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By Lawis A. Rode r t  

An i n v e s t i g a t i o n  h a s  b e e n  made of t h e  e f f e c t  of 
aorody; iamic h c a t  i n s  on p r o p e L l c r -  b l a d e  t e m p e r a t u r e s .  Tllc 
b l a d e  t e m p e r a t u r e  r i s e  resulting from aerodynamic  h e a t i n g  
was n e a s u r e d  and  t h c  r c l a t i o n  be tween  t h o  r e s u l t i n g  Bl?uclo 
t e m p e r a t u r e s  and t h e  o u t e r  l i m i t  of t h e  i ced -ove r  r e g i o n  
was examined. I t  was f o u n d  t h a t  t h e  o u t e r m o s t  s t a t i o n  a t  
wh ich  i c e  formed on a p r o p e l l e r  b l a d e  was d e t e r m i n e d  by 
t h e  b l a d e  t e m p e r a t u r e  r i s c  r e s u l t i n g  from t h e  aerodynamic  
h e a t i n g  a t  t h a t  p o i n t ,  

The B a t i o n a l  dd .v i so ry  C o n n i t t e e  f o r  A e r o n a u t i c s  h a s  
conducted a n  i n v e s t i g a t i o n  of aerodynamic  h e a t i n g  of pro-  
p e l l e r  b l a d e s  t o  d e t c r n i n c  i f  a  r e l a t i o n  e x i s t s  be tween  
t h c  r e s u l t i n g  b l n d e  tom~>ercl t~?.res  and  t h e  o u t a r m o s t  b l a d e  
s t a t i o n  on wh ich  i c e  w i l l  fo rm,  

Such d a t a ,  i t  i s  b e l i e v e d ,  w i l l  p e r m i t  a s a t i s f a c -  
t o r i l y  n c c u r z t e  d e f i n i t i o n  of t ho  r e g i o n  o v e r  which i c e  
f o r m s  on t h e  p r o p s l l c r  b l a d e  a n d  f a c i l i t a t e  t h e  deve lop-  
ment of d e p e n d a b l e  i c c - p r e v e n t i o n  eauipment  f o r  t h e  n i r -  
p l a n e  p r o p e l l e r .  

P i l o t s  have  r e p o r t e d  t h a t  t h e  f o r m z t i o n  of i c e  mny 
b e  min imized  on p r o p e l l e r s  3y o p e r a t i n g  t h e  e n g i n e  a t  
innxinun spced .  I t  h c s  b e e l  r ~ l l t i c i p a t e d  t h a t  t h o  r e s u l t s  
of  t h s  p r e s e n t  i n v a s t i g c t i o u  would do te r rn ine  whe the r  t h i s  
mothod of o b t p - i n i n g  p 2 r t i a l  i c o  p r o t e c t i o n  depended upon 
t h e  e f f e c t  o f  c c n t r i f u g ; . a l  f o r c e  o r  aerodynamic  h e a t i n g .  

The t c rnpe rn tu rc  r i s e  of a n  a i r f o i l  was measurcd  by 
Brun ( r c f c r e n c o  1 )  b u t ,  owing t o  t h e  v e l o c i t y  g r a d i e n t  
c l o n g  t h e  p r o p c i l c r  b l a d e  2nd t h e  d i a s i n i l a r i t y  of t h c  
s h a p e  and s i z e  of b l a d e  s e c t i o n s  a l o n g  t h e  r a d i u s ,  c a l c u -  
l a t i o u s  of t h e  t e m p c r a t u r c  r i s c  of n p r o p e l l e r  f rom t h e  



a i - r f o i l  d a t a  a r e  i a b o T i o u s  and  p r o b ~ b l y  n o t  dependab le .  
Thc t c n y c r a t u r c  g r : d i o n t  rbloilg t h e  r a d i u s  r e s u l t s  i n  a 
!is?.t f low i:i t h e  s a ~ e  8 - i r c c t i o n ,  t h e  p r e d i c t i o n  of which 
i s  h i g h l y  i n v o l v e d ,  A n  c t t c m p t  was mad-e i n  t h e  p r e s e n t  
i nvos t i , a t i oz :  t o  c s t n b l i s h  .a c o m p n r a t i v e l y  s i m p l e  r e l a -  
t i o n  bckvrecn t h s  a t m o s p h e r i c  c o n d i t i o n s  and t h o  v e l o c i t y  
o:? t 5 e  ou-tcrrnost p r o p 2 l l c r  b l a d e  s t a t i o n  on which i c e  w i l l  
f o r r .  A t t e n t i o n  i s  d i Y c c t c d  t o  t h e  f o r n u l a  

which  can  bc  d o v e l o p c 3  f o r  t h c  r e g i o n  of z e r o  v e l o c i t y  o r  
s t n g n n t i o n  p r c s s u r c  r c g i o n  from reference 1. I n  t h i s  
c q u n t i o n ,  A T  i s  t h e  t e n p e r a t u r i :  r i s e  i n  'OF, V t h e  
vel-oci-bp i n  f e e t  g c r  s c c o n d ,  J t h e  n e c h a n i c a l  e q u i v a l e n t  
of h e c t ,  g t h e  a c c o l e r n t i o n  of g r a v i t y ,  and  cP t h e  
s p e c i f i c  h e a t  a t  c o n s t a n t  prcssynre. Vhon t h c  c o n s t a n t s  
a r c  p u t  i a  numerical f o r m ,  e q u a t i o n  (1) becomes 

A t  5hc  l e a d i n g  edge of sii a i r f o i l  t h e  nerodynamic 
h e a t i n g  i s  duc  s o l e l y  t o  a d i c b a t l c  c o m p r e s s i o n ,  w h i l c  
r e a r w a r d  f x-om t h i s  p o i n t  f r i c t i o n  h e a t i n g  bccomcs t h c  
m a j o r  c o n t r i b u t i n g  f a c t o r .  The i n v e s t i g a t i o n  r c p o r t c d  i n  
rcfcrcxzcc 1 shows t h c t  thp  t e s p c r a t u r e  r i s c  of t h e  a i r -  
f o i l  r c z r w a r d  from t h c  l ~ i ~ d i n g  edge  w i l l  be l o s s  t h a n  t h c  

s%qunn-Lity g i v e n  by e q u a t i o n  ( 1 ) .  I t  was a n t i c i p a t e d ,  
t h c r c f o r z ,  t h ~ t  s i n c c  t h a  t c s t s  of t h c  p r 2 s c n t  i n v e o t i g a -  
t i o n  vor2  t o  bc conEucted  on 3 s o l i f i  aluminum b l a d e ,  t h e  
mcnsulq? b l a d e  t c m p c r a t u r c  r i s 3  a t  t h e  l e n d i n g  edgc v oulfl 
bc  l c s s  t h a n  t h c  c n i c u l n t a d  n d i a 3 a t i c  r i s e ,  due n o t  o n l y  
t o  t h e  f low of h e a t  a l o n g  t h e  r a d i u s ,  r c f c r r e d  t o  a b o v e ,  
but c l s o  t o  a chosdwise  h e a t  t r a n s m i s s i o n .  

I t  v n s  ncknowlcdgod t h a t  s t i l l  a n o t h c r  f a c t o r  might  
i n f l u e a c e  t h e  p s o p o l l c r - b l a d e  t c m p o r a t u r e  r i s e .  Inasmuch 
n s  t h e  bl?.dcs a r e  known t o  be s u b j e c t  t o  v i b r a t i o n a l  
s t r e s s e s  nsd  t h e  a b s o r p t i o n  of t h s  ~ i b r ~ ~ t i o n z ~ l  CilergJ by 
i n t c r i - i  f r i c t i o n  2 r c d u c o s  h e a l i n g ,  some t e m p e r a t u r e  r i s e  
from t h i s  . c s u s c  at model p o i n t s  might  be obse rved .  The 
i a t c r x z l  f r i c t i o n  hcn t in ; ,  a l t h o u g h  p r o S n b l y  s m ~ ~ l l  i n  
n c t c l  p r o p a l l o s s ,  might  l e  c o n s i d c r a b l e  ~ f r h e r c  p l a s t i c  com- 6 

p o s i t  io:is o r  wood :],re arflplogcd. 



I n  o r d e r  t o  o b t a i i i  d z t a  on t h c  rn,gi.ons o v e r  which  
i c e  forms  oil p r o p e l l z r  b l a d c s ,  a n  i c i n g  i a v c ~ t i g a t i o ~  wcs 
mace i n  c o n j u n c t i o n  w i t h  t h c  b l a d c  . t cmpcra turc :  mcasurc-  
ment t e s t s .  

The p r e l i n i n a r y  i c i n g  t e s t s  were c o n d u c t e d  on t h e  
Lockheed 12U a i r p l a n e ,  which  i s  shown d u r i n g  a t e s t  i n  
f i g u r e  1. The a i r p l a n e  was e q u i p p e d  w i t h  c o n s t a n t - s p e e d ,  
h y d r a u l i c ,  two-b lade ,  8 - f o o t  1 0 - i n c h  p r o p e l l e r s ,  Thc i c c  
t e s t s  were c z d e  wZth t h e  a i f p l a n e  on t h e  grouild,  The i c -  

' i n g  c o n d i t i o n s  wcrc s i n u l a t e d  by d . i s c h a r g i n g  v e r y  s n a l L  
w a t e r  d r o p s  f r o n  a nunbe r  of s p r a y  n o z z l e s  located i n  
f r o n t  of t h e  r o t a t i n g  p r o p e l - l e r .  S a t i s f a c t o r y  i c e  f o r c a -  
t i o - s  were o b t a i n e d  vhen  t h e  a i r  t e m p e r a t u r e  w a s  bet1.reen 
15O and 2ZC I? and vfheu t h e  r e l a t i v e  h u n i d i t y  was h i g h .  
i i i t h  t h e s e  c o n d i t i o n s  a r i n e  t y p e  of i c e  was o b t a i n e d ,  a s  
i s  s c c n  i n  f i g u r e  2. D a t a  wcrc  r e c o r d e d  oxi p r o p z l l c r  
s p e e d ,  o u t e r n o s t  r a d i u s  s t a t i o n  a t  which i c c  f o r n e d ,  a n d  
t h e  n n b i c n t  a i r  t e n p c r a t u r c ,  O S s c r v a t i o n s  were c a d c  oil . . 
t h o  n a t u r e  of t h c  o u t e r  cnd  of t h e  i c e  f o ~ r a t i o 2  i n  o r d e r  
t o  d s t c r n i n o  t ~ h a t h e r  t h e  c x t e n t  of i c c  i n  t h c  r a d i a l  d i -  
r e c t i o n  was l i z i t c C  by c e n t r i f u g a l  f o r c e  o r  by a c r o d g n a n i c  
h o a t  ing.  

Tile b l a d e  tc?pei*<-,tmrc n2ssu re rnea t s  wcre a 1 s 0  nadc  on 
t h e  ground. t u t  w i t 2  t h e  u s e  of t h e  e n g i n e  g r c $ e l l e r  t e s t  
stand, which i s  shown i n  f i g u r e  3. Yhe p r o p e l l e r  x h i c h  
was e::ployed i s  i d e n t i f i e d  as  h a v i n g  a f i x e d  p i t c h ,  1 0 -  
f o o t  6 - i a c h  d i e c e t e r ,  a n d  e c p l o y i n g  a n  R . A . F .  6 s e c t i o n .  
T h c r ; ~ o c o u ~ l . e s  c o n s t r u c t e d  fro,: l!o, 40 B.&S. coppe'r aud 
c o n s t a : i t i n  v i r ~  werc  used  i n  n a k i n g  t h e  t c n p c r a t u r c - r i s e  
n c a , s u r c ~ ~ o : ~ t s .  The p r o p e l l e r  b1ad.e o n  which t h e  n e a s u r c -  
n e n t s  were l ~ a d e  i s  shown i n  f i g z r e  4 ( a ) .  The t h e r ~ l o c o u p l e  
n o u n t i n g  a t  wkich  t h e  a c i a b a t i c  t e n p c r a t u r e  r i s e  of t h e  
a i r  v z s  o b s e r v e d  was l o c a t e d  t h c  60-inch r a d i u s  s t a t i o n  
and  i s  shown i n  f i g u r e  4 i b ) .  The j u n c t i o n  of t h e  t ho rno -  
c o u p l e  shown i n  f i s u r c  4(b) was suspended  i n  a i r  by the 
t hc r i l ocoup lc  w i r e s  a t  t h o  open cnd oZ a s z n l l  balsa-viood 
box.  B l a d e - t c n p c r a t u r c - r i s c  z s s s u r o ~ c a t s  v c r c  c a d c  a t  
t h c  60- ,  45- ,  36- ,  a n d  24 - i ach  s t a t i o n s .  

Tho colt! j u n c t i o n s  f o r  t h c  thornoco1;plos wcrc l o c c t o d  
on A .  balsa-wood b l o c k  which  c x t c n d e d  f o r w a r d  e b o u t  6 i i i chcs  
f  rozl ti12 p r o p e l l e r  hub. h view of t h a  cold-..  j u l i c t i o n  blocfc 



and t h e  p r o p e l l e r  hub a r e  shown i n  f i g u r e  5 (a ) .  Bocause 
t h e  c o l d  juAct i .ons  r o t a t e d .  w i t h  t h o  t h s r n o c o u p l e s ,  a l l  
t h e  c o l l e c t o r  c i ~ c u i t s  c o u l d  b e  of t h e  s z c e  n e t a l .  I nns -  . I 
nuch  a s  c o p p r - c o n s  t a n t i n  t h e r n o c o u p l ? ~  w e r e  e n p l o y c d ,  
t h e  c o i l e c t o r  r i n g s  were  c o p p e r  and t h e  b r u s h e s  were a 
coppe r -ca rbon  conpound, t h e  t h e r n o e l e c t r i c  power of which  
i s  s i ; l i l a r  t o  coppe r .  The c i r c u i t  was shown t o  be a c c u -  
ro . t c  t o  w i t h i n  k O . 1 °  I?. 

RESULTS ABD DISCUSSION 

The r c s u l t s  of t h e  i c i n g  t e s t s  a r e  g i v e n  i n  t a b l e  I. 
The end of t h e  i c e  f o r n a t i o n s  a t  t h e  o u t e r n o s t  s t a t i o n  
w:~s a s n o o t h ,  c l c n r  g l a z e .  Whcn i c e  was thrown o f f  t h o  
B l a d e  a t  n o r e  c e n t r a l l : ~  l o c a t e d  r z d i n l  s t a t i o n s ,  t h e  end  
of t h c  r e n n i ~ i n g  f c r n e t i o n  was a rough,  g ranu l - a r  r i n e  i c e ,  
The p r e s e n c e  of g l o z e  i c e  a t  t h c  o u t o r ~ o s t  end  of t h e  f o r -  
n c t i o n  i n d i c a , t s s  t h a t  t h o  -kenpe ra t a re  t h e r e  had been  
r z i s e d  2nd t h a t  a t  p o i n t s  r a d i a l l y  beyond t h i s  p o i n t  i c e  
was p r o b a b l y  p r e v e n t e d  by t h e  e f f e c t  of a e r o d y n a n i c  h e a t -  
i n g .  

Because t h e  o u t e r  l i n i t  of t h e  i c e  f o r n n t i o n  a p p e a r s  
t o  have  been  d e t c r 9 i n e d  by s e r o d y n a 3 i c  h e a t i n g ,  t h o  a s -  
s u n p t i o n  hcs becn  11ade t!lat t h c  t c ~ l p e r o t u r e  of t h e  o u t e r -  
n o s  t s t a t i o n  on which i s c  f o r n c &  was 32' 3'. I n  t h i s  way 
a c o n p n r i s o n  was p o s s l b l c  be tween  t h c  Glzde t e n p e r a t u r e  
and  t h e  c a l c u l a t e d  a i r  t e r ~ p e r a t u r e  b a s e d  on t h e  a d i a b a t i c  
te-3pc:rature  r i s e  a s  g i v e n  by e q u a t i o n  ( 2 ) .  I t  i s  n o t e d  
t h a t  t h o  d i f f e r c l l c z  be tween  t h c  b l a d e  t e n p c r a t i n c  and t i l e  
c n l s u l a t e d  t.cm.pernture was between 80 and 13O F d u r i n g  
i c i n g  t e s t s .  Tllcse r e s u l t s  indf.cn,te t h a t  t h e  o u t e r x o s t  
p o i a t  a t  which  i c e  w i l l  f o r n  on c. r r o p c l l e r  b l a d e  i s  de-  
t c r n i n o d  by t h e  a o r o d g n a n i c  h o ~ . t i n g ,  b u t  t h a t  t h o  p o i n t  
c a l i l o t  be dc t c r .n incd  p r e c i s e l y  oil a b a s i s  of t h e  a d i a b c t i c  
e q u a t  i o n ,  

The r c s u l t s  f aox  t h e  t e i n p e r a t u r e  r i s e  loeasurements  
a r e  shown i n  t a b l e  11. I n  f i g u r e  6  t h s  b l a d e  t e m p e r a t u r e  

. r i s e  of the v a r i o u s  p o i n ; s  along t h e  'b1ad.e i s  p l o t t e d  
a g a i n s t  p r o p e l l e r  speed .  The t e n p e r a t u r e  r i s e  as c e l c u -  
l a z e d  f r o n  e q n a t i o n  ( 2 )  and t h e  measured a i r  t e m p e r a t u r e  
r i s e  a,t t h e  60-incb b l a d e  s t a t i o n  were a l s o  p l o t t e d  i n  
f i g u r e  6, 

The d a t a  i n d i c a t e  t h a t  t h . c  ae rodynaf i~ ic  h e a t i n g  r e -  



s u l t s  i n  a  t e n p e r a t u r d  r i s c  which i s  a % o u t  10' F l e s s  
t h a n  t h e  r i s e  g i v c n  by 

I h c  s i n i l a r i t y  be tween  t h e  r e s u l t s  o b t a i n e d  i n  t h e  
i c i n g  t e s t s  and i n  t h e  t c m p e r a t u r c  measurements i s  n o t e d ,  
a.nd i t  i s  co i ic ludcd  t h n t  t h e  o b s e r v e d  o f f c c t s  w i l l  bc 
m a n i f e s t  on o t h e r  p r o p c l l o r s  when o p c r a t c d  i n  f l i g h t ,  
Tiiaslruch a s  i n t a r n a l .  f r i c t i o n  ' a p p a r e n t l y  d i d  n o t  c o n t r i b -  
u t e  i n  a n c a s u r a b l c  d e g r e e  t o  t h c  b l a d c  h e a t i n g ,  i t  h a s  
b e e n  conc luded  t h a t  t h o  t c n p e r a t . u r c  of b l a d e s  which a r c  
made from s t o e l  o? o t h o r  m e t a l s  h a v i n g  low l n t c r n s l  f r i c -  
t i o n  l o s s e s  and  hi+;h t h c r n a l  c o n d u c t i v i t y  w i l l  have  a b o u t  
t h e  sar-le t e m p c r a t n r e  r i s c  :is t h a t  which w a s  o b s e r v e d  on 
t h e  ~ . l u n i i i u u  b l a d e ,  

Thc c a p  i r i c  a1 c  q.un.t i on 

e x p r e s s s s  tlic r c l r . t i o n  ba twcen  t h o  nasinum v c l o c i t y  i n  
f c c t  y c r  socoizd o f  n p r o p o l l c r a - b l a d e '  e l c n c n t  on which  i c e  
w i l l  forrn a n d  t h e  te i . ipcrnt?l re  i n  Q3 of t h e  t?,13bicnt a i r .  
The b l ~ d c - o l c m c u t  v c l o c i t g  t o  b c  u s e d  i n  e q u a t i o i i  ( 3 )  i s  
t h o  v c c t o r  sun  o f  t h e  p r o p e l l e r  e l cmcn t  r o t a t i o n a l  syced  
?.nd Lhc a i rp l -a i lc  a i r  spcod ,  

I t  i s  b c l i c v e d  t h a t  t h c  r e s u l t s  of t h e  p r c s z u t  ia-  
v s s t i g ; a t i o n  w i l l  be  u s e f u l  i n  designing i c c - p r o t c c t l o n  
c q u i p n c n t  n o r e  s c c u r n t a l y  t h a n  i s  now p o s s i 5 l e .  I t  w i l l  
bc  u o l c d ,  f u r t h e r n o r e ,  t h n t  t h e  r u n o r o u s  r e p o r t s  o f  p i l o t s  
h a v i n g  r c a o v c d  o r  p r e v e n t e d  i c e  on t h c  p r o p e l l e r  b l a d e  by 
i n c r e a s i n g  t h s  p r o p c l l c r  s p e c d  h ~ ~ v e  bcen g i v c n  c funda -  
mental 'o,?.sls. 

CONCLUSIOBS 

1, The t c n p c r ; ~ t u r e  r i s e  of airplane-propeller b l a d e s  
resulting fror.1 acro(?gi?c:nic h e a t i n g  i lcs n d i r e c t  e f f e c t  
upon t h c  c x t c n t  t o  which i c o  $ ; r i l l  form on t h e  b l a d e ,  

2. Thc o u t c r n o s t  bl:xde c l c n c a t  a t  which  i c e  w i l l  fern 
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TaYBLE I .- OBSZRVATIONS OF T I E  FOmITION OF ICE ON PROPELLER BL4DES 

I A i r  
toq-)eraturcl I 

( 3 )  TA i s  tl;m observed n i r  twpe ra tu re  -1- A T, m d  represents the 
calculated cir temporatwe at the lend-ing edge of the propel ler  
blade. 

(1) Difference between calculated a i r  temperature at the loading edge 
and the freezing point of r,v~~,tor. 







B.A. C,A, 

Figure 2,- !bo views of ice formation during ground run. The rime type 
ice Bs reen on the propeller epinner, 



Big, 3 

Figure 3.- Propeller test steiaad. (me tsqerature of the blade m d  air 
at the blade le(lLdhw e@e were rneet~wed witla this @wipeat. 





Figure 5a.- The hub of the propeller on which the temperatures were measured, showing 
the thermocouple cold junction8 at the center. 





N.A.C.A. 

(1) Calculated air temperature rise R = 60 inches 
(2) Observed air temperature rise R = 60 It 

(3) Observed blade temperature rise R = 60 
(4) It 

II 11 11 R = 4. 11 

( 5 )  " . II 11 " R = 3 6  II 

( 6 )  I' 
I! It 11 R = 24 '1 

Propeller speed, rpm 

Figure 6.- The relation of propeller-blade temperature rise to Bropel- 
ler speed for a 10-feat 6-inch aluminum R.A.F.  6 section 

propeller. 
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