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PREDICTIONS OF AIRFOIL AERODYNAMIC PERFORMANCE DEGRADATION DUE TO ICING 

Robert J. Shaw. Mark G. Potapczuk. and Colin S .  Bidwell 
National Aeronautics and Space Administration 

Lewis Research Center 
Cleveland, Ohio 44135 

Abstract 

An overview o f  NASA's ongoing efforts to 
develop an airfoil icing analysis capability is 
discussed. An indication is given to the 
approaches being followed to calculate ( 1 )  the 
water droplet trajectories past the airfoil, ( 2 )  
the bulldup of ice on the airfoil, and ( 3 )  the 
resultant changes in aerodynamic performance due 

K-, to the leading edge ice accretion. Examples are 
given of current code capabilities/limitations 
through comparisons o f  predictions with experimen- 
tal data gathered in various calibrationlvalidation 
experiments. A brief discussion of future efforts 
to extend the analysis to handle three-dimensional 
components is included. 
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List of Symbols 

C airfoil chord 

cd airfoil drag coefficient 

C1 airfoil lift coefficient 

Cmcl4 airfoil moment coefficient 

Cp airfoil surface pressure coefficient 

LWC icing cloud liquid water content 

MVD icing cloud volume median droplet diameter 

S surface distance 

T, freestream total temperature 

U local velocity 

Ue edge velocity 

V, freestream velocity 

x, y coordinates 

xtr transition location 

a airfoil angle-of-attack 

B local water droplet collectlon efficiency 

9 angular position 

Introduction 

One of the major elements of  the NASA Air- 
craft Icing Research Program is the development 
and validation of a series o f  mutually compatible 
computer codes which predict the details of an 
aircraft icing encounter. These codes once vali- 
dated can be used for: 

(1) Making preliminary design studies to 
ascertain component sensitivity to icing. 

( 2 )  Making performance predictions of pro- 

( 3 )  Conducting computer based certification/ 

posed ice protection systems. 

qualification studies to reduce the amount of 
required icing flight testing. 

icing effects inputs for use in flight training 
simulators. 

(4) Providing more accurate and realistic 

Figure 1 is a flowchart which shows the many 
codes required to form such an icing analysis 
methodology as well as the codes currently under 
development by NASA. Reference 1 provides an 
overview of the icing analysis activities (analyt- 
ical and experimental) underway. 

progress on one element of the overall activity, 
namely the unprotected airfoil icing problem. 
Simply stated. the problem being addressed is to 
develop/validate computer codes which predict ( 1 )  
the buildup of ice on an unprotected airfoil and 
( 2 )  the resultant aerodynamic degradation levels 
due to that ice accretion shape. A validated air- 
foil icing analysis capability is felt to be the 
core capability for the overall icing analysis 
methodology shown in Fig. 1 .  This airfoil icing 
analysis capability will be extended to handle 
three-dimensional components te.g.. swept wings) 
and eventually complete aircraft configurations. 

Figures 2 and 3 pictorially show the problem 
being addressed. A wing section of constant chord 
was placed in the NASA Lewis Icing Research Tunnel 
(IRT) and subjected to specified icing conditions 
(cloud liquid water content, average droplet diam- 
eter, free stream temperature and icing time) and 
aerodynamic conditions (velocity and angle-of- 
attack). The figure shows the resultant leading 
edge ice accretion in overall and closeup views. 
The rough irregular nature of the ice accretion 
should be noted. 

The purpose o f  this paper is to review the 

Figure 3 shows in a generalized fashion the 
decrease in aerodynamic performance which can 
occur due to leading edge ice accretions; namely: 

(1) An increase in wing section drag even at 
low angles-of-attack 

( 2 )  A decambering of the airfoil due to a 
thickened upper surface boundary layer 

( 3 )  A reduction in Clmax and, premature 
stall due to separation of  the airfoil upper sur- 
face boundary layer. 

For any given airfoil geometry, the ice 
accretion can change dramatically in cross sec- 
tional shape as the environmental and aerodynamic 
parameters are varied. The level of  severity of 
aerodynamic performance degradation will also vary 
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s i g n i f i c a n t l y  depend ing  o n  t h e  i c e  a c c r e t i o n  cha- 
r a c t e r i s t i c s  as w e l l  as t h e  b a s i c  a i r f o i l  p e r f o r m -  
ance c h a r a c t e r i s t i c s .  

P r e v i o u s  e x p e r i m e n t a l  s t u d i e s  have d e t e r m i n e d  
many o f  t h e  k e y  a s p e c t s  o f  t h e  a i r f o i l  i c i n g  p r o b -  
lem. 
p r e d i c t e d  i n  any a i r f o i l  i c i n g  a n a l y s i s  methodo logy  
( F i g .  4 ) .  W h i l e  an  a i r f o i l  i c e  a c c r e t i o n  shape i s  
t y p i c a l l y  s m a l l  r e l a t i v e  t o  t h e  a i r f o i l  s i z e  (usu- 
a l l y  o n l y  a f e w  p e r c e n t  c h o r d  i n  maximum d i m e n s i o n ) .  
i t s  e f f e c t  o n  t h e  a i r f o i l  f l o w f i e l d  and t h u s  t h e  
a i r f o i l  aerodynamic per fo rmance can be p r o f o u n d .  
The i c e  a c c r e t i o n  shape i s  h i g h l y  r o u g h  and i r r e g -  
u l a r  (as  t h e  c l o s e u p  p o r t i o n  o f  F i g .  2 s u g g e s t s ) .  
The roughness e lements  ( s i z e  and d i s t r i b u t i o n )  a r e  
much d i f f e r e n t  t h a n  t h e  c l a s s i c a l  sand g r a i n  e l e -  
ments used i n  w ind  t u n n e l  t e s t  programs o v e r  t h e  
y e a r s .  The d e v e l o p i n g  boundary  l a y e r s  o n  b o t h  t h e  
s u c t i o n  and p r e s s u r e  s i d e s  w i l l  t e n d  t o  s e p a r a t e  
i n  t h e  near  v i c i n i t y  o f  t h e  i c e  a c c r e t i o n .  A t  
l o w e r  a n g l e s - o f - a t t a c k ,  boundary  l a y e r  r e a t t a c h -  
ment f r o m  e i t h e r  or b o t h  s u r f a c e s  w i l l  u s u a l l y  
o c c u r  a f t  o f  t h e  i c e  a c c r e t i o n ,  b u t  t h e  r e a t t a c h e d  
v i s c o u s  l a y e r ( s )  w i l l  be t h i c k e n e d  and d i s t o r t e d .  
A s  t h e  a n g l e - o f - a t t a c k  i s  changed, t h e  r e l a t i v e  
s i z e s  o f  t h e  s u c t i o n  and p r e s s u r e  s u r f a c e  s e p a r a t i o n -  
r e a t t a c h m e n t  zones w i l l  change. I n  p a r t i c u l a r  as 
t h e  a n g l e - o f - a t t a c k  i s  i n c r e a s e d ,  t h e  s u c t i o n  s u r -  
f a c e  zone w i l l  grow i n  s i z e  u n t i l  n o  r e a t t a c h m e n t  
o c c u r s  and a i r f o i l  s t a l l  r e ; u l t s .  A i r f o i l  s t a l l  
can  o c c u r  s e v e r a l  degrees  be low t h e  s t a l l  a n g l e  
o b s e r v e d  f o r  c l e a n  a i r f o i l s  The i n c r e a s e  i n  d r a y  
o c c u r r i n g  a t  t h e  l o w e r  a n g l e : - o f - a t t a c k  i s  due to 
t h i c k e n e d ,  d i s t o r t e d  boundary  l a y e r s  w h i c h  d e v e l o p  
o v e r  t h e  a i r f o i l  a f t  o f  t h e  l e a d i n g  edge i c e  
a c c r e t i o n .  

The m u t u a l l y  c o m p a t i b l e  computer mode ls  
r e q u i r e d  t o  f o r m  an a i r f o i l  i c i n g  a n a l y s i s  capa- 
b i l i t y  a r e  shown i n  F i g .  5 .  The o v e r a l l  approach 
t o  t h e  p r o b l e m  w i l l  f i r s t  be d i s c u s s e d  and t h e n  
each module w i l l  be d i s c u s s e d .  

These a s p e c t s  must  be a d e q u a t e l y  modeled! 

O v e r a l l  Approach 

A s  F i g .  5 i n d i c a t e s ,  a p o t e n t i a l  f l o w  a n a l y -  
s i s  i s  f i r s t  p e r f o r m e d  t o  d e t e r m i n e  t h e  i n v i s c i d  
f l o w f i e l d  a round t h e  c l e a n  a i r f o i l .  The t r a j e c t o r y  
module computes t h e  p a t h s  of w a t e r  d r o p l e t s  p a s t  
t h e  a i r f o i l  and d e t e r m i n e s  t h e  r a t e  a t  w h i c h  d r o p -  
l e t s  a r e  i m p a c t i n g  t h e  a i r f o i l  s u r f a c e  a t  each 
p o i n t .  T h i s  r e p r e s e n t s  t h e  l o c a l  r a t e  of w a t e r  
d e p o s i t i o n  o n  t h e  a i r f o i l .  

The i c e  a c c r e t i o n  module c a l c u l a t e s  t h e  l o c a l  
r a t e  o f  i c e  g r o w t h  a r o u n d  t h e  a i r f o i l .  The d i s -  
t r l b u t i o n  o f  i c e  g r o w t h  r a t e s  around t h e  a i r f o i l  
s u r f a c e  a l l o w s  an I c e  shape t o  be p t e d i c t e d  once a 
u s e r  s p e c i f i e d  t i m e  i n c r e m e n t  ( c a l l e d  t h e  t i m e  
s t e p )  i s  s e l e c t e d .  T h i s  t i m e  i n c r e m e n t  i s  chosen 
such t h a t  t h e  e f f e c t  o f  i c e  b u i l d u p  on a i r f o i l  
f l o w f i e l d  and t h u s  d r o p l e t  t r a j e c t o r y  p a t h s  i s  
t h o u g h t  t o  be m i n i m a l .  

cous f l o w f i e l d  c a l c u l a t i o n  i s  p e r f o r m e d  u s i n g  t h e  
p r e d i c t e d  i c e  shape I f  aerodynamic  p e r f o r m a n c e  
d e g r a d a t i o n  l e v e l s  a r e  r e q u i r e d .  

I f  i t  i s  d e s i r e d  to  c o n t i n u e  t o  c o m p u t a t i o n -  
a l l y  a c c r e t e  I c e  on t h e  a i r f o i l ,  t h e n  t h e  l o o p i n g  
p r o c e s s  i s  r e p e a t e d  f o r  as many t i m e  i n c r e m e n t s  

Once t h e  I c e  shape i s  c a l c u l a t e d .  t h e n  a v i s -  

as i s  r e q u i r e d  t o  r e a c h  t h e  o v e r a l l  i c i n g  encoun- 
t e r  t i m e .  Each s u c c e s s i v e  l o o p  b e g i n s  w i t h  a 
p o t e n t i a l  f l o w f i e l d  a n a l y s i s  o f  t h e  a i r f o i l  w i t h  
t h e  l e a d i n g  edge m o d i f i e d  b y  t h e  i c e  a c c r e t i o n  
computed from t h e  p r e v i o u s  s t e p ( s ) .  

i n v i s c i d  and v i s c o u s  f low a n a l y s e s  t o  be combined 
( i . e . .  r e p l a c e  t h e  i n v i s c i d  a n a l y s i s  s t e p  w i t h  
t h e  v i s c o u s  a n a l y s i s ) .  However, a s i g n i f i c a n t  
i n c r e a s e  i n  c o m p u t a t i o n a l  r e s o u r c e s  c u r r e n t l y  i s  
r e q u i r e d  t o  comple te  t h e  v i s c o u s  a n a l y s i s  ( m i n u t e s  
on a Cray  XMP)  v e r s u s  t h a t  r e q u i r e d  t o  comple te  
t h e  i n v i s c i d  a n a l y s i s  ( m i n u t e s  o n  an IBM 370). 
O b v i o u s l y  as t h e  i c e  shape grows i n  s i z e  and domi- 
n a t e s  t h e  a i r f o i l  l e a d i n g  edge f l o w f i e l d ,  v i s c o u s  
e f f e c t s  ( b o u n d a r y  l a y e r  s e p a r a t i o n l r e a t t a c h m e n t )  
w i l l  become so dominant  t h a t  t h e  s i m p l i f i e d  i n v i s -  
c i d  a n a l y s i s  w i l l  no  l o n g e r  be a p p r o p r i a t e .  

The f o l l o w i n g  s e c t i o n s  w i l l  look a t  t h e  
modules i n  more d e t a i l .  

I t  i s  h i g h l y  d e s i r a b l e  f o r  t h e  s e p a r a t e  

I n v i s c i d  F l o w f i e l d l D r o p l e t  T r a j e c t o r i e s  

The f l o w f i e l d  a b o u t  t h e  a i r f o i l  ( c l e a n  and 
i c e d )  i s  c a l c u l a t e d  u s i n g  a p o t e n t i a l  f l o v  
a n a l y s i s  - a second o r d e r  p a n e l  code deve loped b y  
Hess-Smi th .  F l o w f i e l d  i n f o r m a t i o n  - i n d i v i d u a l  
p a n e l  geomet ry  and s o u r c e l v o r t i c i t y  s t r e n g t h s  - i s  
passed to  t h e  t r a j e c t o r y  module t o  a l l o w  c a l c u l a -  
t i o n  of t h e  w a t e r  d r - o p l e t  p a t h s  p a s t  t h e  a i r f o i l  
The d r o p l e t  e q u a t i o n s  of  m o t i o n  are i n t e g r a t e d  
u s i n g  a p r e d i c t o r - c o r r e c t o r  scheme o p t i m i z e d  fo r  
s t i f f  systems of e q u a t i o n s .  F l o w f i e l d  v e l o c i t y  
v a l u e s  a t  v a r i o u s  p o i n t s  on t h e  a i r f o i l  s u r f a c e  
r e q u i r e d  f o r  i n t e g r a t i o n  of t h e  e q u a t i o n s  o f  
m o t i o n  a r e  d e t e r m i n e d  b y  summing t h e  i n d i v i d u a l  
c o n t r i b u t i o n s  o f  a l l  p a n e l s .  

The a c c u r a c y  of t h e  t r a j e c t o r y  a n a l y s i s  i s  
b e i n g  assessed b y  compar ison w i t h  an  e x p e r i m e n t a l  
d r o p l e t  impingement d a t a  base b e i n g  d e v e l o p e d  
j o i n t l y  b y  NASA and t h e  FAA.2 S e l e c t e d  compar i -  
sons a r e  shown i n  F i g .  6 for d a t a  g a t h e r e d  o n  a 
c l e a n  c y l i n d e r  model as w e l l  as o n  an  " i c e d "  c y l -  
i n d e r  mode l .  The f i g u r e  a l s o  shows d r o p l e t  c o l -  
l e c t i o n  e f f i c i e n c y  p r e d i c t i o n s  made u s i n g  a 
N a v i e r - S t o k e s  f l o w f i e l d  a n a l y s i s  i n  p l a c e  o f  t h e  
Hess-Smith p o t e n t i a l  code. B o t h  s e t s  o f  p r e d i c -  
t i o n s  g e n e r a l l y  a g r e e  w e l l  w i t h  t h e  c l e a n  c y l i n d e r  
d a t a  a l t h o u g h  t h e  t a i l s  of t h e  c o l l e c t i o n  e f f i -  
c i e n c y  c u r v e s  a r e  b r o a d e r  for  t h e  d a t a  t h a n  fo r  
t h e  p r e d i c t i o n s .  T h i s  was e x p e c t e d  as t h e  c a l c u -  
l a t i o n s  were made for a s i n g l e  d r o p l e t  s i z e  ( t h e  
average d i a m e t e r )  w h i l e  t h e  a c t u a l  d r o p l e t  c l o u d  
had a s p e c t r u m  of s i z e s .  

The agreement i s  n o t  as good fo r  t h e  " i c e d "  
c y l i n d e r . .  e s p e c i a l l y  i n  t h e  s o - c a l l e d  horn 
r e g i o n s .  E x p e r i m e n t a l  measurements of t h e  s u r f a c e  
p r e s s u r e  d i s t r i b u t i o n  a b o u t  t h e  i c e  shape i n d i c a t e d  
t h e  boundary  l a y e r  s e p a r a t e d  j u s t  a f t  o f  each 
h o r n .  S i n c e  p o t e n t i a l  f low a n a l y s e s  d o  not 
a c c o u n t  for s e p a r a t i o n .  t h e  l o c a l  v e l o c i t i e s  i n  
t h e  v i c i n i t y  of each horn a r e  p r e d i c t e d  to  be 
l a r g e r  t h a n  a c t u a l l y  e x i s t .  T h i s  inadequacy  i n  
t h e  f l o w f i e l d  m o d e l i n g  was f e l t  to  be r e a s o n  fo r  
t h e  o v e r p r e d i c t i o n  of t h e  c o l l e c t i o n  e f f i c i e n c y  
l e v e l s  i n  t h e  v i c i n i t y  of t h e  h o r n s  and l e d  t o  
t h e  t r a j e c t o r y  c a l c u l a t i o n s  u s i n g  t h e  N a v i e r -  
S t o k e s  a n a l y s i s .  
v i s c o u s  e f f e c t s  d i d  not  s i g n i f i c a n t l y  decrease 
t h e  c o l l e c t i o n  e f f i c i e n c y  l e v e l s  n e a r  t h e  h o r n .  

S u p r i s i n g l y  t h e  i n c l u s i o n  o f  t h e  
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The reason for t h i s  d i s c r e p a n c y  i s  n o t  known b u t  
i t  may suggest some i n a c c u r a c y  i n  t h e  exper imen- 
t a l  approach.  The s u r p r i s i n g  l e v e l  of agreement 
i n  c o l l e c t i o n  e f f i c i e n c y  p r e d i c t i o n s  u s i n g  the  
pane l  and N a v i e r - S t o k e s  codes for b o t h  t h e  c l e a n  
and i c e d  c y l i n d e r s  suggests  t h e  pane l  code c a l c u -  
l a t i o n s  can p r o v i d e  r e a s o n a b l e  e s t i m a t e s  o f  t h e  
c o l l e c t i o n  e f f i c i e n c y  d i s t r i b u t i o n s  f o r  c l e a n  and 
i c e d  a i r f o i l s .  

As a l r e a d y  s t a t e d ,  i n  t h e  l o n g  t e r m  i t  i s  
d e s i r a b l e  t o  r e p l a c e  t h e  i n v i s c i d  a n a l y s i s  w i t h  a 
v i s c o u s  a n a l y s i s  i n  t h e  a i r f o i l  i c i n g  a n a l y s i s  
methodo logy  t o  p r c p e r l y  account  f o r  boundary l a y e r  
s e p a r a t i o n  - r e a t t a c h m e n t .  

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

I n  s p i t e  of t h e  f a c t  t h a t  a i r c r a f t  i c i n g  has 
been s t u d i e d  s i n c e  t h e  1 9 2 0 ' s .  t h e  u n d e r s t a n d i n g  
o f  t h e  g o v e r n i n g  p h y s i c a l  p rocesses  o f  i c e  a c c r e -  
t i o n  i s  l i m i t e d .  Consequent ly ,  i c e  shapes a r e  
p r e d i c t e d  u s i n g  a c o n t r o l  volume approach as 
d e p i c t e d  i n  F i g .  7 .  Mass and energy  b a l a n c e  equa- 
t i o n s  a r e  f o r m u l a t e d  a c c o u n t i n g  f o r  t h e  e f f e c t s  
shown i n  t h e  f i g u r e .  The e q u a t i o n s  a r e  s o l v e d  t o  
d e t e r m i n e  t h e  f r a c t i o n  o f  incoming w a t e r  wh ich  
f r e e z e s  i n  each c o n t r o l  volume. Any water  wh ich  
does not f r e e z e  i n  a c o n t r o l  volume i s  assumed t o  
f low back t o  t h e  i m m e d i a t e l y  a f t  c o n t r o l  volume 
(so c a l l e d  runback  w a t e r ) .  Requ i red  i n p u t s  from 
t h e  f l o w f i e l d l t r a j e c t o r y  a n a l y s i s  i n c l u d e  t h e  
c o l l e c t i o n  e f f i c i e n c y  and s u r f a c e  v e l o c i t y  
d i s t r i b u t i o n s .  

F i g u r e  8 shows r e p r e s e n t a t i v e  compar isons  o f  
p r e d i c t e d  versus  measured i c e  shapes. I n  each 
case,  t h e  i c e  shape p r e d i c t i o n  i s  compared t o  an 
i c e  shape grown i n  t h e  NASA I R T .  The c o l d e r  tem- 
p e r a t u r e  c o n d i t i o n  r e s u l t e d  i n  a r i m e  i c e  c o n d i -  
t i o n  w h i l e  t h e  warmer t e m p e r a t u r e  r e s u l t e d  i n  a 
g l a z e  i c e  a c c r e t i o n .  (G laze  i c e  shapes t e n d  t o  
have h o r n  c h a r a c t e r i s t i c s  wh ich  r e s u l t  i n  l a r g e  
l e v e l s  o f  aerodynamic d e g r a d a t i o n ) .  
t h a t  t h e  f i g u r e  shows t h e  p r e d i c t e d  i c e  shape(s)  
were grown i n  t i m e  s t e p s ,  each of 30 seconds d u r a -  
t i o n .  The agreement i n  p r e d i c t e d  v e r s u s  measured 
i c e  shape for b o t h  cases i s  j u d g e d  to  be accepta-  
b l e .  C u r r e n t l y  e f f o r t s  a r e  underway to make a 
l a r g e  number o f  i c e  shape compar isons  w i t h  n o t  
only  d a t a  g a t h e r e d  i n  many i c l n g  ground t e s t s  
f a c i l i t i e s  b u t  a l s o  w i t h  n a t u r a l  i c i n g  f l i g h t  
d a t a .  T h i s  e x t e n s i v e  s e t  of compar isons  w i l l  
s e r v e  as a code c a l i b r a t i o n l v a i i d a t i o n  e f f o r t  for .  
t h e  i c e  a c c r e t i o n  a n a l y s i s .  

c u l a t i o n  p r o c e d u r e  has been shown to  be t h e  con- 
v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  ( h )  d i s t r i b u t i o n .  
C u r r e n t l y ,  t h e  h d i s t r i b u t i o n  i s  c a l c u l a t e d  u s i n g  
an i n t e g r a l  boundary l a y e r  approach d e s c r i b e d  b y  
W h i t e 3  and Kays and C r a ~ f o r d . ~  An e x p e r i m e n t a l  
h e a t  t r a n s f e r  c o e f f i c i e n t  d a t a  base has been 
a c q u i r e d 5  t o  e v a l u a t e  t h e  adequacy o f  t h e  p r e d i c -  
t i o n  approach,  and a compar ison i s  shown i n  
F i g .  9 .  The c y l i n d e r  i c e  shape shown i s  t h e  same 
as t h e  shape used I n  t h e  t r a j e c t o r y  impingement 
s t u d i e s .  The m a j o r  d i s a g r e e m e n t  i s  seen to  be i n  
t h e  v i c i n i t y  of t h e  h o r n  and downstream o f  t h e  
h o r n .  The d isagreement  i s  a t t r i b u t e d  t o  t h e  
p o t e n t i a l  f l o w  p r e d i c t i o n  of s u r f a c e  v e l o c i t y  d i s -  
t r i b u t i o n  n o t  a c c o u n t i n g  for t h e  o b s e r v e d  boundary  
l a y e r  s e p a r a t i o n .  

Also n o t e  

A s i g n i f i c a n t  i n p u t  t o  t h e  i c e  a c c r e t i o n  c a l -  

A s  a l r e a d y  i n d i c a t e d  ( F i g .  2 ) .  i c e  a c c r e t i o n  
shapes can e x h i b i t  a l a r g e  degree of sur face  rough-  
ness and an a t t e m p t  has been made t o  account  for 
t h i s  e f f e c t  i n  t h e  i c e  a c c r e t i o n  a n a l y s i s .  A d i s -  
t r i b u t i o n  of sand g r a i n  roughness i s  i n p u t  and t h e  
h e a t  t r a n s f e r  r a t e s  a r e  i n c r e a s e d  a c c o r d i n g  t o  t h e  
p r e d i c t i o n s  of t h e  I n t e g r a l  boundary l a y e r  approach.  
The h e a t  t r a n s f e r  d a t a  base a c q u i r e d  i n c l u d e d  
t e s t i n g  i c e  shapes t o  wh ich  sand g r a i n s  o f  known 
s i z e  were a f f i x e d .  One p r e d i c t i o n l e x p e r i m e n t a l  
compar ison  of t h i s  r o u g h  s u r f a c e  h e a t  t r a n s f e r  i s  
shown i n  F i g .  10. The same g e n e r a l  remarks can be 
made as were a l r e a d y  made f o r  t h e  smooth s u r f a c e  
i c e  shape. Also a compar ison o f  F i g s .  9 and 10 
r e v e a l s  t h a t  t h e  i n c r e a s e  i n  measured h e a t  t r a n s -  
f e r  due t o  roughness  was p r e d i c t e d  r e a s o n a b l y  w e l l  
by t h e  i n t e g r a l  boundary  l a y e r  r o u t i n e .  

E x p e r i m e n t a l  e f f o r t s  a r e  c u r r e n t l y  b e i n g  con- 
d u c t e d  to a c q u i r e  a d d i t i o n a l  h e a t  t r a n s f e r  d a t a  
for b o t h  smooth and rough s u r f a c e  a i r f o i l s  f o r  
compar ison  w i t h  p r e d i c t e d  l e v e l s .  The d a t a  base 
i n c l u d e ;  measurements o f  t h e  e f f e c t  of f r e e  s t ream 
t u r b u l e n c e  on  h e a t  t r a n s f e r  l e v e l s .  Also,  e f f o r t s  
a r e  underway t o  d e t e r m i n e  more a c c u r a t e  ways o f  
c h a r a c t e r i z i n g  t h e  s u r f a c e  roughness t h a n  t h e  s i m -  
p l e  sand g r a i n  e lement  approach c u r r e n t l y  used.  

I n  o r d e r  t o  improve t h e  p h y s i c a l  u n d e r s t a n d -  
i n g  o f  t h e  i c e  a c c r e t i o n  p r o c e s s ,  c l o s e - u p  photo-  
graphs and mov ies  have been t a k e n  o f  t h e  i c i n g  
process  on  an a i r f o i  1 .6 
a c q u i r e d  b o t h  i n  a r t i f i c i a l  and n a t u r a l  i c i n g  con- 
d i t i o n s .  
some o f  t h e  assumpt ions  c o n t a i n e d  i n  t h e  c o n t r o l  
volume model of i c e  a c c r e t i o n  may be i n  e r r o r .  
I n  p a r t i c u l a r ,  t h e  model a l l o w s  fo r  c o n t i n u o u s  
f l o w  o f  w a t e r  o n  t h e  s u r f a c e .  T h a t  i s ,  any water  
n o t  f r o z e n  i n  a c o n t r o l  volume i s  a l l o w e d  t o  r u n  
back t o  t h e  a d j a c e n t  c o n t r o l  volume. The photo-  
g r a p h i c  e v i d e n c e  suggests  t h a t  a f t e r  an i n i t i a l  
t r a n s i e n t ,  s u r f a c e  w a t e r  ( i f  i t  e x i s t s )  does n o t  
appear t o  move. A m u l t i z o n e  model t h a t  has been 
proposed t o  a c c o u n t  for  t h i s  d i s c r e p a n c y  i s  
d e p i c t e d  i n  F i g .  1 1 .  Sur face  water: i s  a l l o w e d  t o  
r u n  i n  Zone A wh ich  wou ld  be c h a r a c t e r i z e d  as a 
smooth r e g i o n .  Zone C wou ld  be a t r a n s i t i o n  
r e g i o n  wh ich  wou ld  have a v a r y i n g  roughness w h i l e  
Zone B wou ld  be a r e g i o n  wh ich  wou ld  have no  r u n -  
b a c k .  The t r a n s i t i o n  r e g i o n  (Zone C) would  move 
toward  t h e  s t a g n a t i o n  p o i n t  as t h e  i c i n g  t i m e  
I n c r e a s e s  and t h u s  Zone A would  decrease i n  s i z e  
w i t h  i c l n g  t i m e .  C u r r e n t l y ,  t h e  p o s i t i o n  o f  Zone 
C i s  d e t e r m i n e d  e m p i r i c a l l y  b u t  I t  i s  most d e s i r -  
a b l e  t o  be a b l e  t o  r e l a t e  i t  t o  t h e  g o v e r n i n g  
p h y s i c s .  C u r r e n t l y  t h i s  m u l t i z o n e  model i s  b e i n g  
added t o  t h e  i c e  a c c r e t i o n  module t o  e v a l u a t e  t h e  
r e s u l t a n t  improvement i n  i c e  shape p r e d i c t i o n s .  

t h e  o t h e r  a s p e c t s  o f  t h e  i c e  a c c r e t i o n  p r o c e s s  
n o t e d  i n  t h e  p h o t o g r a p h i c  d a t a  t h a t  a r e  n o t  
i n c l u d e d  i n  c u r r e n t  i c e  a c c r e t i o n  a n a l y s i s .  These 
e f f e c t s  i n c l u d e  d r o p l e t  i m p a c t  and p o s s i b l e  s p l a s h -  
i n g  and w a t e r  b e a d i n g  i n t o  l a r g e  d r o p l e t s .  A d d i -  
t i o n a l  e f f o r t s  ( e x p e r i m e n t a l  and a n a l y t i c a l )  a r e  
underway to  b e t t e r  u n d e r s t a n d  t h e  w a t e r  f i l m  
dynamics e f f e c t s  for i n c l u s i o n  i n t o  t h e  i c e  a c c r e -  
t i o n  m o d e l i n g .  I t  i s  hoped t h a t  i n c l u s i o n  o f  
t h e s e  p h y s i c a l  e f f e c t s  i n  t h e  i c e  a c c r e t i o n  
a n a l y s i s  w i l l  c o n t r i b u t e  t o  improved i c e  shape 
P r e d i c t i o n s .  

Such d a t a  has been 

These p h o t o g r a p h i c  r e s u l t s  suggest  t h a t  

Also. e f f o r t s  a r e  underway t o  model some o f  



Aerodynamic Performance 

Two a n a l y s i s  codes a r e  b e i n g  a p p l i e d  t o  p r e -  
d i c t  a i r f o i l  aerodynamic per fo rmance d e g r a d a t i o n  
due t o  i c e  a c c r e t i q n :  
N a v i e r  Stokes code ( A R C Z D )  and ( 2 )  an i n t e r a c t i v e  
boundary  l a y e r  code ( I B L ) . *  Both  o f  t h e s e  codes 
were o r i g i n a l l y  deve loped t o  h a n d l e  " c l e a n "  geome- 
t r i e s  and a r e  b e i n g  ex tended to h a n d l e  i c e d  a i r -  
f o i l s .  I n  o r d e r  t o  p r o p e r l y  e v a l ' u a t e  t h e s e  codes, 
a comprehensive v a l i d a t i o n  d a t a  base i s  r e q u i r e d .  
The i n i t i a l  approach b e i n g  f o l l o w e d  t o  a c q u i r e  
such a d a t a  base i s  summarized i n  F i g .  1 2 .  A 
NACA0012 a i r f o i l  model was m o d i f i e d  t o  have a l e a d -  
i n g  edge w i t h  an I d e a l i z e d  i c e  shape. T h i s  i c e  
shape was chosen t o  have t h e  g r o s s  c r o s s  s e c t i o n a l  
f e a t u r e s  o f  an i c e  shape grown i n  t h e  I R T  b u t  t o  
have a w e l l  d e f i n e d  s u r f a c e  d e s c r i p t i o n  t o  a l l o w  
i n p u t t i n g  i n t o  t h e  f l ow  a n a l y s i s  codes .  D e t a i l e d  
s u r f a c e  p r e s s u r e  d i s t r i b u t i o n s  and wake s u r v e y  
probe measurements a l l o w e d  g l o b a l  f o r c e  and moment 
per fo rmance to  be documented. Boundary l a y e r  
v e l o c i t y  p r o f i l e s  on  b o t h  s u c t i o n  and p r e s s u r e  
s u r f a c e s  were a c q u i r e d  u s i n g  b o t h  p i t o t  tubes  and 
s i n g l e  e lement  h o t  f i l m  p r o b e s .  The p r o f i l e  mea- 
surements  were c o n c e n t r a t e d  i n  the  s e p a r a t i o n -  
r e a t t a c h m e n t  zones. F low v i s u a l i z a t i o n  d a t a  was 
a c q u i r e d  t o  complement t h e  q u a n t i t a t i v e  d a t a  base. 
R e f e r e n c e  9 p r o v i d e s  more d e t a i l s  o f  t h e  e x p e r i -  
m e n t a l  program. 

( 1 )  a Reynolds averaged 

F i g u r e  13 summarizes t h e  p r e d i c t i o n s  of the  
ARCZD and I B L  codes when compared t o  t h e  e x p e r i -  
m e n t a l  d a t a  base a l r e a d y  d i s c u s s e d .  The p r e d i c -  
t i o n s  of b o t h  codes fo r  l i f t  and d r a g  c o e f f i c i e n t  
l e v e l s  fo r  t h e  l o w e r  a n g l e s - o f - a t t a c k  a g r e e  w e l l  
w i t h  t h e  d a t a .  A t  t h e  h i g h e r  a n g l e s - o f - a t t a c k ,  
t h e  I B L  code tended t o  u n d e r p r e d i c t  t h e  measured 
d r a g  l e v e l s .  A t  t h e s e  h i g h e r  a n g l e s - o f - a t t a c k ,  
t h e  ARCZD code p r e d i c t e d  t h a t  an u n s t e a d y  f low- 
f i e l d  e x i s t e d  ( i . e . .  n o  s t e a d y  s o l u t i o n  was 
r e a c h e d  when t h e  code was r u n  i n  t h e  t i m e  accu- 
r a t e  mode). The ARCZD r e s u l t s  for t h o s e  h i g h e r  
a n g l e s - o f - a t t a c k  were d e t e r m i n e d  b y  a v e r a g i n g  t h e  
s u r f a c e  p r e s s u r e  d i s t r i b u t i o n s  o v e r  one c y c l e  and 
t h e n  c a l c u l a t i n g  t h e  r e s u l t a n t  C 1 .  Cmc/4, and 
Cd v a l u e s .  The I B L  code a l s o  had some d i f f i c u l t y  
a c h i e v i n g  a converged s o l u t i o n  a t  t h e s e  c o n d i t i o n s  
b u t  due t o  t h e  f o r m u l a t i o n  o f  t h e  i n t e r a c t i v e  
boundary  l a y e r  approach,  no  such a v e r a g i n g  p r o c e -  
d u r e  was p o s s i b l e .  

W h i l e  t h e  g l o b a l  compar isons  o f  code p r e d l c -  
t i o n s  o f  C1 and c d  v e r s u s  e x p e r i m e n t a l  mea- 
surements y i e l d e d  g e n e r a l l y  f a v o r a b l e  r e s u l t s ,  
s i g n i f i c a n t  d i f f e r e n c e s  d i d  o c c u r  when compar isons  
were made o f  s u r f a c e  p r e s s u r e  d i s t r i b u t i o n s  and 
v e l o c i t y  p r o f i l e s .  B o t h  codes t e n d  t o  p r e d i c t  
upper  s u r f a c e  b o u n d a r y - l a y e r  r e a t t a c h m e n t  t o  o c c u r  
p r i o r  t o  t h e  measured r e a t t a c h m e n t  p o i n t s .  
F i g u r e  14 shows some s e l e c t e d  v e l o c i t y  p r o f i l e  
compar isons .  Note t h a t  b o t h  codes p r e d i c t e d  sepa- 
r a t e d  p r o f i l e s  a t  X / C  = 0.005 w h i c h  were s l g n i f i -  
c a n t l y  d i f f e r e n t  t h a n  t h e  measured p r o f l l e  . The 
ARCZD code p r e d i c t e d  r e a t t a c h m e n t  t o  have o c c u r r e d  
a t  s t a t l o n  0.043 b u t  t h e  e x p e r i m e n t a l  p r o f i l e  sug- 
g e s t e d  t h a t  r e a t t a c h m e n t  had n o t  o c c u r r e d .  Also, 
t h e  p r e d i c t e d  s t a t i c  p r e s s u r e  d i s t r i b u t i o n s  showed 
much g r e a t e r  n e g a t l v e  p r e s s u r e  peaks n e a r  separa-  
t i o n  t h a n  were o b s e r v e d  t o  o c c u r  i n  t h e  e x p e r i m e n t .  

Three p o s s i b l e  sources  of these d i s c r e p a n c i e s  
were n o t e d  and a r e  c u r r e n t l y  b e i n g  i n v e s t i g a t e d :  
( 1 )  i c e  shape d e f i n l t i o n l f l o w f i e l d  g r i d  genera- 
t i o n ,  ( 2 )  boundary  l a y e r  t r a n s i t i o n ,  and ( 3 )  t u r -  
b u l e n c e  m o d e l l i n g .  

F i g u r e  1 5  shows t h e  r e s u l t s  of a g r i d  d e f i n i -  
t i o n  s t u d y  conducted  w i t h  t h e  ARCZD code u s i n g  an 
i c e  a c c r e t i o n  shape p r e d i c t e d  u s i n g  t h e  i c e  a c c r e -  
t i o n  a n a l y s i s  module a l r e a d y  d i s c u s s e d .  Note t h e  
i c e  shape i s  n o t  smooth and w e l l  d e f i n e d  l i k e  t h e  
i d e a l i z e d  i c e  shape a l r e a d y  d i s c u s s e d .  Two NASA 
Ames deve loped g r i d  g e n e r a t i o n  codes were used i n  
t h e  s t u d y :  a P o i s o n  s o l u t i o n  approach ( G R A P E )  and 
a h y p e r b o l i c  g e n e r a t i o n  approach ( H Y P G R I D ) .  The 
c u r v i l i n e a r  body f i t t e d  g r i d s  were 253 ( a l o n g  t h e  
s u r f a c e )  X64 ( i n t o  t h e  f l o w f i e l d ) .  

The GRAPE code was used w i t h  p o i n t s  u n i f o r m l y  
d i s t r i b u t e d  around t h e  s u r f a c e  w h i l e  t h e  H Y P G R I D  
code was used w i t h  b o t h  u n i f o r m  d i s t r i b u t i o n s  and 
d e n s e l y  packed l e a d i n g  edge d i s t r i b u t i o n s .  Also, 
t h e  H Y P G R I D  code was r u n  w i t h  more p o i n t s  p l a c e d  
c l o s e r  to t h e  a i r f o i l  s u r f a c e  so as t o  c a p t u r e  
more d e t a i l s  of t h e  g r o w t h  of t h e  v i s c o u s  l a y e r s .  
A compar ison  of t h e  ARCZD p r e d i c t i o n s  on  a C 1 ,  
c d  b a s i s  i n d i c a t e d  t h e  o n l y  a p p r e c i a b l e  d i f f e r -  
ences n o t i c e d  were i n  t h e  C 1  p r e d i c t i o n s  for t h e  
h i g h e r  a n g l e s - o f - a t t a c k  P a c k i n g  p o i n t s  i n  near  
t h e  i c e  s u r f a c e  ( b o t h  a l o n g  t h e  s u r f a c e  and n o r -  
mal t o  t h e  s u r f a c e )  r e s u l t e d  i n  d e l a y e d  s t a l l  p r e -  
d i c t i o n  and t h u s  h i g h e r  p r e d i c t e d  C 1 .  T h i s  i s  
a t t r i b u t e d  t o  improved c o m p u t a t i o n s  of v o r t i c i t y  
g e n e r a t i o n  and r e s o l u t i o n  of t h e  boundary l a y e r  
g r o w t h .  

The r e s u l t s  o f  t h i s  i n i t i a l  s t u d y  f a i l e d  t o  
show any s i g n i f i c a n t  d i f f e r e n c e s  when u s i n g  g r i d s  
from t h e  GRAPE and HYPGRID codes. These s t u d i e s  
a r e  c o n t i n u i n g .  Also i c e  shape s e n s i t i v i t y  s t u d -  
i e s  a r e  b e i n g  conducted  w i t h  t h e  I B L  code. S i n c e  
t h e  I B L  a n a l y s i s  combines p o t e n t i a l  f l o w  and bound- 
a r y  l a y e r  r o u t i n e s ,  no  g r i d  g e n e r a t i o n  i s  r e q u i r e d .  
These s t u d i e s  a r e  aimed a t  d e t e r m i n i n g  how 
d e t a i l e d  t h e  i n p u t  i c e  shape must be t o  y i e l d  
a c c u r a t e  r e s u l t s  from t h e  aerodynamic a n a l y s i s .  

f i e d  t h a t  boundary  l a y e r  t r a n s i t i o n  l o c a t i o n  can 
have a s i g n i f i c a n t  e f f e c t  o n  a i r f o i l  per fo rmance 
p r e d i c t i o n s .  A l i m i t e d  s t u d y  was conducted  w i t h  
t h e  ARCZD code to assess  t h e  i m p o r t a n c e  o f  t r a n s i -  
t i o n  l o c a t i o n  s p e c i f i c a t i o n  for t h e  i c e d  a i r f o i l .  
F i g u r e  16  shows t h e  r e s u l t s  for t h e  c o m p u t a t i o n s  
o f  t h e  f low a b o u t  t h e  i d e a l i z e d  i c e  shape p r e v i -  
o u s l y  d i s c u s s e d  fo r  two s p e c i f i c  t r a n s i t i o n  l o c a -  
t i o n s .  The f o r w a r d  l o c a t i o n  cor responded t o  t h e  
t i p  o f  t h e  upper  h o r n  w h i l e  t h e  a f t  l o c a t i o n  cor- 
responded t o  t h e  p o i n t  midway between t h e  separa-  
t i o n  and r e a t t a c h m e n t  l o c a t i o n s .  There was no 
e f f e c t  on  t h e  computed v a l u e s  f o r  l i f t  and d r a g  
b u t  a n o t i c e a b l e  e f f e c t  d i d  o c c u r  fo r  t h e  v e l o c i t y  
p r o f i l e s  i n  t h e  s e p a r a t e d  flow zone and t h e  s i z e  
o f  t h e  s e p a r a t e d  f low b u b b l e .  

P r e v i o u s  c l e a n  a i r f o i l  s t u d i e s l o  have i d e n t i -  

The a f t  s p e c i f i c a t i o n  of t h e  t r a n s i t i o n  l o c a -  
t i o n  r e s u l t e d  i n  a l a r g e r  b u b b l e  w i t h  a r e a t t a c h -  
ment p o i n t  w h i c h  agreed more c l o s e l y  w i t h  t h e  
e x p e r i m e n t a l  measurements. However, t h e  computa- 
t i o n s  f o r c e d  a r e l a r n i n i z a t i o n  as t h e  f l u i d  moved 

4 



u p s t r e a m  f o r w a r d  o f  t h e  t r a n s i t i o n  p o i n t .  
q u e n t l y ,  t h e  magn i tude o f  t h e  r e v e r s e  f low v e l o c i t y  
i s  o v e r p r e d i c t e d .  
o f  t r a n s i t i o n ,  t h e  s e p a r a t e d  f low zone was com- 
p l e t e l y  t u r b u l e n t  and t h e  v e l o c i t y  l e v e l s  near  t h e  
s u r f a c e  were i n  b e t t e r  agreement w i t h  t h e  e x p e r i -  
m e n t a l  d a t a .  

f i g u r e s  were a c c o m p l i s h e d  u s i n g  a Baldwin-l.omax 
t u r b u l e n c e  model.  R e c e n t l y ,  i n v e s t i g a t l o n s  have 
been i n i t i a t e d  t o  l o o k  a t  t h e  e f f e c t  o f  a l t e r n a t e  
t u r b u l e n c e  models on  i c e d  a i r f o i l  f l o w f i e l d  p r e -  
d i c t i o n s .  The i n i t i a l  r e s u l t s  o f  t h a t  s t u d y  a r e  
summarized i n  F i g .  1 7 .  Two t u r b u l e n c e  models have 
been used for compar ison w i t h  t h e  Baldwin-Lomax 
r e s u l t s :  t h e  Johnson-King model (an  o r d i n a r y  d i f -  
f e r e n t i a l  e q u a t i o n  mode l )  and t h e  k - c  model ( a  
two e q u a t i o n  m o d e l ) .  A compar ison  o f  t h e  l e a d i n g  
edge s u r f a c e  p r e s s u r e  d i s t r i b u t i o n s  shows t h a t  no  
n o t i c e a b l e  e f f e c t  c o u l d  be seen. A l l  t h r e e  s e t s  
o f  c a l c u l a t i o n s  r e s u l t e d  i n  a s i g n i f i c a n t  o v e r p r e -  
d i c t i o n  of t h e  s u c t i o n  peak and no  p r e d i c t i o n  o f  
t h e  observed p r e s s u r e  p l a t e a u .  I n  a d d i t i o n ,  a l l  
t h r e e  c a l c u l a t i o n s  i n d i c a t e d  a s m a l l e r  s e p a r a t i o n  
zone t h a n  was measured. The compar ison o f  the  
p r e d i c t e d  v e l o c i t y  p r o f i l e s  i n  t h e  s e p a r a t i o n  zone 
as we11 as t h e  g l o b a l  value: o f  C 1 .  Cd, and Cmc/4 
a l s o  f a i l e d  t o  show any  s i g n i f i c a n t  d i f f e r e n c e s .  

Conse- 

F o r  t h e  f o r w a r d  s p e c i f i c a t i o n  

The ARCZD c a l c u l a t i o n s  shown i n  t h e  p r e v i o u s  

These r e s u l t s  suggest  t h a t  i m p l e m e n t a t i o n  o f  
a more s o p h i s t i c a t e d  t u r b u l e n c e  model i n  t h e  i c e d  
a i r f o i l  a n a l y s e s  i s  n o t  w a r r a n t e d  a t  t h i s  t i m e .  
The a d d i t i o n a l  CPU t i m e  r e q u i r e d  to  p e r f o r m  the  
c a l c u l a t i o n s  does n o t  appear t o  y i e l d  any improve-  
ment i n  r e s u l t s  o v e r  those a c q u i r e d  u s i n g  a s i m p l e  
a l g e b r a i c  e q u a t i o n  t u r b u l e n c e  mode l .  
c o n t i n u i n g  t o  l o o k  a t  o t h e r  a l g e b r a i c  e q u a t i o n  
models wh ich  a r e  a v a i l a b l e .  These r e s u l t s  a l s o  
suggest  t h a t  a t u r b u l e n c e  model " t u n e d "  t o  h a n d l e  
s e p a r a t e d - r e a t t a c h e d  f lows w i l l  m o s t  l i k e l y  be 
r e q u i r e d .  

E f fo r t s  a r e  

C o n c l u d i n q  Remarks 

T h i s  paper  has r e v i e w e d  t h e  c u r r e n t  s t a t u s  
of an o n g o i n g  NASA a c t i v i t y  t o  d e v e l o p  and v a l i -  
d a t e  an a i r f o i l  i c i n g  a n a l y s i s  c a p a b i l i t y  . The 
s e l e c t e d  r e s u l t s  shown i n d i c a t e  t h a t  f i r s t  genera- 
t i o n  a n a l y s i s  codes e x i s t  to  p r e d i c t  ( 1 )  i c e  
a c c r e t i o n  shapes and ( 2 )  r e s u l t a n t  aerodynamic 
per fo rmance l e v e l s .  The codes have n o t  a s  y e t  
been i n t e g r a t e d  i n t o  a s i n g l e  a n a l y s i s  methodo logy  
due t o  t h e  l a r g e  computer t i m e s  r e q u i r e d  t o  p e r -  
form t h e  aerodynamic a n a l y s i s ,  b u t  t h i s  i s  a 
d e s i r e d  l o n g e r  t e r m  g o a l .  Work i s  underway to  
improve t h e  u n d e r s t a n d i n g  o f  t h e  k e y  p h y s i c s  o f  
t h e  i c e  a c c r e t i o n  p r o c e s s  so t h a t  t h e  i c e  a c c r e -  
t i o n  ana ly : i s  code can be m o d i f i e d  t o  improve t h e  
p r e d i c t i o n  o f  i c e  shapes. T w o  aerodynamic a n a l y -  
s i s  codes a r e  b e i n g  e v a l u a t e d  and b o t h  show prom- 
i s e  for p r e d i c t i n g  d i r f o i l  d e g r a d a t i o n  due t o  i c e  
a c c r e t i o n s .  L i m i t a t i o n s  i n  t h e  two aerodynamtc 
a n a l y s i s  have been i d e n t i f i e d  t o  i n c l u d e :  i c e  
shape d e s c r i p t i o n / g r i d  g e n e r a t i o n ,  t r a n s i t i o n  
s p e c i f i c a t i o n ,  and t u r b u l e n c e  m o d e l l i n g .  E f fo r t s  
a r e  underway to address  t h e s e  d e f i c i e n c i e s .  

An a d d i t i o n a l  l i m i t a t i o n  wh ich  a l s o  must be 
added t o  b o t h  t h e  i c e  a c c r e t i o n  and aerodynamic 
a n a l y s e s  i s  an adequate  t r e a t m e n t  of t h e  ex t reme 
l e v e l s  of s u r f a c e  roughness  wh ich  can e x i s t  on i c e  

shapes, p a r t i c u l a r l y  those fo rmed a t  warmer tem- 
p e r a t u r e s  ( c l o s e  t o  f r e e z i n g ) .  As a l r e a d y  i n d i -  
c a t e d  these roughness  e lements  a r e  much d i f f e r e n t  
t h a n  t h e  c l a s s i c a l  sand g r a i n  roughness  e lements  
used i n  w ind  t u n n e l  t e s t i n g .  I t  i s  f e l t  t h a t  
these roughness  e lements  must  be m o d e l l e d  s i n c e  
t h e y  can have a s i g n i f i c a n t  e f f e c t  on  t h e  boundary 
l a y e r  g r o w t h  and t h u s  on  h e a t  t r a n s f e r  r a t e s  and 
aerodynamic d e g r a d a t i o n .  

A v a l i d a t e d  a i r f o i l  i c i n g  a n a l y s i s  m e t h o d o l -  
ogy w i l l  p r o v i d e  a most u s e f u l  c o m p u t a t i o n a l  too l  
t o  the  i c i n g  community wh ich  can be used fo r  a 
number o f  p u r p o s e s .  The methodo logy  w i l l  a l s o  
p r o v i d e  t h e  b a s i s  for d e v e l o p i n g  a t h r e e -  
d i m e n s i o n a l  i c i n g  a n a l y s i s  methodo logy  t o  h a n d l e  
geomet r ies  such as swept w i n g  c o n f i g u r a t i o n s .  
F i g u r e  18 suggest5  t h e  d i s t i n c t  t h r e e - d i m e n s i o n a l  
c h a r a c t e r  t h a t  i c e  a c c r e t i o n  shapes can a c q u i r e  
fo r  near  f r e e z i n g  t e m p e r a t u r e  c o n d i t i o n s .  Cur-  
r e n t l y  e f f o r t s  a r e  underway t o  e v a l u a t e  v a r i o u s  
t h r e e  d i m e n s i o n a l  N a v i e r - S t o k e s  codes fo r  p o s s i -  
b l e  a p p l i c a t i o n  t o  t h e  t h r e e - d i m e n s i o n a l  i c i n g  
prob lem.  Also,  a t h r e e - d i m e n s i o n a l  v e r s i o n  o f  t h e  
i n t e r a c t i v e  boundary  l a y e r  code i s  under deve lop-  
ment and w i l l  be employed. An e x p e r i m e n t a l  p r o -  
gram has been i n i t i a t e d  to  measure d e g r a d a t i o n  o f  
w ing  aerodynamic per fo rmance due t o  a known i c e  
shape. Tes ts  w i l l  be conducted  f o r  b o t h  s t r a i g h t  
and swept w ing  c o n f i g u r a t i o n s .  D e t a i l e d  f l o w f i e l d  
measurements w i l l  be made u s i n g  t e c h n i q u e s  s i m i l a r  
t o  those used d u r i n g  t h e  a i r f o i l  i c i n g  e x p e r i m e n t s .  

C l e a r l y .  t h e  a n a l y s i s  o f  a i r f o i l  i c i n g  i s  a 
d i f f i c u l t  p r o b l e m  for t h e  t h r e e - d i m e n s i o n a l  meth- 
o d s .  The t h r e e - d i m e n s i o n a l  p r o b l e m  w i l l  p r o v i d e  
a much g r e a t e r  c h a l l e n g e  to  t h e  i c i n g  a n a l y s i s  
community.  The development of such a c a p a b i l i t y  
w i l l  a l l o w  e v a l u a t i o n  o f  c i v i l  and m i l i t a r y  a i r -  
c r a f t  c o n f i g u r a t i o n s  per fo rmance i n  i c i n g  c o n d i -  
t i o n s .  
t o  be v a l u a b l e  t o  t h e  aerospace community and i s  
a d e s i r e d  end g o a l  of t h e  NASA a i r c r a f t  i c i n g  
a n a l y s i s  p rogram.  

Such an  a n a l y s i s  c a p a b i l i t y  i s  c o n s i d e r e d  
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FIGURE 17. - EFFECT OF TURBULENCE MOML ON NAVIEP-STCKES PREDICTIONS OF LEADING EDGE PRESSURE 
DISTRIBUTIONS. a = oo. 
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FIGURE 18. - THE EFFECT OF WING SWEEP ON ICE ACCRETION 
CHARACTERISTICS. 
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