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d Water droplet diameter 

G Glycol mass f ract ion in  glycol-water solution 

LWC Liquid water content i n  atmosphere, gm/m3 

53 Mass r a t e  of water droplet impact per uni t  area on wing 
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f 
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Subscripts 

1, Lower panel 

U Upper panel 

max Maximum 



INTRODUCTION 

The concept of pumping a glycol-water so lu t ion  through a porous 

leading edge skin t o  achieve i c e  protect ion is not new. Operational 

systems using t h i s  concept have been employed on European a i rp lanes  

f o r  many years. However, no U.S. manufacturers have used l iqu id  an t i -  

i c e  protec t ion  f o r  ving and t a i l  leading edges up t o  t h i s  time. Re- 

cent ly  the re  has been a surge of interest in  t h e  U.S. in t h i s  concept 

because of the  advantages it o f f e r s  in comparison with pneumatic boots 

and hot a i r  bleed syst-. 

Several i c ing  tunnel tests with l iqu id  i c e  protect ion systems have 

been conducted i n  the  NASA Lewis Icing Research Tunnel during the  past  

f e w  years t o  add t o  a re la t ive ly  meager da ta  base. The purpose of t h i s  

repor t  is t o  present a proposed method of ana ly t i ca l ly  predict ing t h e  

minimum f lu id  flow r a t e  required t o  provide ant i - ice  protect ion with a 

porous leading edke system on a wing under a given s e t  of f l i g h t  condi- 

t ions .  Results of the proposed method a r e  compared with the  ac tua l  re- 

s u l t s  of an ic ing  t e s t  of a r e a l  wing sec t ion  i n  the  NASA Lewis Ic ing  

Research Tunrel. This work was conducted under NASA Grant NAG 3-71. 

SYSTOi DESCRIPTION 

A f l u i d  i c e  protect ion system cons i s t s  of a porous leading edge 

skin  panel attached t o  the  leading edge of a wing and a pump tha t  d is -  

t r i b u t e s  a glycol-water so lu t ion  from a reservoi r  t o  the  leading edge 

panel through nylon tubing. The f lu id  flows through the  panel onto the 

surface  of the wing, providing e i t h e r  an ant i - ic ing  capabi l i tv  by d is -  



m l v l n g  supercooled water drop le t s  and preventing the  formation of ice, 

or a de-icing capabi l i ty  by chemically breaking the  bond of established 

ice. A s ign i f i can t  f ea tu re  of  the system is that protect ion is obtalned 

a f t  of the  panel by the  flow of t h e  f l u i d  along t h e  chord t o  t h e  trail- 

ing edge, thus preventing t h e  foravrtion of i c e  anywhere a f t  of the  ac- 

t ive  leading edge. 

The porous panel material  most commonly used cons i s t s  of  two o r  

th ree  l aye r s  of stainless steel wire c lo th  t h a t  are ro l l ed ,  s in tered ,  

and f i n i s h  ro l l ed  t o  proper thickness. Recent development programs 

have a l s o  produced porous panels made of  l a se r -d r i l l ed  t i t a n i u s  sheet ,  

and various composite materials. 

A typica l  cross sec t ion  of a porous leading edge panel i n s t a l l a -  

t i o n  is shown i n  Figure 1. The edges of the  a c t i v e  portion of the  

panel must be placed such tha t  extreme pos i t ions  of the  stagnation 

point  f o r  which ic ing  protect ion is required a r e  not  too close t o  the  

edge t o  prevent f l u i d  from being d i s t r ibu ted  on both the  upper and 

lower surfaces of the  wing. 

PREDICTION E T H O D  

Anti-ice protect ion is obtained by providing a glycol-water so lu t ion  

on the  leading edge of the  wing t h a t  mixes with the atmospheric water 

d rop le t s  a s  they impact on the  leading edge. To provide ant i - ice  pro- 

t ec t ion ,  the  r e su l t ing  solu t ion  must have a glycol mass f r ac t ion  t h a t  

is high enough t o  prevent any freezing a t  the  leading edge o r  on the 

wing upper and lower surfaces a s  the f lu id  flows a f t  along the  wing. 



Original Wing Contour 

0 1 2 3 c m  

Figure 1: Cross Section of a Porous Panel Installed 
on a Wing Leading Edge. 



The water d r o p l e t s  do no t  impact as a uniform mass rate on t h e  lead- 

ing  edge. The mass r a t e  per  u n i t  area tends t o  be h ighes t  a t  o r  near  t h e  

s tagnat ion  point  and decreases  in  a chordwise d i r e c t i o n  on e i t h e r  s i d e  of 

t h e  s t agna t ion  point. The d i s t r i b u t i o n  of water mass rate on t h e  leading  

edge is described by t h e  nondimensional ca t ch  e f f i c i ency  parameter B. 

The actual l o c a l  water mass rate of impact per  u n i t  area is given as 

Pi, = 6 (LWC) (V) . 

A t y p i c a l  d i s t r i b i l t i on  of B is shown i n  Figure 2. The t r a j e c t o r i e s  of 

t he  water d r o p l e t s  r e l a t i v e  t o  t h e  flow s t reaml ines  determine t h e  6 

d i s t r i b u t i o n .  Thus 3 is a funct ion  of t he  a i r f o i l  shape and s i z e ,  t he  

remote a i r speed ,  t he  air  dens i ty ,  and water d rop le t  diameter. Given 3, 

t he  l o c a l  and t o t a l  mass r a t e  w i l l  be d i r e c t l y  proport ional  t o  l i q u i d  

water content .  

Un t i l  recent ly ,  t h e  only  methods of  p red ic t ing  3 were empir ical  

and semi-empirical. However, t h e  development of improved methods of  

computational aerodynamics has  r e su l t ed  i n  s eve ra l  d i f f e r e n t  computer 

codes t h a t  p red ic t  5 d i s t r i b u t i o n s  with r e l a t i v e l y  good accuracy (Ref- 

erences 1 and 2). 

I n  con t r a s t  t o  t h e  B d i s t r i b u t i o n ,  t h e  glycol-water f l u i d  pumped 

through t h e  porous leading  edge is d i s t r i b u t e d  a t  a uniform r a t e  over 

the sur face  of the  porous sk in  as shown i n  Figure 3. 

The bas i c  assumption of t h e  proposed predic t ion  method is t h a t  the  

minimum glycol  flow r a t e  t h a t  wi ' l  s t i l l  achieve an t i - i c ing  (no i c e  

accumulated on the ieading edge),  r e s u l t s  i n  a f reez ing  tzmperature of 

the glycol-water mixture,  a t  t he  point  of maximum water ca tch  r a t e ,  

t h a t  is  equal t o  t he  l o c a l  a i r  temperhture. A t  t h i s  po in t  on the. wing 



Figure 2 :  Typical Distribution o f  Catch Eff ic iency,  8, 
on a Wing ~ e a d i n g  ~ d g e .  



Figure 3: Distribution of Glycol Flow Rate 
on Porous Leading Edge. 



(near or at the stagnation pcint), the glycol concentration is mini- 

mized; and at the anti-ice threshold the mixture will just begin to 

exhibit the formation of small pieces of ice. As the glycol flow rate 

is decreased, the extent of ice formation gradually increases until 

contjnuous bars are formed spanwise on the leading edge before being 

swept away every few minutes. This latter mode is called natural 

deicing. 

Obviously, to determine tne appropriate glycol rate, the local air 

temperature must be known. This temperature-will be between stagnation 

temperature and ambient atmospheric temperature. To be conservative, 

one would choose ambient temperature because it will require a lower 

freezing temperature and higher flow rate. However, if a constant flow 

rate is chosen based on the most severe icing conditions anticipated, 

it is probably sufficient to use stagnation temperature as the local 

glycol-water freezing temperature. In this case, the system will per- 

form somewhere between an anti-ice mode and natural deice mode during 

the most severe conditions. Reference 3 shows that the flow rate re- 

quired for natural deicing is only 25% to 50% of that required for 

anti-icing. At less severe icing conditions, the system will have a 

flow rate equal to or greater than that r quired for anti-icing. As 

an appropriate compromise, it is suggested that the mean temperature 

between ambient and stagnation be used. 

The method is utilized by following these logical steps. 

1. Find Bmx as a function of 

- airfoil shape 
- airspeed 



- air densi ty 

- drople t  d-cer. 

Any reasonably accurate computer code, such a s  in Refert lces 

1 and 2, can be - sed  f o r  t h i s  s tep.  

2. Calculate the  uater catch rate \ by the  formula 

3. Determine the  glycol  mass f rac t ion  G required t o  produce a 

solu t ion  with a freezing temperature equal t o  the  average be- 

tween ambient static temperatrrre and stagnation temperature, 

using the  graph shown in Figure 4. 

4. Calculate the  f l u i d  flow required t o  achieve the  glycol  mass 

frac t ion  G ,  given a water catch r a t e  M bv the equation w 7  

GMw 
Wf = - X - G  

where X is  the  i n i t i a l  glycol mass f rac t ion .  For most f l u i d  

systems X is approximately 0.8. 

PREDICTED AND ACTUAL FLOW RATES 

To t e s t  the v a l i d i t y  of t h i s  method, i t  was applied t o  an a i r f o i l  

f o r  which ant i - ice  f lu id  r a t e s  were determined by t e s t s  conducted in 

the M S A  L e w i s  Icing Research Tunnel and reported in  Reference 3. 

Those t e s t s  u t i l i z e d  an ac tua l  a i rp lane  wing sec t ion .  The orig-  

i n a l  wing tapered from a NAPA 642A215 a i r f o i l  a t  the  root (WS 0) t o  a 

NACA 6blA412 a t  the  t i p  (US 216). The wing incorporated increased 

thickness on the  forward 30% of the  uppzr surface,  a modification pro- 



Figure 4: Freezing Temperature of a Monoethylene Glycol-Water Solution. 
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posed by R. Hicks of h e s  Research Center (Reference 4). The 

centerl ine of the t d  was at  US 58 of the or iginal  wing, wbere the 

chord is 63.25 in. The predictive method was applied at  t h i s  station. 

The porous panel mounted on the  leading edge consisted of three 

independently controlled sections, with WS 58 in the center of the 

center section. To obtain the anti-ice flow rates, the upper and 

lower sections were used s ~ t a n e o u s l p  during each run t o  es tabl ish  

independent flow rate values while the center ses t ion was used to  ob- 

t a in  rehimum flow rates fo r  natural deicing. - 

The method of determining the  glycol flow r a t e  corresponding with 

the anti-ice threshold was a s  follows. A t  a given f l i gh t  condition, 

the flaw r a t e  was set to  be w e l l  above the anti-ice threshold. The 

flow r a t e  uas then reduced in steps,  allowing about 30 seconds for  the 

system to  s tab i l i ze  a t  each point, u n t i l  s a d 1  flecks of i c e  began t o  

appear on the leading edge i n  the v ic in i ty  of the stagnation point. 

A t  the anti- ice threshold, the  s m a l l  i c e  flecks, ranging up to  about 

3 mm i n  diameter, would form and then be swept dowastreaui in only a 

few seconds. A glycol f l w  rate lower than the threshold value would 

allow the ice  f lecks t o  pers i s t  and to grow gradually into  larger patches 

before baing shed from the wing. Complete test de t a i l s  may be f o d  

in Reference 3. 

Six t e s t  cases were chosen fo r  analysis. Test conditions and flow 

r a t e  data a re  presented i n  Table 1. Also shown are  the computed values 

Of Bmax . The computer code developed a t  Ohio State University (Ref- 

erence 2) was ut i l ized.  
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Table 1: Test Data and Predicted hximm Catch Rate 
for an Anti-ice Porous Leading Edge Systesr 

Case Ve LWI: a W 
=o 'jmax 

kt p d m 3  um OF deg ml/arkn m l / c m k n  

To check the validity of the proposed method, the freezing temper- 

ature of the glycol-water mixture at the stagnation point, give. 6 and 

the glycol flow rate, was determined by the following method. 

The water catch rate Hw was calculated as 

then 

For these tests, X = 0.8. Knowing G, one can determine the freezing 

temperature of the glycol-water mixture using the data shown in Figure 4. 

To determine the sensitivity of the freezing temperature to 6, cal- 

culations were made for a range of 8 above and below the computed value 

@max for aach case. The sensitivity of freezing temperature to the 

glycol flow rate was determined by varying Wf above and below the experi- 

mentally observed values of Uf at the anti-icing threshold by 20%. 

11 



Results o f  t h e  calculations are presented iu Figure 5 f o r  the six 

t e s t  cases. 

Curves are presented f o r  t h e  upper and laver panels. The center 

panel, where 3 was calculated,  would be expected t o  produce a curve 

b e r i  t h e  upper and lower panel. The consis tent ly  lower predicted 

f reez ing temperature of the  upper p e l  f l u i d  a t  t h e  stagnation point  

is Zaused by the  f a c t  t h a t  t h e  ca lcula ted  0- underpredicts 6- f o r  

t3e sharper leading edge of the  upper panel of t h e  tapered ving. Fhe 

reverse is t r u e  f o r  t h e  laver panel. 

Ir e v e 7  case except f o r  Case I, t h e  midpoint between t he  upper 

ajd 101.-er panel curves predic ts  a f reez ing temperature a t  t h e  point  

of ; t ha t  l i e s  between t h e  ambient and t o t a l  air t-rature, a 'tax 

r e s a l t  t o  be expected. This calculated freezing temperature is based 

03 fks predicted value of 3, the  observed glycol  flow rate, the  w i n d  

t m e l  t e s t  conditions, and the proper t ies  of a glycol-water solut ion.  

=e s e n s i t i v i t y  of the  predicted f teez ing temperature t o  e r r o r s  

b =he value of S and t o  va r i a t ions  i n  the  glycol flow r a t e  are i l l u s -  

trazed fo r  each case. 

It is now useful  t o  compare ac tua l  values of Wf with those pre- 

dicced by the  method presented herein. Results  a r e  shown i n  Table 2. 

Note t h a t  the glycol flow r a t e  is converted from volume flow rate t o  

nass flow rate by the  s p e c i f i c  gravi ty  of the  o r i g i n a l  f l u i d ,  which 

is 1.1. 



CASE I 

PERCENf OF TEST SP€C/f/C 
FLU/D FLOW 

Figure 5:  Effect of B on Local Fluid Freezing Temperature, and 
Effect of Flow Rate on Local Freezing Temperature at  
Predicted bmx. Case I .  



CASE If 

PERCENT O f  TEST SPEC/NC 
FLU/D FLOW 

Figure 5: Effect  o f  0 on Local Fluid Freezing Temperature, and 
Ef iect  of Flow !late on Local Freezing Temperature a t  
Predicted Bmx. Case 11. 
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Figure 5:  Effect of 8 on Local Fluid Freezing Temperature, and 
Effect of Flow Rate on Local Freezing Temperature at 
Predicted Bm-.. Case 111. .. 
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PERCEIVr OF TEST SPEC/NC 
FLU/D FLOW 
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Figure 5:  Effect of B on Local Fluid Freezing Temperature, and 
Effect of Flow Rate on Local Freezing Temperature at  
Predicted timx. Case IV. 
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CASE V 

' O r  

PERCENT OF E S T  SP€C/F/C 
FLU/D FLOW 

Figure 5: Effect of 0 on Local Fluid Freezing Temperature, and 
Effect of Flow Rate on Local Freezing Temperature at 
Predicted Bmx. Case V. 



CASE V/  

PERCENT OF TEST SPECIFIC 
FLUID FLOW 

Figure 5: Effect of 6 on Local Fluid Freezing Temperature, and 
Effect of Flow Rate on Local Freezing Temperature at  
Predicted emax. Case VI. 



Table 2: Comparison of Predicted with Actual Test Flow Rates 
a t  &ti- icing Threshold 

W + W  

Case omax % Ta + To f~ 'L Predict ion 
2 wf p r  ed ic  ted 2 Accuracy 

gm/cm2min deg F gm/ cm2mic gm/cm2min X 

These r e s u l t s  show t h a t  the  method of predict ion of ant i - ice  thresh- 

old flow r a t e s  presented herein p red ic t s  flow r a t e s  within an average 

e r r o r  of less than 10 percect of the  experimentally determined flow 

r a t e s .  This i s  believed t o  be excel lent ,  considering the  accuracy of 

the  3 predict ion and the  f a c t  t h a t  the  anti- icing threshold character- 

istics tended t o  p e r s i s t  over a r e l a t i v e l y  wide range of values of glycol 

flow r a t e ,  making it  d i f f i c u l t  t o  obta in  f i n e  resolu t ion  of the  an t i -  

i c i n g  threshold. 

Therefore, t h i s  method appears to  provide a reasonably accurate 

determination of the  flow r a t e  required t o  assure continuous anti- icing 

performance a t  a given ic ing  f l i g h t  condition. For l e s s  severe ic ing ,  

an excess of ant i - ice  f lu id  i s  ava i l ab le  a t  the  leading edge. For 

more severe ic ing ,  there  w i l l  be a gradual t r a n s i t i o n  t o  a na tu ra l  

deicing mode which s t i l l  provides adequate protect ion against  i c e  

buildup i n  f l i g h t .  



It  is recommended that additional testing be done on different 

airfoi ls  under a variety or' test conditions to verify the generality 

of the mtthod presented in this report. 
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