n  surface. Since t h e  PGME f l u i d  i n  t h e  CA spray i s  a f r e e z i n g  p o i n t  
depressant, i t  can be used t o  supplement t h e  s h i e l d  I P  system. 
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SECTION 5 
AERODYNAMIC ANALYSIS 

5.1 LEADING EDGE GLOVE SHAPE DEVELOPMENT 

Desired LFC Glove Pressure D i s t r l b u t i o n  and Design C r i t e r i a  

Development o f  t h e  aerodynamic shape f o r  t h e  LFC lead ing  edge g love  on t h e  
Je tStar  t e s t  v e h i c l e  began w i t h  t h e  establ ishment  o f  t h e  d e s i r e d  pressure d i s -  
t r i b u t i o n  f o r  t h e  t e s t  r e g i o n  and t h e  des i red  f l i g h t  t e s t  c o n d i t i o n s .  These 
i tems, a long w i t h  t h e  p lan form of t h e  f l i g h t  t e s t  a r t i c l e  and f a i r i n g s ,  were 
agreed t o  by NASA, GELAC, and DAC. The des i red  pressure d i s t r i b u t i o n  i s  shown 
i n  F igure  7, f o l l o w e d  by t h e  p lan form sketched i n  F i g u r e  8. 

-1.2 
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M=0.75 Hp=38,000 FT CL = 0.319 

0 TO -0.1 Cp JETSTAR Cp 
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'RESSURE 
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81-GEN-22556 0.8 

FIGURE 7. DESIRED LFC GLOVE PRESSURE DISTRIBUTION 
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The des i red  chordwise pressure d i s t r i b u t i o n  f o r  t h e  LFC g love  reg ion  was a 
shock-free p r o f i l e  developed p r e v i o u s l y  and descr ibed i n  Reference 4. This 
pressure d i s t r i b u t i o n  had a modest adverse g rad ien t .  The c o n t r o l l e d  pressure 
reg ion  on t h e  upper sur face  was t o  be maintained streamwise t o  a d i s tance  from 
t h e  l ead ing  edge corresponding t o  the  40-percent chord p o l n t  o f  t h e  outboard 
d e f i n i n g  s t a t i o n .  W i t h i n  t h i s  reg ion  t h e  r e s u l t l n g  isobars  should be p a r a l l e l  
t o  t h e  l ead ing  edge, i n s o f a r  as poss ib le ,  w i t h o u t  v i o l a t l n g  t h e  design 
c r i t e r i a  o f  forming t h e  t e s t  a r t i c l e  w i t h  s t r a i g h t  l i n e  elements. I n  a d d i t i o n  
t o  t h e  des i red  pressure p r o f i l e ,  i t  was agreed t h a t  t h e  attachment l i n e  
Reynolds number (Re) should be w i t h l n  t h e  range o f  100 t o  130. 

The p lan form o f  t he  LFC f l i g h t  t e s t  a r t i c l e  was chosen t o  be compat ib le w i t h  
the  e x i s t i n g  wing s t r u c t u r e  o f  t h e  Je tS ta r  and t o  span t h e  l ead ing  edge d l s -  
c o n t i n u i t y  whlch was p r e v i o u s l y  covered by t h e  wing mounted " s l i p p e r "  f u e l  
tanks.  This  r e s u l t s  i n  t h e  LFC t e s t  sec t i on  having an i nve rse  taper ,  where 
t h e  outboard chord i s  l a r g e r  than t h e  inboard chord, ahead o f  t he  f r o n t  spar. 
Chordwise, t h e  g love  was l i m i t e d  t o  t h e  rea r  spar (65-percent chord) on the 
upper sur face  and t o  25-percent chord on the  lower surface. Spanwise, t h e  LFC 
t e s t  reg ion  was loca ted  between wing s t a t i o n s  134.750 and 196.500. These 
s t a t i o n s  were a l s o  the  d e f l n i n g  s t a t i o n s  f o r  t he  g love  aerodynamic shape 
( i . e . ,  between 0.42 and 0.62 semispan, r e s p e c t i v e l y ) .  Inboard and outboard 
t r a n s i t i o n  f a i r i n g s  t o  t h e  bas ic  Je tS ta r  wing p r o f i l e  te rmina ted  a t  wing 
s t a t i o n s  122.068 and 205.278, r e s p e c t i v e l y .  The r e s u l t i n g  l ead ing  edge sweep 
f o r  t h i s  p lan form i s  30.01 degrees, as i n d i c a t e d  i n  F igu re  8. 

The f l i g h t  cond i t i ons  f o r  development o f  t he  LFC lead ing  edge g love  deslgn 
were es tab l i shed  as: 

Mach Number 0.75 

A l t i  tude 38,000 f t  

A i  r c r a f  t Weight 29,000 l b  

A i r c r a f t  CL 0.319 
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I n i t i a l  Leading Edge ShaDe Development 

I n i t i a l  development o f  a l e a d i n g  edge shape a t  DAC began by a p p l l c a t l o n  o f  t h e  
two-dimensional Tranen i n v e r s e  Garabedian program (Reference 5 )  t o  d e f i n e  a i r -  
f o i l s  a t  the  inboard and outboard d e f i n i n g  wing s t a t i o n s ,  which met t h e  des i red  
pressure p r o f i l e  c r i t e r i a .  Because these a i r f o i l s  were n o t  r e a d i l y  compat ib le 
w i t h  t h e  Je tStar  wing p r o f i l e s ,  t h e  more powerfu l  and comprehensive Douglas/ 
Jameson program was a p p l i e d  t o  t h e  aerodynamic des ign o f  t h e  g love  shape 
(Reference 6 ) .  The Jameson program encompasses three-dimensional ,  t ranson ic  
f u l l - p o t e n t i a l  f l o w  a n a l y s i s  and has a unique Inverse  c a p a b i l i t y  which solves 
f o r  t h e  wing shape (geometry) t o  s a t i s f y  a p rescr ibed pressure d i s t r i b u t i o n .  
This program was then used t o  modi fy  and a d j u s t  3-0 pressure d i s t r i b u t i o n s  and 
lead ing  edge t e s t  s e c t i o n  shape so t h a t  a most s a t i s f a c t o r y  pressure d i s t r i -  
b u t i o n  f o r  LFC would be obta ined w i t h i n  t h e  es tab l i shed c o n s t r a i n t s  o f  t h e  
mod i f ied  Je tStar  wing. 

An e a r l i e r  parametr ic  study, whlch c o r r e l a t e d  attachment l i n e  normal v e l o c i t y  
d e r i v a t i v e  values w i t h  a i r f o i l  th ickness  and normal l e a d i n g  edge rad ius ,  was 
intended t o  a s s i s t  i n  ach iev ing  t h e  des i red  attachment Reynolds number 
(Re). However, i t  became e v i d e n t  d u r l n g  i n i t i a l  development o f  t h e  
lead ing  edge shape t h a t  t h e  pressure p r o f i l e  and geometr ic c o n s t r a i n t s  were 
incompat ib le  and would n o t  a l l o w  any p r a c t i c a l  m o d i f i c a t i o n s  o f  t h e  lead ing  
edge shape t o  accommodate a s p e c l f l e d  value o f  Re. Thus, c o n s i d e r a t l o n  o f  
attachment l i n e  Reynolds number was e s s e n t i a l l y  r e l e g a t e d  t o  e v a l u a t i o n  a f t e r  
t h e  o ther  c o n s t r a i n t s  were s a t i s f i e d .  

Two major problem areas became e v i d e n t  i n  t h e  aerodynamic shape development 
f o r  t h e  LFC l e a d i n g  edge f l i g h t  t e s t  a r t i c l e .  The f i r s t  problem occurred 
because o f  t h e  i n c o m p a t i b l l l t y  between the  d e s i r e d  LFC upper sur face  pressure 
p r o f i l e ,  which r e q u i r e d  a s l i g h t l y  unfavorable g r a d i e n t ,  and t h e  extended 
favorab le  g r a d i e n t  o f  t h e  bas ic  J e t S t a r  upper sur face  inboard and outboard o f  
t h e  LFC t e s t  reg ion.  Th is  s i t u a t i o n  was aggravated by t h e  unusual p lan form 
w i t h  d i s c o n t i n u i t i e s  i n  l e a d i n g  edge sweep angle.  An i l l u s t r a t i o n  o f  t h e  
upper sur face pressure i n c o m p a t i b i l i t y  i s  shown i n  F igure  9, where t h e  des i red  
pressure p r o f i l e  f o r  t h e  LFC g l o v e  r e g i o n  i s  shown between t h e  inboard and 

I outboard pressures f o r  t h e  bas ic  J e t S t a r  wlng. 
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The second d i f f i c u l t y  concerned t h e  a n a l y t i c a l  mode l l ing  o f  t h e  Je tStar  
nace l les .  These n a c e l l e s  a r e  l o c a t e d  above t h e  wing near t h e  t r a i l i n g  edge 
where they s i g n i f i c a n t l y  I n f l u e n c e  upper sur face  wing pressures.  The 3-D 
t ranson ic  Jameson f l o w  a n a l y s i s  program i s  l i m i t e d  t o  a d e t a i l e d  wing d e f i n i -  
t i o n  w i t h  a fuselage c ross- f low c o r r e c t i o n  based upon an i n f i n i t e  fuselage 
representa t ion .  Hence, n a c e l l e  geometry could n o t  be d i r e c t l y  Inc luded i n  t h e  
compressible wing f l o w  a n a l y s i s  f o r  t h e  LFC lead lng  edge f l i g h t  a r t i c l e .  To 
overcome t h i s  l i m i t a t i o n ,  an a n a l y t i c a l  procedure was devised which mod i f ied  
t h e  a c t u a l  wing t w i s t  t o  account f o r  t h e  e f f e c t  o f  nace l les  on upper sur face 
pressures.  This  method c o r r e l a t e d  w e l l  w i t h  data f rom t e s t s  o f  a C i t a t l o n  650 
wind tunne l  model which had a s i m i l a r  fuselage-mounted n a c e l l e  c o n f i g u r a t i o n  
and prov ided d e t a i l e d  wing pressure data,  w i t h  and w i t h o u t  nace l les  on t h e  
model. B r i e f l y ,  t h e  procedure used t o  c o r r e l a t e  t h e  C i t a t i o n  data and 
est imate t h e  e f f e c t  o f  n a c e l l e s  was: 

1. 

2 .  

3 .  

4 .  

5 .  

6. 

Compute t h e  bas ic  Jameson s o l u t i o n  and c o r r e l a t e  t h i s  w i t h  
n a c e l l e s - o f f  wlnd tunne l  data.  

Compute t h e  Gies lng v o r t e x  l a t t i c e  s o l u t i o n  w i t h  s i m u l a t i o n  o f  
nace l les  (Reference 7 ) .  

Compute t h e  i n v e r s e  Gies lng  s o l u t i o n ,  n a c e l l e s  o f f ,  corresponding t o  
t h e  preceding forward s o l u t i o n  w i t h  nace l les  on. 

Determine t h e  e f f e c t i v e  t w i s t  d i s t r i b u t i o n ,  f rom t h e  preceding step, 
which produces an e f f e c t  e q u i v a l e n t  t o  t h a t  o f  t h e  n a c e l l e s  i n  Step 2. 

Apply t h e  e f f e c t i v e  t w i s t  t o  t h e  bas ic  Jameson i n p u t .  

Compute t h e  Jameson s o l u t i o n  f o r  t h e  m o d i f i e d  i n p u t  and c o r r e l a t e  t h i s  
w i t h  t h e  nacel les-on wind tunne l  data.  

Based upon r e s u l t s  o f  t h e  f o r e g o i n g  c o r r e l a t i o n ,  t h e  l e a d i n g  edge g l o v e  shape 
f o r  t h e  Je tStar  wind tunne l  model was developed. Th is  development was accom- 
p l i s h e d  c o o p e r a t i v e l y  w i t h  GELAC i n  o rder  t o  most e f f i c i e n t l y  i n t e g r a t e  the  
l e a d i n g  edge t e s t  a r t i c l e  shape i n t o  t h e  bas ic  J e t S t a r  wing. Thus, p r e l i m i n a r y  
GELAC geometry was se lec ted  as t h e  i n l t l a l  t r i a l  f o r  develop ing t h e  l e a d i n g  
edge g love  shape. The a n a l y t i c a l  procedure t h a t  was fo l lowed i s  o u t l i n e d  
below. 

1. The forward DAC Jameson s o l u t i o n  was computed us ing  t h e  J e t S t a r  wing 
geometry w i t h  t h e  GELAC p r e l i m i n a r y  LFC g love  shape and est imated 
e f f e c t i v e  wlng t w i s t  t o  account f o r  t h e  fuselage-mounted nace l les .  
This  s o l u t i o n  prov ided a re fe rence f o r  subsequent l e a d i n g  edge shape 
development. The upper sur face  isobar  p a t t e r n  i s  shown i n  F igure  10. 

2. An inverse  DAC Jameson s o l u t i o n  was computed s p e c i f y i n g  t h e  des i red  
LFC pressure d i s t r i b u t i o n  w i t h i n  t h e  l e a d i n g  edge t e s t  r e g i o n  (F igure  
9) .  The i s o b a r  p a t t e r n  f o r  t h l s  s o l u t i o n  i s  shown i n  F igure  11. The 

20 



MACHNO. - 0.750 ALPHA = 3.350DEG 
REYMAC = 16.70(MILLION) CL = 0.363 

FIGURE 10. UPPER SURFACE ISOBARS -PRELIMINARY GLOVE SHAPE 
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MACH NO. = 00.750 ALPHA = 3.350DEG 
REY-MAC = 16.70 (MILLION) CL = 0.359 

FIGURE 11. UPPER SURFACE ISOBARS - LFC TEST ARTICLE - DESIRED PRESSURE DISTRIBUTION 
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3 .  

r e s u l t i n g  wing contour,  however, severe ly  undercut t h e  bas ic  Je tStar  
upper wing sur face.  Thus, t h e  s p e c i f i e d  pressure d i s t r i b u t i o n  could 
n o t  be achieved w i t h i n  t h e  LFC t e s t  r e g i o n  us ing  an e x t e r n a l  g love  on 
t h e  J e t S t a r  wing planform. 

The i n v e r s e  Jameson a n a l y s i s  was then a p p l i e d  t o  o b t a i n  wing geometry 
f o r  mod i f ied  pressure d i s t r i b u t i o n s  i n  t h e  LFC t e s t  reg ion .  A f t e r  
severa l  adjustments a r o o f - t o p  LFC pressure d i s t r i b u t i o n  was s p e c i f i e d  
which r e s u l t e d  i n  a l e a d i n g  edge g love  shape compat ib le  w i t h  t h e  bas ic  
Je tStar  wing contour .  F igure  12 shows t h e  upper sur face  isobars  f o r  
t h i s  case. However, s ince  sur face  geometry cannot be cons t ra ined us ing  
t h e  i n v e r s e  s o l u t i o n  process, t h e  r e s u l t i n g  wing sur faces t y p i c a l l y  
i n v o l v e  complex curvature,  which i s  no t  d e s i r a b l e  s t r u c t u r a l l y .  Thus, 
a d d i t i o n a l  compromise was necessary t o  e s t a b l i s h  a l e a d i n g  edge g love  
sur face  hav ing s t r a i g h t  l i n e  elements. 

4. A forward Jameson s o l u t i o n  was then computed us ing  s t r a i g h t  l i n e  
elements between t h e  inboard and outboard d e f i n i n g  s t a t i o n s  f o r  t h e  
LFC t e s t  r e g i o n  a i r f o i l  shape obta ined i n  t h e  preceding step. The 
r e s u l t i n g  e f f e c t  on t h e  upper sur face isobar  p a t t e r n  i s  shown i n  
F igure  13. I t  i s  q u i t e  e v i d e n t  t h a t  the  requirement f o r  s t r a i g h t  l i n e  
elements on t h e  LFC g love  imposed a s e n s i t i v e  and d i f f i c u l t  c o n s t r a i n t  
upon t h e  LFC g love  shape development. 

A t  t h i s  p o i n t  i n  t h e  aerodynamic development o f  t h e  LFC g love  shape, t h e  
d e f i n i n g  a i r f o i l  sec t ions  corresponding t o  t h e  f l a t  r o o f - t o p  s o l u t i o n  were 
i n p u t  i n t o  t h e  Garabedian two-dimensional, t ranson ic ,  p o t e n t i a l  f l o w  a n a l y s i s  
(Reference 8 ) .  Th is  was done t o  eva lua te  t h e  three-dimensional  e f f e c t s  upon 
pressure d i s t r i b u t i o n  f o r  t h e  same a i r f o i l  s e c t i o n  shape. The two-dimensional 
pressure d i s t r i b u t i o n s  f o r  t h e  inboard and outboard d e f i n i n g  a i r f o i l s  a re  
shown i n  F igure  14. The two-dimensional s o l u t i o n  i n d i c a t e s  a r e l a t i v e l y  
s t rong shock i n  each case, w h i l e  t h e  three-dimensional  s o l u t i o n  d i d  n o t  show 
any evidence o f  a s i g n i f i c a n t  shock on t h e  upper sur face  ( F i g u r e  9 ) .  

I t  i s  s i g n i f i c a n t  t o  n o t e  t h e  discrepancy between t h e  two- and three-  
dimensional  pressure d i s t r i b u t i o n s  f o r  t h e  same a i r f o i l  s e c t i o n  geometry. 
Obviously, t h e  des ign o f  t h e  LFC lead ing  edge g love  shape cou ld  n o t  be 
developed us ing  s imple sweep methods. Thjs  comparlson emphaslzes the t h ree -  
d i m e n s i o n a l i t y  o f  t h e  LFC l e a d i n g  edge g love  aerodynamic des ign t a s k  and t h e  
s e n s i t i v i t y  o f  t h e  i n t e r a c t i o n  between t h e  f l o w  i n  t h e  t e s t  r e g i o n  and t h e  
bas ic  J e t S t a r  inboard and outboard wing panels.  

Subsequently, a d d i t i o n a l  aerodynamic a n a l y s i s  by GELAC, us ing  t h e i r  FL022 
program, and DAC us ing  t h e  Douglas/Jameson program, were conducted w i t h  
f requent  exchanges o f  data and r e s u l t s .  Eventua l l y ,  i n  o rder  t o  e s t a b l i s h  t h e  
l e a d i n g  edge g love  shape t o  be t e s t e d  on t h e  J e t S t a r  10 percent  sca le  wind 
tunne l  model, GELAC and DAC aerodynamicists worked j o i n t l y  a t  DAC t o  develop 
m u t u a l l y  acceptable l e a d i n g  edge g love  geometry. Minor m o d i f i c a t i o n s  were 
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MACH NO. = 0.750 ALPHA = 3.350DEG 
REY-MAC = 16.70 (MILLION) CL = 0.362 

FIGURE 12. UPPER SURFACE ISOBARS - LFC TEST ARTICLE - MODIFIED FLAT ROOF-TOP 
PRESSURE DISTRIBUTION 
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MACH NO. = 0.750 ALPHA - 3.250DEG 
REY-MAC 16.70 (MILLION) CL = 0.353 

FIGURE 13. UPPER SURFACE ISOBARS - LFC TEST ARTICLE - MODIFIED ROOF-TOP GEOMETRY 
WITH STRAIGHT-LINE ELEMENTS 
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made t o  f a c i l i t a t e  l o f t i n g  o f  t h e  Je tS ta r  wind tunnel  model wing g love  and t o  
accommodate lower sur face  adjustments p e r t i n e n t  t o  the  GELAC LFC 
c o n f i g u r a t i o n .  Upper and lower sur face  pressure d i s t r i b u t i o n s  f o r  t h i s  
geometry a re  shown i n  F igu re  15  and t h e  i sobar  p a t t e r n s  a re  i n  F igu re  16. 

Having es tab l i shed  t h e  shape f o r  t h e  LFC lead ing  edge f l i g h t  t e s t  a r t i c l e  on 
t h e  10 percent wind . tunnel  model, several  o f f - d e s i g n  c o n d i t i o n s  were 
i n v e s t i g a t e d  t o  eva lua te  e f f e c t s  o f  changes i n  l i f t  c o e f f i c i e n t  and Mach 
number. Jameson s o l u t i o n s  were obtained f o r  t he  f o l l o w i n g  f l i g h t  cond i t i ons :  

Mach No. Pressure A l t i t u d e  L i f t  C o e f f i c i e n t  
( f t )  ( w i  ng-body) 

0.75 
0.75 
0.75 
0.72 

38,000 
35,000 
40,000 
38 , 000 

0.358 (Design Cond) 

0.265 

0.415 

0.374 

A t  these o f f - d e s i g n  f l i g h t  cond i t i ons ,  t he re  were no adverse e f f e c t s  ev ident  
on t h e  upper sur face  pressure d i s t r i b u t i o n s  throughout t h e  LFC lead ing  edge 
t e s t  reg ion.  

5.2 JETSTAR WIND TUNNEL MODEL TEST 

Wind tunnel  t e s t s  o f  t h e  10 percent  sca le  Je tS ta r  model were conducted a t  
CALSPAN. The purpose o f  t h i s  t e s t  program was two fo ld .  F i r s t ,  i t  was 
necessary t o  eva lua te  t h e  f l y i n g  q u a l i t i e s  o f  t he  Je tS ta r  w i t h  t h e  wing glove 
m o d i f i c a t i o n  and w i t h  t h e  asymmetric ex tens ion  o f  t h e  Douglas l ead ing  edge 
s h i e l d  on t h e  s ta rboard  wing. The second purpose was t o  c o n f i r m  the  wing 
pressures on t h e  g love  and s u b s t a n t i a t e  the  a n a l y t i c a l  f l o w  p r e d i c t i o n  methods 
which were used t o  account f o r  t he  n a c e l l e  e f f e c t s  on the  wing pressures. 
Although t h e  wind tunnel  t e s t  was accomplished as a GELAC task,  DAC provided 
t e c h n i c a l  support  r e l a t i v e  t o  t h e  g love  shape development. 

I t  was determlned f r o m  t h e  wind tunnel  t e s t  da ta  t h a t  f l i g h t  c h a r a c t e r i s t i c s  
o f  t he  Je tS ta r  would be acceptable.  Adequate c o n t r o l  was a v a i l a b l e  w i t h  
e x i s t i n g  Je tS ta r  l a t e r a l  and d i r e c t i o n a l  c o n t r o l  systems t o  operate the 
a i r c r a f t  w i t h  t h e  DAC l ead ing  edge s h i e l d  extended on t h e  s ta rboard  wing 
only .  Also, t he  low-speed h i g h - l i f t  data i n d i c a t e d  t h a t ,  as intended, the  
extended s h i e l d  had e s s e n t i a l l y  no e f f e c t  upon maximum l i f t .  

The i n i t i a l  g love  shape on t h e  model produced a r e l a t i v e l y  i r r e g u l a r  pressure 
d i s t r i b u t i o n ,  which was improved by i n - t u n n e l  rework o f  t h e  LFC g love  reg ion.  
Fu r the r  m o d i f i c a t i o n  o f  t h e  g love  shape improved t h e  pressure d i s t r i b u t i o n  i n  
t h e  LFC t e s t  reg ion.  A shape was developed which was s a t i s f a c t o r y  and 
considered f i n a l .  Fu r the r  t e s t s  o f  t h e  f i n a l  shape were then run  t o  determine 
t h e  s e n s i t i v i t y  t o  o f f - d e s i g n  c o n d i t i o n s  and the  e f f e c t s  o f  t h e  model 
nace l l es  on wing pressures. 
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To subs tan t ia te ,  a t  l e a s t  p a r t i a l l y ,  t h e  DAC Jameson t ranson ic  f l o w  ana lys is ,  
t h e  exper imental  pressures measured on t h e  recontoured LFC g love  shape were 
compared w i t h  t h e  corresponding a n a l y t i c a l  r e s u l t  f o r  t h e  a n a l y t i c a l l y  
smoothed shape. This comparison I s  presented i n  F igure  17 and shows the  
agreement between exper imental  and a n a l y t i c a l  r e s u l t s  f o r  t h e  n a c e l l e s - o f f  
c o n f i g u r a t i o n .  

F i n a l  LFC Glove Shape Development 

Development o f  t h e  f i n a l  LFC g l o v e  shape and p r e d i c t i o n  o f  t h e  wing pressures 
on t h e  Je tStar  LFC lead ing  edge t e s t  a r t i c l e ,  w i t h  nace l les  on, i s  o u t l i n e d  i n  
t h e  paragraphs below. Th is  task  was bes t  accomplished by app ly ing  t h e  exper i -  
m e n t a l l y  determined incrementa l  pressures,  due t o  t h e  nace l les ,  t o  t h e  
a n a l y t i c a l l y  determined pressures f rom t h e  Douglas/Jameson program f o r  t h e  
wing-body c o n f i g u r a t i o n .  

The f i rs t  step i n  adapt ing t h e  J e t S t a r  wind tunne l  model t e s t  r e s u l t s  t o  t h e  
f l i g h t  t e s t  a r t i c l e  was t h e  measurement o f  t h e  recontoured g love  shape. 
A n a l y t i c a l  smoothing techniques were then a p p l i e d  t o  t h e  recontoured shape and 
s t r a i g h t  l i n e  elements s p e c i f i e d  between t h e  g love  shape d e f i n i n g  a i r f o i l  
sect ions.  The r e s u l t  o f  t h i s  smoothing and a comparison w i t h  t h e  corresponding 
Je tStar  a i r f o i l  sec t ions  a r e  shown i n  F igure  18. This  g love  shape was 
designated MOD 8. 

Pressure d i s t r i b u t i o n s  f o r  t h e  MOD 8 g love  shape, n a c e l l e s - o f f ,  were obta ined 
us ing  t h e  DAC/Jameson program and a r e  t h e  bas is  f o r  e s t i m a t i n g  sur face 
pressures on t h e  J e t S t a r  wing w i t h  t h e  LFC g love.  

The method developed i n i t i a l l y ,  us ing  an e f f e c t i v e  t w i s t  t o  a d j u s t  t h e  
DAC/Jameson a n a l y s i s  f o r  t h e  e f f e c t s  o f  fuselage-mounted n a c e l l e s  above the  
wing, was l e s s  than s a t i s f a c t o r y  f o r  t h e  J e t S t a r  wing- fuselage-nacel le  
c o n f i g u r a t i o n .  An a l t e r n a t i v e  procedure, based upon t h e  J e t S t a r  model wind 
tunne l  t e s t  data,  was devised t o  es t imate  upper sur face  pressures on t h e  LFC 
l e a d i n g  edge f l i g h t  t e s t  a r t i c l e .  

Ana lys is  o f  t h e  CALSPAN wind tunne l  t e s t  data f o r  t h e  J e t S t a r  w i t h  nace l les  on 
and nace l les  o f f  showed t h a t  t h e  n a c e l l e s  had a r e l a t i v e l y  smal l  e f f e c t  on t h e  
pressure p r o f i l e s  i n  t h e  l e a d i n g  edge t e s t  r e g i o n  when compared a t  constant  
ang le  o f  a t t a c k .  I n f l u e n c e  o f  t h e  n a c e l l e s  on upper sur face  pressures becomes 
s i g n i f i c a n t  downstream o f  approx imate ly  16 percent  chord. A r e p r e s e n t a t i v e  
example o f  t h e  n a c e l l e  e f f e c t  on wing pressures i s  shown i n  F igure  19. The 
inboard s e c t i o n  o f  t h e  LFC t e s t  a r t i c l e  ends a t  approx imate ly  12.5 percent  
chord w h i l e  t h e  outboard s e c t i o n  extends t o  approx imate ly  18 percent  chord. 

Incremental  pressures due t o  t h e  presence o f  t h e  J e t S t a r  n a c e l l e s  were obta ined 
f rom t h e  Je tStar  CALSPAN t e s t  da ta  by comparing nacel les-on and n a c e l l e s - o f f  
wing pressures a t  constant  ang le  o f  a t t a c k .  These data v e r i f i e d  t h e  suppres- 
s i o n  o f  t h e  f l o w  over t h e  wing upper sur face  due t o  t h e  n a c e l l e s .  The 
increments were reasonably c o n s i s t e n t ,  i n  terms o f  pressure c o e f f i c i e n t  
( C P ) ,  over t h e  span o f  t h e  LFC t e s t  area and t h e  nominal range o f  l i f t i n g  
c o n d i t i o n s  f o r  t h e  f l i g h t  t e s t  program. The e f f e c t  o f  Mach number on the  
n a c e l l e  increments was found t o  be smal l  f o r  t h e  expected f l i g h t  t e s t  Mach 
number v a r i a t i o n s .  Thus, a s i n g l e  curve was e s t a b l i s h e d  f o r  t h e  average 
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FIGURE 17. COMPARISON OF ANALYTICAL AND EXPERIMENTAL PRESSURES ON LFC GLOVE - 
10 PERCENT SCALE JETSTAR MODEL GLOVE CONFIGURATION X,, AND 
JAMESON ANALYTICAL RESULT 
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FIGURE 18. COMPARISON OF BASIC JETSTAR WING SECTIONS AND MOD 8 LFC GLOVE 
DEFINING AIRFOIL SHAPES 
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FIGURE 19. REPRESENTATIVE EXAMPLE OF NACELLE EFFECT ON WING PRESSURES - 
JETSTAR MODEL TEST 

effect of the JetStar nacelles on the LFC test region u m e r  surface chordwise 
pressures. The resulting curve o f  ACp nacelles -VS chord station is shown 
in Figure 20. 

Predicted wing pressures, nacelles on, for the JetStar MOD 8 glove shape were 
obtained by applying the incremental pressures due to the nacelles (Figure 20) 
directly to the computed pressures for the nacelles off case. The resulting 
predicted pressures for the JetStar LFC glove, at design flight condition, are 
presented in Figures 21a through 21e. Five span stations encompassing the LFC 
glove test region are shown. 
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FIGURE 20. SUMMARY OF INCREMENTAL PRESSURE COEFFICIENT DUE TO NACELLES - 
JETSTAR MODEL TEST 
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FIGURE 21a. PREDICTED PRESSURE DISTRIBUTION, NACELLES ON - LFC TEST ARTICLE MOD 8 SHAPE 
(41.54 PERCENT SEMISPAN) 
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FIGURE 21b. PREDICTED PRESSURE DISTRIBUTION, NACELLES ON - LFC TEST ARTICLE -MOD 8 
SHAPE (45.85 PERCENT SEMISPAN) 

-1.0 b 

CP 

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0 

XIC PERCENT CHORD 

FIGURE 2 1 ~ .  PREDICTED PRESSURE DISTRIBUTION, NACELLES ON - LFC TEST ARTICLE - MOD 8 
SHAPE (50.18 PERCENT SEMISPAN) 
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FIGURE 21d. PREDICTED PRESSURE DISTRIBUTION, NACELLES ON - LFC TEST ARTICLE - MOD 8 
SHAPE (54.52 PERCENT SEMISPAN) 
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FIGURE 2 l e .  PREDICTED PRESSURE DISTRIBUTION, NACELLES ON - LFC TEST ARTICLE - MOD 8 
SHAPE (58.85PERCENT SEMISPAN) 
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The p r e d i c t e d  pressure d i s t r i b u t i o n  f o r  the  MOD 8 lead ing  edge shape, a t  
midspan o f  t h e  t e s t  reg ion ,  w i t h  nace l les  on, i s  shown i n  F igure  22 and 
compared w i t h  CALSPAN t e s t  da ta  f o r  t h e  recontoured lead ing  edge shape. This  
comparison i n d i c a t e s  t h e  v a l i d i t y  o f  t h e  procedure developed t o  p r e d i c t  f l i g h t  
c o n d i t i o n  wing pressures on t h e  J e t S t a r  LFC g love.  The key t o  t h i s  method i s  
t h e  match- i n g  o f  a n a l y t i c a l  and measured pressure c o e f f i c i e n t s  i n  t h e  lead ing  
edge reg ion  where e f f e c t s  o f  t h e  nace l les  a r e  min imal .  Also shown f o r  
comparison i n  F igure  22 i s  the  upper sur face p o r t i o n  o f  the o r i g i n a l l y  
s p e c i f i e d  pressure p r o f i l e  ( F i g u r e  7 ) .  Th is  shows t h a t  t h e  MOD 8 shape 
s u b s t a n t i a l l y  achieves t h e  d e s i r e d  p r o f i l e  f o r  t h e  LFC lead ing  edge g love 
f l i g h t  t e s t  a r t i c l e .  

A t  t h e  design Mach number, t h e  e f f e c t s  o f  l i f t  c o e f f i c i e n t  v a r i a t i o n  on wing 
pressures were evaluated us ing  t h e  method o u t l i n e d  above. The r e s u l t i n g  
o f f - d e s i g n  pressure p r o f i l e s  o f  t h e  LFC lead ing  edge g love  a t  midspan are  
g iven i n  F igure  23. The d i f f e r e n c e s  presented here correspond t o  a 15 percent  
change i n  l i f t  f rom t h e  des ign va lue and represent  t h e  expected range o f  
f l i g h t  t e s t  l i f t  c o e f f i c i e n t s .  Reference n a c e l l e s - o f f  Jameson c a l c u l a t i o n s  
f o r  t h e  o f f - d e s i g n  cases v e r i f i e d  t h a t  t h e  pressure p r o f i l e s  remain w e l l  
behaved i n  both t h e  increased and decreased l i f t i n g  c o n d i t i o n s .  

5.3 LFC LEADING EDGE GLOVE D E F I N I N G  AIRFOILS 

Coordinates f o r  t h e  l e a d i n g  edge g love  d e f i n i n g  a i r f o i l s  a r e  tabu la ted  i n  
Tables 1 and 2. These are  the  streamwise a i r f o i l s  developed f o r  t h e  inboard 
and outboard wing s t a t i o n s  o f  t h e  lead ing  edge t e s t  a r t i c l e ,  wing s t a t i o n s  
134.750 and 196.000, r e s p e c t i v e l y .  Geometric wing sur face  development f o r  t h e  
Douglas/Jameson and GELAC/FL022 t ranson ic  p o t e n t i a l  f l o w  computat ion was based 
upon spanwise s t r a i g h t  l i n e  elements between these d e f i n i n g  a i r f o i l s .  I t  
should be noted t h a t  the  LFC l e a d i n g  edge t e s t  a r t i c l e  sur face  l o f t e d  by GELAC 
was developed us ing  s t r a i g h t  l i n e  elements which were ad jus ted  and d i s t r i b u t e d  
t o  p rov ide  s t r a i g h t  l i n e  elements a long t h e  f r o n t  spar plane, t h e  t r a i l i n g  edge 
o f  the upper sur face  f a i r i n g ,  and the  lead ing  edge. Th is  adjustment r e s u l t e d  
i n  a more-or- less "accordiont1 e f f e c t  on t h e  arrangement o f  t h e  s t r a i g h t  l i n e  
elements on t h e  t e s t  a r t i c l e  and upper sur face  f a i r i n g .  However, such an 
anomaly between t h e  a n a l y t i c a l  and l o f t e d  sur faces does n o t  s i g n i f i c a n t l y  
a f f e c t  t h e  end r e s u l t .  



CP 

DESIGN FLIGHT CONDITIONS 
MACH = 0.75 CLAC = 0.32 
MIDSPAN REGION 

AN A L YT I C - 
-0.4 - 0 EXPERIMENTAL 

-0.2 - 

X/C PERCENT CHORD 
1.0 

FIGURE 22. COMPARISON OF PREDICTED PRESSURE DISTRIBUTION WITH JETSTAR MODEL TEST 
DATA AND DESIRED LFC PRESSURE DISTRIBUTION 

-12 

-1.0 

-0s 
4.6 

4 . 4  

c p  -02 

0.0 

02 

0.4 

0.6 

oa 
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0 

X/C PERCENT CHORD 

FIGURE 23. PREDICTED OFF-DESIGN PRESSURE PROFILES AT LFC TEST ARTICLE MIDSPAN 

37 



TABLE 1 

LEADING EDGF. GLOVE DEFINING AIRFOIL COORDINATES 

Inboard  S t a t i o n ,  Y = 1 3 4 . 7 5 0  
Wing Reference System Dimenslons -- Inches 

Upper Sur face  
X Y Z 

190.38484 134.75000 
190.25812 134.75000 

189.24742 134.75000 

187.24223 134.75000 
185.87598 134.75000 
184.27419 134.75000 
182.44305 134.75000 
180.39000 134.75000 
178.12302 134.75000 
175.65106 134.75000 
172.98387 134.75000 
170.13194 134.75000 
167.10643 134.75000 
163.91927 134.75000 
160.58296 134.75000 
157.11070 134.75000 
153.51619 134.75000 
149.81325 134.75000 
146.01677 134.75000 
142.14223 134.75004 
138.20486 134.79000 
134.22025 134.75000 
130.20325 134.75000 
126.16934 134.75000 
122.13414 134.75000 
118.11351 134.75000 
114.12325 134.75000 
110.17923 134.75000 
106.29712 134.75000 
102.49226 134.75000 
98.77992 134.75000 
95.17476 134 75000 
91.69124 134.75000 
88.34323 134.75000 
85.14398 134.35000 
82.10609 134.75000 
79.24150 134.75000 
76.56146 134.75000 
79.07654 134.75000 
71.79660 134.75000 
69.73068 134.75000 
67.88696 134.75000 
66.27271 134.75000 
64.89430 134.75000 
63.75708 134.75600 
62.86542 134.75000 
62.22290 134.75000 
61.83231 134.75000 
61.69547 134.75000 

189.a7045 134.75000 

iaa.36751 134.75000 

-1.514761 
-1.494420 
-i ,433550 
-1.332370 
-1.191330 
-i.010940 
-0.7 91 960 
-0.535280 
-0.241940 
0.086850 
0.449980 
0.847340 
1.276320 
1.727690 
2.1984 1 0  
2.684690 
3.183120 
3.688750 
4.197890 
4.693830 
5.184080 
5.702610 
6.242170 
6.802980 
7.328960 
7.793400 
8.175890 
8.466430 
8.665220 
8.776960 
8.807160 
8.761 170 
8.646290 
8.473270 
8.254240 
7.998540 
7.709660 
7.385670 
7.022990 
6.621090 
6.182790 
5.712140 
5.213290 
4.689540 
4.144100 
3.576980 
2.985290 
2.365480 
1.722290 
1.07291 0 
0.439770 

Lower Sur face  
X Y Z 

61.81308 134.75000 
62.18457 134.75000 
62.80798 134.75000 
63.68053 134.75000 
64.79874 134.75000 
66.15866 134.75000 
67.75562 134.75000 
69.58366 134.75000 
71.63570 134.75000 
73.90332 134.75000 
76.37726 134.75000 
79.04730 134.75000 
81.90274 134.75000 
84.93224 134.75000 
88.12378 134.75000 
91.46475 134.75000 
94.94203 134.75000 
98.54170 134.75000 

102.25008 134.75000 
106.05281 134.75000 
109.93492 134.75000 
113.88106 134.75000 
117.87556 134.75000 
121.90269 134.75000 
125.94661 134.75000 
129.99113 134.75000 
134.02020 134.75000 
138.01785 134.75000 
141.96837 134.75000 
145.85597 134.75000 
149.66528 134.75000 
153.38109 134.75000 
156.98860 134.75000 
160.47346 134.75000 
163.82191 134.75000 
167.02066 134.75000 
170.05719 134.75000 
172.91954 134.75000 
175.59642 134.75000 
178.07736 134.75000 
180.35251 134.75000 
182.41296 134.75000 
184.25064 134.75000 
185.85820 134.75000 
187.22934 134.75000 

189.24176 134.75000 
189.87506 134.75000 
190.25609 134.75000 
190.38329 134.75000 

ia8.35872 134.75000 

-0.160770 
-0.739580 
-1.321460 
-1.928860 
-3.558210 
-3.177430 
-3.743440 
-4.225750 
-4.618770 
-4.937550 
-5.206 0 0 0 
-5.445730 
-5.670590 

-6.092600 
-6.286730 
-6.469140 
-6.648670 
-6.789760 
-6.877440 
-6.908570 
-6.884440 
-6.809370 
-6.683940 
-6.506060 
-6.290230 
-6.040780 
-5.763280 
-5.460970 
-5.139720 

-4.47581 0 
-4.151 320 
-3 .847870 
-3.565980 
-3.307770 
-3.071990 
-2.856340 
-2.660680 
-2 A82090 
-2.320940 
-2.176420 
-2.047210 
-1.933840 
-1.837130 
-1.757480 
-1.695190 
-1.650530 
-1.623660 
-1.614670 

-5. a85790 

-4 807 13 0 
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TABLE 2 

LEADING EDGE GLOVE D E F I N I N G  AIRFOIL C O O R D I N A T E S  

Outboard S ta t i on ,  Y = 196.000 
Wing Reference System Dimensions - Inches 

Upper Sur face Lower Sur face 

207 .83446  1 9 6 . 0 0 0 0 0  
2 0 7 . 7 2 5 1 1  196 .00000  
2 0 7 . 3 9 7 7 8  1 9 6 . 0 0 0 0 0  
2 0 6 . 8 5 3 7 1  1 9 6 . 0 0 0 0 0  
2 0 6 . 0 9 5 1 2  1 9 6 . 0 0 0 0 0  
2 0 5 . 1 2 5 0 2  1 9 6 . 0 0 0 0 0  
2 0 3 . 9 6 7 1 3  1 9 6 . 0 0 0 0 0  
2 0 2 . 5 6 6 1 5  1 9 6 . 0 0 0 0 0  
2 0 0 . 9 8 7 5 9  1 9 6 . 0 0 0 0 0  
1 9 9 . 2 1 7 6 1  1 9 6 . 0 0 0 0 0  
1 9 7 . 2 6 3 2 4  1 9 6 . 0 0 0 0 0  
1 9 5 . 1 3 2 2 2  1 9 6 . 0 0 0 0 0  
1 9 2 . 8 3 2 8 7  1 9 6 . 0 0 0 0 0  
1 9 0 . 3 7 4 3 4  1 9 6 . 0 0 0 0 0  
1 8 7 . 7 6 6 3 4  1 9 6 . 0 0 0 0 0  
185 .01906  1 9 6 . 0 0 0 0 0  
1 8 2 . 1 4 3 4 5  1 9 6 . 0 0 0 0 0  
1 7 9 . 1 5 0 7 4  1 9 6 . 0 0 0 0 0  
176 .05287  1 9 6 . 0 0 0 0 0  
172 .86186  1 9 6 . 0 0 0 0 0  
1 6 9 . 5 9 1 2 0 ' 1 9 6 . 0 0 0 0 0  
166 .25397  1 9 6 . 0 0 0 0 0  
1 6 2 . 8 6 2 3 0  1 9 6 . 0 0 0 0 0  
1 5 9 . 4 2 9 0 8  1 9 6 . 0 0 0 0 0  
1 5 5 . 9 6 8 1 5  1 9 6 . 0 0 0 0 0  
1 5 2 . 4 9 3 0 4  1 9 6 . 0 0 0 0 0  
1 4 9 . 0 1 7 4 3  1 9 6 . 0 0 0 0 0  
1 4 5 . 5 5 4 9 5  1 9 6 . 0 0 0 0 0  
1 4 2 . 1 1 9 4 2  1 9 6 . 0 0 0 0 0  
1 3 8 . 7 2 4 4 1  1 9 6 . 0 0 0 0 0  
1 3 5 . 3 8 3 5 1  1 9 6 . 0 0 0 0 0  
1 3 2 . 1 0 9 8 8  1 9 6 . 0 0 0 0 0  
1 2 8 . 9 1 6 4 3  1 9 6 . 0 0 0 0 0  
1 2 5 . 8 1 5 7 3  1 9 6 . 0 0 0 0 0  
1 2 2 . 8 1 9 9 9  1 9 6 . 0 0 0 0 0  
1 1 9 . 9 4 1 0 6  1 9 6 . 0 0 0 0 0  
1 1 7 . 1 9 0 2 6  1 9 6 . 0 0 0 0 0  
1 1 4 . 5 7 8 6 1  1 9 6 . 0 0 0 0 0  
1 1 2 . 1 1 6 3 3  1 9 6 . 0 0 0 0 0  
1 0 9 . 8 1 3 2 2  1 9 6 . 0 0 0 0 0  
1 0 7 . 6 7 8 4 1  1 9 6 . 0 0 0 0 0  
1 0 5 . 7 2 0 3 1  1 9 6 . 0 0 0 0 0  
1 0 3 . 9 4 6 7 3  1 9 6 . 0 0 0 0 0  
1 0 2 . 3 6 4 5 8  1 9 6 . 0 0 0 0 0  
1 0 0 . 9 8 0 1 5  1 9 6 . 0 0 0 0 0  

9 9 . 7 9 8 8 7  1 9 6 . 0 0 0 0 0  
9 8 . 8 2 5 4 7  1 9 6 . 0 0 0 0 0  
9 8 . 0 6 3 8 0  1 9 6 . 0 0 0 0 0  
9 7 . 5 1 6 8 5  1 9 6 . 0 0 0 0 0  
9 7 . 1 8 6 8 0  1 9 6 . 0 0 0 0 0  
9 7 . 0 7 5 0 1  1 9 6 . 0 0 0 0 0  

Z 

0 . 2 3 2 4 4 1  
0 . 2 4 4 4 8 0  
0 . 2 8 0 6 2 0  
0 . 3 4 0 9 4 0  
0 .425540  
0 . 5 3 6 5 8 0  
0 . 6 6 8 2 4 0  
0 .826740  
1 .010310  
1 . 2 1 9 1 6 0  
1 . 4 5 3 2 8 0  
1 . 7 1 3 7 9 0  
1 . 9 9 8 3 2 0  
2 . 3 0 2 6 9 0  
2 . 6 2 6 7 7 0  
2 . 9 6 8 7 7 0  
3 . 3 2 7 5 3 0  
3 . 7 0 3 1 1 0  
4 . 0 8 5 4 8 0  
4 . 4 5 3 4 9 0  
4 . 9 7 7 1 9 0  
5 . 6 8 6 0 0 0  
6 . 3 7 5 3 5 0  
6 . 9 5 1 2 5 0  
7 . 4 6 8 9 5 0  
7 . 8 9 8 2 8 0  
8 . 2 2 3 8 2 0  
8 . 4 4 6 3 8 0  
8 . 5 7 8 7 0 0  
8 . 6 3 8 3 5 0  
8 . 6  39830  
8 . 5 9 0 6 2 0  
8 . 4 9 1  1 3 0  
8 . 3 3 7 1 7 0  
8 . 1 2 4 4 7 0  
7 . 8 5 1 9 1 0  
7 . 5 2 3 1 3 0  
7 . 1 4 5 8 0 0  
6 . 7 3 0 2 9 0  
6 . 2 8 6 4 8 0  
5 . 8 2 2 4 5 0  
5 . 3 4 3 4 4 0  
4 .US1730 
4 .347630  
3 . 8 3 1 9 7 0  
3 . 3 0 7 8 9 0  
2 . 7 8 1 3 3 0  
2 . 2 5 9 2 6 0  
1 . 7 4 7 4 4 0  
1 . 2 4 8 5 2 0  
0 . 7 6 4 1 8 0  

97 .18173  1 9 6 . 0 0 0 0 0  
9 7 . 5 0 6 6 4  1 9 6 . 0 0 0 0 0  
98 .04840  1 9 6 . 0 0 0 0 0  
98 .80484  1 9 6 . 0 0 0 0 0  
9 9 . 7 7 3 0 4  1 9 6 . 0 0 0 0 0  

1 0 0 . 9 4 9 2 3  1 9 6 . 0 0 0 0 0  
1 0 2 . 3 2 8 8 4  1 9 6 . 0 0 0 0 0  
1 0 3 . 9 0 6 4 8  1 9 6 . 0 0 0 0 0  
1 0 5 . 6 7 5 9 3  1 9 6 . 0 0 0 0 0  
1 0 7 . 6 3 0 1 9  1 9 6 . 0 0 0 0 0  
1 0 9 . 7 6 1 4 7  1 9 6 . 0 0 0 0 0  
1 1 2 . 0 6 1 2 6  1 9 6 . 0 0 0 0 0  
1 1 4 . 5 2 0 4 5  1 9 6 . 0 0 0 0 0  
1 1 7 . 1 2 9 2 4  1 9 6 . 0 0 0 0 0  
1 1 9 . 8 7 7 5 0  1 9 6 . 0 0 0 0 0  
1 2 2 . 7 5 4 1 7  1 9 6 . 0 0 0 0 0  
1 2 5 . 7 4 8 0 6  1 9 6 . 0 0 0 0 0  
1 2 8 . 8 4 7 2 9  1 9 6 . 0 0 0 0 0  
1 3 2 . 0 3 9 5 5  1 9 6 . 0 0 0 0 0  
1 3 5 . 3 1 2 3 6  1 9 6 . 0 0 0 0 0  
1 3 8 . 6 5 2 9 8  1 9 6 . 0 0 0 0 0  
1 4 2 . 0 4 8 2 2  1 9 6 . 0 0 0 0 0  
1 4 5 . 4 8 4 7 0  1 9 6 . 0 0 0 0 0  
1 4 8 . 9 4 8 7 5  1 9 6 . 0 0 0 0 0  
1 5 2 . 4 2 6 7 7  1 9 6 . 0 0 0 0 0  
1 5 5 . 9 0 5 0 0  1 9 6 . 0 0 0 0 0  
1 5 9 . 3 6 9 6 6  1 9 6 . 0 0 0 0 0  
1 6 2 . 8 0 7 1 1  1 9 6 . 0 0 0 0 0  
1 6 6 . 2 0 3 7 0  1 9 6 . 0 0 0 0 0  
1 6 9 . 5 4 6 0 4  1 9 6 . 0 0 0 0 0  
1 7 2 . 8 2 0 8 9  1 9 6 . 0 0 0 0 0  
1 7 6 . 0 1 5 3 2  1 9 6 . 0 0 0 0 0  
1 7 9 . 1 1 6 7 6  1 9 6 . 0 0 0 0 0  
1 8 2 . 1 1 2 9 6  1 9 6 . 0 0 0 0 0  
1 8 4 . 9 9 1 9 3  1 9 6 . 0 0 0 0 0  
1 8 7 . 7 4 2 4 5  1 9 6 . 0 0 0 0 0  
1 9 0 . 3 5 3 5 2  1 9 6 . 0 0 0 0 0  
1 9 2 . 8 1 4 9 6  1 9 6 . 0 0 0 0 0  
1 9 5 . 1 1 6 9 6  1 9 6 . 0 0 0 0 0  
1 9 7 . 2 5 0 4 9  1 9 6 . 0 0 0 0 0  
1 9 9 . 2 0 7 1 4  1 9 6 . 0 0 0 0 0  
2 0 0 . 9 7 9 1 9  1 9 6 . 0 0 0 0 0  
2 0 2 . 5 5 9 5 4  1 9 6 . 0 0 0 0 0  
2 0 3 . 9 4 2 1 4  1 9 6 . 0 0 0 0 0  
2 0 5 . 1 2 1 3 8  1 9 6 . 0 0 0 0 0  
2 0 6 . 0 9 2 6 1  1 9 6 . 0 0 0 0 0  
2 0 6 . 8 5 2 0 7  1 9 6 . 0 0 0 0 0  
2 0 7 . 3 9 6 7 4  1 9 6 . 0 0 0 0 0  
2 0 7 . 7 2 4 4 7  1 9 6 . 0 0 0 0 0  
2 0 7 . 8 3 3 9 2  1 9 6 . 0 0 0 0 0  

Z 

0 . 2 8 2 1 5 0  
- 0 . 1 9 4 8 1 0  
- 0 . 6 1 1 7 4 0  
- 1 . 1 4 6 9 0 0  
-1 .612260  
-2 .054550  
- 2 . 4 5 8 0  1 0  
-2.81 0030  
- 3 . 1 0 6 7 4 0  
-3 .354  66 0 
-3 .566390  
- 3 . 7 5 4 5 8 0  
- 3 . 9 2 7 8 7 0  
- 4 . 0 9 2 0 3 0  
- 4 . 2 5 1 2 4 0  
- 6 . 4 0 9 1 0 0  
- 4 . 5 4 6 0 6 0  
- 4 . 6 6 8 3 9 0  
- 4 . 7 9 2 2 3 0  
-4 .902650  
-4 .961520  
-4 .972320  
-4 .934420  
- 6 . 8 5 1  070 
- 4 . 7 2 4 7 0 0  
- 4 . 5 5 6 3 9 0  
- 4 . 3 5 7 4 5 0  
- 4 . 1 3 2 6 4 0  
- 3 . 8 8 6 2 2 0  
- 3 . 6 2 3 6  90 
- 3 . 3 4 8 8 0 0  
- 3 . 0 6 4 8 2 0  
-2 .771990  
- 2 . 4 7 8 7 4 0  
-2 .195070  
-1 .922500  
- 1 . 6 6 3 5 0 0  
- 1 . 4 1 7 8 6 0  
- 1 . 1 8 6 6 5 0  
- 0 . 9 7 0 8 6 0  
- 0 . 7 7 1 7 3 0  
- 0 . 5 9 0 2 3 0  
- 0 . 4 2 6 6  1 0  
- 0 . 2 8 1 8 5 0  
- 0 . 1 5 7 3 8 0  
- 0 . 0 5 4 1 7 0  

0 . 0 2 6 9 6 0  
0 . 0 8 5 4 0 0  
0 . 1 2 0 6 5 0  
0 . 1 3 2 4 3 0  
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5.4 LFC SUCTION FLOW REQUIREMENTS 

I n i t i a l  Boundary Layer and Suct ion  Analys is  

I n i t i a l l y ,  s u c t i o n  f l o w  a n a l y s i s  was conducted us ing  t h e  simple b u t  convenient 
X-21 boundary l a y e r  s t a b i l i t y  c r i t e r i a  f o r  t h e  at tachment- l ine,  cross- f low,  
and T o l l m e i n - S c h l i c h t i n g  s t a b i l i t y  c r i t e r i a  (Reference 9 ) .  Th is  s u c t i o n  
a n a l y s i s  method was r e a d i l y  a v a i l a b l e  and had been p r e v i o u s l y  found t o  be 
conservat ive w i t h  respect  t o  s u c t i o n  requirements obta ined us ing  t h e  more 
comprehensive SALLY advanced s t a b l l l t y  a n a l y s i s  code (Reference 10) .  

Pre l im inary  s u c t i o n  requlrements were determined f o r  t h e  MOD 74  LFC lead ing  
edge g love  shape us ing  X-21 c r i t e r i a  f o r  t h e  des ign f l i g h t  c o n d i t i o n  and 
severa l  o f f -des ign  c o n d i t i o n s .  The r e q u i r e d  chordwise s u c t i o n  d i s t r i b u t i o n ,  
i n  terms o f  t h e  s u c t i o n  v e l o c l t y ,  was determined f o r  t h e  inboard and outboard 
spanwise s t a t i o n s  o f  t h e  LFC t e s t  reg ion .  The spanwise v a r i a t i o n  i n  s u c t i o n  
requ i red  over t h e  upper sur face  o f  t h e  LFC t e s t  r e g i o n  was r e l a t i v e l y  smal l  
and t h e  X-21 boundary l a y e r  s t a b i l i t y  c r i t e r i o n  a t  t h e  attachment l i n e  was 
s a t i s f i e d .  Thus, no s u c t i o n  was r e q u i r e d  a t  t h e  l e a d i n g  edge. These s u c t i o n  
d i s t r i b u t i o n s  began a t  approx imate ly  0.5 percent  chord, increased t o  a peak 
s u c t i o n  c o e f f i c i e n t  (CQ) o f  -0.0005 a t  4 percent  chord, and then decreased 
t o  a s u s t a i n i n g  CQ l e v e l  o f  -0.0001 a t  9 percent  chord. The h igher  s u c t i o n  
l e v e l s  were associated w i t h  t h e  r e g i o n  where c r o s s f l o w  i s  t h e  dominant 
i n s t a b i l i t y .  Subsequent a n a l y s i s  showed t h a t  s u c t i o n  a p p l i e d  a t  t h e  attachment 
l i n e  does prove t o  be very b e n e f i c i a l .  ( It should be noted t h a t  t h e  X-21 
c r i t e r i a  were developed f o r  a l ' local l t  boundary l a y e r  c o n d i t i o n  and a p p l i e d  t o  
a llmarchingll s o l u t i o n  procedure w h i l e  l a t e r  advanced s t a b i l i t y  codes consider  
i n t e g r a t e d  e f f e c t s  w i t h i n  t h e  boundary layer . )  

Attachment L ine  Flow Analys is  

Dur ing checkout and p r e p a r a t i o n  f o r  use o f  t h e  advanced boundary l a y e r  
s t a b i l i t y  a n a l y s i s  computer code, which was prov ided by NASA, two i tems o f  
concern arose. I t  was noted t h a t  t h e  r e s u l t s  o f  boundary l a y e r  s t a b i l i t y  
a n a l y s i s  were very s e n s i t i v e  t o :  (1 )  l o c a t i o n  o f  t h e  at tachment l i n e ;  and 
( 2 )  t h e  va lue o f  t h e  pressure c o e f f i c i e n t  a t  t h e  at tachment l i n e .  Therefore,  
analyses were c a r r i e d  o u t  t o  assure t h e  most accurate p r e d i c t i o n  o f  these 
c r i t i c a l  parameters f o r  t h e  f i n a l  LFC f l i g h t  t e s t  a r t i c l e  s u c t i o n  a n a l y s i s .  

A study o f  attachment l i n e  pressure c o e f f i c i e n t  was conducted t o  determine and 
v a l i d a t e  t h e  spanwise v a r i a t i o n ,  as c a l c u l a t e d  by t h e  Jameson a n a l y t i c a l  
method. Resul ts  o f  t h e  study showed t h a t  i n  three-dimensional  f low,  t h e  case 
o f  t h e  f i n i t e  wing, t h e  at tachment l i n e  pressure c o e f f i c i e n t  i s  reduced r e l a -  
t i v e  t o  s imple sweep theory .  V a l i d i t y  o f  t h e  c a l c u l a t e d  Jameson l e a d i n g  edge 
pressures was subs tan t ia ted  u s i n g  both t h e  Garabedian and Neumann two 
dimensional codes, References 5 and 11, r e s p e c t i v e l y .  The two-dimensional 
c a l c u l a t i o n s ,  a t  very  low Mach number ( t h e  Neumann code i s  incompress ib le) ,  
agreed very w e l l .  Since these two codes were developed us ing  d i f f e r e n t  
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fo rmula t ions ,  t he  consis tency o f  t he  r e s u l t s  i n d i c a t e s  c o m p a t i b i l i t y  and 
v a l i d i t y  o f  bo th  fo rmula t ions .  I t  was thus concluded t h a t  t he  Jameson computa- 
t i o n  i s  r e l i a b l e  f o r  de termin ing  pressures near the  l ead ing  edge o f  t he  LFC 
t e s t  reg ion.  

Locat ion  o f  the  attachment l i n e  on the  MOD 8 lead ing  edge t e s t  a r t i c l e  was 
determined f o r  J e t s t a r  l i f t  c o e f f i c i e n t s  of 0.25, 0.33, and 0.40 a t  M = 0.75. 
This  range o f  l i f t  c o e f f i c i e n t s  corresponds t o  the  a n t i c i p a t e d  range o f  f l i g h t  
t e s t  cond i t i ons .  The r e s u l t i n g  spanwise v a r i a t i o n  o f  attachment l i n e  l o c a t i o n  
I s  shown i n  F igure  24. These r e s u l t s  were used t o  p o s i t i o n  and s i z e  
number 1 suc t i on  f l u t e  f o r  t h e  DAC l ead ing  edge LFC panel .  

t he  

-0.4 1 
-0.6 

SA (IN.) 

-0.8 

-1 .o 

FORWARD 

-1.2 I I I I 
45 60 66 60 

V/C (PERCENT SEMISPAN) 

SA MEASURED STREAMWISE ALONG SURFACE 
FROM LEADING EDGE - POSITIVE UPWARD 

FIGURE 24. ATTACHMENT LINE LOCATION - MOD 8 LFC GLOVE - FLIGHT TEST ARTICLE 
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F i n a l  LFC Leading Edge Glove Suct ion  D i s t r i b u t i o n  

Suc t ion  requirements f o r  t h e  MOD 8 l e a d i n g  edge shape were es tab l i shed us ing  
t h e  M A R I A  boundary l a y e r  s t a b i l i t y  code, which considers o n l y  t h e  c ross- f low 
i n s t a b i l i t y  (Reference 12) .  A comprehensive computer-graphic d i s p l a y  o f  t h e  
M A R I A  ou tpu t  was developed which g r e a t l y  enhanced t h e  i n t e r p r e t a t i o n  and 
usefulness o f  t h e  M A R I A  code as a des ign t o o l .  Pressure and s u c t i o n  
d i s t r i b u t i o n s  a r e  d isp layed a long w i t h  a carpe t  p l o t  o f  a m p l i f i c a t i o n  f a c t o r  
( N - f a c t o r )  versus chord s t a t i o n  ( x / c )  f o r  each wave length .  

Resul ts o f  t h e  M A R I A  boundary l a y e r  s t a b i l i t y  a n a l y s i s  f o r  a mldspan s t a t i o n  
o f  t h e  MOD 8 lead ing  edge glove, a t  des ign f l i g h t  c o n d i t i o n  w i t h o u t  suct ion,  
a r e  shown i n  F igure  25. The range o f  a m p l i f i c a t i o n  f a c t o r  values, i n d i c a t i v e  
o f  c ross- f low i n s t a b i l i t y  i n  t h e  boundary l a y e r ,  i s  between 7 and 9. This  
range o f  values was based upon p r i o r  c o r r e l a t i o n  w i t h  t h e  SALLY code which 
t r e a t s  bo th  t h e  c ross- f low and T o l l m e i n - S c h l i c h t i n g  (streamwise) i n s t a b i l i t i e s .  
The c o n d i t i o n  shown i n  F igure  25 was judged t o  be a m a r g i n a l l y  s t a b l e  cross- 
f l o w  s i t u a t i o n  i n  which t r a n s i t i o n  would be expected t o  occur a t  7 t o  10 
percent  chord. 

The e f f e c t s  o f  s u c t i o n  d i s t r i b u t i o n  v a r i a t i o n  on t h e  a m p l i f i c a t i o n  f a c t o r  
envelope a t  t h e  des ign f l i g h t  c o n d i t i o n  a r e  i l l u s t r a t e d  i n  F igure  26. This  
example i s  f o r  a p r e l i m i n a r y  case i n  t h e  development o f  t h e  s u c t i o n  
d i s t r i b u t i o n  f o r  t h e  LETA and i t  does n o t  correspond t o  t h e  s u c t i o n  
d i s t r i b u t i o n  f i n a l l y  s p e c i f i e d  f o r  the  t e s t  a r t i c l e  a t  des ign f l i g h t  
c o n d i t i o n .  A very  dramat ic e f f e c t  o f  s u c t i o n  a p p l i e d  a t  t h e  l e a d i n g  edge and 
encompassing t h e  at tachment l i n e  i s  shown. The nominal case, based upon t h e  
e a r l i e r  ana lys is ,  had no s u c t i o n  a t  t h e  lead ing  edge, a pr imary s u c t i o n  l e v e l  
o f  CQ = -0.0005 f rom x/c = 0.01 t o  0.07, and a s u s t a i n i n g  l e v e l  o f  
CQ = -0.0001 t h e r e a f t e r .  For t h i s  case (l), o n l y  a s l i g h t  r e d u c t i o n  i n  
a m p l i f i c a t i o n  f a c t o r  r e l a t i v e  t o  t h e  case w i t h o u t  s u c t i o n  was obtained. 
Inc reas ing  t h e  pr imary s u c t i o n  t o  CQ = -0.0009 ( 2 )  d i d  n o t  apprec iab ly  
reduce t h e  a m p l i f i c a t i o n  f a c t o r  envelope. However, extending t h e  pr imary 
s u c t i o n  ( a t  t h e  nominal va lue  o f  CQ = -0.0005) forward t o  t h e  attachment 
l i n e  ( 3 )  r e s u l t e d  i n  s u b s t a n t i a l  r e d u c t i o n  o f  t h e  a m p l i f i c a t i o n  f a c t o r  
envelope. This  r e s u l t  demonstrated t h e  importance o f  s u c t i o n  a p p l i e d  a t  t h e  
attachment l i n e  and i t s  e f f e c t i v e n e s s  i n  reducing t h e  c ross- f low i n s t a b i l i t y  
development i n  t h e  boundary l a y e r  downstream. I t  became e v i d e n t  t h a t  modest 
s u c t i o n  a p p l i e d  upstream o f  a r e g i o n  sub jec t  t o  s t rong c ross- f low i n  t h e  
boundary l a y e r  I s  more e f f e c t i v e  i n  c o n t r o l l i n g  growth o f  t h e  c ross- f low 
i n s t a b i l i t y  than l a r g e  amounts o f  s u c t i o n  a p p l i e d  a f t e r  t h e  i n s t a b i l i t y  has 
developed s i g n i f i c a n t l y .  A l o g i c a l  misconcept ion a r i s i n g  f rom X-21 c r i t e r i a ,  
t h a t  s u c t i o n  a long t h e  attachment l i n e  was n o t  necessary when t h e  attachment 
l i n e  Reynolds number (Re) was l e s s  than 100, has r e s u l t e d  i n  prev ious 
s u c t i o n  d i s t r i b u t i o n s  which d i d  n o t  cons ider  use o f  s u c t i o n  a t  t h e  attachment 
l i n e .  
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Off-des ign f l i g h t  t e s t  c o n d i t i o n s  were i n v e s t i g a t e d  t o  assure, based upon 
M A R I A  code r e s u l t s ,  t h a t  a f l i g h t  c o n d i t i o n  could r e a d i l y  be achieved where 
t r a n s i t i o n  would c e r t a i n l y  occur near t h e  lead ing  edge o f  t h e  LFC t e s t  reg ion.  
A t  a Mach number o f  0.77 and an a l t i t u d e  o f  32,000 f t ,  t h e  peak va lue o f  t h e  
a m p l i f i c a t i o n  f a c t o r  was found t o  be 12 w i t h o u t  suc t ion ,  which i s  cons iderably  
above t h e  t r a n s i t i o n  t h r e s h o l d  value. I n  t h i s  Instance, t r a n s i t i o n  would be 
expected t o  occur a t  3 t o  4 percent  chord. The e f f e c t  o f  pr imary suct ion,  
a p p l i e d  over t h e  f i r s t  4 percent  o f  chord a t  a modest l e v e l  o f  CQ = -0.0004, 
reduces t h i s  peak a m p l i f i c a t i o n  f a c t o r  f rom 12 t o  8. This  r e s u l t  again 
emphasized t h e  importance o f  s u c t i o n  a p p l i e d  a long t h e  attachment l i n e  and 
i n d i c a t e d  t h a t  t h e  J e t S t a r  LFC g l o v e  f l i g h t  t e s t  would p r o v i d e  a v a l i d  t e s t  o f  
t h e  p e r f o r a t e d  t i t a n i u m  sur face  and DAC LFC c o n f i g u r a t i o n .  

The bas ic  s u c t i o n  d i s t r i b u t i o n  se lec ted  f o r  t h e  LFC Leading Edge Glove a t  
design f l i g h t  c o n d i t i o n  was d e f i n e d  as f o l l o w s :  

(1) CQ = -0.0005 i n  t h e  r e g i o n  extending f rom t h e  at tachment l i n e  
through F l u t e  No. 7, which extends t o  x/c = 0.035 a t  t h e  
inboard end o f  t h e  t e s t  panel and t o  x/c = 0.044 a t  t h e  
outboard end. ( T h i s  i s  t h e  pr imary s u c t i o n  l e v e l  a p p l i e d  i n  
t h e  r e g i o n  where t h e  c ross- f low i n s t a b i l i t y  predominates.) 

(2) CQ = -0.0001 i n  t h e  r e g i o n  covered by F l u t e  No. 8 through 15.  The 
t r a i l i n g  edge o f  F l u t e  No. 1 5  i s  a t  x/c - 0.111 inboard and 
a t  x/c - 0.147 outboard.  ( T h i s  i s  t h e  s u s t a i n i n g  s u c t i o n  
l e v e l  a p p l i c a b l e  i n  t h e  r e g i o n  o f  t h e  T o l l m e i n - S c h l i c h t i n g  
i n s t a b i l i t y  dominance.) 

This  s u c t i o n  d i s t r i b u t i o n  i s  shown i n  F igure  27. The cont inuous s u c t i o n  
l e v e l s ,  used f o r  a n a l y t i c a l  purposes, a r e  g iven a long w i t h  t h e  equ iva len t  
s u c t i o n  values which occur as an i n t e r m i t t e n t  d i s t r i b u t i o n  as t h e  f l o w  crosses 
t h e  p e r f o r a t e d  s t r i p s .  I t  should be noted t h a t  t h e  s u c t i o n  f l u t e s  a r e  
tapered; thus, t h e  e q u i v a l e n t  s u c t i o n  values were determined by t h e  r a t i o ,  
t o t a l  sur face  area/porous area, f o r  each f l u t e .  
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FIGURE 27. BASIC SUCTION DISTRIBUTION 

A t  the  design f l i g h t  c o n d i t i o n  a check was made us ing  the  more comprehensive 
SALLY boundary l a y e r  s t a b i l i t y  ana lys i s  code (Reference 10) t o  assure t h a t  the  
M A R I A  ana lys i s  was adequate f o r  determin ing occurrence and l o c a t i o n  o f  t rans -  
i t i o n  on the  J e t S t a r  LFC g love .  (The MARIA ana lys i s  I s  s i m p l i f i e d ;  (1 )  t o  
consider  on l y  growth o f  t he  c ross- f low i n s t a b i l i t y ,  and ( 2 )  uses a spec ia l i zed  
approximat ion,  based upon r e s u l t s  f rom the  SALLY code, t o  q u i c k l y  so lve  f o r  
c ross- f low d is tu rbance a m p l i f i c a t i o n  f a c t o r s . )  A n a l y t i c a l  r e s u l t s  us ing  the  
SALLY code i n d i c a t e d  t h a t  t r a n s i t i o n  would occur a t  approx imate ly  3.7 percent  
chord ( a m p l i f i c a t i o n  f a c t o r  g rea te r  than 9 )  w i t h o u t  suc t i on .  The 
corresponding r e s u l t s  f o r  the  bas ic  suc t i on  d i s t r i b u t i o n  a re  p l o t t e d  i n  F igure  
28. These c a l c u l a t i o n s  show t h a t  a t  design cond i t i ons  a maximum a m p l i f i c a t i o n  
o f  5 occurs i n  the  c ross- f low s e n s i t i v e  reg ion  and the  growth o f  the  
To l lme in -Sch l i ch t i ng  d is turbances I s  no t  c r i t i c a l  u n t i l  approx imate ly  20 
percent  chord. Extens ion o f  s u c t i o n  a f tward  would be necessary t o  sus ta in  a 
laminar  boundary l a y e r  beyond 20 percent  chord. The SALLY s t a b i l i t y  ana lys i s  
conf i rms the  conc lus ion  developed us ing  the  M A R I A  code as a p r e l i m i n a r y  
ana lys i s  method. 
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FIGURE 28. DOUGLAS LFC LEADING EDGE SUCTION PANEL BOUNDARY LAYER STABILITY 
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00 

LFC Leading Edge Suc t ion  Panel I n t e r f a c e  Flow Cond i t ions  

Flow cond i t i ons ,  s u c t i o n  f l o w  q u a n t i t y ,  and f l u t e  e x i t  pressure were est imated 
f o r  each f l u t e  o f  t h e  LFC s u c t i o n  panel. These est imates were based upon the 
sur face  pressures and bas ic  s u c t i o n  d i s t r i b u t i o n  a t  t h e  design f l i g h t  t e s t  
c o n d i t i o n .  I t  should be noted t h a t  sur face  pressures and the  a n a l y t i c a l l y  
determined s u c t i o n  d i s t r i b u t i o n s  a r e  f o r  cont inuous s u c t i o n  q u a n t i t i e s  and 
t h i s  must be reconc i l ed  w i t h  t h e  i n t e r m l t t e n t  p o r o s i t y  o f  t h e  a c t u a l  s u c t i o n  
surface. The s u c t i o n  sur face  i s  e s s e n t i a l l y  a s e r i e s  o f  p e r f o r a t e d  s t r i p s ,  
extending spanwise a long t h e  LFC lead ing  edge panel and a l t e r n a t i n g  chordwise 
w i t h  non-porous s t r i p s  o f  bonded sur face  between the  p e r f o r a t e d  t i t a n i u m  s k i n  
and the  f l u t e d  f i b e r g l a s s  subs t ruc tu re .  F igu re  29 shows the  arrangement o f  
pe r fo ra ted  s t r i p s  on t h e  u n r o l l e d  s u c t i o n  surface. Also shown i n  F igure  29 
a re  t h e  p red ic ted  isobars  on t h e  t e s t  a r t i c l e  sur face  a t  t h e  design f l i g h t  
c o n d i t i o n .  This  f i g u r e  i l l u s t r a t e s  the  ex ten t  o f  chordwise and spanwise 
pressure v a r i a t i o n  expected over t h e  p e r f o r a t e d  s u c t i o n  areas. 
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The cons idera t ions  and procedure used t o  es t imate  f l o w  parameters f o r  t he  
suc t i on  panel a re  summarized below: 

Chordwise pressure v a r i a t i o n  ( g r a d i e n t )  across the  w id th  o f  t he  
pe r fo ra ted  (porous) s t r i p  - a consequence o f  t he  chordwise pressure 
d i s t r i b u t i o n .  

Spanwise pressure v a r i a t i o n  a long the  l eng th  o f  the  f l u t e  - the  
r e s u l t  o f  three-dimensional  e f f e c t s  w i t h i n  the  LFC lead ing  edge t e s t  
reg1 on. 

A p p l i c a t i o n  o f  s u f f i c i e n t  suct ion '  through the  pe r fo ra ted  s t r i p  area 
t o  p rov ide  the  equ iva len t  ( i n t e g r a t e d )  suc t i on  requ i red  by the  bas ic  
chordwise suc t i on  d i s t r i b u t i o n .  

Assurance t h a t  a c t u a l  s u c t i o n  l e v e l s  meet  requirements i n  a l l  porous 
areas, cons ider ing  spanwise ex te rna l  pressure v a r i a t i o n s  a long the  
suc t i on  f l u t e s .  

Assurance t h a t  o u t f l o w  does n o t  occur cons ider ing  chordwise pressure 
g rad ien t .  

Nominal p o r o s i t y  of 14.5 S C F M / f t 2  a t  14  p s f  p r e s s u r e  d i f f e r e n t i a l  
across the  pe r fo ra ted  t i t a n i u m  suc t i on  sur face.  Flow i s  l i n e a r  w i t h  
pressure d i f f e r e n t i a l  i n  the  reg ion  o f  i n t e r e s t  and cor rec ted  t o  
f l i g h t  t e s t  ambient cond i t i ons .  This  r e l a t i o n  i s  g iven  I n  F igure  30. 

M 0.20 i n  t h e  e x i t  duc t  f rom each f l u t e .  

F l u t e  pressure and suc t i on  f l o w  q u a n t i t y  were i n i t i a l l y  determined f o r  each 
f l u t e  a t  design f l i g h t  t e s t  c o n d i t i o n  (pressure d i s t r i b u t i o n )  and bas ic  suc t i on  
d i s t r i b u t i o n .  F l u t e  pressure was ad jus ted  u n t i l  t h e  requ i red  s u c t i o n  f l o w  was 
obta ined a t  t he  c r i t i c a l  spanwise l o c a t i o n  i n  accordance w i t h  I t em ( c ) ,  assum- 
i n g  the  nominal p o r o s i t y  f o r  t h e  pe r fo ra ted  suc t i on  area, I t e m  ( f ) .  Then, i f  
necessary, t he  f l u t e  pressure was reduced f u r t h e r  t o  comply w i t h  I t e m s  ( d )  and 
( e ) .  Wi th  the  f l u t e  pressure thus es tab l i shed,  t he  r e s u l t i n g  t o t a l  f l o w  
through the  pe r fo ra ted  s u c t i o n  area was ca l cu la ted  us ing  the  nominal p o r o s i t y  
and the  pressure d i f f e r e n t i a l  between the  f l u t e  and e x t e r n a l  surface. 
F i n a l l y ,  t he  v e l o c i t y  o f  t he  t o t a l  f l o w  through t h e  f l u t e  e x i t  duc t  was 
evaluated t o  a f f i r m  t h a t  t he  Mach number i n  the  e x i t  duc t  was l e s s  than 0.20, 
I t em ( 9 ) .  Thus, t he  f l o w  q u a n t i t y  and i n t e r f a c e  pressure were est imated f o r  
each f l u t e .  These parameters a r e  tabu la ted  i n  columns 3 and 4 o f  Table 3 f o r  
t he  Basel ine - Nominal Flow through the  suc t i on  sur face.  
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Flow cond i t i ons  f o r  t he  LFC lead ing  edge suc t i on  panel were ad jus ted  f o l l o w -  
i n g  bench t e s t i n g  o f  t h e  suc t i on  panel .  Actual  suc t i on  areas f o r  each f l u t e  
were determined by i n s e r t i n g  a l i g h t  probe i n t o  t h e  f l u t e ,  then observ ing and 
measuring the  w id th  o f  t h e  open suc t i on  area. Flow measurements then 
es tab l i shed the  sur face  p o r o s l t y  index f o r  t he  suc t i on  area o f  each f l u t e .  
The measured sur face p o r o s i t y  f o r  each f l u t e  i s  l i s t e d  I n  Column 5 o f  Table 
3. These values were then used t o  e s t a b l i s h  t h e  ad jus ted  I n t e r f a c e  f l o w  
cond i t i ons  tabu la ted  i n  Columns 6 and 7 o f  Table 3 f o r  t he  base l i ne  - nominal 
and base l ine  - 150 percent  Nominal f lows.  The r e s u l t i n g  i n t e r f a c e  pressures 
a re  genera l l y  l ess  than the  prev ious est imate,  as noted, and t h e  t o t a l  f l o w  i s  
reduced s l i g h t l y  because t h e  average . p o r o s i t y  i s  l ess  than t h e  reference 
value. Thls  i s  due t o  the  f a c t  t h a t  t he  pressure d i f f e r e n t i a l  needed t o  meet 
minimum suc t i on  requirements and prevent  i n f l o w - o u t f l o w  i s  achieved a t  lower 
values o f  f l o w  through the  sur face.  

The nominal suc t i on  f l o w  d i s t r i b u t i o n ,  which r e s u l t e d  f rom the  fo rego ing  
ana lys i s  and adjustments, i s  p l o t t e d  i n  F igure  31. This  basel ine-nominal  f l o w  
i s  g rea te r  than the  bas ic  suc t i on  d i s t r i b u t i o n  noted f o r  re fe rence on the  
f i g u r e .  Excess suc t i on  i s  a consequence o f  compliance w i t h  t h e  fo rego ing  
cond i t i ons  ( a )  through ( f ) .  Thus the  basel ine-nominal  f l o w  prov ides suc t i on  
i n  excess o f  t he  bas ic  suc t i on  d i s t r i b u t i o n  everywhere a long the  f l u t e s  except 
a t  t he  c r i t i c a l  spanwise l o c a t l o n ,  and even the re  whenever o u t f l o w  must be 
prevented. 

The same procedure was then app l i ed  f o r  150 percent  o f  t he  bas ic  suc t i on  
d i s t r i b u t i o n ,  i .e . ,  CQ = -0.00075, f rom the  attachment l i n e  t o  x/c = 0.04 
and CQ = -0.00015 downstream f rom x/c = 0.04. I n t e r f a c e  f l o w  cond i t i ons  f o r  
t h i s  case a re  l i s t e d  i n  Columns 6 and 7 o f  Table 4. Al though the  reference 
suc t i on  l e v e l s  a r e  increased 50 percent ,  t he  a c t u a l  f l o w  q u a n t i t i e s  a re  
increased by a l esse r  amount because of t he  conserva t ive  cond i t i ons  used t o  
e s t a b l i s h  the  base l i ne  - nominal f low.  The reduc t i on  i n  f l u t e  pressure 
necessary t o  achieve 150 percent  o f  nominal f l ow  a t  t he  c r i t i c a l  spanwise 
l o c a t i o n  r e s u l t s  i n  a l esse r  percentage increase i n  t h e  suc t i on  f l o w  elsewhere 
a long the  f l u t e .  The suc t i on  d i s t r i b u t i o n  f o r  t h i s  second case i s  a l s o  shown 
i n  F igure  31. 

An eva lua t l on  was made o f  t h e  v e l o c i t y  through the  p e r f o r a t i o n s  and the  
corresponding ho le  Reynolds number, based upon the  150 percent  nominal s u c t i o n  
f l o w  case. The pe r fo ra ted  sur face  f l o w  c h a r a c t e r i s t i c s  p l o t t e d  i n  F igure  30, 
t h e  sur face  pressure d i s t r i b u t i o n  shown i n  F igure  29, and t h e  i n t e r f a c e  
( f l u t e )  pressures g iven i n  Table 4, Column 7 were used t o  determine the  
l a r g e s t  pressure d i f f e r e n t i a l  across the  pe r fo ra ted  t i t a n i u m .  I t  was found 
t h a t  t h e  l a r g e s t  pressure d i f f e r e n c e s  a re  expected t o  occur a t  t h e  inboard 
l ead ing  edge o f  f l u t e  number 3, where a ho le  Reynolds number o f  185 was 
computed a t  a v e l o c i t y  o f  409 f t / s e c  through t h e  ho le .  A t  t he  
basel ine-nominal  f low,  t h e  same c r i t i c a l  c o n d i t i o n  occurred and t h e  maximum 
h o l e  Reynolds number decreased t o  147.  Although these ho le  Reynolds numbers 
seem la rge ,  they a re  l e s s  than h a l f  o f  t he  va lue demonstrated d u r i n g  t h e  swept 
wing wind tunne l  t e s t  w i t h o u t  causing any adverse e f f e c t  ( i . e . ,  t r a n s i t i o n ) .  
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SUCTION 
FLUTE 
No. 

I 

2 

3 

4 

5 

6 

7 

8 

9 

I O  

I I  

I 2  

13 

14 

I5  

DUCT 
I D  
IN. 

0.75 

I .OO 

I .OO 

I .OO 

I .OO 

I .OO 

I .OO 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

TABLE 3 
ADJUSTED INTERFACE FLW CONDITIONS 

Baseline - Naninal Flow 

FLOW( 1 )  
LB/SEC 

0.00418 

0.00389 

0.00380 

0.00373 

0.00419 

0.00480 

0.00454 

0.00153 

0.00131 

0.00145 

0.00150 

0.00150 

0.00150 

0.00150 

0.00150 - 
Total Flow 0.04092 

PRESSURE ( I 
PSF 

52 I 

’ 453 

370 

320 

286 

262 

255 

269 

269 

267 

266 

266 

266 

266 

266 

FLUTE (2) 
POROS I TY 

14.0 

14.0 

12.0 

15.0 

14. I 

16. I 

14.8 

13.9 

13.7 

12.0 

6.9 

12.7 

13.2 

12.2 

8.0 

FLOW(’) 
LB/SEC 

0.00408 

0.00360 

0.00342 

0.00370 

0.00410 

0.00479 

0.00451 

0.00147 

0.001 19 

0.00125 

0.001 12 

0.00130 

0.00136 

0.00130 

0.001 I6 

Total Flow 0.03835 

PRESSURE (3) 
PSF 

513 

446 

358 

315 

280 

260 

250 

268 

268 

265 

26 I 

265 

265 

265 

262 

( 1 )  Revised 12-8-82 for nominal porosity of  14.5 SCFWFT2 a t  14 PSF AP. 
(2) Measured f lu te  porosity, 7-12-83 bench tes t  a t  NASA DFRF. 
(3) Flow conditions adjusted for individual f lu te  porosity values. 
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TABLE 4 
ADJUSTED INTERFACE FLW CONDITIONS 
Baseline - 150 Percent Nominal Flow 

SUCT I ON DUCT 
FLUTE ID FLW(I) PRESSURE ( I FLUTE (2) FLW(3) 
IJO. IN. LWSEC PSF POROSITY LB/SEC 

I 0.75 0.00600 499 14.0 0.00590 

2 I .OO 0.00521 434 14.0 0.00490 

3 I .OO 0.00504 353 12.0 O.Oo460 

4 I .OO 0.00534 301 15.0 0.00528 

5 I .OO 0.00603 267 14. I 0.00593 

6 I .oo 0.00693 24 I 16. I 0.00690 

7 I .OO 0.00668 234 14.8 0.00665 

8 0.75 0.001% 265 13.9 0.00179 

9 0.75 0.00175 265 13.7 0.00165 

IO 0.75 0.00180 264 12.0 0.00160 

I I  0.75 0.00192 262 6.9 0.00155 

12 0.75 0.00192 262 12.7 0.00167 

I 3  0.75 0.00192 262 13.2 0.00170 

14 0.75 0.00192 262 12.2 0.00160 

15 0.75 0.00192 262 8.0 0.00157 - 
Total Flow 0.05634 Total Flow 0.05329 

PRESSURE (3) 
PSF 

489 

428 

332 

295 

26 I 

240 

228 

264 

264 

26 I 

254 

260 

260 

259 

255 

( 1 )  Revised values 12-8-82 for nominal porosity of 14.5 SCFWFTz a t  14 PSF AP. 
(2) Measured f lu te  porosity, 7-12-83 bench tes t  a t  NASA DFRF. 
(3) Flow conditions adjusted for individual f l u t e  porosity values. 
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5.5 LFC SURFACE WAVINESS C R I T E R I A  

Waviness c r i t e r i a  f o r  t h e  LFC lead ing  edge f l i g h t  t e s t  a r t i c l e  were adapted 
f rom a v a i l a b l e  X-21 r e s u l t s  (Reference 13) and i n f o r m a t i o n  prov ided by M r .  
A.L. Braslow o f  NASA. S p e c i f i c a t i o n  o f  waviness c r i t e r i a  f o r  f a b r i c a t i o n  o f  
t h e  LFC f l i g h t  t e s t  a r t i c l e  was s i m p l i f i e d  t o  t h e  values shown i n  F igure  
32. For t h e  wavelengths l e s s  than 10 inches, a height- to-wavelength r a t i o  
o f  0.001 i s  s p e c i f i e d  w h i l e  f o r  longer  wavelengths, a maximum wave h e i g h t  of 
0.010-inches i s  s p e c i f i e d .  M u l t i p l e  wave c r i t e r i a ,  computed according t o  
Reference 13, a re  shown f o r  t h e  design f l i g h t  c o n d i t i o n  a t  38,000 f e e t  and 
f o r  an o f f -des ign  a l t i t u d e  o f  30,000 f e e t .  The s p e c i f i e d  waviness 
to le rances  f o r  t h e  f l i g h t  t e s t  a r t i c l e  a re  more severe than t h e  m u l t i p l e  
wave c r i t e r i a  a t  design t e s t  a l t i t u d e .  

h 
(IN.) 

0.012 - 
~ # ' 38,000 FEET 

h = 0.010 
0.010 - 

,,-* 30,000 FEET 

0.008 - 

0.006 - 

- SPECIFICATION --- 38,000FEET 
.---111-11 30.000 FEET 

LES 213.3 OUTBOARD 

X LES 181.4 OUTBOARD 

0 LES 194.5 OUTBOARD 

+ LES 169.0 INBOARD 
I I 

0 2 4 6 8 10 12 14 16 18 
WAVELENGTH, (IN.) 

FIGURE 32. LFC FLIGHT TEST ARTICLE SPECIFICATION WAVINESS LIMITS - 
MULTIPLE-WAVE CRITERIA 
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Waviness measurements were made on a 20-inch span lead ing  edge t e s t  
specimen, which was used f o r  envirnomental  t e s t i n g  o f  PGME f l o w  and sur face 
c l e a r i n g  a t  very low temperatures, and t h e  corresponding p o r t i o n  o f  t he  

waviness gauge descr ibed i n  Reference 13, a t  a room temperature o f  70°F 
and i n  a co ld  chamber a t  a temperature of -70°F. 

I swept wing model female t o o l .  These measurements were made us ing  a 3-polnt  

These data showed t h a t :  

1. Contour o f  t h e  t o o l i n g  used t o  form and cure the  f l u t e d  subs t ruc ture  
and ou te r  surface was accu ra te l y  reproduced i n  t h e  f i n i s h e d  p a r t .  

2. There was no evidence o f  changes i n  sur face  contour due t o  change i n  
temperature, w l t h i n  t h e  range o f  -70°F t o  +70°F. 

3. The technique f o r  measuring waviness w i t h  a 3-point  gauge and d i a l  
i n d i c a t o r  was repeatable and r e l i a b l e .  

I Waviness measurements o f  t he  LFC lead ing  edge suc t i on  panel, a f t e r  bonding 
o f  t h e  pe r fo ra ted  t i t a n i u m  s k i n  t o  the  subst ructure,  a r e  noted on F igure  
32. These measurements were a l l  w i t h i n  the  l i m i t s  s p e c i f i e d  and encompass 
t h e  e n t i r e  span o f  t he  suc t i on  panel .  

54 



SECTION 6 
LOW-SPEED SWEPT WING MODEL TEST 

A wind tunne l  t e s t  was conducted i n  the  DAC Low-Speed Wind Tunnel us ing  a 
two-dimensional swept wing model which had been developed and tes ted  
p rev ious l y  (See Sect ion  8.2 o f  Reference 4 ) .  The o b j e c t i v e s  o f  t h i s  t e s t  were 
(1 )  t o  eva lua te  the  aerodynamic and sur face suc t i on  system c h a r a c t e r i s t i c s  o f  
a lead ing  edge panel having the  same c o n f i g u r a t i o n  as t h a t  developed f o r  the  
LFC lead ing  edge g love  f l i g h t  t e s t  a r t i c l e ,  and (2 )  t o  eva lua te  methods f o r  
d e t e c t i n g  t r a n s i t i o n  f r o m  laminar  t o  t u r b u l e n t  f l o w  us ing  unobt rus ive  acous t ic  
sensing techniques. A b r i e f  d e s c r i p t i o n  o f  the  model and sumnary o f  r e s u l t s  
fo l l ows .  

6.1 MODEL DESCRIPTION AND INSTALLATION 

The model used I n  t h i s  t e s t  was a 30-degree swept wing sec t i on  which spanned 
the  tunne l  t e s t  sec t i on  and had a 6 - foo t  chord, normal t o  the  l ead ing  edge. A 
s imple three-segment f l a p ,  h inged a t  0.85 chord, was prov ided t o  a d j u s t  t he  
pressure d i s t r i b u t i o n .  S idewal l  f a i r i n g s  were i n s t a l l e d  t o  b e t t e r  s imulate 
the  f l o w  over a h igh  aspect r a t i o  wing. 

The lead ing  edge and upper sur face  panels o f  t he  bas ic  model were removable 
and incorpora ted  t h e  a c t i v e  LFC surfaces t o  be tes ted .  The e x i s t i n g  Dynapore 
upper sur face panel ,  which extended from the  f r o n t  spar t o  0.70 chord, was 
used i n  t h i s  t e s t .  A new lead ing  edge panel, having the  pe r fo ra ted  t i t a n i u m  
sur face  bonded t o  a f l u t e d  f i b e r g l a s s  subs t ruc ture  s i m i l a r  t o  t h a t  designed 
f o r  t he  LFC f l i g h t  t e s t  a r t i c l e ,  was the  pr imary c o n f i g u r a t i o n  component f o r  
t h i s  t e s t .  

The new lead ing  edge panel cons ls ted  o f  a pe r fo ra ted  t l t a n i u m  sk in ,  0.025-inch 
t h i c k  w i t h  nominal 0.0025-inch-diameter holes spaced 0.025 i n c h  apar t  i n  an 
orthogonal  a r ray ,  bonded t o  t h e  lands o f  a f l u t e d  f i b e r g l a s s  subs t ruc ture .  
The subs t ruc ture  formed the  spanwise suc t i on  ducts.  The r e s u l t i n g  LFC sur face 
cons is ted  o f  spanwise s t r i p s  o f  d i s t r i b u t e d  suc t i on  between the  suppor t ing  
bonded s t r i p s .  A cross sec t i on  o f  t h e  lead ing  edge panel  i s  shown i n  F igure  
33. This  f i g u r e  i l l u s t r a t e s  t h e  subsurface s t a t i c  p o r t  sleeves loca ted  i n  t h e  
spacer f l u t e s  and t h e  o p t i o n a l  subsurface d i f f u s e r - b a f f l e  i n  a s u c t i o n  f l u t e .  
A photo o f  t he  l ead ing  edge i n s t a l l e d  i n  the  tunne l  i s  shown i n  F igure  34. 

I n t e r i o r  suc t i on  f i t t i n g s  were prov ided on t h e  l ead ing  edge panel  t o  s imu la te  
t h e  f l i g h t  t e s t  a r t i c l e  suc t i on  system. Two suc t i on  f i t t i n g s  were prov ided 
f o r  each suc t i on  f l u t e ,  a p r imary  f i t t i n g  a t  t h e  inboard end o f  t h e  f l u t e  and 
an a l t e r n a t i v e  f i t t i n g  near t h e  midspan o f  t he  f l u t e .  

Suc t ion  f o r  t he  t e s t  was prov ided through the  pr imary man i fo ld  by a 50 H.P. 
c e n t r i f u g a l  b lower.  Suc t ion  l i n e s  were connected from the  ends o f  each f l u t e  
o f  t h e  o r i g i n a l  Dynapore upper sur face  panel t o  secondary man i fo lds  i n  groups 
o f  4 f l u t e s  per  man i fo ld .  The s u c t i o n  ducts  f r o m  the  l ead ing  edge panel  were 
brought ou t  o f  t he  model through openings i n  the  ou te r  s t r u c t u r a l  r i b s .  Flow 
through each secondary man i fo ld  was c o n t r o l l e d  by a s imple gate va lve  and 
measured w i t h  Meriam Type 50 MW20 laminar  f l o w  meters.  

55 



--&----- OPTIONAL DIFFUSER-BAFFLE 
STRIP INSTALLED 
IN SUCTION FLUTE 

FIGURE 33. SWEPT-WING MODEL LEADING EDGE PANEL CROSS SECTION 

FIGURE 34. SWEPT-WING MODEL IN DAC TUNNEL 
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Ins t rumenta t ion  f o r  t h i s  t e s t  inc luded the  fo l l ow ing :  

1. Subsurface S t a t i c  Pressure Taps - These pressure sensors were 
i n s t a l l e d  i n  the  spacer f l u t e s  between t h e  suc t i on  f l u t e s .  S t a t i c  
pressure was measured through the  porous surface. Three chordwise 
rows o f  s t a t i c  pressure taps were loca ted  a t  t he  tunnel  c e n t e r l i n e  and 
1 5  inches on e i t h e r  s ide  of t he  c e n t e r l i n e .  There were 13 subsurface 
pressure taps i n  each row. 

2. F l u t e  Pressure - F l u t e  pressure was measured i n  each o f  t h e  30 suc t ion  
f l u t e s .  Four a d d i t i o n a l  spanwise f l u t e  pressures were measured i n  
f l u t e  numbers 4, 8, and 12. 

3. Boundary Layer To ta l  Pressures - Boundary l a y e r  t o t a l  pressures were 
measured a t  3 spanwise s t a t i o n s .  Three-tube t o t a l  pressure rakes were 
loca ted  a t  70 percent  chord on the  tunnel  c e n t e r l i n e  and 1 5  inches on 
e i t h e r  s ide  o f  t h e  tunne l  c e n t e r l i n e .  

4. Acoust ic Sensors - Three K u l i t e  microphones, prov ided by NASA, were 
loca ted  approximately 3 inches inboard o f  t he  tunne l  c e n t e r l i n e  i n  the  
spacer f l u t e s  downstream o f  suc t i on  f l u t e  No. 6, 9, and 12.  

A B&K 4136 1/4- inch condenser microphone was exposed i n t e r n a l l y  t o  
se lected subsurface s t a t i c  pressure sensors. 

Acoust ic data was recorded and analyzed us ing  an osc i l l oscope  and an 
audio analyzer .  

A hand-held t o t a l  pressure probe connected t o  a medical stethoscope 
prov ided a d i s t i n c t i v e  a u d i t o r y  s igna l  which was the  most r e l i a b l e  
method o f  i d e n t i f y i n g  and l o c a t i n g  boundary l a y e r  t r a n s i t i o n .  

5. Flow Cont ro l  and Measurement - Suct ion f low was c o n t r o l l e d  by valves 
and measured through Meriam laminar f l o w  meters. I n  add i t i on ,  a 
Parker-Hannefin remote c o n t r o l  va lve and a pro to type automat ic c o n t r o l  
va lve  were i n s t a l l e d  f o r  eva lua t i on  as p a r t  o f  t h e  t e s t  program. 

6.2 TEST RESULTS AND ANALYSIS 

Aerodynamic t e s t i n g  conf i rmed prev ious t e s t  r e s u l t s  f o r  t he  swept wing model. 
Laminar f l o w  was achieved on t h e  upper sur face pas t  70 percent  chord w i t h  the  
nominal suc t i on  d i s t r i b u t i o n .  Nominal suc t i on  consis ted o f  CQ = -0.0005 i n  
t h e  c ross- f low region, f rom t h e  lead ing  edge (attachment l i n e )  t o  approximately 
6 percent  chord, fo l lowed by a sus ta in ing  suc t i on  l e v e l  o f  C = -0.0001 
app l i ed  downstream t o  t h e  f r o n t  spar j o i n t .  Th is  sus ta in ing  l eve  e precludes 
t r a n s i t i o n  i n  the  reg ion  where To l lme in-Sch l ich t ing  i n s t a b i l i t y  p r e v a i l s .  
Suc t ion  on t h e  Dynapore upper sur face  panel was maintained a t  e s s e n t i a l l y  the  
same values requ i red  i n  prev ious t e s t i n g .  Increased suc t i on  (CQ = -0.0004) 
was necessary a f t  o f  t h e  f r o n t  spar j u n c t u r e  t o  recover f rom (1) t h e  4- inch 
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chordwise gap i n  app l ied  suct ion,  and ( 2 )  surface anomalies associated w i t h  the 
j unc tu re  between the  suc t ion  panels. Furthermore, i n  the  a f t  reg ion  o f  the 
upper surface panel, cross- f low cond i t ions  again become dominant i n  the  adverse 
grad ien t  o f  the  pressure recovery reg ion.  Typ ica l l y ,  t h i s  recovery reg ion  
requ i red  CQ values ranging from -0.0011 t o  -0.0013. With suc t ion  o f f ,  
t r a n s i t i o n  occurred a t  8 percent  chord f o r  a Reynolds number o f  8.5 x 106. 
This t r a n s i t i o n  l o c a t i o n  was the  same as obtained p rev ious l y  on the reference 
nonporous lead ing  edge panel (Reference 4 ) .  

E f fec ts  o f  surface pressure d i s t o r t i o n  (spanwise grad ien t )  were i nves t i ga ted  
us ing d i f f e r e n t i a l  d e f l e c t i o n  o f  t he  t ra i l i ng -edge  f l a p  segments. Laminar f l o w  
was achieved by inc reas ing  the  suc t i on  app l ied  i n  order t o  ma in ta in  c r i t i c a l  
suc t ion  a t  the  spanwise l o c a t i o n  o f  minimum sur face pressure. 

Resul ts showed t h a t  a l a r g e  increase i n  suc t ion  i s  requ i red  t o  extend laminar 
f l o w  i f  i n s t a b i l i t y  o f  t he  laminar boundary l a y e r  i s  a l lowed t o  develop and 
approach a cond i t i on  o f  imminent t r a n s i t i o n .  The amount o f  suc t ion  requ i red  
t o  extend laminar f l o w  i s  q u i t e  dependent upon the  cond i t i on  o f  t he  laminar 
boundary l aye r  a t  t he  p o i n t  where suc t ion  i s  appl ied,  o r  resumed i n  the  case 
o f  i n t e r r u p t e d  suct ion.  

Minimum suc t ion  a l lows moderate i n s t a b i l i t y  growth where a m p l i f i c a t i o n  fac to rs  
may increase t o  values i n  the  4 t o  5 range and then a l t e r n a t e  as the  f l o w  
progresses downstream. Hence, i n  a reg ion  where suc t ion  cannot be app l ied  
p r a c t i c a l l y ,  such as a j u n c t u r e  between suc t ion  panels, a d d i t i o n a l  suc t ion  i s  
requ i red  ahead o f  t he  i n t e r r u p t i o n  i n  order t o  prevent  a m p l i f i c a t i o n  fac to rs  
f rom reaching a c r i t i c a l  value (approximately 9) before suc t i on  can be 
resumed. Thus, a small amount o f  a d d i t i o n a l  suc t ion  app l ied  ahead o f  the 
i n t e r r u p t i o n  may be the  equ iva len t  o f  much l a r g e r  suc t ion  app l ied  downstream 
from the  i n t e r r u p t i o n .  Therefore, i t  i s  imprudent t o  assume t h a t  laminar f l o w  
can be extended a r b i t r a r i l y  by i n t roduc ing  a minimal l e v e l  o f  suct ion.  Such a 
minimum suc t ion  would be appropr ia te  on ly  f o r  t he  laminar boundary l a y e r  which 
has been condi t ioned upstream by a c a r e f u l l y  ad justed suc t ion  d i s t r i b u t i o n .  
Increased suc t ion  would be requ i red  t o  extend a mature laminar boundary l aye r  
t h a t  was about t o  t r a n s i t i o n  t o  t u r b u l e n t  f l o w .  

De l ibera te  at tempts t o  cause t r a n s i t i o n  due t o  oversuct ion were unsuccessful 
i n  t h i s  t e s t ,  a t  l e a s t  t o  the  l i m i t s  o f  the  t e s t  equipment. App l i ca t i on  o f  
suc t ion  t o  a l o c a l  suc t i on  c o e f f i c i e n t  value o f  -0.0050, which was 10 times 
the  nominal pr imary suc t ion  l e v e l ,  d i d  no t  have any adverse e f f e c t  on the 
ex ten t  o f  laminar f l o w  observed. Excessive suc t ion  was app l ied  sequen t ia l l y  
t o  F l u t e  No. 2, 3 ,  and 4. The maximum oversuct ion was achieved i n  F l u t e  No. 
2, which i s  e s s e n t i a l l y  a t  t he  lead ing  edge (x/c = 0.003 t o  x/c - 0.005). The 
ho le  Reynolds number computed f o r  t h i s  case was 383. 
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Several a u x i l i a r y  i t e m s  were evaluated r e l a t i v e  t o  features o f  t he  lead ing  
edge f l i g h t  t e s t  a r t i c l e .  Spanwise l o c a t i o n  o f  suc t ion  f l u t e  f i t t i n g s ,  a t  
midspan ra the r  than a t  the  inboard end o f  the suc t ion  f l u t e ,  was found t o  be 
n o n - c r i t i c a l  f o r  the  f l o w  ra tes  and f l u t e  lengths used i n  t h i s  t e s t .  Resul ts 
a l so  showed t h a t  the  backup subsurface d i f f u s e r - b a f f l e  devices were no t  
requ i red  i n  the  suc t ion  f l u t e s .  Evaluat ion o f  remote c o n t r o l  valves f o r  the 
suc t ion  system d i d  no t  reveal  any c h a r a c t e r i s t i c s  which would prec lude t h e i r  
use f o r  the  f l i g h t  t e s t  program. To the ex ten t  determinable i n  t h i s  t e s t ,  
there  were no adverse e f f e c t s  noted due t o  operat ion o f  e i t h e r  the  pro to type 
chamber va lve o r  t he  Parker-Hannlf in valve.  

Considering r e s u l t s  o f  t e s t i n g  o f  t he  LFC Swept Wing Wind Tunnel Model, i t  was 
concluded t h a t  t he  LFC leading-edge panel con f igu ra t i on  f o r  the  leading-edge 
g love f l i g h t - t e s t  a r t i c l e  i s  genera l l y  s a t i s f a c t o r y  w i t h  respect t o  
aerodynamic c h a r a c t e r i s t i c s .  For the f l u t e  lengths and expected f l o w  
quan t i t i es ,  opera t ion  i s  s a t i s f a c t o r y  w i t h  suc t ion  app l ied  a t  the  inboard end 
o f  the  f l u t e s  and i t  i s  no t  necessary t o  i s o l a t e  the  inner  sur face o f  the  
per fo ra ted  t i t a n i u m  from the  f l o w  along the suc t ion  f l u t e s .  

Tes t ing  o f  acoust ic  t r a n s i t i o n  de tec t i on  devices and techniques took the  major 
p o r t i o n  o f  the  t e s t  t i m e ;  i t  concluded w i t h  negat ive t o  indeterminate 
r e s u l t s .  The K u l i t e  sensors d i d  no t  show any usefu l  response o r  i n d i c a t i o n  o f  
t r a n s i t i o n  through the  per fo ra ted  t i t a n i u m  surface. Detect ion o f  t r a n s i t i o n  
us ing a microphone and s t a t i c  pressure o r i f i c e s  was marg ina l l y  successful  when 
the  pressure o r i f i c e s  were d r i l l e d  t o  a convent ional  diameter f o r  s t a t i c  pres- 
sure o r i f i c e s  (approximately 0.040 inch ) .  However, t h i s  r e s u l t  was no t  
acceptable w i t h  respect t o  t he  o b j e c t i v e  o f  a c o u s t i c a l l y  de tec t i ng  t r a n s i t i o n  
through the  per fo ra ted  surface. 
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SECTION 7 
DETAIL DESIGN 

Based on a formal p re l im ina ry  design review, the LFC concept and bas ic  systems 
operat ions were establ ished.  Some changes and compromises were necessar i l y  
incorporated du r ing  the  d e t a i l  design, bu t  no s i g n i f i c a n t  changes o r  re-  
d i r e c t i o n s  occurred. The changes t h a t  were made between p re l im ina ry  design 
and f i n a l  design were t o  s i m p l i f y  fabr ic .a t ion  and improve assembly methods. 

7.1 LEADING EDGE LFC SUCTION PANEL 

The aerodynamic ana lys is  performed on the  f i n a l  agreed a i r f o i l  shape, MOD 8, 
i nd i ca ted  t h a t  suc t ion  app l ied  a t  t he  most forward l oca t i on ,  i n c l u d i n g  the 
attachment l i n e ,  g ives the  grea tes t  b e n e f i t  f o r  reducing the  a m p l i f i c a t i o n  
f a c t o r .  Therefore, the  d e t a i l  design incorporates a suc t ion  f l u t e  l ayou t  t h a t  
provides f o r  captur ing,  i n  one f l u t e ,  the  attachment l i n e  along the  e n t i r e  
length  and over i t s  chordwise excursion throughout the  angle o f  a t tack  range 
o f  i n t e r e s t  a t  c ru ise .  The attachment l i n e  reg ion  o r  band tends t o  slope 
upward from the  inboard end o f  the  t e s t  sec t ion  t o  the  outboard end. As 
depic ted i n  F igure 35, the  f i rs t  f l u t e  i s  designed wide enough t o  completely 
i nc lude  t h i s  s lop ing  band. The bottom edge o f  t he  second f l u t e  i s  o r ien ted  
exac t l y  along the  lead ing  edge as a reference l i n e .  Because t h e  pressure 
isobars a re  c lose r  together  outboard than inboard, some tapered f l u t e s  a re  
necessary a f t  o f  the  lead ing  edge t o  stay w i t h i n  the  maximum C variance. A 
maximum Cp var iance o f  0.4 i s  used as the  c r i t e r i o n  t o  minimyze the  energy 
necessary t o  ob ta in  the  requ i red  pressure i n  each f l u t e .  I n  matching t h i s  
c r i t e r i o n  w i t h  the  tape r ing  t e s t  sect ion,  which has a longer  chord outboard 
than inboard, a l l  f l u t e s  o ther  than 1, 4, and 5 a re  tapered. F lu tes  2 and 3 
increase s l i g h t l y  i n  w id th  toward the  inboard edge t o  best  match the  Isobar  
p a t t e r n  and C v a r i a t i o n  l i m i t .  The remaining f l u t e s  increase i n  w id th  
toward the  outgoard edge t o  best  match the  tape r ing  t e s t  sect ion.  F igure 36 
i l l u s t r a t e s  the  r e l a t i o n s h i p  o f  t he  f l u t e  layout  w i t h  the  t h e o r e t i c a l  constant 
Cp l i n e s .  A t y p i c a l  cross sec t ion  o f  the  lead ing  edge f l u t e  con f igu ra t i on  
i s  shown i n  F igure 37. 

Each f l u t e  has one suc t i on  o u t l e t  f i t t i n g  i n s t a l l e d  a t  t he  inner  sur face near 
the  inboard end. These suc t ion  f i t t i n g s  (F igure  38) are  bonded t o  the  
f i b e r g l a s s  backing face o f  t he  suc t i on  panel a f t e r  matching s l o t s  have been 
c u t  i n t o  the  f l u t e s .  P l a s t i c  ny lon  hoses are  at tached w i t h  clamps t o  the  
suc t i on  f l u t e  f i t t i n g s .  These hoses ca r ry  the  suc t i on  a i r  t o  the  inboard 
i n t e r f a c e  o f  the  t e s t  a r t i c l e  where they are  at tached t o  the  aluminum tub ing  
t h a t  cont inues c a r r y i n g  the  suc t i on  a i r  t o  the  chamber va lve assembly i n  the  
Je tStar  cabin. 

A t  t he  t r a i l i n g  edge o f  t he  suc t i on  panel and j o i n e d  secure ly  t o  i t  i s  a 
removable panel of f i b e r g l a s s  and non-perforated t i t a n i u m  t h a t  extends the 
sur face a f t  t o  form a sensor panel. This panel extends spanwise f o r  the  f u l l  
leng th  o f  the  t e s t  a r t i c l e  and chordwise t o  several  inches behind the  spar. 
Various sensors t o  de tec t  laminar f l o w  o r  e s t a b l i s h  the  cond i t ions  t h a t  e x i s t  
on the  suc t ion  panel can be mounted on t h i s  sensor panel. 

, i W X D l N G  PAGE BLANK NOT FILMED 
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FIGURE 35. ATTACHMENT LINE BAND AND FLUTE NUMBER 1 
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FIGURE 36. CONSTANT C, LINES AND FLUTE CONFIGURATION 
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FIGURE 37. LEADING EDGE FLUTE CONFIGURATION 
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FIGURE 38. SUCTION FLUTE FITTING 
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7.2 LEADING EDGE SUPPORT STRUCTURE 

As i l l u s t r a t e d  i n  F igure  2, t h e  suc t i on  and sensor panel assembly t h a t  forms 
t h e  upper sur face i s  a t tached t o  t h e  Je tStar  wing by means o f  r i b s  mounted on 
the  f r o n t  spar. The f i v e  main r i b s  and two c losure  r i b s  a re  connected a t  t he  
bottom by several  f u l l  l eng th  s t r i n g e r s  and access panels t o  c lose  the  box. 
The r i b s  a re  at tached t o  the  spar through machined aluminum a t t a c h  f i t t i n g s .  
The u n i t  i s  designed t o  have these a t t a c h  f i t t i n g s  permanently mounted on the  
spar and f o r  t h e  r i b s  and access panels t o  be detachable. 

7.3 HIGH-LIFT SHIELD SYSTEM 

Two double r i b s  inboard and outboard are  designed t o  support t h e  s h i e l d  
ac tua t i ng  hinges, t he  ac tua tors  and l inkages t h a t  operate t h e  s h i e l d  which, I n  
the  c losed p o s i t i o n ,  forms about 50 percent o f  t h e  lower sur face o f  t he  t e s t  
a r t i c l e .  An a d d i t i o n a l  i d l e r  h inge t h a t  supports the  s h i e l d  a t  i t s  mid-span 
i s  connected t o  an in te rmed ia te  r i b .  Th is  r i b  i s  a t tached t o  the  f r o n t  spar 
through a four-bar  l i nkage  t h a t  reduces load t r a n s f e r  between the  wing and the  
t e s t  component by a l l ow ing  acceptable r e l a t i v e  d e f l e c t i o n s .  A sec t i on  through 
the  inboard ac tua tor  s t a t i o n  I s  shown i n  F igure 39. The s h i e l d  i s  shown both 
i n  the  c losed p o s i t i o n  and t h e  f u l l  open p o s i t i o n .  

MOD 8C AT CANT LES 167367 /- 
ADJUSTABLE LINK 

PNEUMATIC LINES FOR LE. DE-ICE I 

CONTAMINATION AVOIDANCE 

ICE PROTECTION 
HYDRAULIC RETURN LINE 

PLANE 

FIGURE 39. INBOARD ACTUATOR RIB LINKAGE INSTALLATION 
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I n  a d d i t i o n  t o  suppor t ing the  ac tua tor ,  b e l l  crank, l inkage,  and hinge f o r  the  
sh ie ld ,  each p a i r  o f  machined r i b s  has mechanical stops incorporated t o  l i m i t  
t he  t r a v e l  o f  the  ac tua t i on  mechanism i n  the  event o f  f a i l u r e  i n  the  hydrau l i c  
d r i v e  motor shut -o f f  c i r c u i t .  The hydrau l i c  d r i v e  motor i s  mounted on the  
wing spar outboard o f  t he  t e s t  a r t i c l e .  A torque sha f t  connects t h e  motor t o  
the  outboard actuator ,  which i n  t u r n  i s  connected t o  the  inboard ac tua tor  by a 
s i m i l a r  torque shaf t .  The l inkages, sh ie ld ,  hinges, and ove r r i de  stops a re  
designed t o  be f a i l - s a f e  i n  the  event o f  any s i n g l e  f a i l u r e  such as a broken 
hinge o r  torque shaf t .  

7.4 SUCTION/CCEARING SYSTEH 

The maintenance o f  laminar f l o w  c o n t r o l  by d i s t r i b u t e d  suc t ion  requ i res  a 
f a i r l y  soph is t i ca ted  system capable o f  p rov id ing  the  proper suc t i on  f l o w  and 
corresponding pressure f o r  each area on the  a i r f o i l  surface. The s t r u c t u r a l  
design o f  t he  lead ing  edge panel provides i s o l a t e d  f l o w  channels o r  f l u t e s  
t h a t  d i v i d e  the  panel i n t o  15  spanwise s t r i p s  o f  porous t i t a n i u m  through which 
a i r  can f l o w  i n  o r  ou t  through the  surface. 

The f l o w  through each f l u t e  i s  c o n t r o l l e d  i n d i v i d u a l l y  by a motor-dr iven va lve 
i n  a chamber va lve assembly. The chamber, 25-inch long by 20-inch diameter, 
i s  located i n  the  cabin o f  t h e  J e t s t a r  and conta ins a l l  15  valves f o r  
c o n t r o l l i n g  the  f l o w  i n  o r  ou t  o f  t he  f l u t e s .  The opera t ion  o f  t he  chamber 
va lve assembly i n  the  suc t ion  mode requ i res  a suc t ion  source w i t h  s u f f i c i e n t  
capac i ty  t o  ma in ta in  the  pressure i n  the  chamber below the  lowest requirement 
o f  any f l u t e  on the  t e s t  sect ion.  A t  the  same time, the  suc t i on  source must 
p rov ide  the  combined f l o w  volume f o r  a l l  o f  t he  f l u t e s .  For design purposes, 
t he  requirement o f  t he  DAC t e s t  a r t i c l e  i s  a t o t a l  maximum f l o w  o f  0.056 
pounds per second a t  a pressure o f  230 pounds per square f o o t .  

The valves a re  requ i red  t o  operate f rom zero f l o w  t o  a maximum based on the  
suc t ion  requirements a t  the  l o c a t i o n  o f  t he  per fo ra ted  s t r i p  o f  each ind ivdua l  
f l u t e .  The pressure requirement i s  d i c t a t e d  by the  sur face pressure over the  
per fo ra ted  area o f  t he  f l u t e .  The pressure d i f f e r e n t i a l  between the  f l u t e  
pressure and the  sur face es tab l i shes  the  f l o w  through the  porous surface 
dependlng on t h e  pressure drop c h a r a c t e r i s t i c  o f  t he  porous surface. The 
volume o f  f l o w  requ i red  depends on the  cond l t l on  o f  t he  boundary l a y e r  as the  
a i r  f lows over t h a t  p o r t i o n  o f  t he  porous surface. 

The c a p a b i l i t i e s  b u i l t  I n t o  the  suc t i on  system a l l o w  f o r  t he  p o s s i b i l i t y  o f  
exp lo r i ng  o f f -des ign  cond i t ions  by p rov id ing  f o r  an excess o f  up t o  150 
percent  o f  t he  ca lcu la ted  f l o w  requ i red  a t  any one f l u t e  area. This excess 
capac i ty  should a l l o w  i n v e s t i g a t i o n  o f  o f f -des ign  cond i t ions ,  damage 
to lerance,  waviness, and p a r t i a l  blockage o f  sur face po ros i t y .  
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7.5 ENVIRONMENTAL PROTECTION AND SURFACE CLEARING 

- Contamination Avoidance 

The pr imary purpose o f  the  s h i e l d  i s  t o  d e f l e c t  o r  catch a i rborne  debr is  and 
thus prevent i t  f r o m  contaminat ing the  lead ing  edge o f  the  t e s t  a r t i c l e  dur ing  
takeoff  and landing. Such a dev ice has been wind tunnel  tes ted  against  
insec ts  and proved t o  be e f f e c t i v e .  I 
Since i t  may be c r i t i c a l  t o  keep the  lead ing  edge f r e e  o f  v i r t u a l l y  a l l  
contaminantes, i n c l u d i n g  i c e ,  a secondary p r o t e c t i o n  system i s  incorporated on 
the  sh ie ld .  This secondary system cons is ts  o f  12 spray nozzles mounted on the  
back o f  the  sh ie ld ,  spaced and d i r e c t e d  a t  the lead ing  edge such t h a t  a l i q u i d  
under pressure can be deposi ted on the  lead ing  edge i n  s u f f i c i e n t  q u a n t i t i e s  
t o  prov ide a continuous p r o t e c t i v e  coat ing  (see F igure 40).  The l i q u i d  proven 
most e f f e c t i v e  and chemical ly  acceptable I s  propylene g l y c o l  methyl e ther  
(PGME) d i l u t e d  t o  60 percent s o l u t i o n  w i t h  water. PGME i s  a f reez ing-po in t  
depressant which extends the  usable operat ing temperatures t o  w e l l  below the  
f reez ing  p o i n t .  This would be impor tant  du r ing  operat ions where the f reez ing  
l e v e l  occurs a t  a r e l a t i v e l y  low a l t i t u d e  such t h a t  the JetStar  comes i n  
contact  w i t h  the  below-f reez ing a i r  before the  CA operat ion i n c l u d i n g  surface 
clearance i s  completed. This a b i l i t y  t o  operate a t  below-freezing temperature 
a l so  a l lows the  CA spray s y s t e m  t o  be used t o  c l e a r  any i c e  t h a t  may 
accumulate on the  lead ing  edge suc t ion  panel. I n  t e s t s  us ing  PGME a f i n l t e  
t i m e  was requ i red  t o  c l e a r  a l l  t he  l i q u i d  f rom the  surface, and the t ime 

I increased a t  co lder  temperatures. 

Design o f  the  CA spray system con t ro l s  a l lows f o r  i n t e r m i t t e n t  operat ion.  
This permits the  amount o f  l i q u i d  app l ied  t o  the  sur face t o  be var ied.  (See 
F igure 41.) An e a r l y  o b j e c t i v e  o f  the  t e s t  opera t ion  should be t o  determine 
the  minimum amount o f  l i q u i d  requ i red  t o  prevent contaminat ion from 
i n f l u e n c i n g  the  achievement o f  laminar f low.  The recommended operat ion 
inc ludes the  use o f  s u f f i c i e n t  c l e a r i n g  a i r  t o  keep a s l i g h t  p o s i t i v e  pressure 
beneath the  surface and a l l o w  some ou t f l ow  through t h e  porous sur face whenever 
l i q u i d  i s  on the  surface. 
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FIGURE 40. CA LIQUID SPRAY NOZZLES ON SHIELD 

SHIELD I D  SYSTEM CA SPRAY SYSTEM 
1. TKS CONTROL UNIT. 7. SYSTEM SELECTOR SWITCH. 
2. SYSTEM ON/OFF SWITCH. 8. CYCLE TIMER CONTROLS. 
3. LOW-PRESSURE WARNING LIGHT (AMBER). 9. SHIELD EXTENDED LIGHT (GREEN). 
4. ANTI-ICE LIGHT, NORMAL OPERATION (BLUE). 10. FLUID SPRAY ON LIGHT (AMBER). 
5. FLUID QUANTITY INDICATOR. 11. PURGE ON LIGHT (AMBER). 

12. N2 PRESSURIZATION SWITCH. 
13. FLUID SUPPLY PRESSURE GAGE. 
14. N2 PURGE PRESSURE GAGE. 

SUIPLY 
PRESSURE 

FIGURE 41. CONTROL FOR CA SPRAY AND IP SYSTEMS 
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Ice Protection 

To provide protection against ice formation on the shield that would affect 
high-lift performance, a TKS Ltd. ice protection system, which secretes a 
freezing-point depressant through a porous panel, is inserted in the leading 
edge of the shield. The shield, being extended normally for takeoff and 
climb, will be in the position to catch any leading edge ice during an 
encounter.with icing conditions. During such encounters the TKS system is 
operated and the glycol based freezing-point depressant fluid flows over the 
surface of the shield to prevent ice from accumulating. This may provide 
sufficient ice protection for the main wing leading edge and make use of the 
supplementary spray system unnecessary for this purpose. Figure 42 
illustrates the TKS installation on the shield. 

FIGURE 42. TKS IP INSTALLATION ON SHIELD LEADING EDGE 

Surface Clearing 

To supplement the natural tendency of any residual PGME and water mixture to 
evaporate or be swept aft and off the surface by the free stream airflow, 
clearing air is supplied to the flutes under pressure and can be forced out 
through the porous surface. Increasing the temperature of the clearing air 
increases the rate at which the surface can be cleared of liquid. Provision 
for varying the clearing air pressure in each flute as well as changing the 
temperature of the air supply is inherent in the system. 

The suction system has the ability to allow for reverse airflow through the 
system and to control the pressure and flow rate of clearing air. The 
clearing air source is the cabin air conditioning and pressurization system 
from the ground to 12,000 feet altitude. Above 12,000 feet, the emergency 
pressurization system is available for this purpose. The pressurization air 
is diverted into the system ahead of the chamber valve assembly. The chamber 
serves as an air pressure accumulator and the valves are then used to control 
the flow of pressurized air into the various flutes as required to maintain 
from 0.5 to 1.0 psi above the ambient pressure on the perforated surface at 
the flute location. This pressure has been shown in tests to be sufficient to 
expel any residual liquid from the perforations. The air flowing out through 
the perforated surface also aids in evaporating the surface liquid. 
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SECTION 8 
STRUCTURAL TESTING 

8.1 ELECTRON BEAM PERFORATED TITANIUM SURFACE 

The DAC-designed LFC suc t ion  panel has an ou ter  s k i n  sur face o f  
0.025-inch-thick t i t a n i u m  w i t h  an a r ray  of c lose ly  spaced holes.  The holes 
were formed by an e lec t ron  beam i n  an evacuated environment. The meta l lu rgy  
was a l t e r e d  i n  the  v i c i n i t y  o f  t he  holes, bu t  i t s  e f f e c t  on the  s t r u c t u r a l  
p roper t i es  was unknown. Also, because of the r e l a t i v e l y  small s i z e  o f  the  EB 
per fo ra ted  sheets a v a i l a b l e  from suppl iers ,  several  sheets had t o  be welded 
together .  T I G  welding was used t o  assemble the  EB per fo ra ted  sur face sheet 
f o r  t he  f l i g h t  t e s t  a r t i c l e .  The extent  t o  which t h i s  weld a l t e r e d  the  
meta l lu rgy  o f  t he  bas ic  t i t a n i u m  mate r ia l  was unknown and thus requi red 
a d d i t i o n a l  s t r u c t u r a l  t e s t i n g .  

The t i t a n i u m  p roper t i es  were  evaluated a t  room temperature and consis ted o f  
standard tens ion  and f a t i g u e  t e s t s .  For comparison, both p l a i n  t i t a n i u m  sheet 
and per fo ra ted  t i t a n i u m  w i t h  and w i thout  a welded j o i n t  were tes ted .  The 
r e s u l t s  o f  the  f a t i g u e  t e s t s  a r e  summarized i n  Table 5. The concern was the 
h i g h l y  per fo ra ted  sur face welded together  from smal ler  pieces would encounter 
accelerated f a t i g u e  f a i l u r e .  Both the  i n i t i a l  t e s t s  o f  p l a i n ,  per forated,  and 
welded per fo ra ted  t i t a n i u m  and the  recyc led specimen t e s t s  went beyond 120,000 
cyc les w i thout  f a i l u r e .  . F a i l u r e  was induced on ly  by inc reas ing  the  s t ress  
l e v e l s  w e l l  beyond t h a t  o f  t he  design l i m i t s .  A l l  o ther  p roper t i es  o f  the 
per fo ra ted  t i t a n i u m  were e s s e n t i a l l y  the  same as the  bas ic  t i t a n i u m  sheet a t  
-6SoF, room temperature, and +16OoF. 

8.2 BOND STRENGTH 

The f a b r i c a t i o n  o f  t he  LFC suc t i on  panel requ i red  bonding o f  per fo ra ted  
t i t a n i u m  t o  a f l u t e d  f i b e r g l a s s  subst ructure.  I n  f l i g h t  t e s t i n g  the  suc t ion  
panel, i t  w i l l  be exposed t o  the  extremes o f  atmospheric temperatures i n  both 
wet  and d r y  c o n d i t i o n s .  S t r u c t u r a l  t e s t i n g  o f  both the  f i b e r g l a s s  and the  
bonded j o i n t s  was c a r r i e d  ou t  f rom -65°F t o  160°F. I n  a d d i t i o n  t o  normal 
exposure t o  water, t he  suc t i on  panel w i l l  be exposed t o  c lean ing  so lvents  and 
f reez lng-po in t  depressants used i n  the  contaminat ion avoidance and i c e  protec-  
t i o n  systems. Tes t ing  o f  t he  f i b e r g l a s s  and bonded j o i n t s  was accomplished i n  
the  presence o f  these ma te r ia l s  as we l l ,  and r e s u l t s  a re  presented l a t e r  i n  
t h i s  sect ion.  

The types o f  shear t e s t s  f o r  t he  f l b e r g l a s s  inc luded in te r l am ina r  shear, r a i l  
shear, and fastener  shear-out as w e l l  as fastener  bear ing.  For the  combined 
f i b e r g l a s s  bonded t o  per fo ra ted  t i tan ium,  both the  double-lap shear and 
c l imb ing  drum peel  t e s t s  were performed. The r e s u l t s  o f  these t e s t s  a re  
summarized i n  Table 6. Since e x i s t i n g  standards f o r  the  ma te r ia l s  t o  be used 
d i d  no t  inc lude the  lower c u r i n g  and bonding temperatures proposed, the  values 
f o r  mechanical p roper t i es  used i n  the  design were taken from the  tab le .  

A f l a t  panel b u r s t  t e s t  assessed the  s t r u c t u r a l  i n t e g r i t y  and bond s t rength  o f  
t he  EB per fo ra ted  ou ter  t i t a n i u m  sheet t o  the f i b e r g l a s s  f l u t e d  subst ructure.  
The tes ted  specimen was a panel 4-1/2 by 7 inches conf igured as i n  F igure 43. 
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TABLE 5 
SUMMARY OF EB PERFORATED TITANIUM FATIGUE TESTS 

I 1. P l a i n  T i  O =  0/12,000 120,000 

SPECIMEN NO. AND 
DESCRIPTION R = M I N  STRESS/MAX STRESS CYCLES 

2. EB Per f  T i  O =  0/12,000 120,000 

3. Welded P e r f  T i  O =  0/12,000 120,000 
~~~ ~ 

4. EB Per f  T i  -0.75 = -9,000/12,000 120,000 

5. Welded Per f  T i  -0.75 = -9,000/12,000 120,000 

6. P l a i n  T i  -0.67 = -16,000/24,000 120, ooo* 
7. EB Per f  T i  -0.67 = -16,000/24,000 120 ,ooo* 
8. Yelded P e r f  T i  -0.67 = -16,000/24,000 120 , ooo* 

9. EB Per f  T i  -2.8 = -33,600/12,000 77,000 ( f a i l e d )  

10. Welded Per f  T i  -2.8 = -33,600/12,000 49,000*** ( f a i  1 ed) 

11. P l a i n  T i  -2.5 = -29,800/11,900 120,000 

I 12. P l a i n  T i * *  -2.66 = -60,480/22,720 6,000 ( f a i l e d )  

*Recycl ing o f  specimens from Tests 1, 2, and 3. 

**Cont inuat ion o f  t e s t  11 a t  h igher  s t r e s s  l e v e l .  

***Fai 1 u re  occurred approximately 0.22 i n c h  from center  o f  weld bead 
a long a row o f  pe r fo ra t i ons .  

Note: The negat ive  s i g n  i n d i c a t e s  compressive s t ress.  
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TABLE 6 

MECHANICAL PROPERTIES TEST RES'JLTS 

16,200 
( 8,840) Dry 

TEST 
METHODS 

Shear 

Tension 
FG 

16,840 
D rY (22,600) 

J 

Compression 
FG 

19,000 

14,000 

57,000 
(68,400) 
37,000 

3,800 

3,360 

88 

( 2,950) 

Interlaminar 
Shear 
FG 

14,200 

9,400 

43,000 
(48,400) 
26,000 

2,450 

2,300 

103 

Rai l  Shear  
FG 

Bearing 

Fastener  
Shearout 
FG 

82,000 
Dry (84,690) .. Fastener  

Bearing 
FG 

Double Lap 
Shear 
T i  t o  FG 

C1 imbi  ng 
Drum Peel 
T i  t o  FG 

1 68,000 
Tens. S t r e s s  1'- 

(50.6001 

58,300 50,000 

80 3 300 

78,000 51,500 1 Dry I I 65y000 1 
Cornp. (83,400) (62 ,OO@) (50,900) 

i (71,801)) f (53,700) (40,700) 
Stress Wet 

16,000 I Wet I S t r e s s  

1 17,130 I Wet Stress 

Shear I I I 23,200 1 Wet Stress 

1 

3,650 D r Y  

3,650 
Shear 
S t r e s s  

I 79 
Average I Dry 1 
Load I I 

14,500 9,200 
( 8,350) ( 7,390) +- 12,100 6,400 

10,940 I 10,290 

75 
66 1 

( ) Prope r t i e s  f o r  NARMCO N588/7781 (ECDE-1/0-550) 
F iberg lass  Epoxy - MIL-HDBK 17A 
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The specimen was f i rs t  tes ted  t o  a suc t i on  pressure o f  -12 p s i  w i thou t  any 
s ign  of f a i l u r e .  I t  was then tes ted  t o  a p o s i t i v e  pressure u n t i l  f a i l u r e  
occurred along the  edge bond o f  t he  s k i n  t o  the  subs t ruc ture  a t  108 p s i .  This 
i s  w e l l  i n  excess o f  t he  maximum c a p a b i l i t y  o f  t he  c l e a r i n g  a i r  supply system, 
even w i t h  a pressure c o n t r o l  system mal func t ion .  

SEAL PERFORATED TITANIUM OVER 
SUCTION FLUTE WITH DMS 2082 
OR EQUIVALENT. 4 PLACES 

7 .O 

SCALE 112 

112 OD X 0.028 X 4 
CRES TUBE TYPE 321 

\ PATCH 

\ \ \  

TUBE 

B - B  
SCALE 111 

1 .o 

t 

4.0 

A - A  

FLARE END OF 
TUBE PER S5021205-55 
MS20819-12J SLEEVE \ \  AN818-12J NUT 

314 OD X 0.028 X 10 
CRES TUBE TYPE 321 

TYPE 2 
MIL-T-8808, COMP 321 

FIGURE 43. BURST SPECIMEN 
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Adhesive Tolerance t o  PGME 

The f a b r i c a t i o n  o f  the  suc t i on  panel w i t h  f i g e r g l a s s  f l u t e d  subs t ruc ture  and 
per fo ra ted  t i t a n i u m  surface requ i res  a super ior  bonding adhesive between the 
f i g e r g l a s s  and t i t an ium.  Both AF31 and FM73 adhesives were ex tens ive ly  tes ted  
and found t o  have adequate bond s t rength  under d ry  and wet cond i t ions .  The 
an t i c ipa ted  use o f  a chemical c lean ing  so lvent  such as EGME o r  PGME as a 
surface c l e a r i n g  o r  contaminat ion avoidance f l u i d  requ i red  t h a t  t he  bond be 
tes ted  a f t e r  exposure t o  these so lvents .  Considerable d e t e r i o r a t i o n  I n  the  
FM73 bond occurred a f t e r  moderate exposure t o  e i t h e r  o f  t he  so lvents .  AF31 
proved t o  be l e a s t  a f fec ted  by exposure t o  PGME which i s  t he  pr imary 
contaminat ion avoidance f l u i d .  

The AF31 adhesive t h a t  was se lected has a phenol ic  base whereas FM73 has an 
epoxy base. The epoxy base adhesives tend t o  break down and lose  s t rength  i n  
the  prolonged presence o f  g l y c o l  type solvents,  w h i l e  the  phenol ic  base 
adhesives have a much grea ter  res is tance t o  g l y c o l .  Although some decrease i n  
s t reng th  o f  the  AF31 was noted under prolonged exposure t o  PGME a t  e levated 
temperature, the  r e l a t i v e l y  sho r t  exposure t ime du r ing  a g iven f l i g h t  t e s t  and 
the  complete d ry ing  o f  the  t e s t  a r t i c l e  between exposures t o  PGME do no t  
c o n s t i t u t e  any hazard over the  a n t i c i p a t e d  l i f e  o f  the  t e s t  a r t i c l e .  

8.3 NOSE BOX TEST 

A f l u t e d  f i b e r g l a s s  curved subs t ruc ture  w i t h  a bonded per fo ra ted  t i t a n i u m  
surface s k i n  represent ing the  LFC f l i g h t  t e s t  a r t i c l e  suc t i on  panel s t r u c t u r e  
was tes ted  i n  compression and t o r s i o n .  Loads were app l ied  i n  two separate 
t e s t s  t o  the  one common specimen. The tes ted  u n i t  i s  shown i n  F igure 44. The 
specimen cross sec t i on  i s  representa t ive  o f  the  ac tua l  f l i g h t  t e s t  a r t i c l e  
contour.  The specimen i s  20 inches long w i t h  f l a t  p la tes  at tached t o  the 
ends. These f l a t  p la tes  d i s t r i b u t e  the  t e s t  a x i a l  compression and torque 
loads t o  the  ends o f  the  specimen. 

COMPRESSION 
TEST /-TORQUE TEST 

~~ 

I / REACTION 

SHEARCENTER TORQUE TEST 
LOAD 

20 

LOWER S U R F A C E ~  
81 GEN 22107 

FIGURE 44. AXIAL COMPRESSION/TORSIONAL SHEAR TEST SPECIMEN 
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The compression t e s t  load  was based on the  Je tStar  wing, maximum v e r t i c a l  
d e f l e c t i o n  o f  t3.3 inches between wing s t a t i o n s  196 and 135 (61 inches i n  
length)  a t  40 percent chord (GELAC SRD 72-73-843). The t e s t  compressive load 
was app l ied  t o  the  C . G .  o f  t h e  t e s t  sec t ion .  I t s  i n t e n s i t y  was representa t ive  
o f  the  wing bending moment load i n t e n s i t y  along the  upper sur face o f  the  
lead ing  edge du r ing  f l i g h t .  The t e s t  torque load was based on a wing t w i s t  o f  
0.4 degrees between W.S. = 196 and W.S. = 135 (61 inches i n  l eng th ) ,  about the  
40 percent wing chord. This  torque was app l led  about t h e  shear center  o f  the  
lead ing  edge t e s t  specimen. These t e s t s  were t o  he lp  subs tan t ia te  the  
s t r u c t u r a l  design and t o  determine i f  any l o c a l  i r r e g u l a r i t i e s  o f  t he  t i t a n i u m  
s k i n  sur face (between the  f l u t e d  subs t ruc ture)  occur due t o  the  design loads. 
Excessive i r r e g u l a r i t i e s  o f  0.003 t o  0.004 inch  would be s u f f i c i e n t  t o  t r i g g e r  
t u r b u l e n t  f low.  S t r a i n  gages were i n s t a l l e d  a t  f l u t e s  number 3 and 10, on the  
inner  and ou ter  surface, midway between the  f l a t  end p la tes .  (The f l u t e s  are 
numbered from 1 s t a r t i n g  a t  t h e  lead ing  edge and increas ing  toward the  f r o n t  
spar.) 

0.14 

0.12 

'.lo 

0.08 

0.06 

0.04 

0.02 

0 .  

A maximum compressive load o f  65,000 pounds and a maximum torque o f  17,000 
i n - l b  was app l ied  w i thou t  f a i l u r e  o f  t h e  t e s t  specimen. These loads du r ing  
non-dest ruct ive t e s t i n g  represent  approximately 70 percent  o f  t he  est imated 
specimen st rength.  Predic ted s t ress  l e v e l s  o f  t he  ou ter  t i t a n i u m  sheet and 
the  inner  f i b e r g l a s s  sheet compared favorab ly  w i t h  t e s t  r e s u l t s .  A check f o r  
surface i r r e g u l a r i t i e s  (waviness) o f  the  E6 per fo ra ted  t i t a n i u m  outer  s k i n  o f  
t he  f l u t e d  corrugated panel was made a t  0, 25, 50, 75, and 100 percent  o f  t he  
maximum app l ied  loads. F igure  45 i s  a p l o t  o f  three-pronged d i a l  i n d i c a t o r  
readings o f  t he  sur face waviness du r ing  the  compression and t o r s i o n  t e s t s .  
There was no v i s i b l e  o r  measurable change i n  waviness or deformat ion o f  t h e  E 8  
per fo ra ted  t i t a n i u m  sur face du r ing  o r  a t  t he  conclus ion o f  e i t h e r  t e s t .  
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FIGURE 45. WAVINESS MEASUREMENTS UNDER LOAD - 20-INCH LEADING EDGE SPECIMEN 
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SECTION 9 
STRUCTURAL ANAYSIS 

9.1 REQUIREMENTS 

The o v e r a l l  s t r u c t u r a l  requirements were provided by Lockheed, Reference 14. 
Deployment o f  the  s h i e l d  was l i m i t e d  t o  a maximum speed o f  250 KEAS o r  Mach 
0.4. I t  was necessary t o  avoid over loading the  e x i s t i n g  s t r u c t u r e  o f  the 
JetStar  a t  the  attachments o f  the  main r i b s  o f  t he  lead ing  edge f l i g h t  t e s t  
a r t i c l e  t o  the  f r o n t  spar. 

9.2 DESIGN LOADING CONDITION 

C r i t i c a l  f l i g h t  and s h i e l d  opera t iona l  loads were est imated f o r  t he  fo l l ow ing :  

o A i r loads  on the  e n t i r e  lead ing  edge t e s t  a r t i c l e  i n c l u d i n g  the  sensor 
panel. 

o A i r loads  on the  lead ing  edge s h i e l d  i n  deployed, in termediate,  and stowed 
pos i t i ons .  

o A i r loads  on the  c losure  r i b s  due t o  load t r a n s f e r  from the  adjacent 
Je tStar  f a1  r i ngs .  

o Induced load i n  the  lead ing  edge s t r u c t u r e  due t o  Je tStar  wing bending. 

o Fa i l - sa fe  load ing  cond i t ions  were a l so  determined. 

To reduce load t r a n s f e r  due t o  wing de f l ec t i ons ,  the  center  r i b  was supported 
by a four-bar  l inkage system, and a continuous spanwise shear attachment t o  
the  f r o n t  spar was avoided. 

To avoid over loading i n  the  event o f  an ac tua tor  o r  d r i v e  s h a f t  f a i l u r e ,  the 
hyd rau l i c  pressure t o  the  ac tua to r  was l i m i t e d  t o  650 p s i .  With t h i s  l i m i t ,  
the strength and stiffness o f  the shield system was sufficient to stall the 
other  ac tua tor  and prevent over loading. 

As a precaut ion,  a f a c t o r  o f  2.0 was used t o  determine the  u l t i m a t e  design 
loads f r o m  l i m i t  loads. 

9.3 AEROELASTIC ANALYSIS 

The design c r i t e r i a  were taken from FAR 25, which requ i res  the  s h i e l d  design 
t o  be f r e e  o f  f l u t t e r  and divergence a t  a l l  speeds up t o  1.2 V and, i n  

any o f  the  mechanical load paths. 
add i t i on ,  be f r e e  o f  f l u t t e r  a t  a l l  speeds up t o  VD f o l l o w i n g  a P a l l u r e  i n  

F igure 46 shows the  VD envelope. 
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DIVERGENCE SPEED; 
FAILED DRIVE LOAD 
PATH 

0 100 400 500 f 

EQUIVALENT AIRSPEED (KEAS) 

FIGURE 46. JETSTAR FLUTTER ENVELOPE - SHIELD EXTENDED 

The r e s u l t s  o f  the  analyses show t h a t  the  s h i e l d  has h igh  f l u t t e r  speed 
margins, bu t  i s  sub jec t  t o  s t a t i c  divergence f o l l o w i n g  a l oss  o f  the 
mechanical load path between e i t h e r  ac tua tor  and the  sh ie ld ;  f o r  example, by 
f a i l u r e  o f  e i t h e r  adjustment l i n k .  However, t he  minimum divergence speed was 
s t i l l  50 percent above the maximum intended t e s t  speeds. F a i l u r e  o f  the  
center  i d l e r  mechanism was n o t  c r i t i c a l .  
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SECTION 10 
TOOLING 

The most impor tant  p a r t  o f  the  LFC lead ing  edge f l i g h t  t e s t  a r t i c l e  t o  c o n t r o l  
d imensional ly  i s  the  ou ter  surface which must be o f  very accurate contour and 
f r e e  o f  waviness. Only those f a b r i c a t i o n  techniques t h a t  have a p o t e n t i a l  f o r  
y i e l d i n g  such a sur face were considered i n  the design o f  t he  f l i g h t  t e s t  
a r t i c l e  and i n  the  design and f a b r i c a t i o n  o f  the  t o o l i n g  t o  c o n t r o l  the more 
c r i t i c a l  assemblies. The f a b r i c a t i o n  and bonding technique used t o  produce 
wind tunnel  t e s t  panels had the  best  p o t e n t i a l  f o r  meeting t h i s  ob jec t i ve .  

The technique cons is t s  o f  b u i l d i n g  the  panel f rom the  ou ts ide  i n .  Since the  
smooth and accurate sur face i s  most important,  a very accura te ly  const ructed 
molding and bonding t o o l  i s  used as the  bas is  f o r  f a b r i c a t i n g  the  f i b e r g l a s s  
and carbon subst ructure.  S i l i c o n e  rubber mandrels w i t h  t rapezo ida l  cross 
sec t ion  prov ide  the  shape o f  the  suc t ion  a i r  c a r r y i n g  channels o r  f l u t e s .  
A l te rna te  f l u t e s  o f  t he  same shape bu t  i nve r ted  I n  o r i e n t a t i o n  separate the  
a c t i v e  f l u t e s  and a l s o  prov ide  a narrow land sur face f o r  bonding the  
per fo ra ted  t l t a n i u m  sk in .  A cross-sect ional  view o f  t h i s  arrangement i s  
i l l u s t r a t e d  i n  F igure  47. 

7 BONDING LAND PERFORATED TITANIUM 
POROUS SURFME MATERIAL 

[MOLDED FIBERGUSS 

FIGURE 47. CROSS SECTION OF SUCTION PANEL 

The f a b r i c a t i o n  o f  the  LFC lead ing  edge t e s t  a r t i c l e  was very dependent upon 
accurate and prec ise  t o o l i n g  f a b r i c a t i o n .  The t o o l i n g  was s p e c i f i e d  t o  c o n t r o l  
t he  accuracy o f  t he  ou ter  a i r f o i l  contour w i t h i n  0.010 inch  and the  waviness 
o f  t he  sur face was no t  t o  exceed 0.002 i n  1.0 inch.  This i s  g rea ter  accuracy 
than i s  requ i red  on the  f i n i s h e d  p a r t .  
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10.1 SUCTION PANEL 

For LFC, it is essential to have a very accurately shaped and stable outer 
surface. It is probably not sufficient to have the skin attached by 
conventional fasteners to even extremely accurate support structure such as 
ribs and stringers. External fasteners alone can create sufficient steps, 

.gaps, protruslons and depressions to cause transition of laminar flow. To 
overcome the use of surface fasteners and to increase significantly the 
accuracy of the outer surface, tooling was specified to permit ,bonded assembly 
of the surface and stiffening substructure from the surface inward. The 
accuracy of the surface was thus dependent on providing a high-quality mold or 
bonding tool. 

Moldinq/Bondinn Tool 

Although conventional fiberglass molds were successfully used to bulld wind 
tunnel models to initially prove the porous surface LFC concept, the stability 
of such molds proved to be poor with the critical surface, tending to change 
contour significantly with each cycle in the autoclave. To overcome this 
instability in the tool for forming the fiberglass and carbon substructure and 
bonding the porous tltanium skin, a stabilized steel leading edge panel 
forming tool was designed by DAC and fabricated by STADCO Tool and Dle 
Company. The basic tool was a stress-relieved weldment consisting of a 
contoured heavy steel plate supported by a flat steel plate "egg crate" strong 
back. This supporting structure was generously vented by lightening holes to 
allow uniform temperature distribution in the autoclave. The contoured plate 
was machined to the airfoil surface using numerical control equipment. The 
actual machine cuts were along straight element lines. The straight element 
lines were programed by connecting the equivalent points on a lofted 
chordwise surface-cut at each end of the test section as defined by the 
Lockheed data. 

The accuracy of the steel tool surface was in general much greater than 
specified. This resulted in a virtual wave-free surface. In areas where there 
was some deviation from the specified contour, the rate of change was very 
gradual so that no deviation in curvature was apparent. Slight machining 
marks that could be seen were bridged by the 0.025-inch-thick titanium surface 
during the final bonding operation and were not significant. Figure 48 is a 
photo of the steel leading edge panel forming tool. 

FIGURE 48. STEEL FORMING AND BONDING TOOL 
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F1 Ute Mandrel Tool i ng 

The general procedures, processes, and t o o l i n g  worked out dur ing the 
prel iminary design required fu r the r  refinement t o  establ ish the preferred 
methods o f  assembling the f iberglass substructure and bonding the t i t an ium t o  
form the suction panel. Although s i l i cone  rubber mandrels were used f o r  
making the f iberg lass substructure on previous programs, these were o f  
constant cross sect ion and were extruded. The use of tapered mandrels f o r  the 
f l i g h t  t e s t  a r t i c l e  therefore required some special t o o l i n g  development. A l s o  
there was concern f o r  the de te r io ra t i ng  e f f e c t  the candidate contamination 
avoidance f l u i d s  might have on the epoxies and adhesives t h a t  would be exposed 
t o  the f l u i d .  

The design o f  the f iberg lass substructure ca l l ed  f o r  most o f  the f l u t e s  t o  be 
tapered. Several mater ia ls were considered f o r  the mandrels inc lud ing nylon, 
Teflon, and cast s i l i c o n e  rubber. Machining p l a s t i c s  l i k e  Teflon t o  accurate 
dimensions proved d i f f i c u l t .  A lso ,  even though good par ts  could be formed, 
the ex t rac t i on  o f  the p l a s t i c  t o o l i n g  could be a problem under some condit ions 
due t o  minimal cont ract ion of the cross sect ion under tension. The main 
e f f o r t  was therefore concentrated on developing a cast ing technique and 
machined molds f o r  s i l i c o n e  rubber w i t h  character is t ics  as c losely  matched t o  
those o f  the extruded type. 

The t o o l i n g  t h a t  evolved, u t i l i z i n g  the tapered mandrels, consists o f  a sheet 
o f  s i l i c o n e  rubber 0.025-inch t h i c k  t o  which the a c t i v e  f l u t e  forming mandrels 
are bonded. Figure 49 i s  a photo o f  t h i s  t o o l i n g  ready t o  receive the layers 
o f  f iberg lass.  The mandrels are very c a r e f u l l y  spaced on the s i l i c o n e  sheet 
t o  a l low f o r  the layers o f  f iberg lass and the intermediate f l u t e  mandrels t h a t  
must be inserted i n  the space between f lute-forming mandrels, as depicted i n  
Figure 50. Thls preassembled u n i t  i s  then placed i n  the s tee l  bonding t o o l  
f o r  f i n a l  bagging and cur ing I n  the autoclave. 

FIGURE 49. FLUTE FORMING MANDREL ASSEMBLY 
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FIGURE 50. SPACER FLUTE-FORMING MANDRELS 

A second se t  o f  mandrels f o r  t he  a c t i v e  f l u t e s  i s  requ i red  when bonding the  
t i t a n i u m  sk in.  These mandrels must f i t  snugly i n  the  a c t i v e  f l u t e  t o  he lp  
ho ld  the  AF31 sheet adhesive across the  lands. They must j u s t  f i l l  t h e  f l u t e  
so as t o  a l l o w  s u f f i c i e n t  pressure t o  assure t h a t  t he  s k i n  i s  aga ins t  the  
contour o f  t he  s t e e l  bonding t o o l  du r ing  t h e  complete c u r i n g  c y c l e  i n  the  
autoclave. F igure 51 shows the  adhesive on the  lands being he ld  i n  p lace  by 
the  a c t i v e  f l u te - fo rm ing  mandrels. 

FIGURE 51. AF31 ADHESIVE ATTACHMENT TO LANDS 
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Some anomaly i n  t h e  cu r ing  
than the  as-cast he igh t  
subst ructure.  A second se t  

process l e f t  t he  a c t i v e  f l u t e s  s l i g h t l y  l ess  deep 
o f  t he  mandrels used du r ing  fo rmat ion  o f  the  
o f  mandrels had t o  be shaved and custom f i t t e d  t o  

avo id  t h e i r  p ro t rud ing  above the  lands and ho ld ing  the  s k i n  away from the  
lands du r ing  bonding o f  t h e  ou ter  surface. Some addi.t iona1 development e f f o r t  
i s  needed i n  t h e  a p p l i c a t i o n  o f  s i l i c o n e  mandrel t o o l i n g  t o  form and cure 
subst ructures.  

10.2 LEADING EDGE SUPPORT STRUCTURE 

The support s t r u c t u r e  i s  o f  convent ional  a i r c r a f t  cons t ruc t ion .  F i ve  r i b s  a re  
machined from aluminimum p la te .  Photos o f  t he  drawing were used f o r  t o o l i n g .  
The r i b s  a t t a c h  t o  t h e  Je tStar  spar through s i m i l a r l y  machined attachment 
f i t t i n g s .  Two c losure  r i b  d e t a i l s  a t  e i t h e r  end o f  t he  t e s t  sec t i on  a r e  sheet 
aluminum r e q u i r i n g  on ly  standard sheet metal t o o l i n g .  The spanwlse s t r i n g e r s  
and access doors a re  made o f  aluminum sheet i n  t h e  same manner. The r i b s  a re  
designed t o  n o t  on ly  support  t he  lead ing  edge panel b u t  a l s o  t h e  s h i e l d / s l a t  
p i v o t  p o i n t s  and the  ac tua t i ng  mechanism. 

10.3 HIGH-LIFT SHIELD/SLAT AND ACTUATION SYSTEM 

Two sets  o f  i d e n t i c a l  actuators ,  be l l c ranks ,  and adjustment tu rnbuck le  l i n k s  
a re  each he ld  between a p a i r  o f  r i b s  a t  lead ing  edge s t a t i o n s  (LES) 167.4 and 
213.3. These two p a i r s  o f  r i b s  and t h e  center r i b  ho ld  t h e  th ree  hinge po in ts  
o f  t he  sh ie ld .  The s h i e l d  ou ter  sur face forms p a r t  o f  t he  a i r f o i l ' s  lower 
sur face contour when re t rac ted .  This  contour and t h e  d e t a i l s  on the  back f o r  
hinge attachments were machined f rom a s o l i d  b i l l e t  o f  7075 aluminum on a 
three-ax is  numerical c o n t r o l l e d  m i l l .  The s h i e l d  i n  process on the  NC machine 
I s  shown i n  F igure  52. The NC machine was programed us ing  the  CAD-CAM 
equipment. 

FIGURE 52. NC MACHINING OF SHIELD 
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The hinges were machined from 7075 aluminum blocks. The outer hinges at tach 
t o  the actuat ion l i nks ,  w i t h  the centra l  hinge providing s t a b i l i z a t i o n .  
Matched t o o l i n g  was designed t o  provide per fect  alignment o f  the three hinge 
points.  This t o o l i n g  i s  shown i n  Figure 53 on the sh ie ld  assembly j i g .  The 
matching t o o l i n g  was designed t o  hold the hinge points  as w e l l  as the actuator 
p i v o t  points i n  the main assembly j i g  and holding f l x u r e .  

FIGURE 53. SHIELD ASSEMBLY JIG 

10.4 ASSEMBLY JIG - HOLDING FIXTURE 

The leading edge suct ion panel, once formed, i s  a r i g i d  member o f  the assembly 
t h a t  must be held i n  exact r e g i s t e r  on the JetStar wing t o  f o r m  the upper 
surface o f  the a l r f o i l .  Addi t ional ly ,  the sh ie ld / s la t  must be ro ta tab le  from 
i t s  re t racted pos l t lon,  where i t s  outer surface i s  held t o  f o r m  a p o r t i o n  o f  
the bottom o f  the a i r f o i l ,  t o  a. pos i t i on  ahead o f  the leading edge t o  
In tercept  oncoming airborne debris. These two c r i t i c a l  i t e m s  are held i n  
alignment by the support s t ructure.  

The assembly j i g  shown i n  Figure 54 i s  designed t o  index and hold each member 
o f  the support s t ructure i n  proper alignment dur ing assembly. C r i t i c a l  index 
points b u i l t  i n t o  the j i g  are the three hinge points  o f  the shield,  the two  
actuator p i v o t  points and the outer contour o f  the suct ion panel. Several 
other l e s s  c r i t i c a l  po ints  are a l so  f i x e d  I n  the assembly j i g  such as the 
plane o f  the closure r i b s  and the end f i t t i n g s  o f  the sh ie ld  stowage box. 

Since the method o f  f a b r i c a t i n g  the f iberg lass substructure al lows the th i ck -  
ness t o  vary, allowance was made between the back o f  the suct ion panel and the 
top o f  the r i bs .  The t e e s  are preal igned on the underside o f  the substructure 
when bonded i n  place using the t o o l i n g  shown i n  Figure 55.  The plane o f  each 
v e r t i c a l  l eg  o f  the tees becomes a key p a r t  o f  the assembly j i g  once the 
suction panel i s  posl t ioned against the contour boards t h a t  locate the upper 
surface. The f i v e  main r i b s  are located on the hinge polnts  and actuator 
p ivots  and then al igned t o  match the plane o f  the tees. Flxed i n  t h i s  manner, 
the r i b s  become the basis f o r  the r e s t  o f  the assembly. 

. 1  
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FIGURE 54. MAIN ASSEMBLY JIG 

FIGURE 55. RIB ATTACH TEE TOOLING 
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Once assembled the support s t ruc tu re  can stand alone i n  the assembly j i g  w i t h  
the hinge l i n e  and actuator a l i g n i n g  d e t a i l s  removed. The preassembled sh ie ld  
and the actuators can then be f i t t e d  i n  place. A t  t h i s  point ,  the assembly 
j i g  becomes the holding f i x t u r e  t o  a l l ow  actuat ion o f  the sh ie ld  and checkout 
o f  the contamination avoidance and i c e  p ro tec t i on  systems. 

A f u r t h e r  use o f  the holding f i x t u r e  feature i s  made when mounting the support 
s t ructure on the JetStar wing. With the contour boards i n  place t o  accurately 
index the suct ion panel surface r e l a t i v e  t o  the wing, the sh ie ld  and actuator 
mechanisms are removed from the assembly. The f i ve -po in t  indexing frame i s  
r e i n s t a l l e d  t o  the hinge points  and actuator p i vo ts  as dur ing the i n i t i a l  
assembly o f  the support s t ructure.  This al lows the e n t i r e  u n i t ,  w i t h  the 
suct ion panel i n  place, t o  be accurately con t ro l l ed  whi le  being held only by 
the f ive-point  indexing frame as shown I n  Figure 56. This u n i t  can then be 
posi t ioned r e l a t i v e  t o  the spar and adjusted f o r  best f i t  according t o  the 
wing a i r f o i l  templates. The wing at tach f i t t i n g s  can then be located using 
the r i b s  f o r  alignment. Once located on the spar, the r i b  at tach f i t t i n g s  can 
be fastened permanently t o  the spar whi le  the support s t ruc tu re  and holding 
f i x t u r e  f i ve -po in t  indexing frame are moved out o f  the way. 

FIGURE 56. FIVE-POINT INDEXING FRAME 

The l a s t  step i n  securing the support s t ruc tu re  t o  the wing requires rea l ign-  
i n g  the support s t ruc tu re  i n  the  f i ve -po in t  indexing frame o f  the holding 
f i x t u r e  against the at tach f i t t i n g s  and f i n a l  d r i l l i n g  f o r  the r i b  t o  at tach 
f i t t i n g  fasteners. With t h i s  attachment secured, the f ive-point  indexing frame 
i s  removed and the sh ie ld  and actuat ion system re ins ta l l ed .  
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SECTION 11 
FABRICATION AND ASSEMBLY 

The lead ing  edge t e s t  a r t i c l e  i s  d i v ided  i n t o  two major subassemblies based 
p r i m a r i l y  on the  d i f f e r e n t  type o f  f a b r i c a t i o n  techniques requ i red  t o  produce 
them. The lead ing  edge suc t ion  panel f a b r i c a t i o n  employs spec ia l i zed  ma te r ia l s  
and t o o l i n g  as w e l l  as complex procedures and c lose  to le rance work. The 
support s t r u c t u r e  and systems requ i red  t o  ho ld the  lead ing  edge suc t ion  panel 
on the  JetStar  wing and operate i t  i n  f l i g h t  a re  fab r i ca ted  us ing  standard 
a i r c r a f t  cons t ruc t ion ,  mater ia ls ,  methods, and to lerances.  

11.1 SUCTION PANEL 

The suc t ion  panel i s  composed o f  two major components, the  f l u t e d  subst ructure 
o f  molded f i b e r g l a s s  and the  per fo ra ted  t i t a n i u m  sk in .  The pr imary t o o l  used 
t o  shape and bond these components i s  descr ibed i n  Sect ion 10.1. The lead ing  
edge bonding f i x t u r e  con t ro l s  the  c r i t i c a l  ou ter  contour o f  t h e  suc t ion  panel 
and contains a l l  major re ference l i n e s  and planes t o  de f i ne  the  f i n i s h e d  p a r t .  

Subst ructure 

The f l u t e d  subs t ruc ture  i s  composed p r i m a r i l y  o f  f i b e r g l a s s  and s t a b i l i z a t i o n  
s t r i p s  o f  precured carbon/epoxy. The subst ructure i s  l a i d  up us ing  prepreg 
f i b e r g l a s s  c l o t h  around the  s i l i c o n e  rubber mandrels. One se t  o f  mandrels i s  
p repos i t ioned and bonded t o  a t h i n  sheet o f  s i l i c o n e  rubber which s imulates 
the  ou ter  s k i n  o f  the  lead ing  edge panel. These mandrels a re  shaped and 
placed i n  the  mold t o  form the  a c t i v e  suc t ion  f l u t e s .  A s  t he  f i b e r g l a s s  c l o t h  
i s  pos i t ioned over these mandrels, o ther  loose spacer f l u t e  mandrels a re  
forced between the  suc t ion  f l u te - fo rm ing  mandrels t o  ho ld  the  f i b e r g l a s s  c l o t h  
i n  p lace and prov ide  the  requ i red  pressure t o  cure the  f i b e r g l a s s  i n  the  auto- 
c lave. P r i o r  t o  c l o s i n g  ou t  t he  mold and bagging f o r  t he  autoclave, several  
layers  o f  g lass c l o t h  a re  pos i t i oned  t o  form the  backing o r  i nne r  sur face o f  
t he  panel. Also pos i t ioned a t  s t r a t e g i c  l oca t i ons  w i t h i n  the  layup are  the  
precured carbon/epoxy stabilization strips. 

The autoc lave cu r ing  cyc le  cons is ts  o f  a 90-minute soak a t  250°F and 50 
p s i .  To prov ide  a base f o r  l a t e r  bonding the  r i b  a t t a c h  tees, caul  p la tes  o f  
aluminum sheet were placed a t  these loca t i ons  on the underside o f  t he  f l u t e d  
panel. The caul  p la tes  b r idge  over the  wavy i m p r i n t  o f  the  mandrels and f o r m  
a more un i fo rm base on which t o  form and l a t e r  bond the  tees. See Figures 57 
and 58. 

The r i b  a t t a c h  tees a re  formed on the  underside o f  the  cured panel subs t ruc ture  
w i thou t  removing i t  from the  s t e e l  bonding f i x t u r e .  Because the  tees mount on 
the  uncont ro l led  sur face o f  t he  substructure,  t he  t o o l i n g  t o  form the  tees 
" f l o a t s "  i n  order  t o  ad jus t  t o  the  surface. The t o o l i n g  i s  a t tached f i r m l y  t o  
the  edges o f  the bonding f i x t u r e  and locates the  planes o f  the  r i b s  p r e c i s e l y  
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FIGURE 57. ATTACH TEE BASE FORMING CAUL PLATES 

FIGURE 58. ATTACH TEE BASE FORMED BY CAUL PLATE 
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w h i l e  being al lowed t o  move perpendicu lar  t o  the  sur face and apply  pressure t o  
the  tees du r ing  the  cure cyc le .  The c r i t i c a l  faces o f  t he  tees t h a t  a l i g n  t h e  
r i b s  a re  formed aga ins t  t h e  hard t o o l  faces w h i l e  the  n o n - c r i t i c a l  backs o f  
t he  tees a re  formed aga ins t  s o f t  s i l i c o n e  rubber t o o l i n g ,  as shown i n  F igure 
55. 

A f t e r  t he  f i b e r g l a s s  tees a re  l a i d  up and cured us ing  the  same autoc lave cyc le  
as f o r  t he  main subst ructure,  t h e  tees are  trimmed and bonded i n  a subsequent 
autoc lave operat ion.  This bonding i s  w i t h  the  adhesive AF31 and u t i l i z e s  a 
mod i f ied  cure cyc le  o f  4 hours a t  250°F and 30 ps i .  The completed subs t ruc ture  
assembly w i t h  tees bonded i s  shown I n  F igure 59 be fore  i t  i s  removed from the  
bonding t o o l .  The s t i f f e n i n g  o f  t h e  f l u t e d  s t r u c t u r e  w i t h  the  tees bonded, 
p r i o r  t o  removal f rom the  t o o l ,  i s  an added b e n e f i t  and f a c i l i t a t e s  l a t e r  
bonding o f  t he  per fo ra ted  t i t a n i u m  sk in .  

FIGURE 59. COMPLETED SUBSTRUCTURE ASSEMBLY 

Suct ion Surface 

The most s u i t a b l e  ma te r ia l  f o r  t he  ou ter  porous sur face o f  t he  suc t i on  panel 
i s  e l e c t r o n  beam per fo ra ted  t i t an ium.  This ma te r ia l ,  w i t h  ho le  s izes  small 
enough f o r  p r a c t i c a l  LFC use, o n l y  became a v a i l a b l e  i n  t h e  l a s t  few years. 
Improved e l e c t r o n i c  c o n t r o l  by P r a t t  and Whitney o f  t he  Ste igerwald e l e c t r o n  
beam d r i l l i n g  machine a l lows holes as smal l  as 0.002 i n c h  t o  be d r i l l e d  i n  
0.025-inch-thick t i t an ium.  Successful use o f  t h i s  type  o f  porous t i t a n i u m  t o  
achieve LFC was demonstrated I n  t h e  Douglas wind tunne l  a t  Long Beach i n  1981. 
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For both the demonstration wind tunnel  model and the  f l i g h t  t e s t  a r t i c l e ,  
several  small sheets o f  the  pe r fo ra ted  t i t a n i u m  had t o  be welded together  t o  
form the  approximately 80- by 30-inch sheets t o  cover the  curved lead ing  edge 
t e s t  a r t i c l e s .  The l a r g e s t  sheets o f  t i t a n i u m  t h a t  can be f i t t e d  on the  
Steigerwald machine a t  P r a t t  and Whitney i s  54 by 1 7  inches w i t h  the  e x i s t i n g  
drum and vacuum chamber. Both the  e lec t ron  beam and tungston i n e r t  gas ( T I G )  
welding techniques g i ve  e x c e l l e n t  r e s u l t s  i n  j o i n i n g  the per fo ra ted  t i tan tum.  
A weld l i n e  o f  about 0.080 t o  0.100 i s  s a t i s f a c t o r i l y  achieved w i t h  the T I G  
weld used f o r  the  f l i g h t  t e s t  a r t i c l e  sk in .  A l l  weld j o i n t s  were ground t o  
w i t h i n  0.001 inch  o f  the  sur face p r i o r  t o  f l a t t e n i n g  the  welded sheet. This 
was done t o  r e l i e v e  a l l  stresses and prov ide a p e r f e c t l y  f l a t  sheet f o r  
r o l l  i ng . 
The per fo ra ted  t i t a n i u m  s k i n  was tape r - ro l l ed  on a Farnham r o l l  as c lose t o  
the  f i n a l  contour as poss ib le .  The s k i n  was then cleaned and primed on the  
inner  surface i n  p repara t ion  f o r  bonding t o  the  f i b e r g l a s s  subst ructure.  The 
t i t a n i u m  sk in  was rough trimned, indexed, and secured i n  the  s t e e l  bonding 
f i x t u r e  a t  the  a f t  j o i n t  l i n e  comnon t o  the  sensor panel. The r e s t  o f  the 
s k i n  was thus f r e e  t o  ad jus t  and conform t o  the  shape o f  t he  bonding f i x t u r e  
dur ing  the  cure cyc le .  

Bonded Assembly 

The most c r i t i c a l  opera t ion  i n  achiev ing a leak- f ree  bond between adjacent 
f l u t e s  i s  the  f i t t i n g  o f  t h e  s i l i c o n e  rubber mandrels i n  t h e  a c t i v e  f l u t e  
c a v i t i e s ,  and the  temporary attachment o f  t he  uncured AF31 adhesive on the 
bonding land between f l u t e s .  The f l a t  sheet adhesives were precut  t o  widths 
0.4 inches wider than the  lands. This  excess w id th  was d i s t r i b u t e d  equa l l y  on 
e i t h e r  s ide,  fo lded down along the  s ide  o f  the  f l u t e ,  and tacked a t  c lose  
i n t e r v a l s  t o  the  f i b e r g l a s s  w i t h  a heated so lde r ing  i r o n  as shown i n  F igure 
60. The p r e f i t t e d  s l l i c o n e  f l u te - fo rm ing  mandrels were then Inse r ted  t o  f i t  
un i fo rmly  i n  the  f l u t e s .  The f i t  var ied  from f l u s h  t o  s l i g h t l y  below the  
adhesive surface on the  bonding lands as shown i n  F igure  61. This p rec ise  
f i t t i n g  o f  the  mandrels served several  purposes. It f i r s t  secured the  
folded-over AF31 adhesive s t r i p s  on the  lands and secondly provided proper 
support o f  t he  s k i n  over the  suc t i on  f l u t e s  du r ing  the  heated and pressur ized 
cu r ing  cyc le .  Also, du r ing  the  autoc lave cure cyc le  a t  250°F and 30 p s i  f o r  
f o u r  hours, t he  adhesive's tendency t o  be squeezed i n t o  any vo id  was conf ined 
t o  the  space between the  mandrel and the  f l u t e  w a l l  r a t h e r  than the  space 
between the  mandrel and the  pe r fo ra ted  t i t a n i u m  sk in .  

A f t e r  bonding the  t i t a n i u m  s k i n  t o  the  subst ructure,  the  s i l i c o n e  mandrels 
were ex t rac ted  from the  f l u t e  and a l t e r n a t e  f l u t e  spaces by p u l l i n g  and 
s t r e t c h i n g  the  mandrels. Th is  reduces the  cross sec t i on  and f a c i l i t a t e s  
ex t rac t i on .  An inspec t i on  by borescope confirmed t h a t  there  was a t i g h t  bond 
and t h a t  no adhesive squeezed ou t  onto the  underside o f  t he  per fo ra ted  
t i tan ium,  above the f l u t e .  The borescope l i g h t  a l s o  was used t o  map the  
openness o f  the f l u t e s  and w id th  o f  each suc t ion  s t r i p  i n c l u d i n g  the  taper  i n  
those f l u t e s  t h a t  a re  no t  constant.  
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FIGURE 60. ADHESIVE ATTACHMENT AND FLUTE OPENINGS 

FIGURE 61. FLUTE-FORMING MANDRELS IN PLACE 
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Extensive leak checks were made t o  ensure t h a t  each f l u t e  was i s o l a t e d  from 
adjacent f l u t e s  p r i o r  t o  sea l i ng  and c l o s i n g  ou t  t he  ends o f  t he  f i b e r g l a s s  
s t ruc tu re ,  and a t tach ing  the  f l u t e  f i t t i n g s  shown i n  F igure 62. 

FIGURE 62. FLUTE FITTING INSTALLATION 

During the  f i n a l  leak check o f  each i n d i v i d u a l  f l u t e  w i t h  the  f l u t e  f i t t i n g  
i n s t a l l e d ,  a ser ious leak was uncovered i n  f l u t e  number 3 .  The leak  appeared 
t o  be from the  non-act ive f l u t e  between f l u t e s  2 and 3 i n t o  f l u t e  number 3.  
The leak could n o t  be i s o l a t e d .  Therefore, i t  was decided t o  epoxy-coat t he  
e n t i r e  inner  sur face o f  t he  non-act ive f l u t e .  To accomplish t h i s ,  a very 
f l u i d  room-temperature cu r ing  epoxy was poured i n t o  t h e  a l t e r n a t e  f l u t e  a t  one 
end and caused t o  f l o w  over a l l  surfaces by t i p p i n g  and r o t a t i n g  t h e  panel. 
A f t e r  s e t t i n g  overn ight ,  t he  epoxy seal  was determined t o  be e f f e c t i v e .  
However, an unexpectedly l a r g e  q u a n t i t y  o f  t he  very f l u i d  epoxy penetrated the  
f i b e r g l a s s  w a l l  between the  non-act ive f l u t e  and f l u t e  3. Some o f  t h i s  epoxy 
flowed onto the  inner  sur face o f  t he  per fo ra ted  t i t an ium.  Although most o f  
t h i s  epoxy was removed, enough i n d i v i d u a l  holes remained blocked t o  g r e a t l y  
reduce the  p o r o s i t y  o f  t he  inboard 20 inches o f  f l u t e  3. 

11.2 SENSOR PANEL 

The sensor panel was formed i n  a s i m i l a r  manner t o  t h e  suc t ion  panel w i t h  a 
p l a i n  sheet o f  t i t a n i u m  bonded t o  a s o l i d  lay-up o f  f i b e r g l a s s  about 
0.40-inch-thick. The j o i n t  between the  suc t ion  Danel and the  sensor Danel was 
f i t t e d  t o  very c lose  to le rance  and mated i n  the  bonding t o o l  u s i n g ' a  l i q u i d  
shim t o  a l l ow  p e r f e c t  a l ignment o f  t h e  two surfaces. 
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11.3 HIGH-LIFT SHIELD 

The retractable shield/slat is provided only to protect the perforated leading 
edge surface from airborne debris during takeoff and landing. It does, 
however, operate in a similar manner to a high-lift shield that would be used 
on a production LFC aircraft. On the JetStar test airplane, lift asymmetry 
was a potential problem and the shield was designed for minimal lift. The 
shield is assembled from three basic elements. A single solid aluminum "L" 
section contoured to the lower surface shape is the basic structural element. 
Attached to this, along the full span, is a half-round TKS deicing element 
that forms the leading edge in the extended position. In the stowed position, 
the shield is retracted into the underside cavity provided in the lower 
surface. Tubing that supplies the TKS fluid and the PGME for the spray system 
is installed so that it bends along a large radius during retraction and 
extension. The two bars of the spray system with their attached nozzles are 
fitted to the underside of the shield "L" section so as to be completely 
enclosed in the shield stowage box when the shield is retracted. 

The shield is held to the leading edge support structure by three machined 
hinges. The two outer hinges are supported by double elements which also 
provide for attachment of the drive linkage. This linkage is assembled 
between the double ribs at either end of the assembly and is driven by two 
linear actuators coupled to the JetStar leading edge drive motor (see Figure 
63). The JetStar leading edge slats are locked in position for these tests, 
allowing the use o f  the drive motor for powering the shield. The motor is 
relocated to a position just outboard of the test article in the outboard 
leading edge fairing. 

BELLCRANK 

LIMIT-STOP 

ADJUSTABLE LINK 

CONTAMINATION AVOIDANCE FLUID (CAI 
7 _- 

A, _. 3- ;-ACCESS PANEL 

81 CEN 22456-1 
ICE PROTECTION FLUID (IP) 

FIGURE 63. HIGH-LIFT SHIELD ASSEMBLY 
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11.4 ASSEMBLY 

Since the suc t ion  panel was preassembled w i t h  the r i b  a t tach  tees p r e c i s e l y  
i n s t a l l e d  on the  underside (see F igure  5 9 ) ,  t h i s  assembly becomes p a r t  o f  the  
assembly j i g  and provides f o r  p o s i t i o n i n g  the f i v e  main r i b s  o f  the  support 
s t ruc tu re .  

The assembly j i g  p i c tu red  i n  F igure  54 a l lows the  LETA t o  be completely 
assembled by progress ive ly  removing d e t a i l s  f rom the  j i g  as the  support com- 
ponents become f i x e d  i n  t h e i r  f i n a l  pos i t i ons .  The c r i t i c a l  po in ts  i n  the 
assembly t h a t  c o n t r o l  the  f i n a l  a l ignment a re  the  two ac tua tor  p i v o t  po in ts  
and the  th ree  s h i e l d  hinge p ins .  By ho ld ing  these f i v e  c r i t i c a l  po in ts  i n  
p e r f e c t  alignment u n t i l  t he  support s t r u c t u r e  components a re  t i e d  together ,  
the  j i g  assures t h a t  the  s h i e l d  and i t s  ac tua t i on  l inkage w i l l  f i t  p roper ly  
and move f r e e l y  when i n s t a l l e d .  This  fea tu re  a l s o  a l lows the  s h i e l d  t o  be 
funct ioned and adjusted w i thou t  removing the assembly from the  j i g .  

For mounting on the  JetStar ,  t he  p o r t i o n  o f  the  j i g  t h a t  conta ins the  f i v e  
c r i t i c a l  p i v o t  po in ts  o f  t he  s h i e l d  ac tua t i on  l inkage (see F igure 56) i s  
i n s t a l l e d  i n  p lace  o f  the  s h i e l d  l inkage.  This f i v e - p o i n t  support frame i s  
then removed from the  main j i g  w i t h  the  LETA attached. The LETA i s  then 
pos i t ioned r e l a t i v e  t o  the  f r o n t  spar wh i l e  being he ld  r i g i d l y  on the  support 
frame. The r i b  a t t a c h  angles a r e  then t e m p o r a r i l y  a t t a c h e d  t o  the  r i b s  and 
permanently at tached t o  the  spar. 

With the  r i b  a t t a c h  angles i n  f i n a l  pos i t i on ,  t he  r i b s  a re  f i x e d  t o  the  a t tach  
tees. A t  t h i s  p o i n t ,  the  f i v e - p o i n t  support frame i s  removed and the  s h i e l d  
and ac tua tors  r e i n s t a l l e d .  With t h e  support s t r u c t u r e  f i r m l y  at tached t o  the 
spar, the  sensor and suc t i on  panel can be removed a t  any t ime w i t h  assurance 
t h a t  they w i l l  be i n  proper al ignment r e l a t i v e  t o  the  upper sur face when 
r e i n s t a l l e d .  

Attachment o f  the  f l u t e  f i t t i n g s  t o  the suc t ion  l i n e s  and connect ion o f  the  
contaminat ion and i c e  p r o t e c t i o n  f l u i d  l i n e s  i n  the  inboard lead ing  edge 
complete the  assembly. 
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SECTION 12 

LFC TEST ARTICLE INSTRUMENTATION 

Laminar f l o w  i s  very s e n s i t i v e  t o  surface cond i t ions ,  and the  ins t rumenta t ion  
was c a r e f u l l y  i n s t a l l e d  t o  be as non in t rus l ve  as poss ib le  i n  the  regions where 

laminar f l o w  was an t i c ipa ted .  Surface pressure taps were arranged a t  these 

spanwise loca t ions .  Along the  approximate c e n t e r l i n e  o f  the  t e s t  a r t i c l e ,  one 

chordwise l i n e  o f  15 subsurface pressure taps was i n s t a l l e d  (one tape behind each 

spanwise f l u t e ) .  One a d d i t i o n a l  pressure tape i s  i n  the  sensor panel w i th  others 
i n  the  f a i r i n g  behind. Along the  inboard and outboard edge o ther  chordwise l i n e s  

o f  8 pressure taps each were i n s t a l l e d  behind every o ther  f l u t e .  The general 

layout  i s  shown i n  F igure 64. 

Along the  cen te r l i ne ,  each o f  the  15 f l u t e s  i s  instrumented w i t h  a presssure tap 

t o  read f l u t e  pressure. These a re  designated by F#B i n  the  tab les  o f  
Ins t rumenta t ion  loca t ions .  I n  each inboard and outboard a r ray  on ly  3 f l u t e s  have 

pressure taps (See Tables 7 through 9) .  

I n  a d d i t i o n  t o  the  pressure taps, a l i n e  o f  6 ho t  f i l m  sensors were c a r e f u l l y  

f l u s h  mounted i n  the  suc t ion  panel surface along a l i n e  no t  p a r a l l e l  t o  the  

chordwise f low.  This  was done so t h a t  no i n te r fe rence  would occur w i t h  the  

laminar f l o w  over subsequent downstream sensors i n  the  event one should become 

exposed enough t o  t r a n s i t i o n  the  f low.  The loca t i ons  o f  the  ho t  f i l m  sensor a re  
l i s t e d  i n  Table 10. 

As a back up t o  the  ho t  f i l m  sensors t o  de tec t  t he  presence o f  laminar f low,  20 
evenly spaced spanwise t o t a l  pressure probes were mounted on the  sensor panel 

approximately 0.060 i n c h  above the  t r a i l i n g  edge o f  t he  suc t ion  panel. A t  f i v e  

o f  the  20 s ta t i ons  two a d d i t i o n a l  probes were mounted a t  0.020 i n c h  and 0.150 

i n c h  above the  sur face t o  form a th ree  tube rake a t  each o f  the  f i v e  s ta t i ons .  

A l l  pressures a re  measured on P.S.I .  scani-values and recorded f o r  f u t u r e  
references. 
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TABLE 7 

DOUGLAS LETA INSTRUMENTATION LOCATIONS 

STATIC PORTS, OUTBOARD ARRAY - A 

FLUTE/LOG I . D .  Wing S t a t i o n  Y X x /c 

( i n .  1 ( i n . )  ( i n . )  ( X I  
T r a i l i n g  Edge 

51 5A*  191.7 224.881 15.840 0.1502 
15 
14 

13 
12 

11 F l l A  
10 

9 
8 

7 
6 

5 F SA 
4 

3 F3A 
2 

S13A 191.7 223.471 13.230 0.1235 

S11 A* 191.7 222.021 10.820 0.0970 

S9A 191.7 220.561 8.240 0.0710 

S7A 191.7 219.271 5.710 0.0450 

S5A* 191.7 218.021 3.170 0.0210 

S3A 191.7 21 7.031 1.260 0.0053 

Leading Edge 
S1 A 191.7 21 6.461 -0.490 0.0006 

1 

* = #80 (.0135 Dia) d r i l l e d  ho le  
Y = Trace Leading Edge S t a t i o n  cant  
X = Dimensions normal f rom lead ing  edge on l o f t e d  sur face  
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TABLE 8 

DOUGLAS LETA INSTRUMENTATION LOCATIONS 

STATIC PORTS, CENTER ARRAY-B 

S16B* 165.2 195.559 19.680 0.1727 Sensor Panel 

S15B* 165.2 193.105 15.00 0.1308 
T r a i l i n g  Edge 

15 F15B 

14 F14B 

13 F13B 

12 F12B 

11 F l l B  

S14B 165.2 

S13B 165.2 

S12B 165.2 

S l l B  165.2 

S1 OB 165.2 
10 F1 OB 

S9 B 
9 F9 B 

S8B 
8 F8B 

S7B 
7 F7B 

S6B 
6 F6B 

65.2 

65.2 

65.2 

65.2 

S5B 169.0 

S4B 169.0 

S3B 169.0 

S2B 169.0 

5 FSB 

4 F4B 

3 F3B 

2 F2B 

192.375 

191.825 

191.085 

190.385 

189.770 

189.075 

188.405 

187.865 

187.245 

191.015 

190.545 

190.020 

189.635 

13.800 

12.660 

11.470 

10.260 

9.080 

7.960 

6.740 

5.610 

4.420 

3.250 

2.180 

1.270 

0.490 

0.1195 

0.1082 

0.0962 

0.0843 

0.0730 

0.0610 

0.0505 

0.0400 

0.0290 

0.0193 

0.0105 

0.0047 

0.0012 

Leading Edge 
S1B 169.0 189.455 -0.340 0.0008 

1 F1 B 

* = #80 (.0135 Oia) d r i l l e d  ho le  
Y = Trace Leading Edge S t a t i o n  Cant 
X = Dimensions normal f rom lead ing  edge on l o f t e d  sur face 
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TABLE 9 

DOUGLAS LETA INSTRUMENTATION LOCATIONS 

STATIC PORTS, INBOARD ARRAY-C 

FLUTE/LOG I . D .  Wing S t a t i o n  Y X x /c  

( i n . )  ( i n . )  ( i n . )  ( w 
T r a i l i n g  Edge 

S15Cf 137.6 161.177 14.070 0.1135 
1 5  
14 

13  
12 

11 
10 

9 
8 

7 
6 

5 
4 

3 
2 

S13Cf 137.6 

s11c 137.6 
F l l C  

s9 c 137.6 

s7c 137.6 

s5c 137.6 
F5C 

s3c 137.6 

159.877 11.870 0.0930 

158.702 9.735 0.0735 

157.647 7.670 0.0545 

156.408 5.445 0.0350 

155.288 3.260 0.0172 

154.407 1.310 0.0042 

F2C 137.6 
Leading Edge 

s1 c 137.6 154.137 -0.480 0.0010 
1 

* =  
Y =  
X =  

#80 (.0135 Dia) d r i l l e d  ho le  
Trace Leading Edge S t a t i o n  cant  
Dimensions normal f rom lead ing  edge on l o f t e d  sur face 
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TABLE 10 

DOUGLAS LETA INSTRUMENTATION LOCATIONS 

HOT FILM SENSORS 

FLUTE/LOG 1.0. Wing S t a t i o n  Y X x/c 

( i n . )  ( i n . )  ( i n . )  (XI 

HF7 178.00 208.979 19.580 0.182 Sensor Panel 
T r a i  1 1 ng Edge 

1 5  
HF6 179.05 209.369 14.210 0.1287 

14 
13 

12 
11 

10 
9 

8 
7 

6 
5 

4 
3 
2 

1 

HF5 180.25 209.419 11.770 0.1040 

HF4 181.55 209.449 9.280 0.0790 

HF3 182.80 209.429 6.880 0.0550 

HF2 184.00 209.449 4.410 0.0315 

HF1 184.80 209.419 2.140 0.0117 

Leading Edge 

* = #80 (.0135 Dia)  d r i l l e d  h o l e  
Y = Trace Leading Edge S t a t i o n  cant  
X = Dimensions normal f rom l e a d i n g  edge on l o f t e d  sur face  
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CONCLUDING REMARKS 

The design and f a b r i c a t i o n  o f  the  Douglas LFC Leading Edge Glove F l i g h t  Test 
A r t i c l e  invo lved new and innova t i ve  methods. Laminar f l o w  c o n t r o l  was 

provided by an e l e c t r o n  beam per fo ra ted  suc t ion  surface and a r e t r a c t a b l e  
h i g h - l i f t  s h i e l d  i nco rpo ra t i ng  a supplementary spray system was used t o  

p r o t e c t  the  LFC sur face f r o m  contamination, p a r t i c u l a r l y  f l y i n g  Insec ts .  This 

system a l so  served f o r  I c e  p ro tec t i on ,  w i t h  the  s h i e l d  i t s e l f  p ro tec ted  by a 

TKS de ic ing  system. 

The e lec t ron  beam per fo ra ted  t i t a n i u m  surface was supported by a f i b e r g l a s s  
subst ructure w i t h  i n t e g r a l  suc t i on  f l u t e s .  Techniques were developed f o r  
welding, f l a t e n i n g  and r o l l  forming the  t i t a n i u m  sur face f o r  the  LFC panel. 
An accurate ex te rna l  sur face was achieved by us ing an NC machined s tee l  

molding/bonding t o o l  and s i l i c o n e  rubber mandrels t o  form the  i n t e r n a l  suc t ion  

duc t i ng  i n  the  f i b e r g l a s s  and carbon epoxy subst ructure du r ing  molding. The 

mandrels a l so  served t o  r e t a i n  the  shape o f  the  duc t i ng  du r ing  subsequent 

bonding o f  the  per fo ra ted  t i t a n i u m  surface. A l l  o f  t he  molding and bonding 

were done i n  an autoclave. Carbon f i b e r  layers  were used i n  the  subst ructure 

t o  compensate f o r  d i f f e r e n t i a l  thermal expansion and avoid sur face waviness. 

Tolerances were taken up i n t e r n a l l y  a t  the  r i b  attachments t o  ensure o v e r a l l  

contour c o n t r o l  us ing  produc t ion  q u a l i t y  s tee l  j i g s  and f i x t u r e s .  

The r e s u l t i n g  spanwise porous suc t i on  s t r i p s  covered the  e n t i r e  upper surface, 
extending f r o m  below the  attachment l i n e  i n  c r u i s e  back t o  the  a f t  edge a t  the  
f r o n t  spar. Suct ion l e v e l s  were ca l cu la ted  t o  achieve laminar f l o w  a t  the  

design cond i t i on  o f  Mach 0.75 a t  38,000 f t .  w i t h  s u f f i c i e n t  margin f o r  

expe r i menta t i on. 

The s t r u c t u r e  was designed t o  be f a i l  safe w i t h  an u l t i m a t e  f a c t o r  o f  2.0 and 
design features were incorporated t o  avoid over loading the  bas ic  Je tStar  wing 

s t ruc tu re .  
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