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SUMMARY 

An experimental  s tudy  has been conducted i n  the  Langley Low-Turbulence Pressure 
Tunnel to  determine t h e  e f f e c t s  of  Reynolds number and Mach number on t h e  t w o -  
dimensional aerodynamic performance of two s u p e r c r i t i c a l - t y p e  a i r f o i l s ,  one equipped 
wi th  a conventional f lap system and t h e  o t h e r  with an advanced h i g h - l i f t  f l a p  system. 
The conventional f l a p  system cons i s t ed  of a leading-edge s l a t  and a double-s lo t ted ,  
t ra i l ing-edge  f l a p  with a small-chord vane and a large-chord a f t  f l a p .  The advanced 
f l a p  system cons i s t ed  of  a leading-edge s l a t  and a double-s lot ted,  t r a i l i ng -edge  f l a p  
with a large-chord vane and a small-chord a f t  f l a p .  Both models were t e s t e d  with a l l  
elements nested t o  form the  c r u i s e  a i r f o i l  and with the  leading-edge s l a t  and t h e  
double-s lot ted,  t r a i l i ng -edge  f l a p  de f l ec t ed  t o  form t h e  h i g h - l i f t  a i r f o i l s .  Each 
h i g h - l i f t  a i r f o i l  w a s  a l s o  t e s t e d  with t h e  double-s lot ted f l a p s  nes ted  t o  form a 
s i n g l e - s l o t t e d ,  t r a i l i ng -edge  f l a p .  The experimental  t e s t s  w e r e  conducted through a 
Reynolds number range from 2 . 8  to  20.9 X lo6 and a Mach number range from 0.10 t o  
0.35. L i f t  and pitching-moment d a t a  were obtained using t h e  tunnel  force-balance 
and model-support system. Each model w a s  instrumented wi th  a chordwise row of sur-  
face  s t a t i c  p re s su re  t a p s  loca t ed  a t  t h e  midspan pos i t i on .  
obtained using the  downstream wake-rake t r a v e r s i n g  system. 

Limited drag d a t a  were 

The test  r e s u l t s  demonstrate t he  tremendous e f f e c t  o f  Reynolds number and Mach 
number on t h e  l i f t  performance o f  both h i g h - l i f t  a i r f o i l s .  
d a t a  revea led  s e v e r a l  i ncons i s t enc ie s  i n  t h e  t r ends  observed showing the  e f f e c t  o f  
increased  Reynolds number on l i f t  performance. 
mizat ion s t u d i e s  demonstrate t he  extreme s e n s i t i v i t y  of t he  p o s i t i o n i n g  of t he  
leading-edge s l a t  on maximum l i f t  performance. 
oped show t h a t  some form of  tunnel  s idewa l l  boundary-layer con t ro l  is  abso lu te ly  
necessary t o  ensure spanwise uniformity of t h e  f l o w  on t h e  su r face  of  a h i g h - l i f t  
a i r f o i l  near  condi t ions  of  maximum l i f t  and s t a l l .  The l i m i t e d  drag d a t a  obtained 
show t h a t  t he  s l a t  and f l a p  suppor t  b racke ts  on a h i g h - l i f t  a i r f o i l  have a d e t r i -  
mental e f f e c t  on the  spanwise uniformity of  t h e  downstream wake flow. 

Analysis of  t h e  test  

The r e s u l t s  of gap and over lap  o p t i -  

The h i g h - l i f t  tes t  techniques devel-  

INTRODUCTION 

The Nat ional  Aeronautics and Space Adminis t ra t ion has  i n  r ecen t  years  undertaken 
an ex tens ive  research  e f f o r t  aimed a t  improving t h e  aerodynamic performance of a wide 
range of m i l i t a r y ,  commercial, and genera l  a v i a t i o n  a i r c r a f t .  A l a r g e  p a r t  of t h i s  
research  e f f o r t  has been focused on improvements i n  t he  c r u i s e  performance of those  
a i r c r a f t  by reducing t h e  t o t a l  aerodynamic drag and by inc reas ing  t h e  drag- r i se  Mach 
number of t h e  wing. Since t h e  mid-l960's, s e v e r a l  new fami l i e s  of a i r f o i l s  have been 
developed with improved c r u i s e  performance c h a r a c t e r i s t i c s ;  t h e s e  inc lude  a i r f o i l s  i n  
t h e  s u p e r c r i t i c a l  (SC), laminar-flow-control (LFC),  genera l  a v i a t i o n  ( G A ) ,  and 
natural-laminar-flow (NLF) series. These new a i r f o i l s  were designed using t h e  l a t e s t  
t h e o r e t i c a l  design and a n a l y s i s  methods, and they have demonstrated g r e a t l y  improved 
c r u i s e  performance c h a r a c t e r i s t i c s  compared with t h e  earlier developed NACA a i r f o i l s  
designed pr imar i ly  using t r i a l - and-e r ro r  experimental  methods. I n  genera l ,  no matter 
how much e f f o r t  i s  devoted t o  improving the  c r u i s e  performance c h a r a c t e r i s t i c s  of an 
a i r f o i l ,  t h e  a i r f o i l  cannot be u t i l i z e d  unless  it can be equipped with a f l a p  system 
t h a t  w i l l  produce s u f f i c i e n t  l i f t  t o  m e e t  takeoff  and landing performance requi re -  
ments without  unreasonable inc reases  i n  wing area. This  f a c t  i s  o f t e n  overlooked by 



t h e  a i r f o i l  des igne r ,  and as a r e s u l t  many o therwise  e x c e l l e n t  a i r f o i l s  are never 
p u t  i n t o  practical  use.  

The performance o f  t h e  a i r f o i l  h i g h - l i f t  system is  a very important f a c t o r  i n  
t h e  o v e r a l l  des ign  o f  a new a i r c r a f t  wing. Small improvements i n  t h e  l i f t - d r a g  r a t i o  
and maximum l i f t  produced by t h e  h i g h - l i f t  system o f t e n  t r a n s l a t e  i n t o  l a r g e  reduc- 
t i o n s  i n  wing s i z e  and weight. The o v e r a l l  o b j e c t i v e  o f  t h e  h igh- l i f t - sys tem 
des igner  is  t o  equip t h e  wing wi th  a f l a p  system t h a t  has as few elements as p o s s i b l e  
t o  reduce mechanical complexity and weight, t h a t  produces t h e  maximum p o s s i b l e  l i f t  
t o  reduce landing  speeds, and t h a t  produces a h igh  l i f t - d r a g  r a t i o  t o  reduce f u e l  
consumption dur ing  t akeof f  and climb. The v iscous  flow f i e l d s  a s s o c i a t e d  wi th  high- 
l i f t  systems are very  complex, and only  a few t h e o r e t i c a l  a n a l y s i s  codes e x i s t  t h a t  
r e l i a b l y  p r e d i c t  t h e  aerodynamic performance o f  t hese  systems. Most o f  t h e s e  codes 
are app l i cab le  only  t o  two-dimensional a n a l y s i s  i n  f u l l y  a t t ached  flow cond i t ions .  
Therefore,  t h e  des ign  and a n a l y s i s  of h i g h - l i f t  systems c u r r e n t l y  r e l y  h e a v i l y  on t h e  
experience and judgment of t h e  i n d i v i d u a l  aerodynamicist .  To ta l  r e s u l t s  o f  aerody- 
namic performance, e s p e c i a l l y  maximum l i f t  wi th  i t s  a s soc ia t ed  reg ions  o f  h i g h l y  
separa ted  flow, can be obta ined  only  by expensive and time-consuming wind-tunnel 
tests o r  by a c t u a l  f l i g h t  t e s t  programs. Conversations wi th  a i r c r a f t  manufacturers 
have r epea ted ly  revea led  t h e i r  i n a b i l i t y  t o  correlate wind-tunnel and f r e e - f l i g h t  
t e s t  r e s u l t s  f o r  low-speed, t akeof f  and landing  condi t ions .  I n  s e v e r a l  i n s t a n c e s ,  
major and very expensive h igh- l i f t - sys tem des ign  modi f ica t ions  were necessary because 
o f  poor f l i g h t  performance. It is  t h e r e f o r e  very  important t h a t  both t h e o r e t i c a l  and 
experimental  research  be conducted t o  s tudy  t h e  effects  of Reynolds number on high- 
l i f t - s y s t e m  performance. 

A review of a v a i l a b l e  r e sea rch  l i t e r a t u r e  has shown t h a t  very l i t t l e  experi- 
mental d a t a  e x i s t  demonstrating t h e  e f f e c t  of Reynolds number on h igh- l i f t - sys tem 
performance. Most low-speed wind tunne l s  are nonpressurized and capable o f  s imula t -  
i n g  only a f r a c t i o n  o f  t h e  f u l l - s c a l e  f l i g h t  Reynolds number a t  t h e  c o r r e c t  Mach 
number. There are, however, a s m a l l  number o f  wind tunne l s  capable o f  ob ta in ing  
f u l l - s c a l e  cond i t ions  a t  t h e  c o r r e c t  Mach number. One such tunne l  i s  t h e  Langley 
Low-Turbulence P res su re  Tunnel (LTPT),  which is a 10-atm p r e s s u r i z e d  f a c i l i t y  wi th  a 
3- by 7 .5- f t  t e s t  s e c t i o n  t h a t  i s  i d e a l l y  s u i t e d  f o r  two-dimensional-airfoil  t e s t i n g  
a t  h igh  Reynolds numbers and low speeds. The LTPT has r e c e n t l y  been renovated t o  
improve i t s  h i g h - l i f t  t e s t i n g  c a p a b i l i t y  and, as a r e s u l t ,  i s  now a unique f a c i l i t y  
f o r  h i g h - l i f t - a i r f o i l  t e s t i n g  a t  high Reynolds numbers. 

The purpose o f  t h i s  paper is  t o  p r e s e n t  a summary of t h e  r e s u l t s  o f  t w o  high- 
l i f t - a i r f o i l  tes ts  r e c e n t l y  conducted i n  t h e  LTPT. The primary o b j e c t i v e s  o f  t h e s e  
tes ts  were t o  develop h i g h - l i f t  tes t  techniques and t o  e s t a b l i s h  a h igh  Reynolds num- 
be r ,  h i g h - l i f t  d a t a  base f o r  f l i g h t  c o r r e l a t i o n  and f o r  v e r i f i c a t i o n  wi th  e x i s t i n g  
t h e o r e t i c a l  a n a l y s i s  methods. Summaries of t e s t  r e s u l t s  f o r  each a i r f o i l  wi th  a l l  
e l emen t s  nes t ed  (c ru ise  conf igu ra t ion )  and wi th  t h e  leading-edge s l a t  and both 
s ing le -  and double-s lo t ted ,  t r a i l i ng -edge  f l a p s  d e f l e c t e d  ( h i g h - l i f t  con f igu ra t ions )  
w i l l  be  presented ,  and comparisons between t r e n d s  observed showing t h e  e f f e c t  of 
Reynolds number on l i f t  performance of each a i r f o i l  w i l l  be  d iscussed .  
lift t e s t i n g  techniques developed dur ing  t h i s  i n v e s t i g a t i o n  w i l l  a l s o  be d iscussed .  
The formation o f  i ce  on t h e  l ead ing  edges o f  an  a i r c r a f t  wing and t a i l  may cause a 
Severe l o s s  i n  t h e  performance o f  t h e  l i f t i n g  s u r f a c e s ,  e s p e c i a l l y  t h e  h o r i z o n t a l  
t a i l  s u r f a c e s  t h a t  are  o f t e n  d i f f i c u l t  t o  treat .  To i n v e s t i g a t e  t h e  e f f e c t s  of 
Reynolds number on l i f t  loss due to  f r o s t  and g l aze  ice ,  tests were conducted on one 
of t h e  c r u i s e  a i r f o i l s  wi th  leading-edge modi f ica t ions  t o  s imula te  both f r o s t  and 
ex tens ive  g l a z e  ice  buildup. 

The high- 

These tes t  r e s u l t s  w i l l  a l s o  be p resen ted  and d iscussed .  
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A l l  

cP 

C 

Cd 

cz  
cm 

M, 

m 

SYMBOLS 

measurements and c a l c u l a t i o n s  were made i n  t h e  U.S. Customary Units .  

l o c a l  s t a t i c  p res su re  c o e f f i c i e n t  

a i r f o i l  r e f e rence  chord, i n .  

s e c t i o n  drag  c o e f f i c i e n t  

s e c t i o n  l i f t  c o e f f i c i e n t  

s e c t i o n  pitching-moment c o e f f i c i e n t  

free-stream Mach number 

mass-flow rate, slugs/min 

tunnel  free-stream t o t a l  p re s su re  , l b / f t 2  

Reynolds number based on a i r f o i l  re fe rence  chord 

X/C nondimensional d i s t a n c e  x measured along chord of f lap  c 

a angle  of  at tack, deg 

6 

Subscr ip ts :  

f f l a p  

max maximum 

S s l a t  

V vane 

vf  vane/f lap combination 

Ci=O angle  o f  a t t a c k  of O o  

Abbreviat ions : 

AOA angle  o f  a t t a c k  

BLC boundary-layer c o n t r o l  

LE lead ing  edge 

LTPT Low-Turbulence Pressure  Tunnel 

TE t r a i l i n g  edge 

2-D two-dimensional 

Pt,m 

RC 

s l a t  o r  f l a p  d e f l e c t i o n  ( p o s i t i v e  f o r  t r a i l i n g  edge down), deg 
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WIND-TUNNEL FACILITY AND TEST APPARATUS 

Tunnel 

The h i g h - l i f t - a i r f o i l  tests were conducted i n  t h e  Langley Low-Turbulence 
Pressure Tunnel (LTPT). The LTPT is a s ing le - r e tu rn ,  c losed- throa t  wind tunnel  t h a t  
can be opera ted  a t  tunnel  t o t a l  p re s su res  from near-vacuum t o  10 a t m  ( r e f .  1). A 
ske tch  of the tunne l  c i r c u i t  arrangement is shown i n  f i g u r e  1. The tunnel  t e s t  sec- 
t i o n  is 3 f t  wide, 7.5 f t  high,  and 7.5 f t  long, which when combined wi th  a 17.6- 
to-1 con t r ac t ion  r a t i o  makes t h e  LTPT i d e a l l y  s u i t e d  f o r  two-dimensional a i r f o i l  
t e s t i n g .  The Reynolds number c a p a b i l i t y  of  t h e  tunnel  f o r  a t y p i c a l  h i g h - l i f t -  
a i r f o i l  t e s t  i s  shown i n  f i g u r e  2.  The tunnel  can ob ta in  a maximum Reynolds number 
of  15 x lo6 p e r  f o o t  a t  a Mach number of 0.24. The maximum empty-tunnel speed a t  a 
t o t a l  p re s su re  of  1 a t m  i s  a Mach number of  0.47 with a corresponding Reynolds number 
of 3 x 106 p e r  foo t .  

Model-Support and Force-Balance System 

A major p a r t  of t h e  r e c e n t  tunnel  renovat ion  w a s  t h e  i n s t a l l a t i o n  of  a new 
model-support and force-balance system capable  of handl ing both s ing le -  and mult i -  
element a i r f o i l s  f o r  high Reynolds number t e s t i n g .  A ske tch  of  t h i s  new model- 
suppor t  and force-balance system i s  s h o w n  i n  f i g u r e  3 .  The a i r f o i l  m o d e l  i s  mounted 
between t w o  end p l a t e s  t h a t  are connected t o  t h e  inne r  drums. These inne r  drums are 
held i n  p l ace  by an o u t e r  drum and yoke a r m  suppor t  system. 
system i s  mounted t o  t h e  f o r c e  ba lance ,  which i s  connected t o  t h e  tunnel  through a 
balance platform.  The a t t i t u d e  of the model is c o n t r o l l e d  by a motor-driven, 
e x t e r n a l l y  mounted p i t c h  mechanism t h a t  rotates  t h e  bearing-mounted i n n e r  drums. A 
mult ipath l a b y r i n t h  sea l  is used to  minimize a i r  leakage from t h e  tes t  s e c t i o n  i n t o  
the  ou te r  tunnel  plenum. 

The yoke arm suppor t  

The fo rce  balance is  a three-component s t ra in-gauge balance o f  the e x t e r n a l  
vir tual- image type.  
and 1 2  000 f t - l b  i n  p i t c h i n g  moment. The balance is  temperature  compensated and 
c a l i b r a t e d  t o  account €or  f i r s t -  and second-order i n t e r a c t i o n s ,  and it has  a genera l  
accuracy of 50.5 pe rcen t  of  design loads .  

The maximum balance loads  are 18 000 l b  i n  l i f t ,  550 l b  i n  drag,  

Sidewall  Boundary-Layer Control  System 

To ensure spanwise uniformity of  t h e  flow f i e l d  when t e s t i n g  h i g h - l i f t  a i r f o i l s  
near  t h e  maximum l i f t  condi t ion ,  some form of  tunne l  s idewa l l  boundary-layer c o n t r o l  
(BLC) i s  needed. The l a r g e  adverse  p re s su re  g rad ien t s  induced on t h e  tunnel  s ide -  

w a l l s  by a h i g h - l i f t  a i r f o i l  near  maximum l i f t  can cause the s idewa l l  boundary l a y e r  
t o  separate wi th  a corresponding l o s s  of  spanwise uniformity of  t he  flow on t h e  a i r -  
f o i l  s u r f a c e  and a r e s u l t i n g  l o s s  of  l i f t .  
a v a i l a b l e  f o r  t h e  LTPT, t a n g e n t i a l  blowing w a s  selected as t h e  means of  providing 
s idewal l  BLC. Five blowing boxes wi th  t a n g e n t i a l  blowing s l o t s  are  a v a i l a b l e  f o r  
each s ide  of t h e  tunnel  and can be pos i t i oned  around t h e  a i r f o i l  w i th in  t h e  confines  
of t h e  a i r f o i l  end p l a t e s .  
f l e x i b l e  hose connected t o  a blowing-box c o n t r o l  ca r t  wi th  remote-controlled valves  
f o r  each box. A c ross -sec t ion  ske tch  of  a t y p i c a l  blowing box is  presented  i n  f ig -  
u re  4. 
s l o t  e x i t .  A i r  e n t e r s  an inne r  manifold d i s t r i b u t i o n  chamber and is  d i s t r i b u t e d  

Because a source  of  high-pressure a i r  w a s  

High-pressure a i r  is suppl ied  t o  each box through a 

The blowing boxes were designed t o  provide uniform t a n g e n t i a l  flow a t  t h e  
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through s lots  to  an o u t e r  manifold chamber. The e x i t  s l o t  is formed by a removable 
s l o t  l i p  and t h e  box i t s e l f .  
maximum mass-flow rate through the  box. 

The width of t h e  s l o t  e x i t  may be va r i ed  t o  c o n t r o l  t h e  

During t h e  tests of t h e  second h i g h - l i f t  a i r f o i l ,  a 0.25-in-diameter blowing 
tube loca ted  a t  t h e  junc tu re  between the  a i r f o i l  and t h e  end p l a t e  w a s  used a t  two 
chordwise p o s i t i o n s  in s t ead  of t he  normal blowing box. An a d d i t i o n a l  form of s ide-  
w a l l  BLC is also a v a i l a b l e  as an upstream f loo r - to -ce i l i ng  suc t ion  s l o t  l oca t ed  on 
each s idewal l .  This s l o t  is  loca ted  approximately 20 i n .  upstream o f  t h e  forward 
edge of t h e  end plate. The boundary l a y e r  inges ted  through these  s l o t s  by l a r g e  
suc t ion  pumps loca ted  under the  f l o o r  of  t h e  tes t  s e c t i o n  is dumped i n t o  t h e  down- 
s t ream d i f f u s e r .  These s u c t i o n  pumps have l imi t ed  p o w e r  and a r e  ope ra t iona l  only a t  
tunnel  t o t a l  p re s su res  below 2 atm. 

Remo te- Cont ro l l e d  Wake Survey Apparatus 

The a i r f o i l  d rag  d a t a  w e r e  determined dur ing  t h i s  i n v e s t i g a t i o n  by t h e  momentum 
method using measured downstream wake p r o p e r t i e s  r a t h e r  than by t r y i n g  t o  c o r r e c t  t h e  
force-balance reading f o r  end p l a t e  s k i n - f r i c t i o n  drag and blowing-box a i r  l i n e  
t a r e s .  A remote-controlled survey a r m  w a s  used t o  t r a v e r s e  the rake probe head 
through the  a i r f o i l  wake. A ske tch  of t h i s  apparatus  is presented  i n  f i g u r e  5. The 
arm i s  composed of t h r e e  movable components: a main boom, an o f f s e t  boom, and a 
forward-pivoting rake head. Each component has a p o s i t i o n  c o n t r o l  device.  The main 
boom is mounted on the  s t r u t  with a p i v o t  p o i n t  a l lowing r o t a t i o n  i n  t h e  v e r t i c a l  
plane.  Its motion is  c o n t r o l l e d  by t h e  l i n e a r  ac tua to r .  The o f f s e t  boom can be 
r o t a t e d  about t h e  main boom by t h e  r o l l  a c t u a t o r ,  which allows survey p o s i t i o n s  t o  be 
made a t  d i s t ances  up t o  1 2  i n .  from the  tunnel  c e n t e r l i n e .  The forward-pivoting rake 
head is  mounted a t  t h e  end of t he  o f f s e t  boom and may be r o t a t e d  i n  t h e  v e r t i c a l  
p lane  by t h e  i n t e r n a l l y  mounted pitch-adjustment mechanism. The p o s i t i o n  and rate of 
movement of t he  survey apparatus  are c o n t r o l l e d  by a microprocessor c o n t r o l l e r .  

A ske tch  showing t h e  d e t a i l s  of t he  wake survey rake is  presented  i n  f i g u r e  6. 
The rake is composed of two f low-angular i ty  probes,  seven t o t a l  p re s su re  probes,  and 
four  s t a t i c  p re s su re  probes.  
s tandard  type and t h e  d i sk  type. The standard-type probe c o n s i s t s  of a 0.125-in- 
diameter t u b e . w i t h  a hemispherical  head. Each s ta t ic  p res su re  tube has e i g h t  f l u s h  
o r i f i c e s  d r i l l e d  45' a p a r t  and loca ted  e i g h t  tube diameters  from t h e  t i p  of t h e  tube. 
The d isk  probe is 0.437 i n .  i n  diameter and had a 0.18-in-diameter ho le  d r i l l e d  
through t h e  c e n t e r  with an i n t e r n a l  passage connecting t h i s  ho le  to  t h e  edge of t h e  
d isk .  The flow-angularity probes are loca ted  a t  t he  ends of the rake and a r e  used t o  
a l i g n  the  rake with t h e  a i r f o i l  wake. 

Two types of s ta t ic  pressure  probes were used, t h e  

DESCRIPTION OF HIGH-LIFT A I R F O I L  MODELS 

Two h i g h - l i f t  models were t e s t e d  dur ing  t h i s  i nves t iga t ion .  Both models a r e  
s u p e r c r i t i c a l - t y p e  a i r f o i l s  equipped with a leading-edge s l a t  and s ing le -  and double- 
s l o t t e d ,  t r a i l i ng -edge  f l a p s .  A ske tch  of t h e  model geometry and blowing-box loca- 
t i o n s  f o r  each model is presented  i n  f i g u r e  7. The m o s t  notable d i f f e r e n c e  between 
the  t w o  models is t h e  r e l a t i v e  s i z e s  of t h e  t ra i l ing-edge  vane/af t - f lap  combinations. 
The f i r s t  model t e s t e d  has  a double-s lot ted f l a p  composed of an advanced large-chord 
vane and small-chord a f t  f l a p  ( r e f .  2 ) ,  and the  second model has a more convent ional  
small-chord vane and large-chord a f t  f l a p  ( r e f .  3 ) .  Because of  t h i s  fundamental 
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geometric d i f f e rence ,  t h e  f i r s t  model is r e f e r r e d  t o  as t h e  "large-vane model" and 
t h e  second as t h e  "small-vane model." Both models were a l s o  configured and t e s t e d  
wi th  a s i n g l e - s l o t t e d ,  t r a i l i ng -edge  f l a p  and with a l l  elements nes ted  t o  form t h e  
c r u i s e  conf igura t ion .  

The large-vane model has  a c r u i s e  a i r f o i l  chord of  22 i n .  and a maximum 
thickness-chord r a t i o  o f  11.55 percent .  The leading-edge s l a t ,  t r a i l i ng -edge  vane, 
and a f t - f l a p  elements  have r e spec t ive  chords of 14.48, 20.93, and 14.03 pe rcen t  of  
t h e  c r u i s e  chord. The main element wi th  s l a t  and f l a p s  de f l ec t ed  has  a chord of 
83.03 percent  of t h e  c r u i s e  chord. The s i n g l e - s l o t t e d ,  t r a i l i ng -edge  f l a p  has  a 
30 pe rcen t  chord. This model was t e s t e d  i n  t h e  c ru ise  conf igura t ion  and i n  t h e  
s ing le -  and double-s lot ted f l a p  conf igu ra t ions ,  and it w a s  also equipped wi th  a 
s m a l l  3-percent-chord 30' wedge a t t ached  t o  t h e  lower s u r f a c e  t r a i l i n g  edge of  t h e  
most downstream element. This wedge w a s  used t o  s imula te  t h e  s p l i t  f l a p  commonly 
r e f e r r e d  t o  as a "Gurney f l a p . "  The h i g h - l i f t  conf igura t ion  wi th  s l a t  and double- 
s l o t t e d  f l a p  d e f l e c t e d  i s  instrumented wi th  142 c e n t e r l i n e  chordwise s u r f a c e  p re s su re  
t aps  and f i v e  spanwise rows of 10 taps each. The spanwise r o w s  c o n s i s t  o f  one r o w  
near  t he  t r a i l i n g  edge of t h e  s l a t ,  main, vane, and a f t - f l a p  elements and one addi- 
t i o n a l  row midchord on t h e  vane. Photographs of  t h e  large-vane model mounted i n  t h e  
LTPT are presented  i n  f i g u r e s  8 and 9. A s  shown i n  f i g u r e  9 t h e  model is  equipped 
wi th  fou r  chordwise rows of  s l a t  and f l a p  suppor t  b racke ts  symmetrically loca t ed  
3.85 and 13.25 i n .  from t h e  end plate.  The b racke t s  n e a r e s t  t h e  end p l a t e s  are 
t h i c k e r  t o  accommodate the p res su re  t a p  tub ing  carried over  from t h e  s l a t  and f l a p s  
t o  t h e  i n t e r n a l  rou t ing  c a v i t y  i n  t h e  main element. 

The small-vane model has a c r u i s e  a i r f o i l  chord of  24 i n .  and a maximum 
thickness-chord r a t i o  of  11 percent .  The main, vane, and a f t - f l a p  elements have 
chords of 74 .2 ,  6.43, and 24.4 percent of t h e  c r u i s e  a i r f o i l  chord, r e spec t ive ly .  
The s i n g l e - s l o t t e d ,  t r a i l i ng -edge  f l a p  has a chord of 28 .1  percent .  The model can 
be configured with t h r e e  d i f f e r e n t  s la ts ,  as i l l u s t r a t e d  i n  f i g u r e  10. The b a s e l i n e  
s l a t  has  a chord of  13 pe rcen t  wi th  t h e  same leading-edge shape as t h a t  of t h e  c r u i s e  
a i r f o i l .  The large-chord s l a t  has  a chord of  19.5 pe rcen t  wi th  t h e  same leading-edge 
shape as t h e  b a s e l i n e  s l a t .  The la rge- rad ius  s l a t  has a chord o f  1 3  pe rcen t  wi th  a 
modified leading-edge shape and has  a l a r g e r  r ad ius  than  the  b a s e l i n e  s l a t  wi th  
s e v e r a l  degrees of  droop. During t h e  tes ts  of t he  large-chord and l a rge - rad ius  
s l a t s ,  t h e  lead ing  edge of t h e  main element w a s  n o t  modified t o  accommodate t h e  s l a t  
shapes proper ly  i n  t h e  nes ted  condi t ion .  During t h e  tests of  t h e  small-vane, 
double-s lo t ted  f l a p  conf igu ra t ions ,  t h e  a f t  f l a p  w a s  moved downstream o f  t h e  vane i n  
t h e  f laps-up conf igu ra t ion  and then  both elements w e r e  d e f l e c t e d  t o  t h e  same def lec-  
t i o n  angle .  The small-vane, h i g h - l i f t  conf igura t ion  is  instrumented wi th  74 center- 
l i n e  chordwise s u r f a c e  p re s su re  t a p s  and 2 a d d i t i o n a l  chordwise rows of 10 spa r se ly  
spaced t aps  loca t ed  6 in .  from each end p l a t e .  The model also has  1 spanwise row of  
8 t aps  near  t h e  t r a i l i n g  edge of t h e  main element and a spanwise r o w  of 10 taps a long  
t h e  t r a i l i n g  edge of t h e  a f t  f l a p .  This model i s  a l s o  equipped wi th  fou r  chordwise 
rows of s l a t  and f l a p  bracke ts  symmetrically loca t ed  a t  t h e  junc tu re  of t h e  model 
with the  end p l a t e  and 1 2  i n .  from t h e  end p l a t e ,  as shown i n  f i g u r e  11. 

The BLC blowing boxes on t h e  end plates  f o r  each model are pos i t i oned  t o  ener- 
g i ze  t h e  s idewa l l  boundary l a y e r  near  t h e  reg ions  of  maximum v e l o c i t y  of  t h e  flow 
around t h e  h i g h - l i f t  a i r f o i l .  These regions are  t y p i c a l l y  those  near  t h e  lead ing  
edge of  each element and near  t h e  t r a i l i n g  edge of t h e  main element.  
f o r  t h e  large-vane model is  instrumented with f i v e  blowing boxes, as i l l u s t r a t e d  i n  
f i g u r e  7 ( a ) .  Each end p l a t e  f o r  t h e  small-vane model is  instrumented with t h r e e  
blowing boxes and two 0.25-in-diameter blowing tubes, as i l l u s t r a t e d  i n  f i g u r e  7 ( b ) .  

Each end p l a t e  
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The leading-edge blowing tube  on t h i s  model is loca ted  near  t h e  lead ing  edge of  t h e  
main element and blows t a n g e n t i a l l y  i n t o  t h e  junc tu re  between t h e  model upper s u r f a c e  
and t h e  end p l a t e ,  as shown i n  f i g u r e  1 2 .  The t r a i l i ng -edge  blowing tube  is loca ted  
i n  t h e  cove reg ion  of t h e  main element and blows t a n g e n t i a l l y  around t h e  junc tu re  of  
t h e  vane and t h e  end plate ,  as shown i n  f i g u r e  13. 

The small-vane c r u i s e  conf igu ra t ion  w a s  also tested wi th  s imulated leading-edge 
f r o s t  and g l aze  ice  bui ldup.  
wide s t r i p s  of N o .  70 g r i t  l oca t ed  on t h e  upper and lower s u r f a c e s  a t  a d i s t a n c e  of  
approximately 3 percen t  of t h e  chord from t h e  leading  edge. 
were then  s imulated by f i l l i n g  t h e  leading-edge space between t h e  two p a r t i a l  f r o s t  
s t r i p s  wi th  No.  70 g r i t .  The g l aze  ice  bui ldup  w a s  s imula ted  by a t t a c h i n g  a wooden 
piece t o  t h e  lead ing  edge of  t h e  a i r f o i l  wi th  a shape approximating t h a t  of  an a c t u a l  
bu i ldup  ( r e f .  4 ) .  A ske tch  showing t h e  comparison between the s imulated condi t ion  
and an a c t u a l  measured g l aze  ice  shape is presented  i n  f i g u r e  .14. 
g l aze  ice  shape w a s  f u r t h e r  enhanced by coa t ing  t h e  wooden p i e c e  wi th  an  extremely 
coa r se  g r i t ,  as shown i n  t h e  photograph presented  i n  f i g u r e  15. 

Pa r t i a l  f r o s t  condi t ions  were s imula ted  wi th  0.5-in- 

F u l l  f r o s t  condi t ions  

The s imulated 

During t h e  tes ts  o f  t h e  la rge-  and small-vane, h i g h - l i f t  con f igu ra t ions ,  t h e  
gaps and over laps  of  t h e  s l a t  and f l a p  elements were va r i ed  t o  determine t h e i r  e f f e c t  
on l i f t  performance. A ske tch  i l l u s t r a t i n g  t h e  d e f i n i t i o n  of gap and ove r l ap  is pre- 
s en ted  i n  f i g u r e  16. The gap is def ined  as the s h o r t e s t  d i s t a n c e  between the lower 
s u r f a c e  t r a i l i ng -edge  p o i n t  of t h e  forward element and t h e  upper s u r f a c e  of  t he  a f t  
element. The ove r l ap  is def ined  as t h e  d i s t a n c e  p a r a l l e l  t o  t h e  a i r f o i l  r e f e rence  
chord l i n e  between t h e  t r a i l i ng -edge  p o i n t  of  t h e  forward element and t h e  perpen- 
d i c u l a r  p r o j e c t i o n  of  t h e  most forward leading-edge p o i n t  o f  t h e  a f t  element. 

TEST CONDITIONS 

Both t h e  la rge-  and small-vane models were t e s t e d  i n  the LTPT through an  angle- 
of-attack range from - 4 O  t o  s e v e r a l  degrees  past t h e  maximum l i f t  o r  s t a l l  cond i t ion ,  
through a Mach number range from 0.10 to  0.35, and through a Reynolds number range 
from 2.8  t o  20.9 X lo6 .  Correc t ions  f o r  s o l i d  and wake blockage were app l i ed  t o  t h e  
free-s t ream dynamic p res su re ,  and co r rec t ions  f o r  t h e  e f f e c t s  of  f l o o r  and c e i l i n g  
c o n s t r a i n t  on s t r eaml ine  curva ture  were appl ied  t o  l i f t ,  p i t c h i n g  moment, and angle  
of attack (ref. 5 ) .  The a i r f o i l  l i f t  and pitching-moment coeff ic ients  w e r e  deter- 
mined by measurements made wi th  t h e  f o r c e  balance and by machine i n t e g r a t i o n  o f  t h e  
measured s u r f a c e  s t a t i c  pressures. A t y p i c a l  comparison between the  f o r c e  balance 
and machine-integrated l i f t  and pitching-moment c o e f f i c i e n t s  f o r  t h e  small-vane, 
h i g h - l i f t  model is presented  i n  f i g u r e  17. As shown i n  t h i s  f i g u r e ,  t h e  o v e r a l l  
agreement i n  l i f t  c o e f f i c i e n t s  w a s  gene ra l ly  very good cons ider ing  t h e  spa r se  number 
of s u r f a c e  p re s su re  t aps  on the  vane and f l a p  elements. The agreement i n  p i tch ing-  
moment c o e f f i c i e n t s  w a s  gene ra l ly  n o t  as favorable  as t h a t  f o r  t h e  l i f t  c o e f f i c i e n t s  
because of t h e  numerical s e n s i t i v i t y  of t h e  a x i a l  component of t h e  p re s su re  fo rces  on 
t h e  i n t e g r a t i o n .  A s m a l l  error i n  t h e  a x i a l  component of  the  p res su re  fo rce  ( t h r u s t  
f o r c e )  r e s u l t s  i n  a r e l a t i v e l y  l a r g e  e r r o r  i n  t h e  i n t e g r a t i o n  o f  t h e  pitching-moment 
c o e f f i c i e n t .  

Limited drag d a t a  were obta ined  from i n t e g r a t i o n  o f  t h e  measured s t a t i c  and 
t o t a l  pressures i n  t h e  wake ( r e f .  6 ) .  The d rag  measurement technique used produced 
e x c e l l e n t  r e s u l t s  f o r  t h e  large-vane c r u i s e  conf igura t ion ;  however, t h e  s l a t  and f l a p  
suppor t  brackets o f  t h e  h i g h - l i f t  con f igu ra t ion  had a de t r imen ta l  e f f e c t  on the drag  
measurement. A p a r t i a l  spanwise v a r i a t i o n  of  t h e  drag  c o e f f i c i e n t  f o r  t he  large-vane, 
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h i g h - l i f t  con f igu ra t ion  is  shown i n  f i g u r e  18. 
f i g u r e  w e r e  measured a t  a d i s t a n c e  of approximately 1 chord l eng th  downstream o f  the 
t r a i l i n g  edge of t h e  main element. 

The drag values  presented  i n  t h i s  

The presence of  t h e  suppor t  b racke ts  causes a local d e f i c i t  i n  t h e  flow through 
t h e  s l o t  immediately downstream of the  b racke t  which, i n  tu rn ,  causes a l o c a l  thick-  
ening o f  t h e  boundary l aye r .  This  thickened boundary l a y e r  feeds  downstream i n t o  the 
wake as a l a r g e  d e f i c i t  and r e s u l t a n t  high drag. Vor t ices  are a l s o  generated a t  the 
junc ture  between t h e  bracke ts  and element surfaces, thus  causing a spreading  o f  the 
w a k e  th ickening  due t o  t h e  brackets. This spreading e f f ec t  is ind ica t ed  i n  f ig -  
ure  18 by t h e  inc rease  i n  drag  on both s i d e s  of t h e  b racke t  c e n t e r l i n e .  The c u r r e n t  
h ighly  can t i l eve red ,  slow-moving, wake-rake t r a v e r s e  system is  designed f o r  appl ica-  
t i o n  t o  c r u i s e  a i r f o i l s  with r e l a t i v e l y  t h i n ,  symmetric wakes. I n  c o n t r a s t ,  t h e  
h i g h - l i f t  con f igu ra t ions  t e s t e d  had very t h i c k ,  mul t i layered ,  and h ighly  t u r b u l e n t  
wakes t h a t  cause cons iderable  v i b r a t i o n  and stress on t h e  t r a v e r s e  system and t ake  
cons iderable  tunnel  t i m e  t o  measure. 
encountered, a l l  d rag  measurements wi th  t h e  e x i s t i n g  t r a v e r s e  system were discon- 
t i nued  a f t e r  t h e  i n i t i a l  tests of  t h e  large-vane model. 

Because of t h e  b racke t  and v i b r a t i o n  problems 

The support  b racke ts  n o t  on ly  have a de t r imen ta l  e f fec t  on drag b u t  a l s o ,  under 
c e r t a i n  condi t ions ,  on t h e  l i f t  as i l l u s t r a t e d  i n  f i g u r e  19 f o r  t h e  small-vane, high- 
l i f t  conf igura t ion  a t  low Reynolds number. 
able e f fec t  of removing the  two inne r  leading-edge s l a t  bracke ts .  The brackets 
probably have a less de t r imen ta l  e f fec t  on both lift and drag a t  the high Reynolds 
number t es t  condi t ions  because of th inn ing  of t h e  boundary l a y e r s  t h a t  develop on t h e  
a i r f o i l  and b racke t  su r f aces .  During high Reynolds number t e s t i n g  i n  a p res su r i zed  
f a c i l i t y  l i k e  t h e  LTPT, it i s  n o t  gene ra l ly  f e a s i b l e  t o  e l imina te  h i g h - l i f t  suppor t  
b racke t s  e n t i r e l y  and r e l y  s o l e l y  on end plate suppor t  because of t h e  high loads 
generated.  
immediately behind t h e  suppor t  b racke ts  i n  o r d e r  t o  reduce t h e i r  d e f i c i t  e f f e c t  on 
t h e  s l o t  flow. 

The d a t a  i n  t h i s  f i g u r e  show t h e  favor-  

One p o s s i b l e  s o l u t i o n  to  t h e  b racke t  problem is t o  blow high-pressure a i r  

HIGH-LIFT TEST PROCEDURES 

During the  tes ts  of each c r u i s e  and h i g h - l i f t  con f igu ra t ion ,  t h e  spanwise rows 
o f  su r face  p re s su res  w e r e  monitored t o  check for spanwise uniformity of flow ac ross  
t h e  model. F luorescent  m i n i t u f t s  were also a t t ached  t o  the  upper a i r f o i l  and end 
plate  s u r f a c e s  and were monitored v i a  a video camera and u l t r a v i o l e t  l i g h t  system t o  
provide an  a d d i t i o n a l  check of  t h e  spanwise uniformity o f  t h e  flow ( r e f .  7 ) .  The 
m i n i t u f t  p a t t e r n  used dur ing  t h e  tests of t h e  large-vane model is  p a r t i a l l y  v i s i b l e  
i n  f i g u r e  8 ( b ) .  P r i o r  t o  t h e  tests of each a i r f o i l  conf igu ra t ion ,  t h e  mass-flow 
rates  o f  t h e  s idewal l  blowing boxes were ad jus t ed  t o  o b t a i n  spanwise uniformity of 
t h e  flow ac ross  t h e  a i r f o i l  a t  t h e  condi t ion  of maximum possible l i f t .  Once these  
mass-flow rates and t h e i r  corresponding box-pressure r a t i o s  ( t h e  r a t i o  of t o t a l  
p re s su re  i n  t h e  box t o  free-stream s ta t ic  p res su re )  were e s t a b l i s h e d ,  t h e  mass-flow 
rates a t  o t h e r  Reynolds number condi t ions  were obta ined  by simply maintaining t h e  
same p res su re  r a t i o s .  Each blowing box had a remote-control led p re s su re  r e g u l a t o r  
t h a t  allowed f o r  i nd iv idua l  adjustment  t o  account f o r  asymmetries i n  s l o t  openings 
between Corresponding boxes on oppos i t e  end plates. 

The b a s i c  procedure followed t o  determine the  needed box-pressure ratios w a s  
f i rs t  t o  b r i n g  t h e  tunnel  condi t ions  up t o  t h e  des i r ed  Mach number and Reynolds num- 
be r  and, wi th  t h e  p re s su re  i n  a l l  boxes o f f ,  i nc rease  t h e  angle  of  a t t a c k  of  t h e  
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1 model t o  t h e  s t a l l  condi t ion  where t h e  su r face  t u f t s  i nd ica t ed  a l o s s  o f  spanwise 
uniformity of t h e  flow on t h e  model. The box p res su res  were then increased  by start- 
i n g  wi th  t h e  most upstream box near  t h e  lead ing  edge of t h e  a i r f o i l  and then proceed- 
ing i n  an a l t e r n a t i n g  r i g h t - t o - l e f t  end plate  manner downstream u n t i l  spanwise uni- 
formity of t he  flow w a s  e s t ab l i shed .  During t h e  adjustment process ,  t h e  a i r fo i l  and 
end p l a t e  flow p a t t e r n s  were cons t an t ly  monitored using e i t h e r  t h e  u l t r a v i o l e t  mini- 
t u f t s  or,  i n  some cases ,  conventional yarn t u f t s  and the  computer-plotted spanwise 
d i s t r i b u t i o n  of  s u r f a c e  s t a t i c  pressures .  The model angle  of  a t t a c k  w a s  then 
increased  aga in  u n t i l  a l o s s  of spanwise uniformity of t h e  flow occurred;  a t  t h a t  
t ime, t h e  box-pressure adjustment procedure w a s  repeated with care shown t o  prevent  
overblowing. Overblowing would genera te  supe rc i r cu la t ion  near  t h e  junc ture  of the  
a i r f o i l  with t h e  end plate  and thus  cause an inc rease  i n  t h e  spanwise loading a t  t h e  
junc ture  with a corresponding u n r e a l i s t i c  maximum l i f t  c o e f f i c i e n t .  
adjustment procedure w a s  repeated u n t i l  t h e  maximum poss ib l e  l i f t  c o e f f i c i e n t  had 
been obtained.  

The box-pressure 

The box-pressure adjustment procedure worked very w e l l  f o r  t h e  small-vane, high- 
l i f t  model; unfor tuna te ly ,  it w a s  only marginal ly  success fu l  f o r  t h e  large-vane, 
h i g h - l i f t  model which w a s  t he  f i r s t  model t e s t e d .  Previous tests of an NACA 4416 
a i r f o i l  ( r e f .  1) equipped with a s i n g l e - s l o t t e d  f l a p  showed t h a t  box s l o t  openings 
of 0.030 i n .  w e r e  adequate; t he re fo re ,  t h e  same s l o t  openings were used f o r  t h e  
large-vane model. The maximm l i f t  c o e f f i c i e n t  as a func t ion  of t o t a l  box mass-flow 
rate f o r  t h e  large-vane, h i g h - l i f t  model is presented  i n  f i g u r e  20 and shows t h a t  t h e  
maximum l i f t  was j u s t  beginning to  l e v e l  o f f  a t  the  maximum ob ta inab le  mass-flow r a t e  
of 6 slugs/min, which corresponded t o  t h e  condi t ion  of f u l l y  choked flow i n  each box. 
The t o t a l  mass-flow r a t e  could have been increased  by inc reas ing  t h e  s l o t  openings 
b u t ,  as i l l u s t r a t e d  i n  f i g u r e  4 ,  t h i s  would have requi red  a complete removal of t h e  
end plates f o r  a d d i t i o n a l  machining which w a s  no t  permiss ib le  dur ing  t h e  a l l o t t e d  
t e s t  per iod.  

I n  an at tempt  t o  provide a d d i t i o n a l  s idewa l l  BLC dur ing  t h e  t e s t s  of t he  large-  
vane model, t he  upstream f loo r - to -ce i l i ng  s idewa l l  suc t ion  slots were u t i l i z e d .  The 
boundary l a y e r  inges ted  through these  s l o t s  by l a r g e  suc t ion  pumps loca ted  under t h e  
f l o o r  of t h e  tes t  s e c t i o n  is dumped i n t o  t h e  downstream d i f f u s e r .  These s u c t i o n  
pumps have l i m i t e d  power and are ope ra t iona l  only a t  tunnel  t o t a l  p re s su res  below 
2 atm. A comparison of t h e  l i f t  performance of t h e  large-vane cruise a i r f o i l  wi th  
suc t ion  on and off i n  w h i c h  a l l  b l o w i n g  boxes operated a t  m a x i m u m  m a s s - f l o w  rate is  
presented  i n  f i g u r e  2 1  and shows, i n s t e a d  of t h e  expected improvement i n  l i f t  per- 
formance, a loss i n  performance wi th  t h e  s idewa l l  suc t ion  on. One p o s s i b l e  explana- 
t i o n  f o r  t h i s  unexpected t r e n d  i s  t h a t  t h e  noise  l e v e l  i n  t h e  tunnel  with s u c t i o n  
on w a s  g r e a t l y  increased  because of t h e  sharpness  of t h e  suc t ion  s l o t  l i p .  The 
increased  noise  l e v e l  probably increased  t h e  free-s t ream turbulence l e v e l  which, i n  
t u r n ,  adversely a f f e c t e d  the t r a n s i t i o n  and sepa ra t ion  c h a r a c t e r i s t i c s  of  t h e  bound- 
a ry  l a y e r s  on t h e  a i r f o i l  elements. Therefore ,  it w a s  decided to  d iscont inue  t h e  u s e  
of  t h e  s idewal l  BLC suc t ion  system and t o  cont inue the  t e s t s  of  t h e  large-vane model 
ope ra t ing  t h e  blowing boxes a t  maximum mass-flow r a t e .  Because of  t h e  lack  of ade- 
quate  s idewa l l  BLC con t ro l ,  t h e  d a t a  obta ined  during t h e  t e s t s  of  t h e  large-vane 
model are not  r ep resen ta t ive  of t h e  maximum l i f t  performance p o s s i b l e  b u t  they do 
show several very i n t e r e s t i n g  t r ends  with increased  Mach number and Reynolds number. 

During the  t e s t s  of t h e  small-vane, h i g h - l i f t  model, t h e  blowing-box s l o t  
openings were s e t  t o  0.050 in .  and leading-  and t r a i l i ng -edge  blowing tubes were 
added t o  t h e  main element. These t w o  changes provided s u f f i c i e n t  m a s s  flow t o  pre- 
vent  s idewa l l  boundary-layer s epa ra t ion .  The e f f e c t  of t he  blowing box and tube 
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mass-flow rates on t h e  l i f t  c o e f f i c i e n t  ob ta ined  f o r  t h e  small-vane, h i g h - l i f t  model 
i s  presented  i n  f i g u r e  22. A s  shown i n  t h i s  f i g u r e ,  t h e  r a t h e r  s m a l l  leading-edge 
blowing tube, which blows high-energy a i r  i n t o  t h e  junc tu re  between t h e  a i r f o i l  and 
end plate  downstream of t h e  leading-edge pressure peak on t h e  main element,  had a 
cons iderable  e f f e c t  on t h e  lift performance i n  v i e w  of t h e  f a c t  t h a t  it accounted f o r  
on ly  approximately 5 percent of t h e  t o t a l  BLC mass-flow rate r equ i r ed  t o  p reven t  
s idewa l l  s epa ra t ion .  Unlike t h e  large-vane model, t h e  o u t e r  s l a t  and f l a p  suppor t  
b racke t s  f o r  t h e  small-vane model were l o c a t e d  a t  t h e  junc ture  between t h e  model and 
end plate.  The w a l l  boundary l a y e r  a t  t h e  model j unc tu re  is r e l a t i v e l y  t h i c k  com- 
pared wi th  t h a t  on t h e  model; t h e r e f o r e ,  suppor t  b racke t s  l o c a t e d  a t  t h e  junc tu re  
would probably have a less de t r imen ta l  e f fec t  on t h e  a b i l i t y  of t h e  end p la te  BLC 
system t o  maintain t h e  spanwise uniformity o f  t h e  flow. A s  p rev ious ly  d iscussed  f o r  
t h e  large-vane model, t h e  inne r  suppor t  b racke t s  probably have a de t r imen ta l  e f f e c t  
on t h e  l i f t  performance of the small-vane model a t  low Reynolds numbers. I n  gene ra l ,  
however, t h e  d a t a  obta ined  f o r  t h e  small-vane, h i g h - l i f t  model are o f  e x c e l l e n t  qual- 
i t y  and show s e v e r a l  very i n t e r e s t i n g  t r ends  wi th  increased  Mach number and Reynolds 
number. 

DISCUSSION OF TEST RESULTS 

The s t a l l  c h a r a c t e r i s t i c s  of an  a i r f o i l  can gene ra l ly  be c l a s s i f i e d  as e i t h e r  a 
leading-edge l a m i n a r  boundary-layer s e p a r a t i o n  o r  a t r a i l i ng -edge  t u r b u l e n t  boundary- 
l a y e r  s epa ra t ion .  Leading-edge l a m i n a r - s t a l l  a i r f o i l s  have l i n e a r  l i f t  versus  angle- 
o f - a t t ack  behavior below t h e  angle  of  maximum lift o r  s t a l l .  Inc reas ing  t h e  ang le  o f  
a t t a c k  past  s t a l l  causes  massive s e p a r a t i o n  of t h e  upper s u r f a c e  leading-edge laminar  
boundary l a y e r  with a r e s u l t a n t  sha rp  drop  i n  t h e  l i f t .  Trail ing-edge tu rbu len t -  
s t a l l  a i r f o i l s ,  on t h e  o t h e r  hand, have nonl inear  l i f t  ve r sus  angle-of-attack behav- 
i o r  below t h e  s t a l l  angle  because of t h e  forward movement o f  t h e  s e p a r a t i o n  p o i n t  o f  
t h e  t u r b u l e n t  boundary l a y e r  with inc reased  ang le  of a t t a c k .  
a t t a c k  past  s t a l l  r e s u l t s  i n  t h e  continued forward movement o f  t h e  t r a i l i ng -edge  
t u r b u l e n t  s e p a r a t i o n  p o i n t  u n t i l  t h e  angle  i s  reached where t h e  leading-edge laminar 
boundary l a y e r  completely separates caus ing  massive sepa ra t ion .  Def l ec t ing  t h e  
t r a i l i ng -edge  f l a p  elements of a t r a i l i ng -edge  t u r b u l e n t - s t a l l  a i r f o i l  o f t e n  causes 
t h e  upper s u r f a c e  t u r b u l e n t  boundary l a y e r  on t h e  main element t o  remain a t t a c h e d  
and, t h e r e f o r e ,  t h e  flapped a i r f o i l  t o  e x h i b i t  leading-edge l amina r - s t a l l  behavior 
provided t h e  t u r b u l e n t  boundary l a y e r  on t h e  upper s u r f a c e  o f  t h e  f lap  remains 
a t t ached .  Even i f  t h e  upper s u r f a c e  t u r b u l e n t  boundary l a y e r  on t h e  f l a p  separates, 
t h e  sepa ra t ion  p o i n t  may remain s t a t i o n a r y  wi th  inc reased  ang le  o f  a t t a c k  and t h e  
a i r f o i l  s t i l l  e x h i b i t  l a m i n a r - s t a l l  behavior.  I t  i s  important t o  keep i n  mind t h e s e  
two types  o f  s t a l l  behavior dur ing  t h e  d i scuss ion  o f  t h e  t e s t  r e s u l t s .  
t h e  d i scuss ion  of t h e  t e s t  r e s u l t s ,  t h e  t e r m  "optimum" refers t o  t h e  cond i t ion  cor re-  
sponding t o  t h e  g r e a t e s t  ob ta ined  maximum l i f t  c o e f f i c i e n t .  

Inc reas ing  t h e  angle  o f  

Also dur ing  

Large- and Small-Vane Cruise  Conf igura t ions  

The e f f e c t s  o f  Reynolds number on t h e  lift performance o f  t h e  l a rge -  and s m a l l -  
vane c r u i s e  a i r f o i l s  ( s la t  and f l a p  elements nes t ed )  are  presented  i n  f i g u r e s  23 and 
24,  r e spec t ive ly .  The d a t a  presented  i n  f i g u r e  23 f o r  t h e  large-vane c r u i s e  a i r f o i l  
show t h e  t r end  of an i n c r e a s e  i n  maximum l i f t  c o e f f i c i e n t  and s t a l l  angle  wi th  
increased  Reynolds number. 
Reynolds number range from 3 t o  5 X l o 6  and g radua l ly  i n  t h e  range from 5 t o  18 x 106. 
The l i f t  c o e f f i c i e n t  versus  angle-of-attack curves shown i n  f i g u r e  23 (a )  are  nonl inear  

The maximum lift c o e f f i c i e n t  i nc reased  r a p i d l y  i n  t h e  
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below t h e  s t a l l  angle .  These t r ends  are t y p i c a l  of  an a i r f o i l  with a l a r g e  leading-  
edge r a d i u s ,  such as t h i s  model and t h e  NASA G A ( W ) - 1  a i r f o i l  ( r e f .  8 ) ,  which have 
reduced leading-edge p res su re  g rad ien t s  and e x h i b i t  t r a i l i ng -edge  s t a l l  behavior .  
The d a t a  i n  f i g u r e  24 f o r  t h e  small-vane c r u i s e  a i r f o i l  show t h e  t r end  of  a gradual  
i nc rease  i n  maximum l i f t  c o e f f i c i e n t  i n  the  Reynolds number range from 3 t o  7 X l o 6  
followed by a decrease  i n  maximum lift c o e f f i c i e n t  i n  t h e  Reynolds number range from 
7 t o  1 2  X l o 6 .  A s i m i l a r  t r end  i s  ev iden t  from previous t e s t  d a t a  taken i n  t h e  LTPT 
of  an NACA 651-213 a i r f o i l  ( r e f .  91, which has  a sha rp  leading-edge shape s imilar  t o  
t h a t  o f  t h e  small-vane c r u i s e  a i r f o i l .  The curves f o r  l i f t  c o e f f i c i e n t  versus  angle  
of a t t a c k  shown i n  f i g u r e  2 4 ( a )  are l i n e a r  below t h e  s t a l l  angle ,  which is a l s o  typ i -  
cal  behavior  f o r  leading-edge l amina r - s t a l l  a i r f o i l s .  A s  i l l u s t r a t e d  i n  f i g u r e  25, 
t h e  small-vane c r u i s e  a i r f o i l  has a smaller leading-edge r a d i u s  than  t h e  large-vane 
a i r f o i l  and, t h e r e f o r e ,  should produce h igher  leading-edge p res su re  g rad ien t s  and be 
more l i k e l y  t o  e x h i b i t  leading-edge l amina r - s t a l l  behavior.  

The e f f e c t  o f  Mach number on t h e  l i f t  performance of  t h e  large-vane c r u i s e  air- 
f o i l  is  presented  i n  f i g u r e  26. The maximum l i f t  c o e f f i c i e n t  d a t a  presented  i n  f ig -  
u re  26(b)  show t h a t  an inc rease  i n  Mach number r e s u l t e d  i n  a very r a p i d  decrease i n  
the  maximum l i f t  c o e f f i c i e n t  a t  a Reynolds number of  3 X l o 6  and a more gradual  
decrease  a t  18 X l o 6 .  The sepa ra t ion  of t he  leading-edge laminar boundary l a y e r  i s  
s t r o n g l y  inf luenced  by t h e  local Mach number, pressure g rad ien t ,  and boundary-layer 
th ickness  a t  t h e  s t a r t  of  t h e  laminar s e p a r a t i o n  bubble. A t  a cons t an t  Mach number, 
t h e  laminar  boundary-layer t h i ckness  w i l l  decrease  with increased  Reynolds number and 
de tach  a t  h igher  angles  of a t t a c k  wi th  r e s u l t a n t  higher  maximum l i f t  c o e f f i c i e n t s .  
A t  a cons t an t  Reynolds number, t he  leading-edge-suction p res su re  peak w i l l  i nc rease  
wi th  increased  Mach number, t hus  causing the  laminar boundary l a y e r  t o  detach a t  
lower angles  of  a t t a c k  wi th  r e s u l t a n t  lower maximum l i f t  c o e f f i c i e n t s .  This i s  known 
as t h e  "compress ib i l i ty  e f f e c t "  as descr ibed  i n  re ference  10. The d a t a  presented  i n  
f i g u r e  26 (a )  a l s o  show t h a t  an  increase i n  Mach number a t  a cons t an t  Reynolds number 
of  3 X l o 6  caused an  i n c r e a s e  i n  the  l i f t  c o e f f i c i e n t  a t  a given angle  of a t t a c k  and 
a l a r g e  decrease i n  t h e  s t a l l  angle .  

The e f f e c t  o f  t h e  TE wedge on the  l i f t  performance of t h e  large-vane c ru i se  a i r -  
f o i l  i s  presented  i n  f i g u r e  27. A s  shown i n  f i g u r e  2 7 ( b ) ,  t h e  small 3-percent-chord 
TE wedge a t t ached  to  t h e  l o w e r  su r f ace  t r a i l i n g  edge of  t h e  a i r f o i l  produced an  
approximate cons t an t  i n c r e a s e  i n  maximum l i f t  c o e f f i c i e n t  of 0.25 through the  Rey- 
nolds  number range from 8 t o  18 X 106. The lift c o e f f i c i e n t  d a t a  presented  i n  f i g -  
ure  27 (a )  show a decrease  i n  t h e  s t a l l  angle  of a t t a c k  of  approximately 2 O  with  t h e  
wedge on. These s m a l l  wedges s imula te  a s p l i t  f l a p  and are very use fu l  devices  f o r  
t a i l o r i n g  t h e  l i f t  d i s t r i b u t i o n  ac ross  t h e  span of a wing or  h o r i z o n t a l  t a i l  su r face .  
However, one disadvantage of  t h e  TE wedge is t h a t  a l a r g e  t r a i l i ng -edge  s e p a r a t i o n  
reg ion  forms because of  t h e  b luntness  of t h e  wedge, which i n  t u r n  produces g r e a t e r  
drag  than t h a t  which could be obta ined  by modifying t h e  t r a i l i ng -edge  camber d i s t r i -  
bu t ion  t o  genera te  t h e  same d e s i r e d  l i f t  and pitching-moment c h a r a c t e r i s t i c s .  

Small-Vane Cruise  Configurat ion With S l a t  Deflected 

The e f f e c t s  of  Reynolds number on the  l i f t  performance of  t h e  small-vane c r u i s e  
conf igu ra t ion  with t h e  base l ine  s l a t  d e f l e c t e d  ( t y p i c a l  climb conf igu ra t ion )  are pre- 
sen ted  i n  f i g u r e  28. The maximum l i f t  c o e f f i c i e n t  da t a  presented  i n  f i g u r e  28(b)  
show an inc rease  i n  maximum l i f t  c o e f f i c i e n t  of  approximately 1.0 compared wi th  t h a t  
o f  t h e  c r u i s e  conf igu ra t ion  shown i n  f i g u r e  24 (b ) .  Def lec t ing  t h e  s l a t  i n c r e a s e s  t h e  
leading-edge camber of t h e  c ru ise  a i r f o i l  t o  produce a l a r g e  p o s i t i v e  l i f t  increment.  
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Moving t h e  s l a t  forward forms a s l o t  t h a t  allows f o r  t h e  i n j e c t i o n  of high-energy 
a i r  i n t o  the  upper su r face  t u r b u l e n t  boundary l a y e r  on t h e  main element t o  t h i n  it 
and delay downstream sepa ra t ion  and thus  increases lift f u r t h e r .  Unlike t h e  c r u i s e  
conf igura t ion ,  t h e  climb conf igu ra t ion  shows a continuous gradual  i nc rease  i n  maximum 
l i f t  c o e f f i c i e n t  with an increase i n  Reynolds number. This t r end  can be a t t r i b u t e d  
t o  the  f a c t  t h a t  t h e  d e f l e c t i o n  of  t h e  s l a t  creates an equ iva len t  a i r f o i l  with a 
l a r g e r  e f f e c t i v e  leading-edge r ad ius  t h a t  w i l l  behave more l i k e  a t r a i l i ng -edge  than  
l i k e  a leading-edge s t a l l  a i r f o i l .  

Large- and Small-Vane Configurat ions With S l a t  and Single-Slo t ted  F lap  

The e f f e c t  o f  f l a p  d e f l e c t i o n  and TE wedge on the  l i f t  performance of  t h e  l a rge -  
vane model equipped wi th  t h e  leading-edge s l a t  and s i n g l e - s l o t t e d  t r a i l i ng -edge  f l a p  
are presented  i n  f i g u r e  29. The maximum lift c o e f f i c i e n t  d a t a  presented  i n  f i g -  
u re  29(b)  show t h a t  t h e  maximum l i f t  c o e f f i c i e n t  increased  wi th  an inc rease  i n  f l a p  
d e f l e c t i o n  from 15' ( takeoff  s e t t i n g )  to  30' ( landing  s e t t i n g )  followed by a decrease  
i n  t h e  maximum l i f t  c o e f f i c i e n t  t o  35O ( landing  s e t t i n g ) .  The decrease i n  maximum 
l i f t  c o e f f i c i e n t  can be a t t r i b u t e d  t o  an  inc rease  i n  t h e  amount of separa ted  flow on 
t h e  f l a p  element as ind ica t ed  by t h e  su r face  s t a t i c  p res su re  d i s t r i b u t i o n s  as shown 
i n  f i g u r e  30. The d a t a  presented  i n  f i g u r e  29(a)  show t h a t  an inc rease  i n  Reynolds 
number from 5 t o  9 X l o 6  r e s u l t e d  i n  only a s l i g h t  improvement i n  t h e  maximum l i f t  
c o e f f i c i e n t .  These data a l s o  show t h e  e f f e c t  of t h e  TE wedge on l i f t  performance. 
The TE wedge produced a p o s i t i v e  increment i n  lift c o e f f i c i e n t  of  approximately 0.4 
a t  the  lower ang le s  o f  a t t a c k  t h a t  gradual ly  decreased t o  approximately 0 . 2  a t  t h e  
s t a l l  angle  o f  a t t a c k .  

The e f f e c t s  of Reynolds number and f l a p  d e f l e c t i o n  on t h e  l i f t  performance of  
t he  small-vane model equipped wi th  t h e  base l ine  leading-edge s l a t  and s i n g l e - s l o t t e d ,  
t r a i l i ng -edge  f l a p  are presented  i n  f i g u r e  31. The d a t a  show t h a t  t h e  maximum l i f t  
c o e f f i c i e n t  increased  s l i g h t l y  with an  inc rease  i n  Reynolds number from 2.8  t o  
1 2  x l o 6  and t h a t  t h e  f l a p  d e f l e c t i o n  w a s  40' f o r  t h e  maximum l i f t  c o e f f i c i e n t  
ob ta ined  a t  both Reynolds numbers. A s  shown i n  f i g u r e  3 1 ( a ) ,  Reynolds number had 
l i t t l e  e f f e c t  on l i f t  performance except  near  t h e  s t a l l  condi t ion .  The e f f e c t s  of  
Reynolds numbers on t h e  opt imiza t ion  of  t h e  f l a p  gap and ove r l ap  p o s i t i o n s  are pre- 
sen ted  i n  f i g u r e  32. These d a t a  show t h a t  a t  a cons t an t  ove r l ap  s e t t i n g  of  0-percent 
chord and a f l a p  d e f l e c t i o n  of 40°, t h e  maximum lift c o e f f i c i e n t  remained cons t an t  
f o r  gaps g r e a t e r  than  1-percent  chord a t  a Reynolds number o f  2 .8  X l o 6  and t h a t  the 
maximum l i f t  c o e f f i c i e n t  w a s  j u s t  beginning t o  l e v e l  o f f  a t  t h e  l a r g e s t  gap s e t t i n g  
of 3-percent chord a t  a Reynolds number of 1 2  X lo6 .  
1-percent chord and a f l a p  d e f l e c t i o n  of 37.5", t h e  maximum l i f t  coeff ic ient  
decreased wi th  inc reas ing  over lap  a t  a Reynolds number of 2.8 X l o 6 ,  b u t  it w a s  o p t i -  
mum a t  t h e  0-percent ove r l ap  s e t t i n g  a t  a Reynolds number of  1 2  X lo6.  Although t h e  
gap and ove r l ap  opt imiza t ions  were performed a t  d i f f e r e n t  f l a p  d e f l e c t i o n s ,  it i s  
doubt fu l  t h a t  t h e  small d i f f e r e n c e  i n  d e f l e c t i o n  had much e f f e c t  on t h e  r e s u l t s  
obtained.  

A t  a cons t an t  gap s e t t i n g  of 

Large-Vane Configurat ion With S l a t  and Double-Slotted F lap  

The e f f e c t s  of s idewa l l  BLC and leading-edge s l a t  d e f l e c t i o n  on t h e  l i f t  per- 
formance of  t h e  large-vane, h i g h - l i f t  con f igu ra t ion  with t h e  s l a t  and double-s lo t ted  
f l a p  are presented  i n  f i g u r e  33. A s  shown i n  f i g u r e  3 3 ( a ) ,  s idewal l  BLC produced an  
increment i n  l i f t  c o e f f i c i e n t  of approximately 0.5 through t h e  e n t i r e  angle-of-at tack 
range and an approximate 3" decrease  i n  t h e  s t a l l  angle .  A s  shown i n  f i g u r e  3 3 ( b ) ,  
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t h e  h ighes t  maximum l i f t  c o e f f i c i e n t  ob ta ined  occurred a t  a s la t  d e f l e c t i o n  of  -35'. 
The l i f t  c o e f f i c i e n t  a t  an  angle  of  attack of  0' changed only  s l i g h t l y  w i t h  s l a t  
d e f l e c t i o n ,  which i n d i c a t e s  t h a t  t h e  inc rease  i n  maximum l i f t  c o e f f i c i e n t  w a s  possi- 
b ly  due p r imar i ly  t o  t h e  favorable  e f f e c t  of s l a t  p o s i t i o n  on t h e  s e p a r a t i o n  of  t h e  
flow on t h e  f l a p .  

The effects o f  Reynolds number on t h e  l i f t  performance of a large-vane, high- 
l i f t  con f igu ra t ion  wi th  t h e  s l a t  d e f l e c t e d  -35' and -30' are presented  i n  f i g u r e s  34 
and 35, r e spec t ive ly .  The e f f e c t  o f  Reynolds number on t h e  pitching-moment c o e f f i -  
c i e n t s  f o r  t hese  two s l a t  d e f l e c t i o n s  is  presented  i n  f i g u r e  36. A comparison of t h e  
d a t a  presented  i n  f i g u r e s  34 and 35 i l l u s t r a t e s  t h e  d i f f i c u l t y  of p r e d i c t i n g  t h e  
e f f e c t s  of Reynolds number on t h e  performance of h i g h - l i f t  systems wi th  leading-edge 
devices.  

As shown i n  f i g u r e  34 wi th  t h e  TE wedge o f f ,  an  inc rease  i n  Reynolds number 
r e s u l t e d  i n  t h e  expected inc rease  i n  maximum l i f t  c o e f f i c i e n t  with l i t t l e  change i n  
t h e  l i f t  c o e f f i c i e n t  a t  an  angle  of a t t a c k  of  0 ' .  I t  i s  expected t h a t  an inc rease  i n  
Reynolds number w i l l  cause t h e  boundary l a y e r s  on a l l  elements of a h i g h - l i f t  system 
t o  become th inne r ,  thereby inc reas ing  t h e  e f f e c t i v e  camber of  each element wi th  a 
r e s u l t a n t  i nc rease  i n  c i r c u l a t i o n  ( t o t a l  l i f t )  and negat ive  p i t c h i n g  moment. Further-  
more, t h i s  boundary-layer t h inn ing  e f fec t  w i l l  be more pronounced f o r  t h e  t r a i l i n g -  
edge f l a p  elements t h a t  have l a r g e r  chords and t h i c k e r  boundary l a y e r s  than  t h e  
leading-edge s l a t  element. The t r end  of g r e a t e r  th inning  o f  the f l a p  boundary l a y e r s  
wi th  increased  Reynolds number i s  ev iden t  from an  examination of  t h e  pitching-moment 
c o e f f i c i e n t  d a t a  presented  i n  f i g u r e  36 for a s la t  d e f l e c t i o n  of  -35'. The p i tch ing-  
moment c o e f f i c i e n t  became more negat ive  wi th  increased  Reynolds number and angle  of  
a t t a c k ,  thus  i n d i c a t i n g  t h a t  t h e  f l a p  loading increased  more than  t h e  s l a t  loading.  

The l i f t  performance d a t a  presented  i n  f i g u r e  35 for  a s l a t  d e f l e c t i o n  of  -30' 
show, however, t h a t  t h e  d e f l e c t i o n  of  t h e  s l a t  has  a much s t r o n g e r  in f luence  on 
t r a i l i ng -edge  f l a p  performance than  would gene ra l ly  be expected. A s  shown i n  f ig -  
u re  35(b)  , an inc rease  i n  Reynolds number caused t h e  maximum l i f t  c o e f f i c i e n t  and 
l i f t  c o e f f i c i e n t  a t  an angle  of  a t t a c k  of 0' t o  decrease ,  a r e s u l t  oppos i t e  t o  t h e  
t rend  observed f o r  a s l a t  d e f l e c t i o n  of -35'. A s  shown i n  f i g u r e  36, t h e  reduct ion  
i n  t h e  nega t ive  pitching-moment c o e f f i c i e n t  a t  t h i s  s l a t  d e f l e c t i o n  i n d i c a t e s  t h a t  
t he  s l a t  loading  increased  w i t h  increased Reynolds number without  a corresponding 
inc rease  i n  f l a p  loading.  

The e f fec t  of  t h e  TE wedge on the  lift performance of  t he  large-vane, double- 
s l o t t e d  f l a p  conf igu ra t ion  is  presented  i n  f i g u r e  34 (b ) .  The TE wedge increased  t h e  
maximum l i f t  c o e f f i c i e n t  by approximately 0 . 1  a t  a Reynolds number of 3 X 106, 
decreased it by 0.1 a t  a Reynolds number of  9 X l o6 ,  and had no effect  a t  a Reynolds 
number of 16 X lo6.  
c o e f f i c i e n t  a t  an angle  of a t t a c k  of  0' with  increased  Reynolds number. A comparison 
of these  r e s u l t s  wi th  those  f o r  t h e  s i n g l e - s l o t t e d  f lap conf igu ra t ion  presented  i n  
f i g u r e  29(a)  i n d i c a t e s  t h a t  t h e  TE wedge produced a p rogres s ive ly  smaller improvement 
i n  t h e  maximum l i f t  c o e f f i c i e n t  ob ta ined  wi th  an  inc rease  i n  t h e  number of f l a p  ele- 
ments. This l ack  of improvement may p a r t i a l l y  be due to  t h e  fact  t h a t  p a r t  o f  t h e  
upper s u r f a c e  of t h e  a f t - f l a p  element of  t h e  double-s lo t ted  f l a p  system is  normally 
sepa ra t ed  a t  t h e  maximum l i f t  condi t ion ;  t h e r e f o r e ,  t h e  inc reased  camber produced by 
t h e  lower su r face  TE wedge only tends  to  inc rease  t h e  amount of separation, thus  
reducing t h e  s t a l l  angle  and maximum lift. 

The TE wedge had l i t t l e  e f f e c t  on t h e  v a r i a t i o n  of  t h e  l i f t  
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Small-Vane Configurat ion With S l a t  and Double-Slotted F lap  

The e f f e c t  o f  Reynolds number on t h e  l i f t  performance of  t h e  small-vane, high- 

The t r ends  observed i n  these  d a t a  are d i f f e r e n t  from those  
l i f t  conf igura t ion  equipped wi th  t h e  base l ine  s l a t  and t h e  double-s lo t ted  f l a p  i s  
presented  i n  f i g u r e  37. 
f o r  t h e  s i m i l a r l y  equipped large-vane conf igu ra t ion  shown i n  f i g u r e  3 4 ( b ) ,  which 
showed a gradual  i nc rease  i n  maximum l i f t  c o e f f i c i e n t  between Reynolds numbers of  
3 and 8 X lo6 and only a small change i n  t h e  l i f t  c o e f f i c i e n t  a t  a n  angle  of  a t t a c k  
of 0 ' .  However, t h e  da t a  f o r  t h e  small-vane conf igu ra t ion  presented  i n  f i g u r e  37(b)  
show only a s l i g h t  increase i n  maximum l i f t  c o e f f i c i e n t  with increased  Reynolds num- 
b e r  and an unexpected gradual  decrease i n  the  l i f t  c o e f f i c i e n t  a t  a n  angle  of a t t a c k  
of  0' between Reynolds numbers of 6 and 1 2  X lo6 .  
s lope  of  t h e  l i f t  c o e f f i c i e n t  versus angle-of-at tack curve has a no t i ceab le  decrease  
a t  an angle  of a t t a c k  of  8 O  f o r  t h e  lower Reynolds number of 2 . 8  X lo6 .  

A s  shown i n  f i g u r e  3 7 ( a ) ,  t h e  

The pitching-moment-coefficient d a t a  presented  i n  f i g u r e  38 provide some i n s i g h t  
i n t o  what occurred on t h e  a i r f o i l  a t  t h e  upper and lower bounds of t h e  Reynolds num- 
ber range. A t  angles  o f  a t t a c k  below 12'  and a t  t h e  h ighes t  Reynolds number of  
20.9 X lo6, t h e  pitching-moment c o e f f i c i e n t  is  less negat ive ,  a r e s u l t  i n d i c a t i n g  
t h a t  s l a t  loading increased  without  a corresponding inc rease  i n  t h e  vane / f lap  load- 
ing.  This  t r end  i s  s imilar  t o  t h a t  which occurred f o r  t h e  large-vane conf igu ra t ion  
shown i n  f i g u r e  36 wi th  t h e  s l a t  d e f l e c t e d  -30'. A t  angles  o f  a t t a c k  above 12' ,  t h e  
pitching-moment c o e f f i c i e n t  shown i n  f i g u r e  38 is  more negat ive  and t h e  s lope  of t h e  
l i f t  c o e f f i c i e n t  versus  angle-of-at tack curve ( l i f t - c u r v e )  remains l i n e a r ,  an  e f f e c t  
i n d i c a t i n g  t h e  reversed  t r e n d  of  an  inc rease  i n  s l a t  loading wi th  a corresponding 
inc rease  i n  vane/f lap loading.  

I t  i s  expected t h a t  t h e  l i f t  performance t r ends  observed dur ing  t h e s e  two- 
dimensional tests would c a r r y  over  i n t o  tes ts  o f  a three-dimensional conf igu ra t ion  
with t h e  same f l a p  system. Therefore ,  determining t h e  wing area based on low Rey- 
nolds number t e s t  r e s u l t s  would p r e d i c t  t h a t  t h e  f u l l - s c a l e  a i r c r a f t  could o b t a i n  
the  des i r ed  s t a l l  speed, which i s  based p r imar i ly  on maximum l i f t .  On t h e  o t h e r  
hand, t h e  t e s t  r e s u l t s  a t  high Reynolds number i n d i c a t e  t h a t  it would r e q u i r e  a 
not iceable  inc rease  i n  angle  of a t t a c k  t o  o b t a i n  t h e  d e s i r e d  approach speed, which 
i s  based on a percentage of t h e  maximum lift. 

The e f f e c t s  of  Reynolds number on t h e  p o s i t i o n  opt imiza t ion  of  t h e  b a s e l i n e  s l a t  
are  presented  i n  f i g u r e s  39 and 40. A s  shown i n  f i g u r e  39, t h e  m a x i m u m  l i f t  c o e f f i -  
c i e n t  decreased wi th  increased  s l a t  d e f l e c t i o n  a t  t h e  lower Reynolds number of  
2 .8  X 106, b u t  a t  a Reynolds number of  1 2  X l o 6  t h e  h ighes t  maximum l i f t  c o e f f i c i e n t  
occurred a t  a s l a t  d e f l e c t i o n  of  -24'. The r e s u l t s  presented  i n  f i g u r e  40 show t h a t  
an inc rease  i n  Reynolds number r e s u l t e d  i n  very l i t t l e  change i n  t h e  optimum ove r l ap  
p o s i t i o n ,  b u t  t h a t  t h e  optimum gap s e t t i n g  increased  from 2- t o  3-percent chord with 
a corresponding inc rease  of  0.08 i n  t h e  maximum lift c o e f f i c i e n t  ob ta ined .  
e ra l ,  it is expected t h a t  s m a l l ,  no t  l a r g e r ,  gap s e t t i n g s  would be r equ i r ed  a t  t h e  
higher  Reynolds numbers t o  maintain t h e  same mass-flow rates  through t h e  s l o t s  
between elements because t h e  s l o t  boundary l a y e r s  are th inne r  a t  t h e  h igher  Reynolds 
numbers and, t h e r e f o r e ,  t h e  e f f e c t i v e  gap is l a r g e r .  These d a t a  aga in  demonstrate 
t he  importance of conducting wind-tunnel tests o f  h i g h - l i f t  a i r f o i l s  as c l o s e  as 
poss ib l e  t o  f u l l - s c a l e  f l i g h t  condi t ions .  

I n  gen- 

The e f f e c t  o f  Mach number on t h e  maximum l i f t  performance of t h e  small-vane con- 
f i g u r a t i o n  wi th  t h e  b a s e l i n e  s l a t  and double-s lo t ted  f l a p  is  presented  i n  f i g u r e  41 
f o r  s e v e r a l  d i f f e r e n t  Reynolds numbers and gap s e t t i n g s .  These d a t a  show a decrease  
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i n  maximum l i f t  c o e f f i c i e n t  with increased  Mach number f o r  a l l  condi t ions  t e s t e d  
except  f o r  a Reynolds number of  1 2  X l o 6  and a gap of 3-percent chord, which shows a 
puzzl ing s l i g h t  i nc rease  i n  maximum l i f t  c o e f f i c i e n t .  A s  p rev ious ly  d iscussed  f o r  
t he  large-vane c r u i s e  conf igura t ion ,  t he  compress ib i l i ty  e f f e c t s  a s soc ia t ed  with 
increased  Mach number cause t h e  laminar boundary l a y e r  on the  leading-edge s l a t  t o  
detach a t  lower angles  of a t t a c k  and t h e  corresponding l i f t  to  decrease.  
expla ins  t h e  da t a  t r end  except  f o r  t h e  aforementioned gap o f  3-percent chord and 
Reynolds number of 1 2  X lo6; no explana t ion  is o f fe red  for t h i s  unusual behavior.  
I n  the  d a t a  presented  i n  f i g u r e  41, also note  the  very r ap id  decrease i n  maximum l i f t  
c o e f f i c i e n t  with increased  Mach number a t  a gap s e t t i n g  of 2.5-percent chord and a 
Reynolds number of 1 2  X l o 6  compared with t h e  inc rease  i n  maximum l i f t  c o e f f i c i e n t  a t  
a gap s e t t i n g  of 3-percent chord. 

This e f f e c t  

The e f f e c t s  of Reynolds number on t h e  l i f t  performance of  t he  small-vane, high- 
l i f t  conf igura t ion  equipped wi th  the  large-chord s l a t  and the  double-s lo t ted  f l a p  are 
presented  i n  f i g u r e  42.  The r e s u l t s  of t he  s l a t  d e f l e c t i o n  and gap p o s i t i o n  optimi- 
za t ions  are presented  i n  f i g u r e  43 and show t h a t  t h e  o p t i m u m  gap w a s  2-percent chord 
and the  optimum s l a t  d e f l e c t i o n  was -26' a t  both Reynolds numbers t e s t e d ,  which is  
d i f f e r e n t  from the  t r end  observed f o r  t he  same conf igura t ion  with t h e  b a s e l i n e  s l a t  
shown i n  f i g u r e s  39 and 40. 
ure  42  is  similar t o  t h a t  f o r  t h e  b a s e l i n e  s l a t  d a t a  presented  i n  f i g u r e  37 with t h e  
exception o f  t h e  behavior of t h e  l i f t - c u r v e  s lope  a t  t h e  low Reynolds number. 
par i son  of  t h e  l i f t  performance d a t a  presented i n  f i g u r e s  37(a)  and 4 2 ( a )  shows t h a t  
t h e  l i f t - c u r v e  slope breaks a t  a s l i g h t l y  lower angle  of a t t a c k  of 6 O  and t h a t  t h e  
r a t e  of  change i n  t h e  l i f t - c u r v e  slope is  less f o r  t h e  large-chord s l a t  than f o r  t h e  
base l ine  s la t .  
t h a t  of t h e  base l ine  s la t ,  t h e  maximum l i f t  c o e f f i c i e n t  increased  only by approxi- 
mately 0.1, which r ep resen t s  an improvement of l e s s  than 3 percent .  

The t r end  i n  l i f t  performance d a t a  presented  i n  f ig -  

A com- 

Although t h e  chord of  t h e  large-chord s l a t  is 50 percent  g r e a t e r  than 

The e f f e c t s  of Reynolds number on the  l i f t  performance of t h e  small-vane, high- 
l i f t  conf igura t ion  equipped wi th  t h e  la rge- rad ius  s l a t  and t h e  double-s lot ted f l a p  
are presented  i n  f i g u r e  44. 
op t imiza t ion  a r e  presented  i n  f i g u r e  45 and show r e s u l t s  s i m i l a r  t o  those  obtained 
f o r  t h e  base l ine  s l a t  presented  i n  f i g u r e s  39 and 40. As shown i n  f i g u r e  45, t h e  
optimum s l a t  d e f l e c t i o n  and gap s e t t i n g  increased  with increased  Reynolds number, a 
t rend  s i m i l a r  t o  t h a t  observed for t h e  b a s e l i n e  s la t .  The e f f e c t  o f  increased  vane/ 
f l a p  d e f l e c t i o n  a t  Reynolds numbers of 2.8 and 1 2  X l o 6  is  a l s o  presented  i n  f ig -  
u re  45. These d a t a  show t h a t  t he  maximum lift c o e f f i c i e n t  increased  by approxi- 
mately 0.2 with t h e  inc rease  i n  Reynolds number. 
da t a  presented  i n  f i g u r e  44 is s i m i l a r  t o  t h a t  observed f o r  t h e  large-chord s l a t  pre- 
s en ted  i n  f i g u r e  42  and f o r  t he  base l ine  s l a t  presented  i n  f i g u r e  37 w i t h  t he  excep- 
t i o n  of the behavior of  t h e  l i f t - c u r v e  slope a t  the  low Reynolds number. The angle  
of a t t a c k  Corresponding t o  t h e  break i n  the  l i f t - c u r v e  s l o p e  f o r  t h e  la rge- rad ius  
s l a t  i s  the  same as t h a t  f o r  t he  large-chord s l a t ,  and t h e  rate of change of t h e  
l i f t - c u r v e  s lope  following the  break is  similar t o  t h a t  f o r  t h e  base l ine  s l a t .  
maximum l i f t  c o e f f i c i e n t  values  obtained w e r e  almost i d e n t i c a l  f o r  t he  large-chord 
and la rge- rad ius  s l a t  conf igura t ions .  

The r e s u l t s  of t he  s la t  d e f l e c t i o n  and gap p o s i t i o n  

The t r end  i n  t h e  l i f t  performance 

The 

The e f f e c t s  of p l ac ing  a t r a n s i t i o n  s t r i p  on t h e  upper s u r f a c e  of  t h e  b a s e l i n e  
s la t  of t he  small-vane, h i g h - l i f t  conf igura t ion  are presented  i n  f i g u r e  46 f o r  
Reynolds numbers of 2 . 8  and 1 2  X l o 6 .  
l oca t ed  a t  about 5 percent  of t h e  s l a t  chord. 
t h e  expected r e s u l t  of a decrease i n  maximum lift c o e f f i c i e n t  wi th  t h e  s t r i p  on. 
The decrease i n  maximum l i f t  c o e f f i c i e n t ,  which i s  s l i g h t l y  g r e a t e r  a t  the  h igher  

The s t r i p  cons i s t ed  of N o .  120 g r i t  and w a s  
The da ta  presented  i n  f i g u r e  46 show 
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Reynolds number, i s  probably due t o  t h e  l o s s  of laminar  flow on t h e  s l a t ;  t h i s  l o s s  
f u r t h e r  t h i ckens  t h e  t u r b u l e n t  boundary l a y e r  on t h e  downstream main and f l a p  ele- 
ments inducing an ear l ie r  sepa ra t ion  on t h e  f l a p .  
on the  l i f t  performance c h a r a c t e r i s t i c s  below t h e  s t a l l  angle  o f  a t t a c k .  

The t r a n s i t i o n  s t r i p  has  no e f f e c t  

Many wind-tunnel tests o f  h i g h - l i f t  a i r f o i l s  and wings are conducted i n  atmo- 
s p h e r i c  f a c i l i t i e s  t h a t  can o b t a i n  h ighe r  Reynolds number only by i n c r e a s i n g  t h e  
free-stream Mach number. To i l l u s t r a t e  t h e  e r r o r  of t e s t i n g  i n  t h i s  manner t o  de t e r -  
mine t h e  e f f e c t s  o f  Reynolds number on l i f t  performance, t h e  small-vane, h i g h - l i f t  
f l a p  conf igu ra t ion  wi th  t h e  baseline s l a t  and double-s lo t ted  f lap  w a s  t e s t e d  by vary- 
i n g  t h e  tunnel  t o t a l  p re s su re  and Mach number t o  maintain a cons t an t  Reynolds number 
o f  4.9 x lo6.  These t e s t  r e s u l t s ,  p resented  i n  f i g u r e  47, show a decrease  i n  t h e  
l i f t  c o e f f i c i e n t  o f  approximately 0.25 a t  t h e  lower angles  of a t t a c k ,  a r educ t ion  i n  
t h e  s t a l l  ang le  o f  approximately 8', and a corresponding r educ t ion  i n  t h e  maximum 
l i f t  c o e f f i c i e n t  o f  0.5. Many wind-tunnel f a c i l i t i e s  a l s o  do n o t  have s idewa l l  BLC 
c a p a b i l i t y  f o r  use during h i g h - l i f t  a i r f o i l  t e s t i n g ,  a de f i c i ency  which may cause  an  
even g r e a t e r  l o s s  i n  maximum ob ta inab le  l i f t  c o e f f i c i e n t .  

Small-Vane Cruise  Conf igura t ion  With Simulated F r o s t  and Glaze Ice 

The e f f e c t s  of Reynolds number on t h e  maximum l i f t  performance o f  the small-vane 
c r u i s e  conf igu ra t ion  w i t h  s i m u l a t e d  f r o s t  and g l a z e  ice  on the l ead ing  edge are pre- 
sen ted  i n  f i g u r e  48. 
approximately 2 3  pe rcen t  less maximum l i f t  c o e f f i c i e n t  than  t h e  c l e a n  leading-edge 
conf igu ra t ion  and t h a t  t h e  f u l l - f r o s t  conf igu ra t ion  produced approximately 27 pe rcen t  
less maximum l i f t  c o e f f i c i e n t .  The f r o s t ,  which i s  s imula ted  by a very coa r se  N o .  70 
g r i t ,  p revents  t h e  development o f  a laminar  boundary l a y e r  on t h e  l ead ing  edge even 
though a f avorab le  p re s su re  g r a d i e n t  e x i s t s .  However, t h e  t u r b u l e n t  boundary l a y e r  
t h a t  does e x i s t  i s  very t h i c k  and unable t o  remain f u l l y  a t t a c h e d  t o  t h e  t r a i l i n g  
edge a t  very h igh  angles  of a t t a c k .  The s imula ted  g l aze  ice  conf igu ra t ion  produced 
about 40 pe rcen t  less maximum lift c o e f f i c i e n t  than t h e  c l ean  leading-edge configura- 
t i o n .  The g l aze  ice  shape no t  only ensured f u l l y  t u r b u l e n t  flow on both s u r f a c e s  b u t  
a l s o  f u r t h e r  reduced t h e  maximum lift by decreas ing  t h e  e f f e c t i v e  leading-edge 
camber. An i n c r e a s e  i n  Reynolds number had only minor e f f e c t s  on t h e  v a r i a t i o n  of 
maximum l i f t  c o e f f i c i e n t  f o r  e i t h e r  t h e  s imula ted  f r o s t  or g l a z e  ice conf igu ra t ions ,  
a r e s u l t  which i s  n o t  s u r p r i s i n g  i n  view of t h e  fact  t h a t  a l l  s u r f a c e  boundary l a y e r s  
are f u l l y  tu rbu len t .  

These d a t a  show t h a t  t h e  p a r t - f r o s t  conf igu ra t ion  produced 

CONCLUDING REMARKS 

The experimental  test  r e s u l t s  f o r  t h e  la rge-  and small-vane, c r u i s e  and high- 
l i f t  a i r f o i l  con f igu ra t ions  have demonstrated t h e  tremendous e f f e c t s  t h a t  Reynolds 
number and Mach number have on t h e  l i f t  performance. The performance of t h e  high- 
l i f t  a i r f o i l  con f igu ra t ions  w a s  very  s t r o n g l y  inf luenced  by t h e  p o s i t i o n i n g  of t h e  
leading-edge s la t  which p r o t e c t s  t h e  l ead ing  edge of t h e  main element by lowering 
i ts  leading-edge s u c t i o n  peak and by i n j e c t i n g  high-energy a i r  through t h e  s l o t  
between t h e  elements t o  t h i n  and d e l a y  t h e  s e p a r a t i o n  of t h e  boundary l a y e r  on t h e  
downstream f l a p  elements.  Analysis of t h e  test  d a t a  has  shown t h a t  t r e n d s  observed 
wi th  an inc rease  i n  Reynolds number f o r  t h e  large-vane model w e r e  no t  i d e n t i c a l  t o  
those  observed f o r  t h e  small-vane model. One very  i n t e r e s t i n g  t r end  observed €or  
t h e  small-vane model w a s  t h a t  t h e  optimum gap s e t t i n g  f o r  t h e  leading-edge s l a t  
increased  r a t h e r  than decreased by approximately 50 pe rcen t  wi th  an i n c r e a s e  i n  
Reynolds number from 2.8 t o  1 2  X 106. 
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The t e s t  r e s u l t s  a l s o  ind ica t ed  t h a t  some f o r m  of  s idewa l l  boundary-layer con- 
t r o l  is  abso lu te ly  necessary t o  ensure spanwise uniformity of t h e  flow near  s t a l l  and 
maximum l i f t  condi t ions .  Analysis  of  t h e  d a t a  showed t h a t  i nc reas ing  the  Mach number 
i n s t e a d  o f  i nc reas ing  t h e  tunne l  t o t a l  p re s su re  t o  s tudy t h e  e f f e c t s  of  increased  
Reynolds number can l e a d  t o  completely erroneous and misleading r e s u l t s .  The l i f t  
and pitching-moment c o e f f i c i e n t s  determined by i n t e g r a t i o n  o f  t h e  s u r f a c e  s t a t i c  
pressure d i s t r i b u t i o n s  compared very favorably wi th  values  measured by t h e  f o r c e  
balance.  Analysis  o f  t h e  drag da ta  obta ined  wi th  t h e  downstream wake-rake t r a v e r s i n g  
system demonstrated t h e  de t r imen ta l  e f f e c t  of t h e  s la t  and f l a p  suppor t  b racke t s  on 
spanwise uniformity of  t h e  mul t i layered  wake f o r  t h e  h i g h - l i f t  a i r f o i l .  

NASA Langley Research Center  
Hampton, VA 23665-5225 
June 3 ,  1987 
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Figure  2.- Reynolds number capability of the LTPT. 
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Static pressure probes 

Total pressure probes 

Static pressure probes 
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Side view 
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Oia = 0.018 in. 

claw probe detail 
, - - 

Inside d i a  - 0.043 in. 

I I TOP view 
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Dia. = 0.018 in. Outside d i a  = 0.125 
Lt-$-l Side view 

Front view L- I. o in.& I. o in.-+-+ 
Side view 

Static pressure probe detail 

Total pressure probe detail 

Figure 6.- Details of wake survey rake.  
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(a) Large-vane model. 

* 
+ 

TE blowing tube 

(b) Small-vane model. 

Figure 7.- G e o m e t r y  and blowing box l o c a t i o n s  f o r  each model. 
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(b) Juncture view. 

Figure 8.- Concluded. 
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(a) Basel ine s l a t  w i t h  1 3  percent  chord. 

(b) Large-chord s l a t  with 19.5 pe rcen t  chord. 

(c) Large-radius s l a t  with 13  percent  chord. 

Figure 10.- Sketch of s la t  geometries f o r  small-vane model. 
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Figure 12 . -  Photograph of leading-edge blowing tube on small-vane model. 
View looking upstream. 
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L- 86- 6 31 3 

Figure 13.- Photograph of t ra i l ing-edge  blowing tube on small-vane model. 
View looking upstream with vane removed t o  provide view of tube e x i t .  
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Simulated shape 

Measured shape 

Figure 14.- Comparison between measured and simulated glaze 
ice shapes for  small-vane cruise airfoil. 
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L-86- 6 3 14 

Figure 15.- Photograph of s imulated g laze  i c e  shape a t tached  t o  lead ing  
edge of small-vane c r u i s e  a i r f o i l .  View looking downstream. 
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T I  + Over lap 

2 3 .  C 

2 d  

Airfoil 
r e f e r e n c e  
chord line 

Figure  16.- Sketch i l l u s t r a t i n g  d e f i n i t i o n  of s l a t  o r  f l a p  ove r l ap  and gap. 

-.3 r- 
0 Balance 
0 Cp integration 

-.7 I I I I I I I 
-6 - 2  2 6 10 14 18 

a, deg 

Figure 17.- Typical comparison between f o r c e  ba lance  and i n t e g r a t e d  
su r face  p re s su re  l i f t  and pitching-moment c o e f f i c i e n t s  f o r  s m a l l -  
vane model wi th  b a s e l i n e  s l a t  and double-s lo t ted  f lap d e f l e c t e d .  
R, = 1 2  X lo6 ;  M, = 0.2; 6, = -24O; 6,, = 450. 
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Figure 18.- E f f e c t  of s l a t  and f l a p  suppor t  b racke t s  on spanwise 
v a r i a t i o n  of wake-measured drag €or large-vane m o d e l  wi th  s l a t  
and double-s lot ted f l a p .  R, = 3 X lo6;  M, = 0.2; 6, = -30'; 
6, = 3.5'; 6f  = 50'. 

- 
Slat brackets 2 and 3 off 
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Figure 19.- E f f e c t  of s l a t  support  b racke ts  on l i f t  performance 
of small-vane model with base l ine  s l a t  and double-s lot ted 
f l a p .  Rc = 2.8 X 106; M, = 0.2; 6, = - 2 8 ' ;  6,f = 45O. 
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Figure 20.- E f f e c t  of t o t a l  box mass-flow r a t e  on maximum l i f t  
c o e f f i c i e n t  of large-vane model with s l a t  and double- 
s l o t t e d  f l a p .  Rc = 9 X lo6 ;  M, = 0 . 2 0 ;  6s = -30'; 
6, = 35O; 6, = 50'. 
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Figure 21.- E f fec t  of upstream s idewal l  s u c t i o n  on l i f t  performance 
of large-vane c r u i s e  conf igura t ion .  
operated a t  maximum mass-flow rate. 

A l l  s idewal l  blowing boxes 
= 9 X lo6 ;  M, = 0.2. 
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Figure 22.- Effect of sidewall blowing on lift performance 
of small-vane model with baseline slat and double- 
slotted flap. Rc = 2.8 X 106; M, = 0.2; 6 = -24O; 

S 6,f = 450. 
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(a) L i f t  c o e f f i c i e n t  versus  angle  of a t t a c k .  

I 
2 10 1 k x  lo6 

(b) Maximum l i f t  c o e f f i c i e n t  versus  Reynolds number. 

Figure 23 . -  E f f e c t  of Reynolds number on l i f t  performance of 
large-vane c r u i s e  a i r f o i l .  &, = 0.2. 
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( a )  L i f t  c o e f f i c i e n t  versus  angle  of a t t a c k .  
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(b) Maximum l i f t  c o e f f i c i e n t  versus  Reynolds number. 

Figure 24.- E f f e c t  o f  Reynolds number on l i f t  performance of 
small-vane c r u i s e  a i r f o i l .  M, = 0.2 .  
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Large-vane cruise LE 7 

Small-vane cruise LE 

Figure 25.- Comparison of leading-edge geometries for small- and 
large-vane cruise airfoils. 
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= 0.31 
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a, deg 

( a )  L i f t  c o e f f i c i e n t  versus angle of a t t a c k .  Rc = 3 X lo6 .  

U 

1.21 I I 
.1 .2 .3 

(b) Maximum l i f t  c o e f f i c i e n t  versus Mach number. 

Figure 26.- E f f e c t  of Mach number on l i f t  performance of 
large-vane c r u i s e  a i r f o i l .  
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( a )  L i f t  c o e f f i c i e n t  versus angle  of a t t a c k .  Rc = 9 x 10 . 
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(b) Maximum l i f t  c o e f f i c i e n t  versus  Reynolds number. 
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Figure 27.- E f fec t  of TE wedge on l i f t  performance of 
large-vane c r u i s e  a i r f o i l .  M, = 0.2. 

43 
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a, deg 

(a) Lift coefficient versus angle of attack. 

2.01 I I I I 
2 4 6 8 10 1: x lo6 

(b) Maximum lift coefficient versus Reynolds number. 

Figure 28.- Effect of Reynolds number on lift performance of 
small-vane cruise configuration with baseline slat 
deflected. 6, = -21'; M, = 0.2. 
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(a)  L i f t  c o e f f i c i e n t  versus  angle  of a t t a c k .  6, = 30' .  

4.0 I I I I 
10 20 30 40 

(b) Maximum l i f t  c o e f f i c i e n t  versus  f l a p  d e f l e c t i o n .  Rc = 5 X lo6.  

Figure 29.- E f fec t  of f l a p  d e f l e c t i o n  and TE wedge on l i f t  performance 
of large-vane conf igura t ion  with s l a t  and s i n g l e - s l o t t e d  f l a p .  
M, = 0.2; 6, = -30 ' .  
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( a )  L i f t  c o e f f i c i e n t  versus angle  of a t t a c k .  6, = 40'. 

3-7 r 

6 f ,  deg 

(b) Maximum l i f t  c o e f f i c i e n t  versus  f l a p  d e f l e c t i o n .  

Figure 31.- E f f e c t  of Reynolds number and f l a p  d e f l e c t i o n  on l i f t  
performance of small-vane conf igura t ion  w i t h  base l ine  s l a t  and 
s i n g l e - s l o t t e d  f l a p .  M, = 0.2; 6, = -24'. 
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a, deg 

(a) L i f t  c o e f f i c i e n t  versus  angle  of a t t a c k  wi th  and 
without  s idewa l l  BLC. Rc = 3 X lo6. 

4.6' I I 

3.0 L I I 
-30 -35 -40 

(b) Maximum l i f t  c o e f f i c i e n t  and l i f t  c o e f f i c i e n t  a t  6, = 0' 
versus s l a t  d e f l e c t i o n .  R, = 9 X lo6. 

Figure 3 3 . -  E f f e c t  of s idewal l  BLC and s l a t  d e f l e c t i o n  on l i f t  performance 
of large-vane conf igura t ion  with s l a t  and double-s lo t ted  f l a p .  
M, = 0 . 2 ;  6, = -30'; 6, = 35'; 6, = 50'. 
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a, deg 

( a )  L i f t  c o e f f i c i e n t  versus  angle  of a t t a c k  with TE wedge o f f .  

C Z, rnax 
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la= o 
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R C  

(b) Maximum l i f t  c o e f f i k i e n t  and lift c o e f f i c i e n t  a t  a = Oo 
versus Reynolds number wi th  TE wedge on and o f f .  

Figure 34.- E f fec t  o f  Reynolds number on l i f t  performance of large-vane 
conf igura t ion  with s l a t  de f l ec t ed  -35O and double-s lo t ted  f l a p  and 
with TE wedge on and o f f .  M, = 0 .2 ;  6, = 35O; 6, = 50'. 
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( a )  L i f t  c o e f f i c i e n t  versus  angle of a t t a c k .  
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(b) Maximum l i f t  c o e f f i c i e n t  and l i f t  c o e f f i c i e n t  a t  
a = 0' versus Reynolds number. 

Figure 35.- Effec t  of Reynolds number on l i f t  performance of large-vane 
conf igura t ion  w i t h  s l a t  de f l ec t ed  -30' and double-s lo t ted  f l a p .  
M, = 0 . 2 ;  gV = 3 5 ' ;  6, = 50 ' .  
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Figure  36.- E f f e c t  o f  Reynolds number on pitching-moment performance 
of large-vane conf igura t ion  wi th  s l a t  and double-s lo t ted  flap. 
M, = 0.2 ;  6, = 35'; 6, = 50' .  
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(b)  Maximum l i f t  c o e f f i c i e n t  and l i f t  c o e f f i c i e n t  a t  
a = 0' versus Reynolds number. 

Figure 37 . -  E f f e c t  of Reynolds number on l i f t  performance of  small-vane 
M, = 0 .2 ;  conf igura t ion  with base l ine  s l a t  and double-s lo t ted  f l a p .  

6, = -24'; 6,, = 45O. 
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Figure 38.- E f f e c t  of Reynolds number on pitching-moment performance 
of small-vane conf igura t ion  with base l ine  s l a t  and double-s lot ted 
f l a p .  M, = 0.2 ;  6, = -24'; 6vf = 45'. 
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Figure 39.- E f f e c t  of s l a t  i e f l e c t i o n  on maximum l i f t  c o e f f i c i e n t  of 
small-vane conf igura t ion  with base l ine  s l a t  and double-s lo t ted  
f l a p .  M, = 0.2;  = 45'; Gap/c = 0.03; Overlap/c = 0.0. %f 
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Figure 40.- Effect of Reynolds number on slat position optimization of 
small-vane configuration with baseline slat and double-slotted flap. 
M, = 0.2; 6, = -24'; 6,, = 45'. 
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Figure 41.- Effect of Mach number on maximum lift coefficient of 
small-vane configuration with baseline slat and double-slotted 
flap. 6, = -24'; dVf = 45'. 
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(a) L i f t  c o e f f i c i e n t  versus  ang le  o f  a t t a c k .  
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(b)  Maximum l i f t  c o e f f i c i e n t  and lift c o e f f i c i e n t  a t  
a = 0' versus  Reynolds number. 

F igure  42.- E f f e c t  o f  Reynolds number on l i f t  performance of small-vane 
conf igu ra t ion  wi th  large-chord s l a t  and double-s lo t ted  f l a p .  
M, = 0.2; 6, = -26"; cSVf = 45". 
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(a)  L i f t  versus angle  of a t t a c k .  

(b) Maximum l i f t  i n d  l i f t  a t  angle  of a t t a c k  of 0' 
versus Reynolds number. 

Figure 44.- E f f e c t  of Reynolds number on l i f t  performance of small-vane 
conf igura t ion  w i t h  large-radius  s l a t  and double-s lo t ted  f lap.  
M,= 0 . 2 ;  6, = -21'; 6,f = 45'. 
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Figure 46.- E f f e c t  of s la t  leading-edge t r a n s i t i o n  s t r i p  on l i f t  

performance of  small-vane conf igura t ion  with b a s e l i n e  s la t  and 
double-s lot ted f l a p .  M, = 0.2; 6, = -24'; 6,, = 45O. 
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Figure  47.- E f f e c t  o f  varying tunnel  t o t a l  p re s su re  and Mach number t o  
main ta in  a cons t an t  Reynolds number f o r  determining l i f t  c o e f f i c i e n t  
of small-vane conf igu ra t ion  wi th  b a s e l i n e  s l a t  and double-s lo t ted  
f l a p .  Rc = 4.9 X lo6 ;  8, = -24O; 8,, = 45O. 
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Figure  48.- E f f e c t  of Reynolds number on maximum lift performance 
of small-vane c r u i s e  conf igu ra t ion  wi th  simulated f r o s t  and 
ice on l ead ing  edge. M, = 0.2. 
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