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NAT I ONAL ADV I S ORY C 01414 ITTEE TOR AERONAUT I C S 

ADVAHCE COWFIDENTIAL REPORT 

TESTS OF A HEATED LOW-DRAG AIRFOIL 

BY Charles W. Prick, Jr., and George B. McCullough 

The results of an experimental investigation of an 
WACA 65,2-016 heated wing are presented. The test data 
show the following: 

1. The chordwise distribution of high skin temper- 
atures normal for heat de-icing can be obtained with 
negligible effect either on the drag coefficients in the 
low-drag Reynolds-number range or on the maximum Reynolds 
number at which low drag is obtained. 

2. Distribution of heat along the chord resulting 
in high temperatures near the minimum pressure position 
will result in both an increase in the minimum drag co- 
efficients and a marked reduction in the Reynolds-number 
range over which low drag occurs. This marked reduction 
of the critical Reynolds number occurs because the de- 
crease in the stability of tho laminar boundary lager 
promotes earlior transition to turbulant flow. 

INTRODUCT I ON 

At the request of the Wateriel Command, U. S. Army 
Air Forces, thc effect of haat on thc drag of a low-drag 
airfoil was investigated in thc 7- by 10-foot wind tunncl 
of the Amcs Aeronautical Laboratory. The tests were made 
primari3.y to find vrhat changes would be cxpcrienced in the 
minimum drag characteristics of tho wing with heat de-icing, 
and to compare those cffocts with the results of tests of 
a low-drag wing equipped with rubber de-icing boots (refer- 
ence 1). 

The effects of the addition of heat to the laminar 
boundary layer that occur when the skin temperature is in- 
creased may bc .studied under the following four headings: 



- .  . . . ~  
( a )  s.ki'n . f.rict. . i 'on .- .' ' . . . . . . .  

( b )  b o u n d a r y - l a y e r  s - t a b i l i t y  
- - 

. ( c )  M e r e d i t h  c f  f  e c  t 
. . 

( d )  k r i t i c a l  s p e e d  

The l a t t e r  two a r e  e l i m i n a t e d  f o r  t h e  p u r p o s e s  of t h e  
p r e s e n t  t e s t s  b e c a u s e  t h e  maximum Mach number a t t a i n a b l e  
i n  t h i s  t u n n e l ,  0 .4 ,  i s  c o n s i d e r a b l y  below t h e  c r i t i c a l  
v a l u e  f o r  t h i s  a i r f o i l ,  and  moreover  i s  n o t  s u f f i c i e n t l y  
l a r g e  t o  f i n d  any  a p p r e c i a b l e  change  i n  d r a g  f rom M e r e d i t h  
e f f e c t .  The r e s u l t s  of  t h e  t e s t s ,  t h e r e f o r e ,  a r e  d i s c u s s e d  
u n d e r  t h e  f i r s t  two h e a d i n g s  on ly .  

~ o m e n c l a t u r k  

The symbo l s  u s e d  t h r o u g h o u t  t h i s  r e p o r t  a r e  d e f i n e d  
a s  f o l l o w s :  

V f r e e - s t r e a m  v e l o c i t y  

U l o c a l  . v e l o c i t y  j u s t  o u t s i d e  t h e  bounda ry  l a y e r  

u  l o c a l  v e l o c i t y  i n  t h e  b o u n d a r y  l a y e r  

c w ing  c h o r d  

x d i s t a n c e  f rom t h e  l e a d i n g  e d g e  a l o n g  t h e  c h o r d  

Y d i s t a n c e  normal  t o  t h e  s u r f a c e  

6 b o u n d a r y - l a y e r  t h i c k n e s s  d e f i n e d  a s  t h e  d i s t a n c e  
no rma l  t o  t h e  s u r f a c e  t o  t h e  p o i n t  i n  t h e  bound- 
a r y  l a y e r  where  u  i s  e q u a l  t o  0.707U 

fl t h e  momentum t h i c k n e s s  of t h e  boundary  l a y e r  

where  h i s  l a r g e  enough t o  e n c l o s e  t h e  e n t i r e  
f r i c t i o n  l a y e r  



V the kinematic visc.o.sity 

)I the absolute viscosity 

P 0- free-stream density 

PL 
local density outside .boundary layer 

P local density inside boundary layer 

Rc. Reynolds number .based on. the chord (VC/V) . . 

R6 boundary-layer Reynolds number based on - 
thickness, 6,' (u~/v) 

9 boundary-layer Reynolds number based on momentum 
thickness, 9, (UQ/V) 

. . 

and 
c r i t 

are values of these parameters at 
Rgciit . 

which the laminar boundary layer becomes tur- 
bulent 

Rccrit is defined as the maximum Beynolds number at 
which low drag occurs 
. . 

0 
to ' free-stream-air temperature, 2 

0 

To free-stream air tenperature, F absolute 
- 0 

i, 'local temperature outside the boundary lnrer, P 

T~ 
locnl tomperaturc outside the boundary layer, OF 

absolute 

t local'tcmperature inside the boundary layer, OF 

T local temperature insiac the boundary l~yer,. OF 
absolute 

0 
t c surface temperature at any cho.rdwise point, F 

9, tompcrnture difference ?.cross the boundnry 
laycr = (tE-tL) 

8 temperature difference between any point in the 
boundary layer and the surface temperature, 
(t€-t) 



D e s c r i p t i o n  of Appa ra tus  

T e s t s  of  a  h e a t e d  wing were made i n  t h e  7- by 10 - foo t  
t u n n e l  a t  ABL. Th i s  t u n n e l  i s  of t h e  c l o s e d - t h r o a t ,  
r e c t a n g u l a , r - s e c t i o n ,  s i n g l e - r e t u r n  t y p e ,  c a p a b l e  of a i r  
s p e e d s  of 300 m i l c s  p e r  h o u r .  The t u r b u l e n c e  l e v e l  of 
t h c  a i r  s t r e a m  i s  s u c h  t h a t  a v i n g  c h o r d  of 7  f e e t  f o r  
t h e  65,29016 s e c t i o n  was n e c e s s a r y  i n  o r d e r  t h a t  t h e  
c r i t i c a l  Reynolds  number,  t h e  u p p e r  l i m i t  of t h e  low-drag 
r a n g e ,  c o u l d  bc excesded .  

D e s c r i p t i o n  of Model 

Thc model was n 7 - f o o t - c h o r d  .by 7- foot -span  NACA 
65,2-016 a i r f o i l  mounted as 2. v c r t i c a l  n through modelen  
O r d i n a t e s  a r e  g i v e n  i n  t o b l e  I. 

The model i s  shown mounted i n  t h e  t u n n e l  i n  f i g u r e  
l ( a ) .  The f o r w a r d  p o r t i o n  c o n t a i n i n g  h e a t  i l ig lamps  was 
of sheet-a luminum c o n s t r u c t i o n ,  and t h e  t r a i l i n g  s e c t i o n  
of l a m i n a t e d  wood, C o n s t r u c t i o n  d e t a i l s  a r e  shown i n  
f i g u r e  l ( b ) .  B u i l t  i n t o  t h e  model were  26 p r e s s u r e  o r i -  
f i c e s  and 41 i r o n - c o n s t a n t a n  the rmocoup le s .  The thermo- 
c o u p l e s  were i n  t h r e e  cho rdwise  bands  on t h e  span  c e n t e r  
l i n e  and 4 i n c h e s  e a c h  s i d e  e x t e n d i n g  t o  41 -pe rcen t  chord .  
The p r e s s u r e  o r i f i c e s  were c o n n e c t e d  t o  a  multiple-tube 
manometer,  and t h e  ' l o a d s  f r o m  each  t h ~ r m o c o u p l e  wero b r o u g h t  
ou t  t o  a  m u l t i - c o n t a c t  s o l e c t o r  s w i t c h  w h i c h . u a s  c o n n e c t e d  
t o  a  Lewis p y r o m e t e r - p o t e n t i o m e t e r ,  The e x t e r n a l  s u r f a c e  
of t h e  h e a t e d  p o r t i o n  was b a r e  m e t a l  and t h a t  of t h e  un- 
h e a t e d  wood p a r t  was p a i n t e d .  The e n t i r e  model was ma.de 
a e r o d y n a m i c a l l y  smooth by cho rdwise  r u b b i n g s  w i t h  s u c c e s -  
s i v e l y  f i n e r  g r i t  s a n d p a p e r ,  A 1 1  power,  t e m p e r a t u r e ,  and 
p r e s s u r e  l e a d s  were b r o u g h t  ou t  t h r o u g h  t h e  t o p  of t h e  model 
which  was s e a l e d  c l o s e d  t o  p r e v e n t  t h e  o s c a p e  of c o n v e c t e d  
h e a t .  

Loca l  u n f a i r n e s s e s  of t h e  model r e s u l t o d  i n  some minor  
v a r i a t i o n s  i n  t h o  p r e s s u r e  d i s t r i b u t i o n ,  a s  shown i n  f i g u r e  
2 ,  bu t  t h e s e  were  n o t  of s u f f i c i e n t  magni tude  t o  i n d u c e  
t r a n s i t i o n  t o  t u r b u l c n c ~ .  



. Method of H e a t i n g  . 
. - 

The h e a t e d  p o r t i o n  of t h e  wing  was d i v i d e d  i n t o  
f o u r  compar tments  by s p a n w i s e  bu lkheads  on which t h e  
h e a t i n g  e l e m ~ n t s ,  n i n e  rows of o r d i n a r y  120-vo1.t i ncan -  
d e s c e n t  lamp b u l b s ,  were  mounted (fPg.  l ( b ) ) .  The i n s i d e  
s u r f a c e  of t h e  aluminum s k i n  was p a i n t e d  a d u l l  b l a c k  t o  
i n c r e a s e  t h e  a b s ~ r p t i o n  of r a d i a n t  h e a t ,  b u t  a l l  o t h e r  
m e ' t a l  s u r f a c e s  were b r i g h t .  

The h e a t  i n p u t  a p p r o p r i a t e  t o  e a c h  compartment  t o  
g i v e  a t e m p e r a t u r e  d i f f e r e n c e  a c r o s s  t h e - b o u n d a r y  l a y e r  
of 100' B a t  a Reynolds  number of 1 3 , 0 0 0 , 0 0 0  was c a l c u l a t e d  
by t h e  method of  r e f e r e n c e  2. The s i z e ,  number,  and loca -  
t i o n  o f  t h e  b u l b s  w i t h i n  e a c h  compartment were s u c h  a s  
t o  g i v e  t h e  most n e a r l y  u n i f o r m  s k i n  t e m p e r a t u r e  p o s s i b l e  

- ' w i t h i n  t h e  p r a c t i c a l  l i m i t a t i o n s  of t h e  d e s i g n .  

Power was s u p p l i e d  by a  d i r e c t - c u r r e n t  g e n e r a t o r  
equ ipped  w i t h  a remote  v o l t a g e  c o n t r o l  which p e r m i t t e d  a  
c o n v e n i e n t  means of a d j u s t i n g  t h e  o v e r - a l l  a p p l i e d  v o l t a g e .  

Other  A p p a r a t u s  

For  measurement of t h e  t e m p e r a t u r e  d i s t r i b u t i o n  t h r o u g h  
t h e  boundary l a y e r ,  a  t e m p e r a t u r e   mouse^ c o n s i s t i n g  of s i x  
t h e r m o c o u p l e s  was used.  'Each t.Bermocouple was made of sma l l -  
d i a m e t e r  c o p p e r  t u b i n g  t h r o u g h  which was l c d  a s m a l l  i n su -  
l a t e d  c o n s t a n t a n  w i r e ,  a s  shown by t h e  s k e t c h  of f i g u r e  3 ( a ) .  
H e i g h t s  of t h a  t h ~ r m o c o u ~ l e s  above t h e  wing  s u r f a c e  were 
a d j u s t e d  by bend ing  t h e  c o p p e r  t u b i n g ,  and were measured by 
means of a mic roscope  w i t h  e s c r b l c  r o a d i n g  i n  t h o u s a n d t h s  
of a n  i n c h ,  The s i x  i n d i v i d u a l  c o p p e r  l c n d s  2nd one common 
c o n s t a n t a n  1ce.d ware  b r o u g h t  ou t  t h r o u g h  t h e  wing t o  n 
s o l e c t o r  s w i t c h .  E l e c t r o m o t i v e  f o r c e s  were r e a d  w i t h  a  
Leeds. and N o r t h r u p  p o t e n t i o m e t e r .  A c o l d  j u n c t i o n  immersed 
i n  a  vacuum b o t t l e  of i c e  w a t e r  was used  f o r  r e f e r e n c e .  

A v e l o c i t y  mouse c o n s i s t i n g  of s i x  t o t a l - h e a d  t u b e s  and 
one s t a t i c  t u b e  v a s  u s e d  f o r  m e a s u r i n g  t h e  v e l o c i t y  boundary  
l a y e r ,  Tube h e i g h t s  werc  a d J u s t e d  and r e a d  by t h e  same 
method as f o r  t h e  t e m p e r a t u r e  mouse. F i g u r e  3 ( b )  i s  a d e t a i l  
v i ew  showing b o t h  mice mounted on t h e  wing,  

A l l  dra,g measurements  were made w i t h  a momentum r a k e  
of 48 t o t a l - h e a d  t u b e s  s p a c e d  1 / 4  i n c h  a p a r t  c o n n e c t e d  t o  



an  i n t e g r a t i n g  manometer. L i f t  was d e t e r m i n e d  from p r e s -  
s u r e  d i s t r i b q B l q q ,  No f o r c e - t e s t  measurements  on t h e  
w ind- tunne l  s c a l e  were made. 

.. Free - s t r eam a i r  t e m p e r a t u r e s  were c a l c u l a t e d  from 
a v e r a g e  read . ings  of .  t h r e e  r e s i s t a n c e - t y p e  thWmometers  
l o c a t e d  i n  t h e  r e t u r n  p a s s a g e  a  s h o r t  ' f l i s t a n c e  ahead  of 
t h e  e n t r a n c e  cone,  A d i a b a t i c  e x p a n s i o n  t h ~ o u g h  t h e  en- 
t r a n c e  cone  was assumed. 

T e s t  Methods and C o r r e c t i o n s  
. . 

. . Drag measurements . -  S imul t aneous  p r e s s u r e  d i s t r i b u t i o n  
and momentum d r a g  data were o b t a i n e d  t h r o u g h  a r a n g e  of 
a n g l e s  of a t t a o k  w i t h  t h e  model u n h e a t e d  and hea t ed . -  Sec- 
t i o n  l i f t  c o e f f i c i e n t s  were  c a l c u l a t e d  by i n t e g r a t i o n  of 
t h e  p r e s s u r e  d i s t r i b u t i o n .  Momentum d r a g  d a t a  were com- 
p u t e d  by an  a d a p t a t i o n  of  t h e  J o n e s  method,  i d c l u d i n g  
c o r r e c t Y o n  f o r  c o m p r e s s i b i l i t y .  No c o r r e c t i o n  was made 
f o r  h e a t i n g  of t h e  w&ke b e c a u s e  t h i s  was found  t o  be i n -  
a p p r e c i a b l e  f o r  t h e  amount of h e a t  t r a n s f e r  from t h e  model. 
Tunne l -wa l l  e f f e c t  was c o r r e c t e d  by t h e  f o l l o w i n g  f a c t o r s  
b a s e d  on an u n p u b l i s h e d  t h e o r $  of two-d imens iona l  t u n n e l -  
w a l l  c o r r e c t i o n s .  

S i n c e  t h e  main f n t e r e s t  was i n  t h e  e f f e c t  o f  h e a t  on 
minimum d r a g ,  most of t h e  r u n s  were made a t  t h e  i d e a l  a n g l e  
( o O )  f o r  t h e  f u l l  r a n g e  of Reynolds  numbers w i t h  t h e  model 
u n h e a t e d  and h e a t e d .  S i m u l t a n e o u s  momentum d r a g  and  tempep- 
a t u r e - d i s t r i b u t i o n  d a t a  were  t a k e n  f o r  t h e s e  r u n s .  

T e m p e r a t u r e - d i s t r i b u t i o n  d a t a  were computed and' p l o t t e d  
i n  t e r m s  of t h e  parame. te r ,  B C / T o  

where 



tc skin temperature, OF 

tL local free-stream temperature outslde the boundary 
layer, OP .. 

free-stream temperature, OF absolute 

~ o u n d a r ~ - l a ~ e r  measurements.- Simultaneous velocity 
and temperature boundary-layer profile data and chordwise 
temperature data were obtained with the two mice mounted 
on the wing 6 inches either side of midspan at the same 
percent chord. To offset the greater heat transfer from 
the surface aft of the mice with consequent reduction of 
skin temperature resulting from turbulence in the wake of . 

. the mice, triangular-shaped areas were covered with scotch 
tape. These may be seen in figure 3(b), 

In orher to obtain true air temperatures from indica- 
' t ions of the temperature mouse, corrections for aerodynamic 
heating were applied. Eckert (reference 3) has shown that 
the aerodynamic heating experienced by a similar type of 
thermocouple in laminar flow is about 0 , 8 4 5 , n ,  times the 
temperature rise which would result if the air were brought 
to rest adiabatically. An experimental check was obtained 
oil this 'constant $y exposing the thermocouple mouse to an 
air stream of known velocity and temperature and comparing 
the excess temperature of the stream with the adiabatic 
temperature rise, The indicated temperatures measured in 
the boundary layer, therefore, were corrected by obtaining 
the velocity in the boundary layer corresponding to the 
position of the thermocouple and applying the above cor- 
rection, 

Velocity boundary-layer data were corrected for temper- 
ature on the following basis: 

The magnitude of this correction was small, and it was not 
considered necessary to recorrect the temperature boundary 
layer using the corrected values of u. 

Temperature boundary layers are plotted in the form 
8JOc where 0 = tc-t, t being the local temperature 
inside the boundary layer. This allowed direct comparison 
of the temperature and velocity boundary-layer profiles. 



RESULTS AND DISCUSSIOB 

Drag e f f e c t s  a t  t h e  i d e a l  ane1e.-  The major  a u r p ~ s e  
of t h e  t e s t s  d i s c u s s e d  h e r e i n  was t o  d e t e r m i n e  t h e  e f f e C t  
of h e a t  on t h e  mjnimum d r a g  of t h e  a i r f o i l  s e c t i o n ;  hence  
most of t h e  r e s u l t s  o b t a i n e d  a r e  c o n c e r n e d  w i t h  t h e  v a r i a t i o n  
of minimum d r a g  w i t h  Reyno lds  number at  t h e  i d e a l  a n g l e  o f  
a t  t a c k .  

I d e n t i c a l  t e s t s  were  made w i t h  i "h ree . . d i f f  e r e n t  s e c t i o n s  
of t h e  " l a m i n a r  run11 h e a t e d  a s  f o l l o w s :  

1. . - ~ n ' t  i r e  Laminar r u n  ( 0 - p e r c e n t  t o  ' 5 2 . 4 - ~ e r c e n t  
chord)'  h e a t e d  t o  8~ of  0.1, 50° ,  ?5O and - 1 0 0 ~  F. 

, . - 5 

2, . S e c t i o n  'ahead 0.f minimum p r e s s u r e  ( 2 6 f 3 - p e r c e n t  t o  
52 .4 -pe rcen t  c h o r d )  h e a t e d  t o  8~ of a O ,  50° ,  
75' and  l ooQ F. - .  

3. Nose s e c t i o n  ( 0 - p a r c e n t  t o  14 .6-percent  c h o r d )  
h e a t e d  t o  B E  of o O ,  50° ,  75' and  100' I?, 

R e s u l t s  a r e  p r e s e n t e d  i n  f i g u r e s  4 ,  59, and 6. P i g u r e  
7 i s  a compar i son  of t h e - e f f e c t s  of t h e  t h r e e  t y p e s  of 
h e a t i n g  f o r  t h e  same v a l u e  o f  € I c  (?5O 2 ) .  

~ x a m i n a t  i o n '  of t h e '  d a t a - s h b v s  t h a t  t h e  d r a g  c o e f f i c i e n t s  
f o r  a l l  c o n d i t i o n s  % e m a i n ' f i s a r l y  c o n s t a n t  a t  a  minimum v a l u e  
f o r  a c e r t a i n  r a n g e  of -Rey .nolds  numbers and t h e n  i n c r e a s e  
more o r  l e s s  a b r u p t l y  a t  some c r i t i c a l  v a l u e  of t h e  Reynolds  
number. T h i s  c r i t i c a l  v a l u e  h a s  been found  t o  o c c u r  when 
t r a n s i t i o n  from l a m i n a r  t o  t u r b u l e n t  f l o w  i n  t h e  boundary  
lay .e r  moves f o r w a r d  t h r o u g h  t h e  minimum p r e s s u r e  p o s i t i o n .  
Thus ,  f o r  t h e  low-drag r a n g e  of Reyno lds  numbers t r a n s i t i o n  
i s  beh ind  minimum p r e s s u r e  and  f o r  t h e  h igh -d rag  r a n g e  
f o l l o w i n g  t h e  c r i t i c a l  Reynolds  number t r a n s i t i o n  i s  a h e a d  
Of minimum p r e s s u r e ,  

f i g u r e s  8 ,  9 ,  and LO a r e  t y p i c a l  of t h e  cho rdwise  
t e m p e r a t u r e  d i s t r i b u t i o n s  wh ich  were o b t a i n e d  f o r  t h e  v a r i -  
ous  h e a t i n g  ' c o n d i t i o n s .  I t  w i l l  be n'ofod f rom f i g u r e  8 
( l a m i n a r  r u n  h e a t e d )  t h a t  when t h e  c r i t i c a l  Reyno lds  number 
of 8 ,000 ,000  was. exceeded  and  t r a n s i t i o n  moved f o r w a r d  of 
minimum p r e s s u r e  on t o  t h e  h e a t e d  (aluminum) p o r t i o n  of t h e  
wing ,  t h e  h i g h  r a t e  of h e a t  t r a n s f e r  i n  t h e  t u r b u l e n t  r e g i o n  
p r e v e n t e d  t h e  d e s i r e d  Is c o n s t a n t  fl t e m p e r a t u r e s  f rom b e i n g  



m a i n t a i n e d .  A s i m i l a r  e f f e c t  o c c u r r e d  f o r  t h e  n r e g i o n  
ahead  of minimum p r e s s u r e "  h e a t e d  ( f i g .  9 ) .  However, 
s i n c e  t h i s  d e v i a t i o n  by i t s  v a r y  n a t u r e  o c c u r s  o n l y  a f t e r  

- t h e  c r i t i c a l  Reynolds  number h a s  been a t t a i n e d  f o r  anzr 
g i v e n  O C ,  t h e  d r a g  r e s u l t s ,  i n s o f a r  a,s t h e  e f f e c t s  on 
t h e  v a l u e  of t h e  c r i t i c a l  Beynolds  number a r e  c o n c e r n e d , w e r e  
a l l  o b t a i n e d  w i t h  p r o p e r  h e a t  d i s t r i b u t i o n s .  Beyond t h e  
c r i t i c a l  Reynolds  numbor i t  may be a n t i c i p a t e d  t h a t  some- 
what g r e a t e r  i n c r c a s c s  i n  d r a g  would have  been measured ,  
had i t  been p o s s i b l e  t o  m a i n t a i n  t h e  nomina l  t e m p e r a t u r e  
d i s t r i b u t i o n s .  

I t  i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  Hnosc-hentcdlr con- 
d i t i o n  ( f i g .  1 0 )  gave a  t e m p e r a t u r e  d i s t r i 6 u t i o n  which 
was v e r y  c l o s e  t o  t h a t  which  i s  normal  f o r  hea,t d e - i c i n g  
i n s t a l l a t i o n s .  Fo r  t h e  p u r p o s e  of compar i son ,  a  t y p i c a l  
h e a t  d e - i c i n g  distribution ( t a k e n  from r e f e r e n c e  4 )  i s  
p l o t t e d  on f i g u r e  10 .  

A s t u d y  of t h e  d r a g  r e s u l t s  r e v e a l s  t h a t  t h e  m a j o r  
e f f e c t  of h e a t  f o r  c o n d i t i o n s  1 and 2 was a marked re.- 
d u c t i o n  i n  t h e  c r i t i c a l  ~ e y n o l d s  number. F i g u r e  '11 p r e -  
s s n t s  t h e  v a r i a t i o n  of c r i t i c a l  Zeynolds-  npmber w i t h  
i n c r e a s i n g  - B E  f o r  ' t h e  t h r e e  h e a t  c o n d i t i o n s .  The c r i t -  
i c a l  Reyno lds  number i s  shov,rn t o  bc h e g x i g i b l y  a f f e c t e d  
lay. h e a t i n g  t h e  noso. B U ~  fo'r t h e  l a m i n a r  run  h e a t e d  t o  
a e E  of 75O F ,  t h e r e  . r e s u l t e d '  a  d e c r e a s e  i n  t h e  c r i t i c a l  
Reynolds  number t o  a b o u t  8,0,00,000 and  f o r  t h o  r e g i o n  ahoad 
of minimumA p r e s s u r e  h e a t  e'd- a u o r r o s p o n d i n g  d e c r e a s e  t o  abou t  
4,000;000. T h i s  compares  t o  a c r i t i c a l  Reynolds  number of 
abou t  1 1 , 0 0 0 , 0 0 0 ~  f o r  no h e a t . -  ( I t  may be  izoted t h a t  the . re  
i s  a  d e f i n i t e  t e n d e n c y . f o r  t h e  r e d u c t i o n  i n  c r i t i c a l  a e y n o l d s  
n u m b e r . t o  a p p r o a c h  a l i m i t i n g  v a l u e  w i t h  i n c r e a s i n g  tempera-  
t u r e .  ) Such r e d u c t i o n s  i n  critical Reynolds  numbers would 
mean a  s e r i o u s  i n c r e a s e  i n  d r a g  f o r  a n  a i r p l a n e  equ ipped  
w i t h  a low-drag a i r f o i l  d e s i g n e d  t o  o p e r a t e  s l i g h t l y  below 
t h e  c r i t i c a l  Reynolds  number w i t h  no h e a t .  However, f o r  t h e  
nose -hea t ed  c o n d i t i o n  ~"-:hicb s i m u l a t e d  normal  h e a t  d e - i c i n g  - 
t e m p e r a t u r e  d i s t r i b u t i o n s ,  o n l y  minor changes  i n  

were measured.  
R ~ c r i t  

The minimum d r a g  c o e f f i c i e n t s  i n  t h e  r a n g e  of Reyno lds  
numbers below t h e  c r i t i c a l  e x p e r i e n c e  n e g l i g i b l e  i n c r e a s e s  
f o r  t h e  nose -hea t ed  c o n d i t i o n  a s  soen  from f i g u r e  6. Thesc  
i n c r a m c n t s  v o r o  so  s m a l l  t h a t  t h e g  wcra w i t h i n  t h e  a c c u r a c y  
of t h e  e x p e r i m e n t a l  r e s u l t s .  Fo r  t h e  o t h e r  h e a t  c o n d i t i o n s ,  
t h e  minimum d r a g  i n c r e a s e s  of 0.0002 t o  0.0005 c a n n o t  be 



a c c o u n t e d  f o r  by t h e  i n c r e a s e d  s h e a r  of t h e  l a m i n a r  r e g i o n  
a s  i s  shown by t h e  measured  momentum t h i c k n e s s e s  o f ' t h e  

1 l a m i n a r  l a y e r  which i n d i c a t e  an a c t u a l  d e c r e a s e  i n  t h e .  
I s u r f a c e  s h e a r  up t o  29 -pe rcan t  chord .  They a r e  most p rob-  

a b l y  dua t o  t h e  i n c r e a s e d  s h e a r  of t h e  t u r b u l e n t  boundary  
Layer  j u s t  2 f t  of t r a n s i t i o n  caused  by h e a t i n g  n e a r  t h o '  
minimum p r e s s u r e  p o s i t i o n ,  s i n c e  i t  i s  u n l i k o l g  t h a t  t h e y  

- r e s u l t  f rom i n c r e a s e d  p r e s s u r e  d rag .  

In  t h e  h igh -d rag  r a n g e  of Reynolds  numbers g r e a t e r  
t h a n  t h e  c r i t i c a l ,  a p p r o x i m a t e l y  o n e - t h i r d - o f  t h e  d r a g  
i n c r e a s e  can  b e  a c c o u n t e d  f o r  by t h e  i n c r e a s e d  a r e a  sub- 
.jetted t o  t u r b u l e n t  f l o w  because  of t h e  f o r w a r d  movement 
of t r a n s i t i o n ,  The r e m a i n i n g  t w o - t h i r d s  may.be a t t r i b u t e d  
t o  t h a  p r e s s u r e  d r a g  r e s u l t i n g  f rom t h e  i n a b i l i t y  of  t h e  
t h i c k o n ~ d  boundary  l a y a r  t o  d e v e l o p  t h o  s t e e p  p r e s s u r e  
r e c o v e r y  beh ind  minimum p r e s s u r e .  

Drag e f f e c t s  a t  a n g l e s  o t h e r  t h a n  t h e  i d e a l . -  The 
e f f e c t s  of h e a t  a t  a n g l e s  o t h e r  t h a n  t l ie  i d e a l  a r e  i n  t h e  
d i r e c t i o n  which  wou ld -be  a n t i c i p a t e d  3y  t h e  i d e a l  a n g l e  
r e s u l t s .  F i g u r e - 1 2  shows t h a t  t h o  e f f e c t s  of nose  h e a t  

I a r a  s l i ~ h t ,  whereas  w i t h  t h a  l a m i n a r  r u n  h a a t e d  t h e  low- 
- d r a g  a n g l e - o f - a t t a c k  r a n g e  h a s  d i s a p p c a r s d  a t  a Reynolds  

number of 11 ,000 ,000 .  F i g u r e  13 e x t ~ n d s  t h o  compaPison-  
f o r  nose  h e a t  and  Ifno h e a t "  t o  h f g h c r  l i f t  coefficients, 
a t  a Reynolds  number of 6 ,600 ,000 .  

Comparison w i t h  r u b b e r  d e - i c e r  e f f e c t s , -  F i g u r e  1 4 -  
h a s  been p r e p a r e d  from t h e  r e s u l t s  of t e s t s  o f - a  r u b b e r  
d e - i c e r  on a  low-drag wing ( r e f e r e n c e  1). A compar i son  
i s  a f f o r d e d  of t h e  n o s e - h e a t  r e s u l t s  w i t h  t h o s e  of t h e  : 
r u b b e r  d e - i c e r .  (The ~ c o m p r e s s i o n " o f  t h e  cdo  vs. Xc 
c h a r a c t e r i s t i c s  measu-red i n  t h e  7- by 1 0 - f o o t  t u n n e l ,  r e -  
s u l t i n g  i n  l ower  

' c c r i t  
comparad . w i t h  t h a  two-d imans iona l  

t u n n c 1 , i s  d a e . t o  t h e  d i f f e r o n c e  i n  t u r b u l e n c e  l e v e l s  of 
t h e  two t u n n e l s ,  The s l i g h t  u r i f a i r n e s s  of t h e  t e s t .  wing 
c a u s i n g  t h e  p r e s s u r e  waves shown on f i g ,  2 p r o b a b l y  con- 
t r i b u t e d  t o  t h i s  compres s ion . )  The f i g u r e  emphas i zes  t h e  
f a c t  t h a t  w i t h  r u b b e r  d e - i c e r s  t h e  low-drag a d v a n t a g e  of 
t h e  l amina r - f low wing i s  l o s t ,  w h i l e  w i t h  h e a t  de - i - c ing  
i t  i s  e s s e n t i a l l y  unchanged.  

'Bouada rg - l aye r  e f f e c t s . -  As s t a t e d  p r e v i b u s l y ,  t h e  
c r i t i c a l  Reyno lds  number . f  o r  any low-drag a i r f o i l  o c c u r s  
when t h e  t r a n s i t i o n  from Xaminar t o  t u r b u l e n t  Plow i n  t h e  
boundary  l a y e r  'moves f  ort;ard a l o n g  t h e  c h o r d  t h r o u g h  t h e  



c h o r d w i s e  p o s i t i o n  of minimum p r e s s u r e ,  T h i s  movemont of 
t r a n s i t i o n  i n t o  t h e  p r e s s u r e  r e g i o n  whose g r a d i e n t  i s  f a v o r -  
a b i k  t o  t h e  p r e s e r v a t i o n  of l a m i n a r  f l o w  h a s  been  f o u n d  t o  
be a s s o c i a t e d  w i t h  t h e  a t t a i n m e n t  of a  c r i t i c a l  v a l u e  of 
R< ( r e f e r e n c e  5 ) .  I t  i s  known t h a t  t h i s  v a l u e  of Rg i s  
. a f f e c t e d  by a i r  s t r e a m  t u r b u l e n c e ,  s u r f a c e  c o n d i t i o n ,  and 

-- $ i h r a t . i o n c  In  an e f f o r t  t o  g a i n  some knot i ledge of why 
t h i s  s t a b i l i t y  l i m i t  was a d v e r s e l y  a f f e c t e d  by h e a t i n g  t h e  
s u r f a c e ,  an e x p e r i m e n t a l  i n v e s t i g a t i o n  of t h e  l a m i n a r  bound- 
a r y  l a y e r  was made f o r  t h e  same h e a t  c o n d i t i o h s  a s  f o r  t h e  
d r a g  t e s t s .  

Boundary- layer  s u r v e y s  were  made a t  4 0 r p e r c e n t  cho rd  
and a r e  p r e s e n t e d  i n  f i g u r e s  1 5  t h r o u g h  1 8  f o r  t h e  v a r i o u s  

-- h e a t  c o n d i t i o n s  a t  O C  of 75O F. F i g u r e  19  showing t h e  
v a r i a t i o n  of U / U ,  a s  measured  w i t h  a  mouse s u r f a c e  t u b e ,  

- w i t h  Reynolds  number a l l o w s  t h e  c h o r d w i s e  p o s i t i o n  of 
t r a n s i t i o n  t o  be d e t e r m i n e d  a t  any  Reynolds  number, O the r  
s u r v b y s  were  made a t  29 -pe rcen t  c h o r d ,  a  p o s i t i o n  w c l l  
rornoved from ,tho i n f l u e n c e  of t r a n s i t i o n  a t  t h e  l ower  
Beyno lds  numbers ,  f o r  t h e  pu-rpose of  o b t a i n i n g  e x p e r i m e n t a l  
d a t a  on t h e  r e l a t i o n s h i p  b e t w e e n  t h e  t e m p e r a t u r e  and v e l o c -  
i t y  boundary- lay.er  p r o f i l e s .  T y p i c a l  r e s u l t s  i n  t h e  form 

- of U / U  and 8 / O E  a r e  g i v e n  - i n  f i g u r e s  20 t o  2 3 ,  i n c l u s i v e .  

F i g u r e  24 p r e s e n t s  a  compar i son  between t h e  c a l c u l a t e d  
v a r i a t i o n  of 6 ,  t h e  b o u n d a r x - l a y e r  t h i c k n e s s ,  w i t h  Reyno lds  
number and t h e  v a l u e s  talcen f rom s x p e r i m e n t a l l y - d e t e r m i n e d  
p r o f i l ~ s  a t  t h e  2 9 - p e r c e n t - c h o r d  l o c a t i o n ,  From t h e s e  r e -  
s u l t s ,  i t  i s  e v i d e n t  t h a t  f o r  t h i s  t e s t  model t h e  boundary-  
l a y e r  t h i c k n e s s  i s  n o t  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  
r o o t  of Reyno lds  number a s  ~ ~ r a u l d  be expect .ed fr0.m t h e o r y .  
T h i s  d i f P e r e a n c e  i s  b e l i e v e d  t o  come a b o , i t  b e c a u s e  of t,he 
l o c a l  r e v e r s a l s  i n  t h a  p r e s s u r e  g r a d i e d t  a h e a d  of t h e  29- 
pe rcan t ' - cho rd  p o s i t i o n  due  t o  l o c a l  u n f a i r n e s s  of t h e  s u r -  
f a c e .  For  t h e  p u r p o s e s i o f  t h e s e  t e s t s ,  t h i s  d i s a g r e e m e n t  
Goes n o t  p r e v e n t  a  compar i son  between t h e  'no-hea t  boundary-  

. l a y e r  r e s u l t s  and. t h o s e  o b t a i n e d  w i t h  t h e  v a r i o u s  h e a t  con- 
d i t i o n s .  

The r e s u l t s  of f i g u r ~  24 i n d i c a t e  a  r e d u c t i o n  of  R6 
when heat i s  added  t o  t h a  e n t i r e  l a m i n a r  run ,  o r  j u s t  f o r -  
ward of minimum p r c s s u r 3 .  An o p p o s i t e  e f f e c t  would be 
a n t i c i p a t e d  f rom a n  e x p e c t e d  i n c r e a s e d  s u r f a x e  s h e a r  due  
t o  h i g h e r  v i s c o s i t y  of t h e  h e a t e d  boundary  l a y e r .  T h i s  
a p p a r e n t l y  c o n t r a d i c t o r y  r e s u l t  i s  e x p l a i n e d  by an exami- 
n a t i o n  of t h e  e x p e r i m e n t a l  bounda,ry- layer  p r o f i l e s  f rom 
which t h e  v a l u e s  of 6 were  measured .  T h e r e  i s  a  marked 



- -  - cliange i n  p r o f i l e  w i t h  h e a t  c o n d i t i o n s  1 and 2 ,  which 
a p p e a r s ' n e a r  t h e  s u r f a c e  of t h e  a i r f o i l  a s  a d e c r a a s e  i n  
t h e  v e l o c i t y  g r a d i e n t  a t  t h e  s u r f a c e ,  a s  c o r n p ~ r e d  t o  t h e  
no-heat  p r o f i l c .  T h i s  d e c r e a s e  i n  ( d ~ / d y ) ~ = ~  i s  s u f f i -  
c i e n t -  t o  c a u s e  t h e  p r o z i l e  t o  d e v e l o p  an  i n f l e c t i o n  p o i n t .  
The c o n s e q u e n t  r e d i s t r i b u t i o n  of momentum t h r o u g h  t h e  f r i c -  
t i o n  l z y e r  c o u p l e d  w i t h  t h e  i n c r e a s e d  l o c a l  v e l o c i t y  r e -  

- ' s a l t i n g  from d e c r e a s e d  d e n s i t y  of t h e  h e a t e d  boundary  l a y e r  
c a u s e s  t h e  u p p e r  h a l f  of  t h e  p r o f i l e  t o  flbulgelt i n c r e a s i n g  
t h e  c o n c a v i t y .  

T h e ' d i s t o r t i o n  of t h e  l a m i n a r  f r i c t i o n  l a y e r  i s  a s s o c i -  
a t e d  w i t h  t h e  t y p e  Of t e m p e r a t u r e  d i s t r i b u t i o n  t h r o u g h  t h e  
l a m i n a r  l . aye r .  T h i s  i s  . d e m o n s t r a t e d  by t h e  r e s u l t s  of f i g -  
u r e  25 .$~h ich  shor~ '  t h e  n e a s u r e d  v e l o c i t y  boundary  l a y e r s  f o r  
n p p r o x i m a t e f y  e q u a l  v a l u e s  of 0~ bu t  w i t h  d i f f e r e n t  d i s -  
t r i b u t i o n  of t e m p e r a t u r e  t h r o u g h  t h e  bounda ry  l a y e r .  The 
d i s t r i b u t i o n  a s s o c i a t e d  w i t h  h e a t i n g  t h e  n o s e  h a s  v e r y  
l i t t l e  a f f e c t  i n  d i s t o r t i n g  t h e  boundary  l a y e r  w h i l e  t h e  
s t e e p  t e m p e r a t u r e  $ r a d i a n t  f rom t h e  s u r f n c a  r e s u l t i n g  from 
h e a t i n g  n e a r  rn'inimua p r e s s u r e  had a marked e f f e c t .  ( ~ t  may 
be n o t e d  t h a t  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  a s s o c i a t e d  w i t h  
h e a t i n g  t h e  nose  i s  v e r y  s i m i l a r  ' t o  t h a t  o b t a i n e d  by a e r o -  
dynamic h e a t i n g  where T - l / u 2 ) .  

I t  i s  a p p a r e n t  from t h e  above d i s c u s s i o n  t h a t  6 a s  
a measure  of  t h e  bounda ry - l aye r  momentum l o s s  l o s e s  i t s  
s i g n i f i c a n c e ,  ..A more l o g i c a l  c r i t e r i o n  f o r  t h e  c a s e  of 
t h e  a r t i f i c i a l l y  h e a t e d  boundary  l a y e r  which i s  d i s t o r t e d  
( o r  t h e  B l a s i u s  p r o f i l c  accompanied by a t e m p e r a t u r e  r i s e  

-due t o  f r i c t i o n )  i s  t h e  momentum thickness, 6 ,  s i n c e  i t  
t a k s s  i n t o  a c c o u n t  t h c  v a r i a t i o n  o f  d e n s l t y  t h r o u g h  t h c  
l a y c r  end  i s  n o t  dependent on thc: p r o f i l e  shape.  'Thc 
v a l u c s  of 6, corresponding t o  p r o f ' i l ~ s  f rom which  t h o  
v a l u e s  of 6 p l o t t e d  i n  f i g u r e  24 wcrc t n k o n ,  a r c  g i v e n  
a s  a f u n c t i o n  of t h e w i n g  Reynolds  number i n  f i g u r e  26 ,  . 
These d a t a  p r e s e n t  a  t r u e r  p i c t u r e  of t h e  boundary l a y e r .  
The l o s s  i n  momentum r e p r e s e n t e d  a s  E i s  s e e n  t o  be 
a p p r o x i m a t e l y  t h e  same w i t h  no h e a t ,  n o s e  hee . t ,  and  f o r  
h e a t  a t  mininum ? r e s s u r e ,  The measured v a l u e s  of 6 f o r  
t h e  l a m i n a r  r u n  h a s t e d  i n d i c p - t e  t h a t  t h e  s h e a r  was d e c r e a s e d  
f o r  t h i s  h e a t  c o n d i t i o n ,  T h i s  a p p e a r s  t o  be due t o  t h e  
f a c t  t h a t  t h o  d e c r a ~ s e d  v o l o c i t g  g r a d i e n t  ( d u / d y )  y,O ex- 
p c r i c n c + d  w i t h  t h i s  t y p s  o f  h d a t i n g  more t h a n  o f f s e t  t h e  
. . e f f ~ c t  of t h ~  inc r s? s ; ?d :  v i s c o s i t y  on t h e  s u r f a c e  s h e a r .  

-. 



I t  h a s  been found  t h a t  t h e  a fo re -men t ioned  l i m i t  of 
t h e  bounda ry - l aye r  s t a b i l i t y  may be expres -sed  a s  a  c r i t i c a l  
v a l u e  of t h e  bounda ry - l aye r  Reynolds  number, 'Ud/u, w h ~ r e  
d  ' i s  some c h a r a ' c t e r i s t i c  l e n g t h  of t h e  boundary l a y e r .  
T h i s  l e n g t h  h a s  been t a k e n  i n  p a s t  r e s e a r c h  a s  6 ,  t h e  
p o i n t  i n  t h e  boundary l a y e r  where u = O.?O?U, bu t  6 ,  
a c c o r d i n g  t o  t h e  above  d i s c u s s i o n ,  l o s e s  i t s  s i g n i f i c a n c e  
f o r  t h e s e  a r t i f i c i a l l y  h e a t e d  boundary  l a y e r s .  ( T h i s  i s  
t r u e  a l s o  f o r  a e r o d y n a m i c a l l y  h e a t e d  boundary  l a y e r s . )  
C o n s e q u e n t l y ,  i t  i s  l o g i c a l  t o  s u b s t i t u t e  0 f o r  6 i n  
t h e  bounda ry - l aye r  Reyno lds  number so t h a t  i t  becomes 
U @ / V ,  which  may be d e s i g n a t e d  R@.  The v a l u e  of R e  when 
t r a n s i t i o n  o c c u r s  may be n o t e d  a s  

R e o r  i t *  

. I t  t h e n  f o l l o w s  t h a t  t h e  o c c u r r e n c e  of 
R a c r i t  

a t  

n i n i m u m ' p r e s s u r e  d e f i n e s  t h e  c r i t i c a l  body Reynolds  number, 
Assuming t h a t  a g i v e n  v a l u e  of 

R e c r i t  
i s  a s s o c i a t e d  w i t h  

t h e  o c c u r r e n c e  of t r a n s i t i o n  anywhere i n  t h e  f a v o r a b l e  
p r e s s u r e  g r a d i e n t ,  we may u s e  t h e  v a r i a t i o n  of 8  w i t h  
Reynolds  number a t  29 -pe rcen t  c h o r d  t o  c a l c u l a t e  t h e  v a r i a -  
t i o n  of R e  w i t h  Rc a t  t h i s  y o i n t  and f rom t h e s e  c u r v e s  
d e t e r m i n e  t h e  v a l u e s  of 

R ~ c r i t  
f o r  t h e  h e a t  c o n d i t i o n  

which  caused  t r a n s i t i o n  t o  o c c u r  t h i s  f a r  fo rward .  F i g u r e  
27 p r e s e n t s  t h i s  v a r i a t i o n  of R e  w i t h  R c .  

I t  i s  e v i d e n t  t h a t  t h e  o c c u r r e n c e  of t r a n s i t i o n  w i l l  
c a u s e  t h e  v a r i a t i o n  of R5 v i t h  R c  t o  beco~lle d i s c o n t i n -  
uous.  The v a l u e  of R e c r i t  t h e n  i s  R e  a t .  t h e  p o i n t  of 

d i s c o n t i n u i t y .  Thus,  i t  i s  s een  t h a t  B e c r i t  f o r  t h e  

l a m i n a r  r u n  h e a t s d  t o  O C  = 75' F  i s  1070 and f o r  h e z t  
a p p l i e d  t o  minimum p r e s s u r e  abou t  1190. The Reynolds  
numbers a t  which t h e s e  v a l u e s  o c c u r  a g r e e  f a i r l y  w e l l  w i t h  
t h e  a e y n o l d s  numbers f o r  t r a n s i t i o n  a t  29 -pe rcen t  c h o r d  f o r  
t h e s e  h e a t  c o n d i t i o n s  t a k e n  f rom f i g u r e  23. 

For t h e  nose -hea t ed  and  no-hea t  boundary l a y e r s  shown 
on f i g u r e s  1 8  and 15,  i t  i s  found  t h a t  t h e  o c c u r r e n c e  of 
t r a n s i t i o n  a t  4 0 - p e r c e n t  c h o r d  g i v e s  a v a l u e  of R Q c r i t  
of abou t  1600. I t  i s  t h e r e f o r e  a p p a r e n t  t h a t  t h e  stability 
of t h e  d i s t o r t e d  b o u n d a r y - l a y e r  p r o f i l e s  f o r  t h e s e  h e a t  
c o n d i t i o n s  i s  much l e s s  t h a n  f o r  t h e  convex p r o f i l e s  ab- 
t a i n e d  v i t h  no h e a t  o r  w i t h  t h e  n o s e  h e a t e d .  



Thi s  h a s  been  v e r i f i e d  t h e o r e t i c a l l y  by T o l l m i e n  
( r c f e r e h c e  , 6 ) ,  who h a s  shown t h a t  l a m i n a r  p r o f i l e s  do- 
iTeloping i n f l e c t i o n  p o i n t s  a r e  e s s e n t i a l l y  l e s s  s t a b l e  
t o  s m a l l  o s c i l l a t i o n s  t h a n  convex p r o f i l e s .  T h i s ,  t h e n ,  
a f f o r d s  a n  a c c e p t a b l e  e x p l a n a t i o n  of t h e  p o w e r f u l  e f f e c t s  
t h a t  h e a t  c o n d i t i o n s  1 and 2 have on t h e  c r i t i c a l  Reyno lds  
number and w h y ' h e a t i n g  t h e  n o s e  h a s  l i t t l e  e f f e c t ,  

CONCLUSIONS 

The r e s u l t s  of t h e  d r a g  t e s t s  of t h e  h e a t e d  NAGA 
65,2-016 a i r f o i l  show t h e  f o l l o w i n g :  

1. The c h o r d v i s e  d i s t r i b u t i o n  of h i g h  s k i n  temper-  
- a t u r e s  i n  t h e  n o s e  r e g i o n  o n l y  ( a s  u s e d  f o r  h e a t  d e - i c i n g )  

may be o b t a i n e d  w i t h  n e g l i g i b l e  e f f e c t  e i t h e r  on t h e  d r a g  
coefficients i n  t h e  low-drag Reynolds-number r ange  o r  on 
t h e  maximum Reynolds  numbar a t  which low d r a g  i s  o b t a i n e d .  

2 .  D i s t r i b u t i o n  of h e a t  a l o n g  t h o  cho rd  r e s u l t i n g  
i n  h i g h  s k i n  t e r n p e r a t u r o s  n3a r  t h a  minimum p r e s s u r e  p o s i -  
t i o n  w i l l  r 2 s u l t  i n  b o t h  an  i n c r s a s e  i n  t h e  minimum d r a g  
coefficients and a  rnaxkcd i n  t h e  Reynolds-number 
r a n g e  ove r  which t h e y  occu r .  

3. The marked r e d u c t i o n  i n  t h e  c r i t i c a l  Reynolds  
'number c a u s e d  by h e a t  n e a r  minimum p r e s s u r e  i s  due to. t h e  
f a c t  t h a t  t h i s  t y p e  of h e a t i n g  g i v e s  a  t e m p e r a t u r e  d i s t r i -  
bu t  i o n  i n  t h e  boundary  l a y e r  which promotes  an i n f l e c t i o n  
p o i n t  i n  t h e  v e l o c i t y  p r o f i l e .  The r e s u l t i n g  boundary  
l a y e r  h a s  l e s s  s t a b i l i t y  t h a n  one w i t h  a B l a s i u s  p r o f i l e .  

Ames A e r o n a u t i c a l  L a b o r a t o r y ,  
N a t i o n a l  Adv i so ry  Committee f o r  A e r o n a u t i c s ,  

Moffe%t  F i e l d ,  C a l i f .  



REPERENGES 

1, von Doenhoff, A, E,: Effcct of Goodrich De-Icers 
on Drag of Airfoil Section for Jouglas XA-26 
Airplane. NACA G.M.R.  for Materiel Division, 
I?. S. Army Air Corps, September 8, 1941, 

2. Trick, Charles W., Jr. and McCullough, GJorgc B,: 
A Nethod for Jetermining the Rate of Heat Transfer 
from a Wing or Streamline Body. NACA A,C.R., 
December 1942, 

3. Eckert, E. : Temperature Recording in High-Speed 
Gases. NACA T, M. No. 983, August 1941. 

4, Bodert, Lewis A,, and Clousing, Lawrence A,: A 
$light Investigation of the Thermal Properties 
of an Exheust Heated Xing De-Icing System on a 
Lockheed 12-A Airplane, NBCA A.R.R., June 1941, 

5. Jacobs, E. N., and von Doenhoff, A. E, : Formulas 
for Use in Boundary-Layer Calculations. on Low- 
Drag Wings. XACA A.C.B., August 1941, 

6. Tollmien, W. : General Instability Criterion of 
Laminar Velocity Distributions. NACB T, M. 86. 
792, April 1936, 



TABLE I.- ORDIIJATES OF 7-FOOT-CHOXD 

XdCB 65,2-016 AIBFOIL 

Y 
( i n . )  

0 
1 , 0 1 0  
1 .195  
1.509 
2.106 
2.976 
3 .625  
4 . 1 6 1  
5 .005  
5.629 
6.092 
6 .423 
6.626 
6.716 
6.668 
6.444 
6 .031 
5.457 
4 , 7 4 3  
3.942 
3 .143 
2.321 
1.509 

, 8 2 5  
.286 

0 

Y 
P e r c e n t  c h o r d  

X 

P e r c e n t  c h o r d  
X 

(in. ) - 
0 

5 
e75  

1. 25  
2.5 
5.0 
7 .5  

1 0  
1 5  
20 
25 
3 0 
35 
40 
4 5  
50  
55 
6 0 
65 
70  
7 5 
80 
85  
90 
95  

100 

0 
-420  
.630 

1.050 
2 ,100 
4 ,200  
6.300 
8.400 

12.600 
16.800 
21.000 
25.200 
29.400 
33.600 
37 ,800  
42.000 
46 ,200  
50.400 
54.600 
58.800 
63,000 
67.200 
71 ,400  
75.600 
79.800 
84,000 

0 
1 .2Q2 
1 .423  
1 .796 
2.507 
3 .543 
4 .316 
4 .954 
5 , 9 5 8  
6 .701  -$ 
7 .252  ! 
7 , 6 4 7  -- 
7 , 8 8 8  - - , 
7.995 k" -' 

7.938 
7 .67% ' 

7.180 
6.497 
5.647 
4 .693  
3 .742 J. 

2 ,763  \ J 

1 .797  < 

, 9 8 2  
, 340  

0 
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I i 0.020" O . D .  copper tubing  

I I I a s u l a t  ed copper wire  -- 

LS-pace  f i l l e d .  with i n s u l a t i n g  cement 

Not t o  s c a l e  

Figure 3a.- Sketch of temperature mouse theswocou~le  t u b e .  
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8 ,  = t,-t~* temperaturo diff~rcncc - 
across boaridary layer. 

Percent chord 

Figure 8.- Chordwise temperature distribution. Laminar heat&. 8, = 75'3, a = 0'. 
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Fig. 11 

Figure 11.- Variation of criticaz Reynolds number with O E  for various 
heat conditions. 



Fig. 12 

Section lift coefficient 

Figure 12.- Effect of heat on the range of lift coefficients over which 
low drag oaours, @, = 7 5 9 ,  Reynolds number = 11.0 x lo5. 



NACA Fig, 13 

Section lift coefficient 

Figure 13.- Section drag-coefficient variation with section lift 
coefficient , Reynolds number 6 - 6 x 1 0 ~  + 
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Fig. 15 

Figu re  15.- V e l o c i t y  '00uil3 r y  1,tyei-s at 40-percent 
ckord. No h e a t .  a = 0'. 



NACA Fig. 16 ... 

F i b u r e  l b  . -- Veloc i ty  b o u ~ i ~ a r y  l a y e r s  at 49-parceiit .- - 0  chord.  Lailinar run neated.  8, = /a F, 
a = 00.  



' NACA Fig. 17 

Figure 17.- Velocity boundary. layors  a t  40-perca t  chord. Heat a t  
minirnum pressure. 0 ,  = 75O F, a = OO. 



Figu re  18 .- Veloc i ty  b~u113ary l a y e r s  at 40-percent  
chord.  J o s e  only  hea te j . .  8 ,  = 7j0$,  

a = 0'. 



Reynolds number 
(millions), 

a 
Tiguro 19.- Mouse surfecc-tuba reading against Roynolds number. hlouso at 40-parcant chord. a = 0°, 

0 E = 750 F* 



Fig. 20 

0 . 2  .4  .6 ,8 1.0 
U/U and 0 / e 6  

Fibure 20 . -  Velocity and temperature b o u ~ ~ d a r y  l a y e r s  at 
29-percent chord f o r  t ~ i e  larilinar r n heated. 8 a = oO,  Reynolds  nu~nber = 11.01 x 106, 0 ,  = 75 F. 



Fig. 21 

Figure 21.- Velocity and temparature boundary l a y a s  at 29-perc~nt  
chord f o r  heat  appliod t o  soction ahead of minimum prossurc 

posi t ion,  a = 0°, Reynolds ~iu.liber = 10.89 x 106, 6, = 750 2'. 



NACA 

0 .2 .4 ,6 .8 1 . 0  
U ~ U  and 8 / 0 ,  

Figure 22 .- Veloci ty and temperature bound-aryolayers at 29- 
pexceiit . chord. i\Jose heated.  a = O . Reynolds - 

number = 11.43 x l o o ,  eC = 75O. 





Reynolds nuniber (mi l l ions )  
Figure 24.- Boundary-layer th ickness  v a r i a t i o n  with Reynolds number, 2 ~ p e r c e i l t  chord,  

tlt -2 p1 43, = 75O~.  



.gurz 25.- Variation of vdlocity profilz 11rit11 t ype  of 
t ~ m p ~ r a t u r ~  distributioa for samz 9,. 
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