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SUMMARY 

Although they  have many d e s i r a b l e  c h a r a c t e r i s t i c s ,  pneumatic d e i c e r  boots  
have received l i t t l e  cons ide ra t ion  f o r  a p p l i c a t i o n  t o  he l i cop te r s .  
polyurethane pneumatic d e i c e r  boots  are l i g h t  i n  weight,  low i n  power consump- 
t i o n ,  easy  t o  c o n t r o l ,  and capable  of f i e l d  r epa i r .  The Lewis  Research Center ,  
i n  coopera t ion  wi th  the  B. F. Goodrich Company, has  t e s t e d  pneumatic d e i c e r  
boots  f o r  h e l i c o p t e r  r o t o r  blades.  The te.sts were conducted i n  t h e  L e w i s  6- by 
9-ft  I c ing  Research Tunnel on a s t a t i o n a r y  s e c t i o n  of a UH-1H h e l i c o p t e r  main- 
r o t o r  blade.  The boots  were e f f e c t i v e  i n  removing ice  and i n  reducing aero-  
dynamic drag due t o  ice .  
Because of t hese  promising r e s u l t s  a program w a s  begun a t  t h e  NASA Ames 
Research Center t o  t es t  boots  on fu l l - sca l e ,  r o t a t i n g  UH-1H r o t o r  blades.  

Modern 

Resu l t s  of t h e s e  tests are presented  i n  t h i s  paper. 

I N  TROD UCT I O N  

To d a t e ,  t h e r e  a r e  no U.S.-manufactured h e l i c o p t e r s  c e r t i f i e d  t o  f l y  i n t o  
fo recas t ed  i c i n g  condi t ions .  
2 years .  
c r i t e r i a  (which c u r r e n t l y  are  not  def ined  exc lus ive ly  f o r  r o t o r c r a f t )  and de- 
i c ing  systems f o r  r o t o r s  ( r e f .  l ) .  The r o t o r  de i c ing  systems being developed 
employ the  e l ec t ro the rma l  concept ( r e f .  1).  
r o t o r  b lade  i c e  p r o t e c t i o n  was analyzed i n  1973 by t h e  Lockheed-California 
Company and r e j ec t ed  ( r e f .  2). 
low power, blade leading-edge p ro tec t ion ,  and s imple c o n t r o l s  were pointed out  
i n  t h i s  s tudy,  Lockheed l i s t e d  s e v e r a l  reasons f o r  ques t ion ing  t h e  pneumatic 
boot concept. These reasons included materials problems, p o s s i b l e  adverse  
aerodynamic e f f e c t s ,  and b a s i c  i c i n g  quest ions.  O f  t h e  reasons l i s t e d ,  t h e  
most damaging centered  on t h e  materials technology of t h e  day. 
ques t ion  w a s  whether t h e  pneumatic boot could wi ths tand  t h e  seve re  dynamic 
environment of t h e  h e l i c o p t e r  r o t o r  blade. 
boots  might be damaged or completely t o r n  o f f  by t h e  high c e n t r i f u g a l  forces .  
Furthermore t h e  r a i n  ab ras ion  r e s i s t a n c e  of neoprene w a s  unacceptable.  Also 
t h e r e  were p o s s i b l e  adverse  aerodynamic e f f e c t s  of t h e  i n f l a t e d  tubes  on t h e  
small-chord, t h i n  a i r f o i l s  of a ro to r .  These problems were s u f f i c i e n t  t o  
e l i m i n a t e  t h e  boot from f u r t h e r  cons idera t ion .  

None are  expected t o  be c e r t i f i e d  f o r  a t  l e a s t  
However, much work i s  i n  progress  t o  develop both c e r t i f i c a t i o n  

The pneumatic boot concept f o r  

Although t h e  s t rong  advantages of low weight ,  

A primary 

A s p e c i f i c  concern was t h a t  t h e  

As a r e s u l t  of t h e s e  e a r l y  s t u d i e s  the  B. F. Goodrich Company has  f u r t h e r  
i n v e s t i g a t e d  m a t e r i a l s  and techniques  of pneumatic boot manufacture and has  
conducted l imi t ed  t e s t i n g .  
r i a l ,  r a t h e r  than  t h e  c u r r e n t l y  used neoprene, c a n  be compounded t o  e x h i b i t  

They claim t h a t  a polyurethane e l a s tomer i c  mate- 
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many s u p e r i o r  p r o p e r t i e s ,  such as ab ras ion  ( r a i n  and sand) r e s i s t a n c e  (3 t o  5 
t i m e s  g r e a t e r  t han  t h a t  of  neoprene),  f i e l d  r e p a i r a b i l i t y ,  g r e a t e r  compat ibi l -  
i t y  t o  es te r  o i l s ,  h ighe r  s t r e n g t h  and f a t i g u e  r e s i s t a n c e ,  and minimal d i s t o r -  
t i o n  under high c e n t r i f u g a l  fo rces .  

A schematic diagram of t h e  pneumatic system app l i ed  t o  a UH-1H h e l i c o p t e r  
is 'shown i n  f i g u r e  1 ( r e f .  1 ) .  
approximately 13.6 kg (30 lb) (43 percent of the electrothermal system weight), 
would apply t o  e x i s t i n g  r o t o r  b lades ,  and would c o s t  much less t h a n  t h e  pro- 
posed e l ec t ro the rma l  system. 

According t o  re ference  1 t h i s  system would 

I n  a n  i n i t i a l  a t tempt  t o  e v a l u a t e  t h e  de i c ing  c a p a b i l i t y  and aerodynamic 
performance of  boots  f o r  r o t o r  b l ades ,  tes ts  were conducted i n  1979 i n  t h e  NASA 
Lewis 6- by 9-ft Icing Research Tunnel (IRT) on a 1.83-m (6-ft) span, full-scale 
segment of a stationary UH-1H rotor blade. In these tests three boot geometries 
were evaluated. These boots comprised both spanwise and chordwise tubes. Since 
the model blade was stationary during a run, neither the rotating nor vibrating 
loads  of a rea l  r o t o r  were simulated.  
n o t  be s imulated s i n c e  t h e  maximum tunne l  a i r  speed was 134 m/sec ( i .e . ,  
Mo ,., 0.4). 
from 0' t o  10' w i th  i c e .  
loads  i n  t h e s e  tests probably made t h i s  a conse rva t ive  t es t  of t h e  b o o t ' s  
e f f e c t i v e n e s s  a s  a d e i c e r  because both dynamic loads  and h ighe r  a i r  speeds 
should a i d  i n  removing t h e  ice .  Some tes ts  were made t o  roughly s imula te  t h e  
c y c l i c  motion of a r o t o r  b lade  by i c i n g  the  model a t  one a n g l e  of a t t a c k  and 
de ic ing  t h e  model a t  another .  With t h e  b e s t  boot c o n f i g u r a t i o n  a s e r i e s  of 
model drag  measurements were made wi th  a t r a n s l a t i n g  wake-survey probe. The 
t e s t  r e s u l t s  are inc luded  h e r e i n  along wi th  a d e s c r i p t i o n  of a NASA Ames-Lewis 
program p l a n  t o  t es t  t h e  pneumatic boot concept  w i t h  f u l l - s c a l e ,  r o t a t i n g  UH-1H 
blades.  

Also t h e  h igh  r o t o r  t i p  speeds could 

Angle of a t t a c k  was va r i ed  from 0' t o  16" ( s t a l l )  without  i c e  and 
The lower a i r  speeds and t h e  absence of r o t o r  dynamic 

SYMBOLS 

'd s e c t i o n  drag c o e f f i c i e n t ,  2 j k  (1 - k) dz  

C wing chord,  0.533 m (1.75 f t )  

Dmed 

H l o c a l  s t a g n a t i o n  p res su re  

d r o p l e t  median volume s i z e ,  urn 

f ree-stream s t a g n a t i o n  p res su re  HO 

MO 

PO 

3 LWC l i q u i d  water c o n t e n t ,  g/m 

free-s t ream Mach number 

f r ee -  s t re  am s t a t  i c  p r e  s su re  
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f ree-s t ream s t a g n a t i o n  temperature ,  OC T O  

x, p o s i t i o n  coord ina te s ,  m 

V v e l o c i t y ,  mlsec 

free-s t ream v e l o c i t y ,  mlsec vO 

a s e c t i o n  ang le  of a t t a c k  a t  t unne l  c e n t e r l i n e ,  deg 

TEST APPARATUS AND PROCEDURE 

The tes t  model was made from a 1.83-m (6 - f t )  span segment of a f u l l - s c a l e  
UH-1H r o t o r  blade and was mounted v e r t i c a l l y  i n  t h e  test s e c t i o n  of t he  L e w i s  
6- by 9-ft I c i n g  Research Tunnel ( f i g .  2). S ince  t h e  model was c u t  from a n  
a c t u a l  r o t o r  blade,  i t  included a uniform t w i s t  of approximately 0.5" p e r  f o o t  
o r  about 3" from f l o o r  t o  c e i l i n g .  The r o t o r  b lade  on a UH-1H h e l i c o p t e r  i s  
14.63 m ( 4 8  f t )  i n  d iameter  and inco rpora t e s  a constant-chord (0.533 m 
(1.76 f t ) )  NACA 0012 a i r f o i l  s e c t i o n .  
f l oo r -p l a t e ,  and t h e  ang le  of a t t a c k  could be v a r i e d  from n e a r  zero t o  s t a l l .  

The model w a s  mounted on t h e  tunne l  

The pneumatic boots  were appl ied  ove r  t h e  e x t e r n a l  s u r f a c e  of t he  l ead ing  
edge, and t h e  supply a i r  l i n e  was routed i n s i d e  t h e  model and through t h e  tun- 
n e l  f l o o r p l a t e .  The c o n t r o l  system f o r  t he  boot t e s t  was t h e  same as t h a t  
shown i n  f i g u r e  1. For  t h e  wind tunnel  t e s t s  t h e  t u r b i n e  bleed a i r  was re- 
placed by regulated tunne l  s e r v i c e  a i r .  This  system i s  a l s o  t h e  same a s  t h e  
one c u r r e n t l y  used on fixed-wing a i r c r a f t .  The system was designed around a 
two-posit ion va lve  ( e j e c t o r  flow c o n t r o l  valve)  t h a t  used a v e n t u r i  o r i f i c e  t o  
provide vacuum t o  t h e  boot when i t  was no t  a c t i v a t e d .  
valve c losed  and h ighe r  p re s su re  a i r  ( 1 0 . 5 ~ 1 0 ~  t o  21x103 kg/m2 (15 t o  
30 p s i g ) )  w a s  provided t o  r a p i d l y  i n f l a t e  t h e  boot .  This system can be  operated 
e i t h e r  manually o r  au tomat ica l ly  wi th  a programed pu l se  sequence and t iming. 

Upon a c t i v a t i o n  t h i s  

A t r a n s l a t i n g  wake-survey probe was used t o  he lp  e v a l u a t e  t h e  d e i c i n g  per- 
formance of t h e  boot conf igura t ions .  The probe, as shown i n  f i g u r e  3, con- 
s i s t e d  of a s i n g l e  s t agna t ion  p res su re  tube  t h a t  could  be r e t r a c t e d  down behind 
a wind screen. When t h e  a i r f o i l  was exposed t o  t h e  tunne l  i c i n g  cloud,  t h e  
probe w a s  r e t r a c t e d  behind t h e  windscreen. Then a f t e r  t h e  cloud w a s  tu rned  
o f f ,  t h e  probe w a s  i n s e r t e d  i n t o  t h e  a i r  stream and t h e  wake survey was made. 
This  probe, which w a s  l oca t ed  about  one chord downstream of t h e  a i r f o i l  a t  mid- 
span, w a s  i n s t a l l e d  as shown i n  f i g u r e  4 t o  y i e l d  t h e  v e l o c i t y  decrement r a t i o  
VIVO i n  t h e  a i r f o i l  wake. By t r a n s l a t i n g  l a t e r a l l y  through the  wake a p l o t  
of VIVO as a func t ion  of p o s i t i o n  X w a s  obtained.  I n t e g r a t i o n  of t h e  wake 
d e f e c t  gave a measurement of a i r f o i l  s e c t i o n  drag  c o e f f i c i e n t .  

Sketches of t h e  pneumatic boot des igns  t e s t e d  are shown i n  f i g u r e s  5 
and 6. 
screened i n  terms of t h e i r  de i c ing  c a p a b i l i t y .  
u s e  a combination of both chordwise and spanwise tubes.  Resu l t s  from tests 

I n  t h e  i n i t i a l  p a r t  of t h e  tes t  program t h r e e  candida te  des igns  were 
These boots  w e r e  designed t o  
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performed i n  t h e  1950's ( r e f .  3) on pneumatic boots  f o r  f i x e d  wings suggested 
t h a t  t h e  aerodynamic e f f e c t  of i n f l a t i n g  t h e  tubes  was less wi th  chordwise 
tubes  than  w i t h  spanwise conf igura t ions .  
both s h o r t e r  and t h i n n e r  t han  f i x e d  wings, it was f e l t  t h a t  t h e  boot f o r  a 
h e l i c o p t e r  r o t o r  should inco rpora t e  p r imar i ly  chordwise tubes.  However, w i t h  
t h e  small  leading-edge r a d i u s  of a r o t o r  blade,  i t  was ev ident  t h a t  chordwise 
tubes  would crimp ove r  i n  the  leading-edge reg ion  and n o t  provide t h e  de f l ec -  
t i o n  necessary t o  f r a c t u r e  and remove t h e  ice. As a r e s u l t  it w a s  necessary t o  
a l s o  inco rpora t e  i n t o  t h e  boot des ign  a spanwise tube  ( o r  tubes)  a t  t h e  l ead ing  
edge. Two boot geometr ies  were t e s t e d  i n i t i a l l y :  a small-diameter-tube con- 
f i g u r a t i o n  (similar t o  f i g .  5, but  w i th  a s i n g l e  spanwise tube)  and a l a rge r -  
diameter-tube conf igu ra t ion  ( f i g .  6 ) .  These boot conf igu ra t ions  incorpora ted  
tube  s i z e s  t h a t  were i n  t h e  same range (1.27 t o  3.18 cm diam) as those  cu r ren t -  
l y  used on l a r g e r  chord, fixed-wing a i r c r a f t .  For t h e  smaller-chord r o t o r  air- 
f o i l s  i t  would be d e s i r a b l e  t o  use  smaller d iameter  tubes  t o  minimize the  aero-  
dynamic e f f e c t ,  e s p e c i a l l y  upon a c c i d e n t a l  or m u l t i p l e  i n f l a t i o n .  However, 
g e t t i n g  t h e  d e f l e c t i o n s  requi red  t o  break t h e  i c e  wi th  smaller tubes  would re- 
q u i r e  h ighe r  i n f l a t i o n  p r e s s u r e s  than  a v a i l a b l e  on e x i s t i n g  r o t o r c r a f t .  Conse- 
quent ly  t h e  tube  s i z e s  used i n  t h i s  program were from 5 t o  7 t i m e s  l a r g e r ,  
r e l a t i v e  t o  t h e  chord length ,  t han  those  c u r r e n t l y  used f o r  f i x e d  wings. The 
boots  were designed t o  provide coverage of about  20 pe rcen t  of t h e  chord on t h e  
upper s u r f a c e  and 30 percent  on t h e  lower. When choosing t h e  amount of chord- 
w i s e  boot coverage,  bo th  t h e  l i m i t s  of impingement of water-droplet  t r a j e c t o r -  
i e s  and runback should be taken i n t o  account.  

Because t h e  r o t o r  a i r f o i l  s e c t i o n  was 

During the  i n i t i a l  d e i c i n g  tes t s  t h e  two conf igu ra t ions  wi th  a s i n g l e  span- 
w i s e  tube  on t h e  lead ing  edge were i n e f f e c t i v e  i n  removing the  ice .  Therefore ,  
as  d iscussed  i n  t h e  s e c t i o n  RESULTS AND DlSCUSSION, t h e  boot des ign  was modi- 
f i e d  by s p l i t t i n g  t h e  s i n g l e  spanwise tube  i n t o  two tubes  ( f i g .  5 ) .  Once it 
w a s  determined t h a t  t h e  boot w i th  two spanwise tubes  on t h e  lead ing  edge w a s  
e f f e c t i v e  i n  de i c ing  t h e  blade,  t he  t r a n s l a t i n g  probe w a s  i n s t a l l e d .  Measure- 
ments of a i r f o i l  s e c t i o n  drag  n e a r  t h e  model c e n t e r l i n e  were made over  a range 
i n  ang le  of a t t a c k  from 0" t o  s t a l l  (-16" without  i c e ,  and -9.4" wi th  i c e ) .  
Data were obta ined ,  both w i t h  and without  t h e  boot  i n s t a l l e d ,  a t  tunne l  speeds 
of 67 and 112 m/sec (150 and 250 mph). These speeds are lower than  those  near  
t h e  outboard s e c t i o n s  of a r o t o r  b lade ;  t h e r e f o r e  compress ib i l i t y  e f f e c t s  and 
aerodynamic hea t ing  e f f e c t s  were no t  s imulated.  Data were i n i t i a l l y  taken  a t  
t h e  lower speed, without  i c e ,  t o  check o u t  t h e  probe and t o  check t h e  s t a l l  
c h a r a c t e r i s t i c s  of t h e  r o t o r  blade.  S t a l l  w a s  d e t e m i n e d  by applying t u f t s  t o  
t h e  s u c t i o n  s u r f a c e  of t h e  b l ade  and observing where t h e  flow began t o  reverse  
d i r e c t i o n  or become uns tab le .  
wi ths tand  t h e  tu rbu lence  generated by t h e  model, d a t a  were taken  a t r t h e  h igher  
speed wi th  ice .  

When it  w a s  determined t h a t  t he  probe could 

Data were obta ined  a t  v a r i o u s  i c i n g  c o n d i t i o n s  and a t  va r ious  angles of 
By s e l e c t i n g  tunne l  temperature  bo th  g l a z e  (-6.1" C) and r i m e  a t t a c k .  

(-14.4" C) i c e  c o n d i t i o n s  were inves t iga t ed .  I n  a l l  c a s e s  t h e  i c i n g  cloud 
cond i t ions  were kept  cons t an t  a t  a volume median d r o p l e t  s i z e  
and a l i q u i d  water con ten t  (LWc) of 1 g/m3. 
were done a t  c o n s t a n t  ang le s  of a t t a c k ,  bu t  f o r  some cond i t ions  t h e  model would 
be i ced  a t  one ang le  of a t t a c k  and de iced  a t  another.  
were kept  w i t h i n  t h e  range of those  t y p i c a l l y  expected on a r o t o r  b lade ,  namely, 

Dmed of 20 urn 
Most i c i n g  and de ic ing  sequences 

The angles  of a t t a c k  
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between 0" and 8'.  
5.4", or vice versa; the model was also iced at 5 . 4 O  and deiced at 9 . 4 O .  
v a r i a t i o n s  were an  a t t e m p t  t o  s imula te ,  i n  a very slow way, t h e  c y c l i c  p i t c h  
v a r i a t i o n s  of a real  r o t o r  blade. 

For  example t h e  model would be i ced  a t  1.4' and de iced  a t  
These 

I n  each i c i n g  t e s t  sequence about 1 cm of ice w a s  acc re t ed  on t h e  b lade  
before  de i c ing  was attempted. One cent imeter  of i c e  w a s  chosen as a good test  
cond i t ion  f o r  two reasons.  F i r s t ,  f o r  t h e  pneumatic boot t o  work, a c e r t a i n  
amount of i c e  has  t o  be present .  I f  t oo  l i t t l e  i c e  i s  present ,  t h e  ice w i l l  
be f r a c t u r e d  i n t o  small  p i eces ,  bu t  t h e  i n t e r f a c i a l  bonds w i l l  not be broken 
and consequent ly  t h e  ice  w i l l  no t  be removed. 
d a t a  from recen t  r o t o r c r a f t  i c i n g  tes ts  behind t h e  HISS (U.S. Army h e l i c o p t e r  
i c i n g  spray system) t a n k e r  and a t  t h e  O t t a w a  spray r i g ,  it w a s  ev ident  t h a t ,  
when ice  a c c r e t i o n s  exceeded approximately 1 cm on t h e  ro to r ,  to rque  r o s e  
g rea t ly .  

Second, from unpublished f l i g h t  

RESULTS AND DISCUSSION 

x 
A s  w a s  noted i n  t h e  previous s e c t i o n  t h e  pneumatic boot conf igu ra t ions  

t h a t  had a s i n g l e  spanwise tube a t  t h e  leading edge proved t o  be inadequate  
f o r  t hese  de i c ing  tes ts  of a s t a t i o n a r y  r o t o r  blade.  I n f l a t i o n  of t h e  boots  
a t  va r ious  cond i t ions  of tunnel  speed, temperature,  and model ang le  of a t t a c k  
r e su l t ed  i n  t h e  i c e  being seve re ly  f r a c t u r e d ,  bu t  t he  i c e  cap would no t  leave  
e i t h e r  ' the upper o r  lower sur faces .  A f t e r  each of t h e s e  tests the  i c e  adhe- 
s i o n  w a s  found t o  be so s i g n i f i c a n t l y  reduced t h a t  t h e  i c e  could be e a s i l y  
removed by wiping t h e  s u r f a c e  of t h e  model. However, t h e  aerodynamic f o r c e s  
would no t  remove the  i c e .  S imi l a r  r e s u l t s  were observed wi th  both tube 
s i zes .  It was decided t h e r e f o r e  t o  change t h e  b a s i c  boot design by s p l i t t i n g  
the  s i n g l e  spanwise tube  on t h e  lead ing  edge i n t o  two tubes  ( f i g .  5). With 
t h i s  new des ign  the  aerodynamic f o r c e s  were e f f e c t i v e  i n  removing the  i c e  on 
t h e  s u c t i o n  sur face .  
out  t h e  remainder of t he  t e s t i n g  with t h e  wake-survey probe. 
noted,  however, t h a t  t hese  i n i t i a l  t e s t s ,  s i n c e  t h e r e  was no blade r o t a t i o n  
wi th  t h e  corresponding c e n t r i f u g a l  a c c e l e r a t i o n  and b lade  v i b r a t i o n ,  can  be 
considered as pre l iminary  and probably conserva t ive .  I t  i s  p o s s i b l e  t h a t  even 
the  single-spanwise-tube conf igu ra t ion  would work i n  a r e a l  r o t o r  environment. 

Therefore  t h i s  new boot conf igu ra t ion  was used through- 
It must be 

A i r f o i l  Drag 

The model s e c t i o n  drag c o e f f i c i e n t  d a t a  without  ice  a r e  presented  i n  
f i g u r e  7 as a func t ion  of s e c t i o n  ang le  of a t t a c k .  I n  t h i s  f i g u r e  d a t a  are  
presented  f o r  t h e  c l e a n  model wi thout  t h e  boot and f o r  t h e  model w i t h  t h e  
boot ,  both d e f l a t e d  and i n f l a t e d .  Also shown i n  f i g u r e  7 a re  publ ished d a t a  
( r e f .  4) f o r  a NACA 0012 a i r f o i l  s e c t i o n ,  both smooth and wi th  s tandard rough- 
ness .  These d a t a  provide a means t o  eva lua te  and v a l i d a t e  t h e  measurements 
made wi th  the  wake-survey probe. F igure  7 a l s o  inc ludes  t h e  r e s u l t s  of t h e  
f low s e p a r a t i o n  s t u d i e s ,  made by observing t u f t s ,  which show t h e  e f f e c t  of t he  
pneumatic boot on t h e  a i r f o i l  s t a l l  c h a r a c t e r i s t i c s .  
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The d a t a  i n  f i g u r e  7 are f o r  a tunnel  speed of 67 m/sec (150 mph). As 

Since both  speeds were w e l l  below t h e  reg ion  
noted i n  t h e  prev ious  s e c t i o n ,  d a t a  w e r e  ob ta ined  a t  two tunnel  speeds,  67 and 
112 m/sec (150 and 250 mph). 
where compressible  f low e f f e c t s  become important (i.e.,  Mo 2 0.41, t h e  drag  
c o e f f i c i e n t s  were e s s e n t i a l l y  t h e  same f o r  t h e  two tes t  speeds. 
t h a t  t h e  clean-model d a t a  agreed very w e l l  w i t h  t h e  smooth-a i r fo i l  r e f e rence  
d a t a ,  thereby v a l i d a t i n g  t h e  probe r e s u l t s .  
but u n i n f l a t e d ,  i n d i c a t e  a drag penal ty  t h a t  decreased w i t h  ang le  of a t t ack .  
Th i s  pena l ty  was about 20 percent  a t  low ang les  and decreased t o  z e r o  a t  h igher  
angles.  However, t h i s  pena l ty  could probably be reduced t o  zero i f  t he  boot 
were recessed f l u s h  w i t h  t h e  s u r f a c e  of t he  w i n g .  I n  any case t h e  p e n a l t i e s  
were less than  t h e  d i f f e r e n c e  between t h e  smooth and standard-roughness r e fe r -  
ence a i r f o i l  d rag  da ta .  

F igure  7 shows 

The d a t a  wi th  t h e  boot i n s t a l l e d ,  

The drag a s soc ia t ed  wi th  t h e  i n f l a t i o n  of t h e  boot was q u i t e  l a rge ,  w i th  
drag inc reases  ranging from about 50 percent  a t  t h e  low ang les  of a t t a c k  t o  
nea r ly  300 percent  a t  h ighe r  ang le s  of a t t ack .  S imi l a r  r e s u l t s  were observed 
i n  t h e  s t a l l  ang le  da ta .  With t h e  boot d e f l a t e d ,  t h e  s t a l l  angle  of a t t a c k  was 
about 16', nea r ly  t h e  same as t h a t  of t h e  smooth r e fe rence  a i r f o i l .  When t h e  
boot was i n f l a t e d ,  however, t h e  s t a l l  angle  w a s  reduced t o  about 9.4'. This 
r e s u l t ,  a l though severe ,  may s t i l l  be accep tab le  s i n c e  t h e  r o t o r  b lade  c y c l i c  
p i t c h  excurs ions  r e s u l t  i n  ang le s  of a t t a c k  t h a t  a re  t y p i c a l l y  less  than  8 ' .  
Consequently a c c i d e n t a l  boot i n f l a t i o n  should no t  cause  b lade  stall .  

F igure  8 p resen t s  p l o t s  of drag c o e f f i c i e n t  as a func t ion  of ang le  of  
a t t a c k  f o r  two cases :  
without  any i c e  p r e s e n t ;  and ( 2 )  t h e  envelope of t h e  drag d a t a  taken  when the  
test  s e c t i o n  had about 1 cm of i c e  on i t s  leading  edge. (Data from both r i m e  
and g l a z e  i c e  c o n d i t i o n s  are included w i t h i n  t h i s  envelope.)  
h e l i c o p t e r  p i l o t s  and tes t  engineers  have t o l d  us  i n  informal  conversa t ions  
t h a t  h e l i c o p t e r s  l i k e  t h e  UH-1H can  t o l e r a t e  about 1 cm of i c e  on t h e  main 
r o t o r s  without severe  consequences, such as ino rd ina te  torque r i se  caused by 
i c e  drag  o r  excess ive  shaking and v i b r a t i o n  due t o  unsymmetrical ice shedding 
on the  main r o t o r s .  

(1)  d a t a  repeated from f i g u r e  7 f o r  t h e  i n f l a t e d  boot 

A s  noted ea r l i e r ,  

F igure  8 shows t h a t  wi th  1 cm of i ce  on t h e  lead ing  edge t h e  flow s e p a r a t e s  
when t h e  angle  of a t t a c k  exceeds about 6'. 
wi th  1 cm of i ce  t h e  a i r f o i l  performance w i l l  d e t e r i o r a t e  d r a s t i c a l l y  f o r  
ang le s  of a t t a c k  g r e a t e r  than  6'. On t h e  o t h e r  hand, f i g u r e  8 shows t h a t  w i t h  
t h e  boot i n f l a t e d  and no ice ,  t h e  a i r f l o w  sepa ra t ed  a t  about 9.5' and t h e  d rag  
c o e f f i c i e n t  was about  t h e  same o r  lower than  i t  was w i t h  1 cm of ice .  We 
t h e r e f o r e  conclude t h a t ,  s i n c e  t h e  h e l i c o p t e r  can  f l y  wi th  1 c m  of i c e ,  t he  
i n f l a t i o n  of  t h e  boot w i t h  no ice  should no t  produce severe  or  c a t a s t r o p h i c  
re s u l  t s. 

Therefore  w e  should expect  t h a t  

Deicing Performance 

The pneumatic boot d e i c i n g  performance and c h a r a c t e r i s t i c s  are eva lua ted  i n  
f i g u r e s  9 t o  19. 
a f t e r  a c t u a t i n g  t h e  boot y i e l d s  a d i r e c t  i n d i c a t i o n  of t h e  boot d e i c i n g  per for -  
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mance. F igures  14  t o  19 are  a series of photographs of t h e  boot  f o r  several 
de i c ing  sequences. 
d e i c i n g  sequences. I n  f i g u r e s  9 and 10 the  model w a s  i ced  and deiced a t  t h e  
same angle  of a t tack .  
de iced  a t  another .  
t h e  model w a s  i ced ,  and t h e  second is  t h e  de i c ing  angle .  Data are presented  f o r  
two tunne l  temperatures ,  namely -6.1' C (21' F) and -14.4' C (6' F). 
temperatures  gave r e p r e s e n t a t i v e  g l a z e  and r i m e  ice  condi t ions ,  r e spec t ive ly .  
For each  temperature  shown, ice a c c r e t i o n  r e s u l t e d  i n  a s i g n i f i c a n t  i n c r e a s e  i n  
drag c o e f f i c i e n t .  However, t h e  inc reases  i n  drag  c o e f f i c i e n t  were gene ra l ly  
less a t  t h e  c o l d e r  temperature  than  a t  t h e  warmer temperature.  
c o n s i s t e n t  wi th  t h e  f a c t  t h a t  r i m e  i c e  shapes are smoother t han  g l aze  i c e  
shapes. 
temperature  r e s u l t e d  i n  a s i g n i f i c a n t  decrease  i n  t h e s e  p e n a l t i e s .  The resi- 
dua l  drag  was due t o  t h e  r e s i d u a l  i c e  l e f t  on t h e  model (bo th  on t h e  boot and 
behind t h e  boot) .  
i n f l a t i o n ;  however, a d d i t i o n a l  cyc l ing  of t h e  boot seemed t o  have l i t t l e  addi- 
t i o n a l  e f f e c t  on removing t h e  r e s i d u a l  ice.  The r e s i d u a l  d rags  shown are 
t h e r e f o r e  a d i r e c t  measurement of t h e  boot performance, and as shown i n  f i g -  
u r e  9 t h e  boot w a s  q u i t e  e f f e c t i v e  e s p e c i a l l y  a t  t h e  warmer temperatures.  
boot tended t o  be less e f f e c t i v e  a t  t h e  c o l d e r  temperatures ,  but  i n  each c a s e  
t h e  boot r e s u l t e d  i n  a reduct ion  i n  drag  t h a t  could be the  d i f f e r e n c e  between a 
r o t o r c r a f t  completing i t s  miss ion  o r  g e t t i n g  i n t o  s e r i o u s  d i f f i c u l t y .  
ample, i n  f i g u r e  13 (for To = -14.4' C) even though t h e  r e s i d u a l  drag a t  the  
co ld  temperatures  w a s  55 pe rcen t ,  a c t i v a t i n g  t h e  boot a t  9.4' ang le  of a t t a c k  
r e s u l t e d  i n  t h e  flow over  t h e  b lade  r eve r t ing  from a separa ted  t o  an a t t ached  
condi t ion .  Comparing t h e  two types  of ic ing-deicing sequences t e s t e d  d i d  not 
show any d e f i n i t e  t rend.  It i s  inconclusive whether t h e  slow v a r i a t i o n  i n  
c y c l i c  p i t c h  used he re  could  i n  any way be r e p r e s e n t a t i v e  of t h e  real  r o t o r  
motion. 

F igu res  9 t o  13 show d a t a  for t h e  two types  of ic ing-  

I n  f i g u r e s  11 t o  13 t h e  model w a s  i ced  a t  one ang le  and 
I n  each  case t h e  f i r s t  ang le  l i s t e d  i s  t h e  angle  a t  which 

These 

Th i s  r e s u l t  i s  

As shown i n  f i g u r e s  9 t o  1 3  a c t i v a t i n g  t h e  pneumatic boot a t  e i t h e r  

I n  each case  shown, the  d a t a  represent  one c y c l e  of boot  

The 

For  ex- 

Typica l  ic ing-deicing sequences are depic ted  i n  f i g u r e s  1 4  t o  1 9  f o r  bo th  
the  upper ( s u c t i o n  s i d e )  and lower (p re s su re  s i d e )  su r faces .  F igures  14 t o  1 7  
show t h e  g l aze  i c i n g  cond i t ion  ( i . e . ,  a t  warmer temperatures)  a t  two d i f f e r e n t  
ang le s  of a t t ack .  
chord,  s i n c e  both of t h e s e  t e s t  p o i n t s  were a t  p o s i t i v e  ang le s  of a t t a c k ,  were 
g r e a t e r  on  t h e  lower s u r f a c e  than  on t h e  upper su r face .  
on t h e  lower s u r f a c e  increased  wi th  increas ing  a n g l e  of a t t ack .  
and 19 show a r i m e  i c e  condi t ion .  
sequences, t h e  i ce  a t  t h i s  lower temperature was much whi t e r  and g r a i n i e r  and 
was n o t  as peaked or double-horn shaped a t  t h e  l ead ing  edge. 
de ic ing  c a s e s  shown, t h e  boot was f a i r l y  e f f e c t i v e  i n  removing i c e  on t h e  upper 
s u r f a c e  but  n o t  as e f f e c t i v e  i n  removing ice  on t h e  lower sur face .  
e f f e c t i v e n e s s  of removing ice  from t h e  lower s u r f a c e  w a s  less a t  t h e  lower tem- 
pe ra tu res .  Comparing t h e s e  r e s u l t s  w i t h  t h e  drag  r e s u l t s  g i v e n  previous ly  in- 
d i c a t e d  t h a t  most of t h e  observed drag  r ise r e s u l t e d  from t h e  ice  on t h e  upper 
sur face .  This  w a s  e s p e c i a l l y  ev iden t  f o r  t h e  r i m e  i ce  c a s e  ( f i g s .  18 and 191, 
where very l i t t l e  of t h e  lower ice w a s  removed bu t ,  as shown i n  f i g u r e  13 ( f o r  
To = -14.4' C ) ,  t h e  drag  w a s  reduced from a l a r g e  va lue  wi th  sepa ra t ed  flow t o  
a lower va lue  w i t h  a t t a c h e d  flow. Again, as shown i n  f i g u r e s  14 t o  19, t h e  
r e s i d u a l  i ce  w a s  g r e a t e r  f o r  t h e  r i m e  i c e  c a s e  and r e s u l t e d  i n  h igher  r e s i d u a l  
drags.  I n  a l l  t h e  sequences shown t h e  r e s idua l  i c e  w a s  w e l l  f r a c t u r e d ,  and 

As shown i n  t h e s e  photographs t h e  i c i n g  l i m i t s  a long t h e  

Also t h e  i c i n g  l i m i t  
F igu res  18 

Compared w i t h  t h e  previous two photographic 

I n  each  of t h e  

Also t h e  
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t h e r e f o r e  t h e  boot performance should be b e t t e r  i f  t h e  c e n t r i f u g a l  and 
v ib ra to ry  f o r c e s  on  a real r o t o r  were present .  

NASA Ames-lewis Rotor Program 

The next  s t e p  i n  t h i s  program i s  t o  see how pneumatic d e i c e r  boots  perform 
NASA Ames has  begun a program t o  test  boots  on on f u l l - s c a l e  r o t a t i n g  blades.  

a UH-1H he l i cop te r .  
inc luding  tie-down, hover,  and f u l l - f l i g h t  eva lua t ion .  I f  t hese  nonic ing  tes t s  
are successfu l ,  i c i n g  tests should follow. 

A series of nonicing tests w i l l  f i r s t  be performed - 

CONCLUDING REMARKS 

These i n i t i a l  tests of a pneumatic d e i c e r  boot on a h e l i c o p t e r  r o t o r  b lade  
y i e lded  some answers t o  several of t h e  bas i c  aerodynamic ques t ions  posed by t h e  
Lockheed-California Company i n  1973. 
(nonro ta t ing )  and s i n c e  t h e  tunne l  speeds were l i m i t e d  t o  Mach numbers less 
than  0.4, t h e s e  t es t s  could not  s imula te  t h e  mechanical, r o t a t i o n a l ,  c y c l i c  
p i t c h ,  v i b r a t i o n a l ,  and high-tip-speed environment of an ope ra t iona l  ro to r .  
However, some important r e s u l t s  were observed. F i r s t ,  t h e  drag  p e n a l t i e s  of 
u n i n f l a t e d  boots  were small  as compared wi th  drag  p e n a l t i e s  caused by 1 cm of 
ice .  These p e n a l t i e s  were no worse than  experienced wi th  today ' s  blade 
foreign-object-damage s h i e l d s  and would probably be e l imina ted  i f  t he  boots  
were recessed f l u s h  on new blade designs.  Second, a l though the  aerodynamic 
e f f e c t  of i n f l a t i n g  t h e  boot without  i c e  was s i z a b l e ,  f o r  most ang le s  of a t t a c k  
the  p e n a l t i e s  were no worse than  those  a l r eady  accepted on fixed-wing a i r -  
c r a f t .  Even t h e  r e l a t i v e l y  l a r g e r  tube  d iameters  on t h e  small-chord a i r f o i l  
d id  no t  lower t h e  s t a l l  angle  i n t o  t h e  normal r eg ion  of r o t o r  operat ion.  A t  
t he  same t i m e  t hese  p e n a l t i e s  proved t o  be s i g n i f i c a n t l y  less  than  those  ob- 
served wi th  1-cm a c c r e t i o n s  of ice. Thi rd ,  t h e  pneumatic boot proved t o  be an 
e f f e c t i v e  d e i c e r  even a t  low temperatures  (-14.4" C) and i n  a probably very 
conserva t ive  t e s t  environment. It must be noted,  however, t h a t  some of t hese  
r e s u l t s  could be d i f f e r e n t  on a real  r o t o r ,  e s p e c i a l l y  the  aerodynamic e f f e c t s  
a t  t h e  h igher  t i p  speeds,  but  i n  t h a t  c a s e  t h e  de i c ing  performance would prob- 
a b l y  be more e f f e c t i v e .  

S ince  t h e  b lade  was f ixed  i n  t h e  tunne l  

Because t h e  pneumatic boot e f f e c t i v e l y  reduced t h e  i c i n g  drag  penal ty  with- 
o u t  caus ing  any o t h e r  s e r i o u s  aerodynamic p e n a l t i e s ,  NASA Ames has  begun a pro- 
gram t h a t  i nc ludes  f u l l - s c a l e  f l i g h t  t e s t i n g  of t h e  pneumatic boot on helicop- 
t e r  ro to r s .  I f  t h e  boot material  wi ths tands  t h e  seve re  r o t o r  environment i n  
f l i g h t  and i f  no f u r t h e r  s i g n i f i c a n t  aerodynamic p e n a l t i e s  arise, perhaps the  
pneumatic boot c a n  be developed i n t o  a l i gh twe igh t ,  low-cost, low-power, and 
e a s i l y  maintained d e i c e r  system f o r  r o t o r  a p p l i c a t i o n s .  
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PNEUMATIC DEICER 

EJECTOR FLOW CONTROL V 

REGULATOR-TIMER 

RELIEF VALVE 

CHECK VALVE 

TURBINE BLEED 

LOW-VACUUM 
WARNING SWITCH 

Figure 1.- Main rotor application pneumatic deicer. 

Figure 2.- Pneumatic boot on rotor model 
installed in 6 X 9 ft. NASA Lewis Icing 
Research Tunnel. 
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TO 

Figure 3.- Pneumatic boot on rotor model and wake 
survey probe in NASA Lewis Icing Research 
Tunnel. 

r TRANSLATING PROBE 
TEST AIRFOIL 7, TERAL POSITION POT 

CONTROL ROOM 

X 

MODULE FUNCTION: io - (Ho:;)uz - 

Figure 4.- Translating probe instrumentation. 
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Figure 5.- Typical cross  sect ion of i n s t a l l ed  deicer 
( inf la ted)  , small tube. 
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(TYP) - ~ 

/ 
0.2 cm THICKNESS (TY 

..... 
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Figure 6.- Typical cross section of i n s t a l l ed  deicer  
( inf la ted)  , large tube. 
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SECTION 

SMOOTH AIRFOIL (REF. 4) 
STD. NACA ROUGH (REF. 4) 

--- --- 
-0- CLEAN MODEL + BOOT DEFLATED * BOOT INFLATED 

,r BOOT INFLATED 

r STD. NACA ROUGH (REF. 4) 8’ 

. 01 ,/‘ ,/’ ,rBOOT DEFLATE0 
,-SMOOTH AIRFOIL (REF. 4) 

0 4 a 12 16 
SECTION ANGLE OF ATTACK, a, deg 

Figure 7.- Helicopter rotor model section drag. 
NACA 0012 a i r f o i l  (no ice)  ; V = 67 m/sec. 

BOOT INFLATED 

WITH I cm ICE 

0 4 a 12 16 
SECTION ANGLE OF ATTACK, deg 

Figure 8.- Helicopter rotor model section drag. 
NACA 0012 a i r f o i l ;  VO = 1 1 2  m/sec. 
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TO = -6.1' C CLEAN 
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SECTION DRAG COEFF, 
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DEICED 
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Figure 9.- Section drag of helicopter rotor model with 
pneumatic boot. Ice-deice sequence; a = 1.4O/1.4O; 
Vg = 1 1 2  m/sec. 
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Figure 10.- Section drag of helicopter rotor  model w i t h  
pneumatic boot. Ice-deice sequence; 01 = 5.4O/5.4O; 
V o  = 1 1 2  m/sec. 
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SECTION DRAG 
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To = -6.1' C 
-05  1 . .  

.01 
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wim ICE a DEICED 

16% 
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Figure 11.- Section drag of helicopter ro tor  model with 
pneumatic boot. Ice-deice sequence; 01 = 1 . 4 O / 5 . 4 O ;  
v0 = 1 1 2  m/sec. 
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Figure 12 . -  Section drag of helicopter ro to r  model with 
pneumatic boot. Ice-deice sequence; 01 = 5.4O/1.4O; 
VO = 1 1 2  m / s e c .  
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Figure 13.- Section drag of helicopter rotor model with 
pneumatic boot. Ice-deice sequence; a = 5.4O/9.4O; 
VO = 1 1 2  m/sec. 

Figure 14.- Typical ice-deice sequence. Upper surface; 
a = 1.4O/5.4O; To = -6.lOC; V o  = 1 1 2  m/sec. 
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Figure 15.- Typical ice-deice sequence. Lower su r f ace ;  
a = 1.4O/5.4O; TO = -6.lOC; VO = 1 1 2  m/sec. 

Figure 16.- Typical ice-deice sequence. Upper sur face ;  
a = 5.4O/5.4O; To = -6.lOC; Vo = 1 1 2  m/sec. 
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~1~~ ICE DEtCFO 

Figure 17.- Typical ice-deice sequence. Lower surface; 
a = 5.40/5.40; TO = -6.1OC; V o  = 1 1 2  m/sec. 

HIM ICE DEICED 

Figure 18.- Typical ice-deice sequence. Upper surface; 
01 = 5.4O/9.4O; TO = -14.4Oc; Vo = 112  m/sec. 
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WITH 1CE 

Figure  19.- Typical ice-deice sequence. Lower su r f ace ;  
a = 5.40/9.4O; TO = -14.4OC; VO = 112 m / s e c .  

443 




