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A pneumatic boot deicing system was successfully tested on a Hicks modi- 

fied 64 series airfoil wing model in the Icing Research Tunnel at NASA Lewis 

Research Center. Conclusions reached as a result of these tests are as follows: 

1) Boot performance vas not affected by tunnel total temperature or 

velocity. 

Marginal effects in performance were associated vith angle of attack. 

Significant effects on performance were caused by variations in drop- 

let size, LWC, ice cap thickness, inflation pressure, and surface 

treatment . 

2) 

3) 

INTRODUCTION 

The predominant ice protection system employed on light airplane wings and 

control surfaces today is a pneumatic boot system. 

lized since 1932 as a lightweight, simple, and practical way of removing ice. 

Recently, however, difficulty has been experienced in finding a boot configu- 

ration that w i l l  be effective on airfoils wfth large leading edge radii, a 

feature which characterizes several new low speed airfoils developed by NASA. 

This concept has been uti- 

The purpose of these tests is twofold: first, to investigate the aerody- 

namic characteristics of a typical modern general aviation airfoil with and 

without a pneumatic boot ice protection system; and, second, to investigate the 

ice protection effectiveness of the boot. 

on the airfoil with the boot inflated and deflated, 2) the change in drag due 

to primary and residual ice formation, 3) drag change due to cumulative residual 

ice formation, and 4) parameters affecting boot effectiveness. 

This includes 1) the change in drag 



During the JULY 1980 test period which i s  included in this report, tunnel 

and instrumentation difficulties were experienced. 

test plan to be significantly abbreviated, as is obvious from the missing run 

numbers in Table 5. 

take place using a modified boot on the same wing section tested in July 1980. 

This caused the original 

During July 1961 another week of testing is expected to 
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airfoil section drag coefficient 

airfoil section lift coefficient 

volume median-droplet diameter, ;im 

liquid water content, gm/m3 

boot inflation pressure, psig 

icing spray time, min 

total temperature, O F  

free stream equivalent airspeed 

loczl equivalent airspeed 

wing station 

angle of attack, deg 

TUNNEL DESCRIPTION 

All the tests included fn this report were performed in the Icing Research 

Tunnel ( IRT) of the NASA Lewis Research Center, Cleveland, Ohio. The IRT is a 

closed cycle, atmospheric total pressure tunnel with a rectangular test section 

1.83 m (6 ft) high by 2.75 m (9 ft) wide by 6.1 m (20 ft) long. Maximum tunnel 

airspeed with an empty test section is 134 m/sec (300 mph), A schematic of the 
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tunnel is  shown in Figure 1. 

A na tu ra l  i c ing  cloud is simulated by spraying water i n t o  the  airstream 

upstream af t he  test section. 

test sec t ion  covering a cross-sect ional  area of .9 m (3 f t )  high by 1.5 m ( 5  f t )  

wide. 

2.4 gm/m3 with volume-median drople t  diameter range of 10 to  20 microns. 

perature  is regulated by a 2100 ton cooler  which can maintain t h e  t o t a l  t e m p e r  

a t u r e  as low as -20'F. 

This cloud is most uniform i n  the  center  of the  

The l iqu id  water content can be va-ied from approximately 0.5 t o  over 

Tem- 

MODEL DESCRIPTION 

The wing sec t ion  t e s t ed  w a s  taken from an ac tua l  single-engine l i g h t  air- 

The o r ig ina l  ving tapered from a NACA 642-A215 a i r f o i l  a t  the  root plane. 

(WS 0 )  t o  a NCAC 641-A412 a i r f o i l  at the t i p  (WS 216). 

0,167 degrees per  foot of span (washout) with a chord taper of 1.1 inches p e r  

The ving is twisted 

foot  of span. The wing incorporated a modification proposed by Raymond Hicks 

(refs.  I, 2) of NASA .&xes Research Center. This modification, which increases  

the thickness of the  forward 32 percent of the  upper surface,  increases  c 

reduces Cd a t  high Cg,  and improves s ta l l  cha rac t e r i s t i c s .  

is seen i n  Figure 2 on a NACA 641-A412 airfoil.  

, 
'Imax 

This modification 

The wing sec t ion  t e s t ed  w a s  fastened securely t o  the  turn tab le  on the  

tunnel f loor  using the spar f i t t i n g s  tha t  a r e  used t o  a t t a c h  the  wing t o  the  

fuselage of the airplane. Figure 3 shows the  wing sec t ion  i n s t a l l e d  i n  the  

NASA IRT. The center l ine  of t h e  tunnel l i e s  a t  WS 58 of t h e  o r i g i n a l  wing. 

Table 1 lists the a i r f o i l  coordinates of WS 58, 
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INSTRUMENTATION 

A translating wake-survey probe was used to measure the section drag coef- 

The probe, which consisted of a single stagna- ficient (cd) of the test model. 

tion pressure tube, was located about one chord length downstream of the airfoil 

at midspan. Drag wake surveys were taken only when the wind tunnel icing system 

was turned off. 

tracted behind a protective wind screen to prevent ice fro& being accumulated 

on the probe tip. As the probe translated laterally through the wake, a plot 

of the velocity decrement ratio (V,/V) versus position was obtained. 

tion of the wake defect gave a measurement of model section drag coefficient. 

Figure 4 is a schematic of the installation and instrumentation of the wake- 

survey. 

When the model was accretfng ice, the survey probe was re- 

Integra- 

The wing section was instrumented with 28 static pressure taps over both 

the upper and lower surface. 

grated to determine airfoil section lift and to determine the effect of ice 

accretion on pressure distribution. Approximately one-fourth of t,tese taps 

were rendered ineffective when covc -.-d by the boot installation. 

Resulting local pressure coefficients were inte- 

Accreted ice shapes were determined by one of two techniques depending 

Both produced a paper tracing of the actual 

Still photographs were taken of the wing model before and after 

on the amount of ice accreted. 

ice shape. 

pneumatic boot inflation. 

during the inflation and shedding process. 

Movies at 24 frames per second were also taken 
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DEICING SYSTEM DESCRIPTION 

The deicing system t e s t ed  consisted of a rubber pneumatic boot provided 

and manufactured by the B. F. Goodrich Company. 

manually, causing the boot t o  inf la te  quickly. 

bond of the ice on t he  f lexing surface and allow the ice t o  be ca r r i ed  cleanly 

away by the airstream. 

The system was ac t iva t ed  

The in t en t ion  is to  break the  

After a l l  bare wing aerodynamic r e s t i n g  was  completed, the boot w a s  in- 

s t a l l e d  on the  wing sec t ion  i n  t h e  center region of uniform ice accretion. 

25s type boot had a two-second i n f l a t i o n  rate with a six-second t o t a l  "on" time. 

Normally the boot was in f l a t ed  with 18 psig. 

The 

Three runs used 25 psig. 

The boot's outs ide dimensions, as shown i n  Figure 5 ,  are 12 inches i n  

wrap-around width and 40 inches i n  t h e  spanwise d i r ec t ion .  

of the boot is 9 1/2 inches ky 37 1/4 inches. 

spanwise tubes, four on the upper surface and f i v e  on the  lower surface,  as 

i l l u s t r a t e d  i n  Figure 6 .  

The a c t i v e  region 

The boot is constructed of n ine  

TEST CONDITIONS 

For t h i s  series of tests, two test sect ion equivalent a i rspeeds were 

chosen, 49.2 m/sec (96 knots) and 90.3 dsec  (175 knots). These speeds corre- 

spond approximately t o  the best  rate of climb speed and the cruise speed of a 

high performance single-engine a i r c r a f t .  

defined as the l o c a l  sect ion angles of at.tack a t  the  tunnel f l o o r  turntable .  

The angle of a t t a c k  values were 

Since the LWC and water droplet  s i z e  ranges of the *RT i c ing  cloud de- 

pended upon tunnel airspeed, operating envelopes for LGIC and droplet  s i z e  were 

plot ted f o r  the given airsF eds of i n t e r e s t ,  49.2 m/sec and 00.3 m/sec (Figure 
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7). 

microns, respectively. 

cloud test conditions are located on the  continuous m a x i m u m  and in t e rmi t t en t  

m a x i m u m  i c ing  condition cumes  specif ied i n  FAR P a r t  25 ( re f .  3). 

The type of ice (Le., glaze or r i m e )  t h a t  formed on the a i r f o t l  depended 

primarily on the  tunnel t o t a l  air  temperature. To produce glaze ice, the  

tunnel t o t a l  a i r  temperature w a s  set at -3.9'C (25°F); t o  produce rime ice, it 

w a s  set a t  -15OC (5°F). 

sponds t o  the  s t a t i c  air temperature i n  the tunnel test section. 

airspeeds chosen, namely 49.2 m/sec and 90.3 m/sec, t h e  OAT'S for glaze ice 

were - 5 . 1 O C  and -7.8'C, respectively; and the  OAT'S for rime ice were -16.2OC 

and -18"C, respectively. 

T - 5°F and 44.7 m/sec and 86.9 m/sec a t  T = 25°F. 

The LUC and droplet  s h e  werL var ied from .65 t o  2.4 gm/rn3 and 11 to 20 

Figures 8 and 9 i l l u s t r a t e  where the tunnel i c i n g  

The ambient o r  outs ide a i r  temperature (OAT) corre- 

For t he  two 

The t rue  airspeeds were 43.7 m/sec and 85.3 m/sec a t  

Time of i c i n g  (water csray) was dependent on LW, droplet  s i z e ,  and ice 

thickness desired. IC* ..ses, measured normal t o  the leadifig edge a t  

each angle of a t t ack  i... a telesLdpe and cal ibrated sca l e ,  ranged from 1/4 

inch t o  1 1/4 inches by varying the i c ing  spray time from 5 minutes t o  12 

minutes. 

tinuous spray. Table 2 is a summary of the range of test conditions chosen. 

Three test runs were conducted i-lith approximately 20 minutes of con- 

Ice type (rime or glaze) is a function of LWC ts w e l l  as temperature. 

Although the two temperatures of 5'F and 25°F were chosen t o  produce e i t h e r  

rime ice or  g laze  ice, pure rime or glaze ice was occasionally not achieved, 

as the LWC was varied a t  each temperature se t t i ng .  

minus 2'F were common during the runs. 

Fluctuations of plus o r  
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TEST RESULTS 

Aerodynamic Pena l t i e s  from Boot I n s t a l l a t i o n  and I n f l a t i o n  

A pneumatic boot i n s t a l l e d  on a wing w i l l  a f f e c t  a i r c r a f t  performance 

even when the  a i r c r a f t  is not f l y i n g  i n  i c ing  conditions. 

changes are small, the  r e s u l t s  are espec ia l ly  s e n s i t i v e  t o  t h e  inaccuracy of 

t he  drag wake survey. Figures 10 and 11 show t h e  drag of t he  wing sec t ion  with 

a pneumatic boot, i n f l a t e d  and def la ted ,  compared t o  t h a t  of t he  bare wing. A t  

96 knots, over t he  range of angles  of a t t a c k  from -2' t o  loo, i n s t a l l i n g  the  

boot increased drag an average of 8%. A t  175 knots, the  r e s u l t s  show t h a t  in- 

s t a l l i n g  the  boot had a neg l ig ib l e  e f f e c t  on drag. 

a i r f o i l  drag coe f f i c i en t s  with the  boot i n s t a l l ed .  

Since the  drag 

Table 3 is a list of the  

Ef fec t  of Ice Accretion on Drag and L i f t  with Boot Inoperative 

Typical rime i c e  formations are c h a r a c t e r i s t i c  of low a i r  temperatures 

and low ic ing  ra tes .  

shown in  Figure 12 with minimal aerodynamic penal t ies .  A continuous 15 minute 

i c e  sp ray  at S°F, LWC = .80, increased drag by 123% compared t o  the  clean wins 

with boot def la ted.  

drag a t  96 and 175 knots. 

The accreted i c e  shape is r e l a t i v e l y  streamlined, as 

Figures 1 3  and 14  show the  e f f e c t  of i c e  accre t ion  on 

A t  higher temperatures and i c i n g  r a t e s ,  a rougher and more i r r e g u l a r  shape 

of glaze ice accumulates. Typical ly ,  two d i s t i n c t  r idges a r e  formed, as shown 

i n  Figure 15, one on the  upper surface and one on the lower surface. 

causes s ign i f i can t  aerodynLmic pena l t i e s ,  more so than rime ice. 

minute i ce  s p r a y  w i t h  T 

Glaze ice 

After a 15 

2S°F, LWC = .80, t he  a i r f o i l  drag increased 411%. 
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An ice accret ion formed at  a low t o  moderate angle of a t t ack  can grea t ly  

increase drag when the angle of a t t a c k  is increased during a noma1 landing 

approach. 

LWC = 2.4 p/a3 and a = 7.8'. 

and drag, the  argle of attack w:is increased t o  lo", where measurements were 

again taken, 

from the  static pressure p r o f i l e  of the  a i r f o i l .  

the  ice f o r m t i o n  increased drag 322% and decreased l i f t  18%. 

ice shape, drag increased t o  665% over t h a t  of the  clean wing a t  a = lo", with 

a 23X decrease i n  l i f t .  

Glaze ice w a s  allowed t o  accumulate on the  model f o r  10 minutes with 

After  measurements were taken t o  determine l i f t  

Drag w a s  integrated from the wake-survey, and l i f t  was in tegra ted  

A t  the  o r ig ina l  a of 7.8", 

With the  same 

Ai r fo i l  Charac te r i s t ics  with Boot Operating 

Photographs showing deicing performance of the  untreated spanwise-tube 

pneumatic boot are s) l .w~ i n  ,Figure 16 as t t o t a l  shed, and i n  Figure 17 as a 

p a r t i a l  shed. 

cant  iu:ount of res idua l  i c e  on the  boot. 

i n f l a t i o n  is normally grea te r  than the  clean a i r f o i l  drag. 

r e su l t i ng  from res idua l  i c e  on the  a i r f o i l  a f t e r  the boot is  ac t iva ted  is a 

d i r e c t  measure of the  deicer  effect iveness .  

The untreated boot i n f l a t i o n s  generally resu l ted  i n  a s i g n i f i -  

Consequently, a i r f o i l  drag a f t e r  boot 

This drag increase 

Since the drag wake-survey provided r e s u l t s  for only a l imited number of 

runs, t he  t o t a l  i c e  shed of the  center  52 cm sec t ion  of the  boot, as l i s t e d  i n  

t h e  last column of Table 5, is  a l so  used as a d i r e c t  measure of t h e  deicer  

effect iveness .  These values were agreed upon by two persons conductin, the 

research and checked later by a t h i r d  person from pic tures  taken during the 

t e s t ing  . 
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Air t o t a l  temperature apparently has neg l ig ib l e  e f f e c t  on i c e  removal, as 

the average to ta l  ice shed a t  25'F (glaze i c e )  was 49%, while at Soy (rime ice) 

the ice shed increased t o  only 50%. For a given l i q u i d  water content and drop- 

l e t  s i z e ,  the deicer  effect iveness  was a l s o  not  a f f ec t ed  by tunnel airspeed. 

A t  175 knots t he  average t o t a l  ice shed w a s  44%, while a t  96 knots the ice lad 

increased t o  45% at a LWC of 1.16 gm/m3 and with a constant volume-median dron- 

le t  diameter s i z e  of 15 um. 

Boot effect iveness  w a s  marginally a f f ec t ed  by the angle  of a t t ack  a t  

which the ice shape was formed and shed. 

average t o t a l  i c e  shed w a s  43%, while a t  a = 7.8' i t  reduced t o  36X. 

A t  an angle of a t t ack  of 1.2', the 

Liquid water content was found t o  have an e f f e c t  on boot performance, as 

i l l u s t r a t e d  i n  Figure 18. A comparison using runs with s p r a y  times between 

5 and 8 minutes, constant ve loc i ty ,  and constant droplet  s i z e  show t h a t  t h e  

average t o t a l  i c e  shed with a LWC of 1.16 gm/m3 is 45X. 

1.50 gm/m3 decreased the average ice shed t o  32%. 

An increase i n  LWC t o  

A similar comparison was made with runs of LWC = 1.50 gm/m3 and 2 = 15 vm 

against  runs of LWC = 2.40 m/m3 and 

the average t o t a l  ice shed was again 32%; but with che higher LWC and droplet  

s i z e  the ice shed decreased t o  23%. 

creased surface extent  of r e s idua l  ice due t o  impingement f a r t h e r  a f t  with the 

increased droplet  size.  

= 20 urn. With the LWC of 1.50 gm/m3, 

This dfFference may be a rc-sult  of in- 

Deicer effect iveness  was g rea t ly  affected by i c ing  tiine (ice thickness) 

before i n i t i a l  i n f l a t i o n  of the boot, as shown i n  Figure 18. With a LWC of 

1.16 gm/m3, the  t o t a l  i c e  shed ranged from 36% a f t e r  a 5 minute spray t o  80% 

a f t e r  a 1 2  minute spray .  

from 10% t o  95%. 

A t  a higher LWC of 1.50 gm/m3,  the  percentage ranged 

This c l e a r l y  demonstrates t h a t  premature dnflat ion of a booL 
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before a s ign i f i can t  ice cap has accumulated may a c t u a l l y  reduce the chance of 

removing the ice. 

Effect  of Various Modes of Boot Operation on Ice Removal 

Three runs were conducted with an increased boot i n f l a t i o n  pre6sura of 25 

psig,  instead of the normal 18 psig. Comparing two of these runs d i t h  two 

i d e n t i c a l  runs, except for i n f l a t i o n  pressure,  shows t h a t  with 18 t s i g  the 

t o t a l  ice sheds were 20% and 402, while increasing the irkflation p ‘essure t o  

25 psig increased the percentages t o  77X and 80%. However, i t  +-s f e l t  tha: 

more runs a r e  necessary f o r  comparison before generalizing t h a t  a higher iiifla- 

t i on  pressure w i l l  always produce such a s ign i f i can t  improvement i n  boot effec- 

tiveness. 

Three o the r  runs were conducted t o  simulate an a i rp l ane  f l y i n g  through a 

continuous i c i n g  cloud during which the p i l o t  a c t i v a t e s  the boot a f t e r  a small 

amount of ice has accumulated, a t d  then repeates ac t iva t ion  every 1 1 / 2  minutes 

i n  a cyc l i c  fashion. 

minutes. 

quence with a 75i: t o  100% shed generally occurring every 3 minutes (every other  

i n f l a t i o n ) ,  while not allowing the ice cap t o  grow much beyond 112 inch thick 

Specif ic  regions of the boot surface were t r ea t ed  with two chemical coal 

The t o t a l  i c ing  time f o r  these runs w a s  i n  excess of 20 

The deicer  boot was e f f e c t i v e  i n  handling t h i s  type of i n f l a t i o n  se- 

ings designed t o  reduce ice adhesion. ICEX, a silicon-based f l u i d  c o a t h g ,  

provided by B. F. Goodrich, was applied t o  the boot i n  the locat ions descr i ted 

i n  Table 4 and f o r  the runs as noted i n  Table 5. The - 1 i g i n a l  test  plan in- 

cluded more extensive t e s t 3  with ICEX, b u t  due t o  tunnel breakdowns these runs 

w?rc eliminated. The deicer  effect iveness  improved g r e a t i y  with ICEX, as shown 

10 



i n  Figures '-5 and 20. A l l  s i x  runs with ICEX resul ted i n  9OX t o  100% shedding 

of t he  t o t a l  ice cap. 

The second chemical was t e s t e d  on a t r ta l  bas i s  and is not designed f o r  

normal use on a pneumatic boot. The chemicL1, a s i l i c o n e  grease manufactured 

by the  GE S3' :.cone Products Divisfon, Waterford, New York, was applied t o  the 

lower 25 cm of the  boot, as shown i n  kigure 3. As i l l u s t r e i e d  i n  Figures 2 1  

and 22, t h i s  icephobic a l s o  g rea t ly  improved the  boot effect iveness .  lowever, 

the e f f e c t i v e  l i f t  span of the icephobic t. .. found t o  be approximately six 

runs. 

CONCLUSIONS 

TI-  effect iveness  of the pneumatic boot system was determined by the  per- 

centage increase i n  a i r f o i l  drag after i n f l a t i o n  over the clean wing, and by 

the percentage of the t o t a l  ice cap sl-ed. 

these tests are as follows: 

Conclusions reached as a r e s u l t  of 

1. With che deicer  inoperative,  a 15 minute,rime i c e  accumulation in- 

creased airf-L1 drag 123%, while a 1 3  minute glaze ice accumulation 

increased a i r fo i ' '  dtag 411:. 

An ice shape formed a t  a = 7.8' increased drag 32233, while increasing 

a t o  10" with the  same ice shape increased drag 6652 over t h a t  of 

the clean wing a t  a = 10". 

A i r  t o t a l  temperature and ve loc i ty  have neg l ig ib l e  ,--ffect on boot 

performance over the ranges tes ted.  

Rr,ot performance was marginally a f f ec t ed  by the angle uf at tack.  

a = 1.2', the average t o t a l  Ice shed was 13%, while a t  a = 7.8" i t  

2. 

3. 

4. A t  
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reduced t o  36% for the  untreated boot. 

An increase in L W  from 1.16 gm/m3 to  1.50 gm/m3 with constant drop- 

l e t  s ize  and ice Fpray times decreased the average t o t a l  ice shed 

from 45% t o  32%. 

crease i n  dorplet  s i z e  reduced the average t o t a l  i c e  shed t o  23%. 

Boot performance is g r e a t l y  affected by the length of t ime of ice 

buildup (ice thickness) before i n i t i a l  boot i n f l a t ion .  With a LWC 

of 1.50 g d m 3 ,  a f t e r  a 5 minute spray only 10X of the ice vas shed, 

while a f t e r  a 12 minute spray the  ice shed increased t o  95% of the  

t o t a l  ice cap. Similar r e s u l t s  were found a t  a LWC of 1.16 gm/m3. 

Increasing the boot i n f l a t i o n  pressure from 18 ps ig  t o  2S ps ig  in- 

creased the deicer  effectiveness.  

The boot vas s a t i s f a c t o r y  i n  removing ice during a 20 minute ccntinu- 

ous ice zpray dviring which the boot was ac t iva t ed  every 1 1/2 minutes. 

Boot surface coatings caused s ign i f i can t  improvements in ice removal 

effectiveness.  

An icephobic paste  had a similar e f f e c t  but with a much shor t e r  l i f e  

span than ICM. 

5.  

A f u r t h e r  increase i n  LWC t o  2.40 gm/m3 with an in- 

6. 

7. 

8. 

9. 

ICFX increased the average t o t a l  ice shed t o  over 90%. 

The scope of t h i s  investigatior,  of the pneumatic boot system w a s  l imited 

due t o  tunnel and instrumentation breakdowns. Therefore, t h e  a c t u a l  perfor- 

marce of the boot should not be extrapolated beyond the r e s u l t s  of t h i s  report .  
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Table 1: Airfoil Coordinates of W i n g  Section 
Ct Centerline of the IRT (ws 58) in 
percent of chord. 

Upper Surf ace 

X Y 

0 . 015 
,648 
1.138 
2 . 055 
3.953 
6.324 
9,486 
11.352 
13.439 
22.024 
24 . 996 
30.126 
34 . 783 
39.423 
44.409 
49.387 
54.360 
59,331 
62.111 
99 , 744 

-. 704 -. 250 . 791 
2.372 
3.443 
4,9bl 
6.003 
6,735 
7.036 
7.502 
7.565 
7.581 
7 . 597 
7.534 
7.426 
7.110 
6.591 
5.891 
5.047 
4.526 

-2 , 606 

Lower Surface 

X Y 

G 
.335 
-723 

1,216 
2.451 
4.926 
7.407 
14.223 
19.197 
24.175 
29.157 
34 . 142 
39.129 
44.122 
49.115 
54 . 111 
99.741 

-. 704 
-1.474 
-1.858 
-2 . 193 
-2.760 
-3.545 
-4.130 
-5.371 
-5.395 
-6.359 
-6.658 
-6.816 
-6.870 
-6,718 
-6 449 
-6 . 114 
-2.794 

Table 2: Range of Test Conditions 

Equivalent airspeed, knots 
Angle of attack, deg 
Total temperature, OF 
Liquid water content, gm/m 

96 and 175 
1.2, 4.5, and 7.8 
5 and 25 
-80 to 2.40 
11 t o  20 Volume-median droplet  diameter, microns 

Icing time, minutes 1.0 to 20 
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Table 3: Aerodynamic Data with Boot Installed 

7 

RL! 
# - 
1A 
2A 
3A 
4A 
6A 
i A  
8A 
9A 
LOA 

L1A 
L2A 
L3A 
14 A 
16A 
17A 
18A 
19A 
20A - 

BOOT DE 
-2.0 

1.2 
7.0 

- 05  

- 05  
1.2 
7.8 
10.0 

BOOT 11 
-2.0 
- .5 
1.2 
7.8 
-2.0 - .5 
1.2 
7.8 
10.0 

ATED 

96 
96 
96 
96 

175 
175 
175 
175 
175 

ATED 
96 
96 
96 
36 
175 
175 
175 
175 
175 

‘d - 
.0116 . 010s 
.0112 . 0119 
.0119 
.OllO 
.0105 
.0113 
.0120 

0162 . 0151 
-0146 
,0168 . 0162 
.0145 
-0136 
.0183 
.0199 

Table 4: Boot Treatment Description 

Code Region Treat men t 

0 entire boot Untreated 

A middle 52 cm: Untreated 

- 

top 25 cm: ICF,Y 

bottom 25 cm: Icephobic grease 

top 77 cm: ICEX 
bottom 25 cm: Icephobic grease 0 

15 



Table 5 :  Boot Performance Summary 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

A 

a 
A 
A 

A 

A 

b 

A 
b 

.L 

a 
u 
A 

L 

0 

A 

0 
0 

0 

0 

0 

r 

1 
2 

3 
4 

5 

05 

6 
8 

10 

12 
1 3  

15 

20 
21 
22 
23 

2b 
27 
33 
40 

41 

02 
43 
44 
45 
46 
47 

53 
60 
61 

63 

65 

80 

1.2 
1.: 

1.2 
1.2 
1.2 
1.2 

1.2 
7.8 
7 -8 

1.8 

7.8 

7 .E 

7.8 

4.5 
1.2 
7.8 

4.5 
7.8 

7.8 
7 .P 
.. . - 
1.2 
7.8 

4.5 
1.2 
1.2 

7.8 

7.8 

7.8 
1 .i 
..2 
1.2 
7.8 

7.8 

96 

% 

96 

% 

% 

96 
96 

% 

96 

96 

96 

% 

% 

96 
% 

175 
175 

96 

96 

w 
96 
96 

175 

173 

175 

17s 

96 

96 

96 

96 
175 
175 
% 

w 

1.16 
1.16 
1.16 
1.50 

1.50 

1-50 

1.50 
2.40 
1.16 
1.16 
1.50 
1.50 
2.40 
2.00 
2.40 
1.16 
1.16 
2-40 
2.40 
2.40 
2.40 
2.40 

1.16 
1.16 
1.16 
1.16 
2.40 
2.40 
2.40 
2.40 
1.16 
1.16 
2.40 

2.40 

15 
15 

15 

15 
15 

15 

1 5  

20 
15 

15 

15 
15 
20 
20 
20 
15 
15 
20 
20 
20 
20 
20 
15 
15 

15 
15 

20 
20 
20 
20 
1s 

1s 

20 

20 

25 

25 
25 

25 

25 
2% 
25 
2% 
25 
25 
25 

25 
5 
5 
5 
5 
5 

3 
5 
25 
25 

25 
25 
25 

25 
15 

25 
25 
25 
5 
% 

25 

5 

5 

5 

8 

12 

5 
8 

8 
12 

8 
5 

12 
5 

12 

6 
6 
6 
6 
6 
b 

20 
8 

6 
6 
8 
6 
6 
6 
8 
20 

8 
6 
6 
6 
20 

8 

18 

18 .O123 
18 

18 
18 
18 .0157 

18 
18 -0220 
18 

18 
18 

18 

18 

18 

18 
18 
18 

25 
18 
18 .0247 

18 .0222 
18 

18 

18 

18 .0203 
25 
25 
18 

18 
18 
18 
18 

18 

16 

.010!i 

. o m  

.OlU 

.0129 

. O W  

-0166 

.Ol% 

.'ll59 
-0162 
.0?70 

.0153 
-0198 

. o m  

-0157 

,0189 

. O M 7  

.om5 

.0130 

114 

518 

718 

114 
314 
314 
1 

518 
114 

114 

111 
1 

112 
112 
SI8 
518 
518 
112 

518 

112 
114 

1 114 

314 

112 
112 
5!8 

1:2 
112 
314 

112 

314 

ded 

0 

0 

I 

4 
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Figure 1. - NASA Lewis Icing Research Tunnel. 

Figure 2. - Hicks Modification on a KACA 6 4 i A 4 1 2  Airfoil- 
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Fi:;iirc 6 .  - P n e u m a t i c  Boot I n s t ' t l l c v l  o n  \ding a t  WS 58 
w i t h  A I I ~ I C ~ S  of A t t a c k  I ,oc, i t ions.  
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Figure 7 .  - IRT Operating Envelopes and Test Points. 
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CONTINUOUS MAXIMUM 
ICING CONDITIONS 
(STRATIFORM CLOUDS) 

Figure 8.  - Continuous ?laximum Icing Conditions (ref. 3) 
and IRT Operating Envelopes. 
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Fieure 9. - Intermittent Maximum Icinn Conditions (ref 3 )  - v -  

and Operating Envelopes. 
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P 

*Bare Wing 
Boot Deflated 

A Boot I nflated 

I I I t I I 
-2 0 2 4 6 8 10 12 

Angle of Attack, a, Degrees 
Figurc 10, 'jr.-ig P c n a l t v  from Boot Installation at 90 knots. 
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Figrtrc 11. - DraK ; ' m a l t y  f r o n  Root 1nsta;'ation a t  1 7 5  Knots. 






















