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RESEARCH ME" 

INVESTIGATION OF POROUS GAS-HEATED LEADING-EDGE  SECTION 

A t i p  
t i o n  and a 

FOR ICING  PROTECTION OF A DELTA WING 

By Dean T. Bowden 

section of a de l t a  wing having  an NACA 0004-65 a i r f o i l  sec- 
60° leading-edge sweepback was equipped  with a porous  leading- 

4 
edge section  through which hot gas was 'bled for  anti-icing.  Heating 
rates   for   ant i - ic ing were determined fo r  a wide range of i d n g  condi- 
t ions.  The e f fec ts  of  gas flow through the  porous  leading-edge  section 

The drag  increase  caused  by  an  ice  formation on the   unheated  a i r foi l  was 
measured f o r  several icing  conditions.  Experimental porous surface-   to  
free-stream  convective  heat-transfer  coefficients were obtained  in  dry 
air and compared with  theory. 

* on a i r fo i l   p re s su re   d i s t r ibu t ion  and drag i n  dry air w e r e  investigated. 

Adequate icing  protection w a s  obtained at a l l  icing  conditions  in- 
vestigated.   Savings  in  total  gas-flow rate up t o  42 percent may be ob- 
tained with no loss in anti-icing  effectiveness by sealing half the 
upper-surface  porous mea. G a s  flow  through  the  leading-edge  section 
had no appreciable  effect on a i r fo i l   p ressure   d i s t r ibu t ion .  The air- 
f o i l   s e c t i o n  drag increased  slightly  (5-percent average) with  gas  flow 
through the  porous  surface. A heavy glaze-ice  formation produced after 
10 minutes of ic ing caused an increase  in   sect ion drag coefficient of 
240 percent - Experimental  convective  heat-transf er coefficients  obtained 
with  hot-gas flow through t h e  porous area i n   d r y  air and turbulent  flow 
w e r e  20 t o  30 percent lower thaa the   theore t ica l   va lues   for  a sol id  s u r -  
face under similar conditions. The transit ion  region from laminar t o  
turbulent flow moved forward as the r a t i o  of gas  velocity  through  the 
porous  surface t o  air-stream velocity was increased. 

An  a i r f o i l  may be protected  in  icing  conditions by  heating  the 

required  heat i s  usually  obtained  either-by  use of e l ec t r i c ' hea t ing  
blankets  or.hot  gas  flowing through chordwise  passages in  contact  with 

J leading-edge section so tha t  a l l  impinging  water i s  evaporated. The 

. 
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the  inner  surface of the.wing  skin. Incre+sIng  speeds of present-day 
a i r c ra f t  4ave .resul%ed ig very large  heating  rates  for this method of - . 

protection  (ref.  l), requiring  either  large  generating  capacity for an 
e l e c t r i c  Bystem or  high gas-ffbw ratea - f o r  a'gas-heated system. One 
means of reducing  these  heating  requirements is by the use of  a cyclic 
de-icing system.  Research on such  systems (refs. 2 and 3) has shown a 
reduction  in  heat  requirement  over  continuous  heating aysteme. For a- 
high-speed  thin-wing aircraft,  considerations of~~va€l%%Ie space, 
weight,  complexity, and -limited  time i n  .icTi$j -fn&y-require the  use of a 
continuous  heating  system in  spite  of.the  bigher  heating  requirements. 
The required  surface  heat  release may be  achieved i n  an  economical man- 
ner by using a porauB-metal leading-edge  .section.  through which hot gas 
is  bled.  Since the porous m e t a l  p r y i d e s  ..a Large. hot-@s  contact area, 
the  temperature of. t h e   p o r o u . s - s ~ f ~ ~ e   i 6 t h e  same ..aB"thak- o f  the gas 
leaving  the wing. With a conventional system Iiavhg- c-hbrdwise channels, 
the  temperature .of the gas leaving  the  channels i s  higher  than  the  outer- 
skin temperature, and heat i s  wasted. Where' space is limited,  the porous 
surface  has  the  aaditional advantage of a t ta ining a high  heat-release 
rate in  a re la t ive ly  short heated  length. 

- . . . . ." 
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The use of a porous-skin  heating system, however, may have e f fec ts  Y 

on a i r f o i l  U9t and drag. These e f fec ts  may be measured experimentally 
t o  determine  whether or not  they  are  important.  Contafnination of the 
porous mea  by dust and insects  may a l s o  be a problem. Periodic  clean- 
ing of the  parous surfaces may be an acceptable  solution. 

" 

. .. 

Some experimental  data  on.the use of a porous wall for  heating. 
are  available. An experimental and theoretical  Fnvestigation using .. . 

a porous f l a t   p l a t e  i s  reported i n  refkrence 4. A.  comparison  between 
a porous-skin  heating system for  icing  pro3ection and a double-skin 
system with chordwise channels w a s  made in  reference 5 f o r  one icing.. 
condition and indicates   that   the  porous  system is the .more e f f ic ien t  -. 
of the two. " - 

. .. 

. .. . -  - 

-- . . 

The associated  f ie ld  of transpiration  cooling, wherein air i s  used 
t o  cool  a porous wall .in..contact  w&th..a. hot gas, has  received much 
greater attentiqnr,,:.both ecperimentally and €heore t i cam.  .(ref S .- 6 '  t o  10). 
The superiority o f  transpiration  cooling over convectiun  cooling is  ahom 
in  reference 8. Heat-transfer  coefficients for laminar and turbulent 
flow may be obtained from the  transpiration-coaling  l i terature and a p  
p l i ed . to  the .problem 0.f porous-wall  heating  provided-the  surface t o   f r e e -  - 

stream ternperatllreldjfferen-~e . i s  small,. The transi t rog-region from &m- . 

inar   to   tu rbulen t .  f l o w  usually must be  located  expertmentally  for a.-p=- " "" 

t i cu l a r  body. 

. . -. .. 
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I 
The present  investigation was conducted i n  the  NACA L e w i s  ic ing 

research  tunnel  using an a i r f o i l  model provided  by  an a i r c r a f t  manufac- 

bution, drag, and heat  transfer was determined in   d ry  air. Drag of the 
a i r f o i l   i n   i c i n g   w i t h  no heat was invest igated  to   es tabl ish  the need f o r  
icing  protection.  Heating  requirements of the  porous  system for ant i -  
ic ing were determined,  and  system  performance w a s  observed f o r  a wide 
range of icing  conditions. The de-icing  characterist ics of  t h e  porous 

* turer. The influence  of  the porous system on airfoil pressure distri- 

0 4  leading-edge  system were investigated  briefly.  
8 
m 

DESCRIPTION OF MODEL AND EQUIppllENT 

The a i r f o i l  model used i n  this study was a t ip   s ec t ion  o f  a delta 
plan-form wing, having  an NACA 0004-65 . a h f o i l   s e c t i o n  in a plane  par- 
a l l e l   t o   t h e  air stream with a root  chord of 155.5  inches, a 60' leading- % 

P edge sweepback, and a span of 87 inches. (All spanwise  dimensions  used 
c;' herein are meawed normal t o   t h e  air-stream direction  unless  otherwise x noted.) The model w a s  mounted horizontally on the  sidewall of the 6- 

* formed from 0.040-inch-thick  porous s in te red   s ta in less  steel sheets, 

(d 

D *  
by  9-foot  icing  research  tunnel  (fig. 1) and was supported  near  the t i p  
by  telescoping  support struts. The porous  leading-edge  section was 

riveted t o  stainless steel  r i b s  and baff le .  A schematic view of the  
wing and leading-edge section is sham in   f igure  2. All jo in t s  were 
made pressure-tight by sealing with a silicon  rubber compound which was 
cured in  place at high  temperature. The chordwise extent of  heated area 
on both upper  and  lower surfaces was varied from 8 inches at the  root t o  
6.5  inches  near  the t i p   ( f i g .  2 ) .  The leading-edge  hot-gas  delivery 
tube  extended t o  midspan of the  w i n g  model; 1/4-inch  diameter  holes 
spaced  about 8 inches  apart were drilled in   t he   r ea r  of the tube  (facing 
t h e   b a f f l e )   t o  allow hot gas t o  flow into  the D-duct. The end of the  
tube w a s  open t o  allow  gas t o  flow t o   t h e  Leading-edge section  outboard 
of the midspan. After preliminary tests an additional  section of tubing 
w a s  added, which was  approximately 3 feet long with  1/8-inch  holes  spaced 
2 inches  apar t   dr i l led in  the  forward past  of  the  tube  ( facing  the lead- 
ing edge). No insulation was provided i n   t h e  leading-edge  section  other 
than   the   a i r  gap formed by the  space between the   baf f le  and the  spar  
( f ig .  2 ) .  The nonporous portion of the  airfoil skin was provided  with 
internal   e lectr ic   heaters   for   prevent ion of frost   during  the  study of 
drag  associated  with  ice  accumulations. 

Model instrumentation  consisted of static-pressure  taps and  thermo- 
couples at various  spanwise s ta t ions   ( tab le  I and f ig .  2 )  on t h e   a i r f o i l  
surface, i n   t h e  hot-gas  delivery tube, and i n   t h e  leading-edge D-&et. 
Thermocouples were also  available t o  measure structural  temperatures 
(baffle,  spar, and r ib s ) .  The porous  surface thermocouples were in- 

through  the porous metal  about  1/4-inch  apart,  then  spotting  each w i r e  
in  place  with s i l v e r  solder. 

- stal led  by  inser t ing  the  i ron and constantan wires into  holes drilled 

. 
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Airfoil   drag W&B determined at three spanwise s ta t ions (table I) 
by means of a movable wake-survey rake. The wake rake was located at 
25-percent chord behind  the a i r f o i l  for .each  spanwise station, and con- 
sisted o f  80 electrically  heated  total-press&e.tubes and f ive   s t a t i c -  
pressure  tubes. The total-pressure  tubes.were-%paced on 1/4-lnch cen- 
ters;  the  static-pressure  tubes were spaced on 5-inch  centers. 

h 

c 

Measurements of tunnel  airspeed,  angle of attack, and total air tem- 
perature were obtalned from standard  tunnel  Instrumentation.  Liquid- a 
water  content was determined by means of  a pressure-type  icing-rate 
meter. IC- cloud droplet  size and dietr ibut ion were determined from 
a previous  calibratun  obtained by employing water"drop1ets carrying . .  

dye in  solution. .. 

cu w 
- "  

Flow calibration of  the porous leading..ed$es for various spanwise 
and  chordwise s ta t ions w a s  obtained from referent-e :Ill.. '' . . . .  .... 

. "  

. -  ."" 

- -  
- 

- - . 

The range of conditions  covered in   t h i s   i nves t iga t ion  was  as 
follow6 : 

Airspeed,mph. . . . . . . . . . . . . . . . . . . . . . .  150to 275 
Angle of attack, deg . . . . . . . . . . . . . . . . . . . . .  0 t o  8 
Air t o t a l  temperature, OF . . . . . . . . . . . . . . . . . .  0 t o  25 
Liquid-water  content, g/cu m . . . . . . . . . . . . . . .  0.3 t o  1.0 
Mean effective  droplet  =meter, microns 

Pressure  altitude, f't . . . . . . . . . . . . . . . . . .  1500 t o  3500 
In l e t  gas  temperature a t  leading edge, OF . . . . . . . . . . .  330 t o  530 
Gas-flow rate ,  lb/ (hr) (f't span) 40 to 170 

(micron = 3.28~10'~ f t >  . . . . . . . . . . . . . . . . . .  9 t o  15 

. .  . . . . . . . . . . . . . . .  
D a t u m  air temperature, which is the average  surface  temperature of 

the  unheated  airfoil  leading-edge  section i n  w e t  air, was found t o  be 
essent ia l ly  equal t o  the air  t o t a l  temperature for  the  range of  condi- 
tions  investigated. 

Airfoil   pressure  distributlon and drag in dry a i r  were determined 
for two nominal airspeeds and f o r  angles of  a t tack of Oo t o  8' at three 
spanwise s ta t ions under the  following  conditions: (a) no gas flow 
through  porous  mea, (b) a gas-flow rate of 135 paund.6 per hour per foot 
span,  and (c) no gas  flaw and  porous area sealed d t h  a p l a s t i c  material. 

Experimental  surface- t o  free-stream  convective  heat-transfer  coef- 
f i c i en t s  were determined for airspeeds of 175 and 275 miles  per hour, 
angles of at tack of 0' and Z0, and several  heat" ra tes  at s ta t ion  C 
(48.3-in.  chord) i n  dry  air  by measurement of Local  temperatures and gas- 
flow rates .  
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The loca l  gas-flow rates  through  the porous metal were determined 
by means of t he  flow calibration data obtained from reference II, which 
were r ep lo t t ed   i n  terms of (p2 - p2)/p2T.c against y-v/p, as suggested 

in   reference 12. (All symbols are defined in the appendix. ) By means 
of this  correlation, the flow calibration data obtained a t  constant tem- 
perature and constant  external  pressure p2 may be used  for a wide 

range of  temperature and external  pressure.  Typical f l o w  correlation 
curves are presented. i n  figure 3 for s ta t ion  A. For a par t icu lar  loca- 
t ion  and t o t a l  gas-flow rate, the   loca l  gas-flow r a t e  was calculated  by . 

evaluating  the term (pf - pz)/p2Tr, obtaining  the term yv/p from the  

appropriate f low correlation curve,  and multiplying yv/p by ,LL t o  ob- 
t a i n  yv, the   loca l  gas-flow rate in  pounds per second per square  foot. 
The internal  pressure p was obtained from static-pressure  taps  inside 
the D-duct, while  the external surface  pressure p was  calculated f r o m  
the  experimentally  determined airfoil   pressure  distribution.  Ideally,  

be  obtained at. the  midwall of the  porous-metal  skin. The midwall  gas 
temperature, however, was not available from the  instrumentationj con- 
sequently,  the  external  surface  temperature was  used,  since it ordinar- 
i l y  does not   dif fer-great ly  from the  midwall gas  temperature. The ac- 
curacy of t he  local gas-flow rates was determined  by integrat ing  the 
loca l  f low rates chordwise  and  spanwise to   ob ta in  a t o t a l  gas-flow rate, 
and comparing t h i s  t o t a l  f low rate t o  t he  f low rate measured by an o r i -  
f i c e  i n  the  hot-gas  supply  line. 

* 
1 2  

1 
2 

L the  gas temperature  and viscosity  used  with  the  correlation  curves  should 

b 

Airfoil drag was determined at an  airspeed. of  275 miles  per hour 
for  several   icing  conditions at angles o f  a t tack of 2O t o  6O w i t h  the 
leading-edge  section  unheated, and f o r  one icing  condition at an  angle 
of attack of 2’ with runback icing on the  lower surface resu l t ing  from 
submarginal  heating. The a i r f o i l  afterbody (nonporous area  of  the w i n g )  
w a s  heated at all times during  the  icing  drag  determinations t o  prevent 
t he  formation o f  f r o s t  due to   tunnel  air-stream turbulence  and  super- 
saturation. Because of  difficulties in  moving the w a k e  rake  during 
icing, most of  the  icing  drag  information w a s  obtained at s ta t ion  B 
(83.8-in.  chord). When possible,  values were obtained a t  s ta t ions  A and 
C near  the end of the  icing  period. 

In the  study of anti-icing  heat  requirements,  the usual procedure 
w a s  t o  s e t  a part icular  icing condition and a heating rate higher  than 
necessary f o r  comglete i c e  prevention. The inlet-gas  temperature w a s  
then  maintained  constant,  and  the  gas-flow rate was diminished i n  sev- 
eral s teps   unt i l   the   heat lng system no longer gave adequate  protection. 

imately 15 minutes, and a complete record w a s  made of a l l  pertinent data, 
including  photographs of residual  ice  formations. 

.) A t  each setting of  gas flow, system  performance w a s  observed f o r  approx- 

I 
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RESULTS AND DISCUSSION 

Characteristics of  Porous System i n  Dry Air L 

In  order t o   d e t e d n e  any adverse aerodynamic effects  due t o  u6e 
of the porous Bystem, air foi l   pressure  dis t r ibut ion and drag were meas- 
ured i n  dry air   wi th  and without  gas  flow  through the porous area and 
with  the porous area  sealed. The effect  of hot gas flow on surface- t o  
free-stream  convective  heat-transfer  coefficients was investigated by 
comparing the  experimental  coefficients  obtained  in dry air u i t h  hot 
gas flow with  available  theory f o r  so l id  &dl porous f l a t   p l a t e s .  These 
resu l t s  are presented in  the  following  sections. .. . . 

Effect of por0u.s system on a i r fo i l   p ressure   d i s t r ibu t ion  and drag. - 
Experimental  pressure  distributions were obtained at two airspeed  ranges 
(150 t o  175 &d 200 t o  250 mph) with no gas  flow, and nLth a gas-flow- 
rate corresponding to   t he  maximum used f 6 r -  €inti-icing (135 Ib/(br) (ft 
span) ) - Gas flow had no effect  on pressure  .&L.stribution at eagles of 
attack 09 Oo, Z0, and 4'. Minor changes i n  a i r f o i l  pre.ssure  distribu- 
t i on  an the upper surface were noted at- ita55on"C-Tor~ Elrr a g l e  of attack 
of 6O, and a t  s ta t ions B and C f o r  an %le of attack of 8'. These re -  
su l t s  are  shown i n  f igure 4 for-the.  airspeed  range of 150 t o  175. miles 
per  hour. The areas eqcl.oeed by t h e   p ~ e s s - ~ - e " c . ~ m ~ s ~  for gae flow and 
no gas  flow are equal within 1 t o  2. percentj'.consequently, no appreciable 
change i n  lift w i l l  r e su l t  from gas  flow through the  porous area. 

The pressure  distribution was also measured with  the porous  =ea 
Sealed  .by a plast ic   mater ia l  f o r  angles of atta& of 2 O  and Go. The 
Pressure  dLstribution  with  the  porous qeg .  seaJed was found t o  be  the 
same as with the porous area open and no gas flow. 

It may be  concluded that, for  the  conditions of this investigation, 
the  use of the  porous leading-edge anti-icipg system has no detrimental 
effects  on air foi l   pressure  dis t r ibut ion.  

. . . . . . . . .  

The effect  of maximum gas-flow ra t e  (135 l b / (h r ) ( f t  span)) on air- 
foil drag is sham i n  figure 5. Generally,  the a i r f o i l  drag is slightly 
higher  with  gas flow than  with no gas flow, although a decrease i n   a i r -  
f o i l  drag  with  gas  flow is noted a t  an angle.of attack of 6O for   s ta t ions 
A and C. The average  increase i n   a i r f o i l .  drag  with  gas  flow for  the  data 
of figure 5 is approximately 5 percent. - T h i s  increase may be  associate& 
with  the  forward mo-vement of the  transit ion  region from laminar t o  tur- 
bulent flow, which is shown i n  reference 13 t o  be a function of  gas- t o  
air-stream-velocity r a t i o .  " 

The effect  an a i r f o i l  drag  coefficient of sealing  the porous area 
was measured at angles of attack of 2 O  apd 60. Within. t h e  accuracy oT 
the  data,  the  airfoil  drag  coefficients  obtained  with  the porous area 
sealedwere  the same as with  the porous area not  sealed and no gaa flow. 

" 

. 

"- 

. .. . -.. . 

. ." 

" 

. .. . 
" 
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Dry-air heat  transfer.  - Calculations by the  method of references ’ 

4 and 9 show that, f o r  the  range of air  stream  and  gas  velocities i n  
this  report,  the  surface- t o  free-stream  convective  heat-transfer  coef- 
f i c i en t  f o r  turbulent flow may be 10 t o  25 percent  less f o r  a porous 
skin  with  gas flow than f o r  a so l id  skin. As a re su l t  of the  decreased 
surface- t o  free-stream heat-transfer coefficient,  the porous-skin heat- 
ing system will require a lower gas-flow r a t e  t o  maintain  a  gfven air- 
f o i l  surface temperature  than a heating system u t i l i z i n g  a sol id   skin.  
Gas-flow requirements are fur ther  minimized by  the porous system because 
of the Large hot-gas  contact  area  provided  by  the many minu-t;e gas pas= 
sages i n   t h e  metal. .  The temperature of the  gas  leaving  the porous sur- 
face is equal t o  t h a t  of the  porous  surface, while i n  a conventional 
system  having  chordwise  channels t he  temperature of the gas leaving the  
channels usually is higher  than  the  dirter  surface  temperature,  and  heat 
i s  wasted. 

In  the  present  investigation,  experimental,  surface- t o  f’ree-stream 
convective  heat-transfer  coefficients w e r e  obtained in  dry air and com- 
pared with theoretical   values  calculated f r o m  references 4 and 9 f o r  a 
porous flat pla te   in   tu rbulen t  flow and  fro^^ reference 14 f o r  a soUd 
flat p l a t e   i n  laminar  am3 turbulent  flow. A heat  balance was made at 
the  outer  surface of t he  porous skin, neglecting conduction i n t o   t h e  
wing s t ructure  and using Focal values of-temperature 
a6 follows: 

3600 rgveptgYD = 3600 ygvgcpts + h( t s  

Solvlng f o r  %he convective heat-transfer coefficient 

end gas-flow rate 

The data obtained  by this method were comLated  in term of 
lJ~/Prl/~ against ReB. !Be physical  properties of air were  evaluated 
at the  local surface temperature. The results obtained at s t a t i o n  C are 
shown in figure 6, together  with  theoretical  values from references 4, 9, 
and 15. Tke data of figure 6(a) were obtained at an airspeed of 275 miles 
per hour, an angle of a t tack  of Oo, and a gas-flow r a t e  of 91.4 pounds per 
hour per foot span. The extent of laminar flow is rather  limited; most of 
the  heated  surface is i n  the transit ion  region from laminar to   tu rbulen t  
flow. The point  corresponding t o  the end of the  t rans i t ion  region and the  
b e g i e n g  of Mly developed turbulent flow is obtained at approxinrstely 
Res = 1.1~106. For this point, the emerimental value of convective 
heat-transfer  coefficient is about 20 percent lower than for a soEd c 

flat p la t e  (ref. 14) , L3 merit lower  than  the  value  obtained from the  
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theory  of  reference" 9, and about the same as that obtained from refer-  
ence 4.  Similar  results  are shown i n   f i w r e s  6[b) t o  (a) for  other 
values of gas  flow,  angle o f  attack, and airspeed.  In  general,  the ex- 
perimental  heat-transfer  coefficients of f igure 6 f o r   f u l l y  developed 
turbulent f l o w  are .20 t a  30 pe-rcent  lower t&m the  theoretical  values 
f o r  a sol id   f la t   p la te ,   whi le .  fo r .  the same conditions  the  theories o f  
references 9 and 4 -predict  hea.t-trans.fe.~l~F!ef~i~~nts ih ich   a re  i0 t5 
15 and 20 t o  25 peFccent lower, .,respectively,-. thFn f o r  a .  s o l i d '  flat 
plate.  

. ..,. . 

. " . . 

. - - . . . . . . . . . . . : .. . 5 :  

* Comparison of figures  6(a) and (b) shows that  an  increase i n  gas- 
flow ra t e  at; constant  airspeed  results*in.transit ion  to  turbulent flow 
a t  a lower Reynolds umber.  Similarly,  decreasing  the  -airspeed  with -. 

constant  gas-flow ra t e  has the. s w e  effec-bc.f-n$y$ng the   t rens i t ion  re- 
gion  forward (figs.  6(c) and ( d ) ) .  The  movement of the t rans i t ion  re- 
gion may be  correlated by plot t ing a transition-region 'Reynolds' number 
obtained from fimre 6 against.  the  ca.rrespunding  local  gas- to   f ree-"  
stream-velocity.ratio. The R ~ y n O l ~  nmber at which tFansition  begins 
o r  ends is difflwLt t o  .deter@ne. preciselyj. in.stead,"Che value -or -" 

Reynolds. rimer pla t ted   in   f igure  7 was : . O _ b t a i n e d  :fr-&"?i&re 6 far an- 
arbitrary  value of, = 400. It . i s  shown in   f igure  7 tha t   the  
transit ion  region moves forward as  the gas- t o  air-stream-velocity  ratio 
increases. I n  vet air, the  zresence of. a water- film"o<..the  leadhg-edge 
region may cause t rans i t ion  at a s l igh t ly  lower Rey-rioiG- nuiiiljer than- 
shown i n  figures- 6 and 7 .  

.:.. 

- . "  . 

- . .. - . - . , . . . . 

. 
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Airfoil Drag in   Ic ing 

The investigation of drag  increase &e to   ice   accret ions was l i m -  
i t ed   to .an   a i r sseed  o f  375 miles  per hour, a datum air-temperature of 
20' t o  25' F, a liquid-water  content of 0.5 t o  1.0 per cubic me%-=, 
and angles o f  at tack of  2',  4', and 6'. Since  the  a i r fol l   tes ted would 
normally be used a an aircraft having a m&h higher maximum airspeed 
than that o f  the  icing tunnel,  the  effect of large  ra tes  of water  catch 
(typical  af-high-speed oper,ation i n  clou.ds @--normal W a l t e r  content) was 
investigated by taking  data  at   the lower airspeed (275-mph) and a high 
liquid-water  content,  as.suggested  in  reference l5. . .  

.. . ."  

The typical  chordwise and spanwise variation of  water catch on the 
a i r f o i l  is i l l u s t r a t ed  by figure 8, where the l oca l '  impingement effi- 
ciency i s  plotted  against  surface  distance at t h r e e   s p m i s e   s t a t i o n s  
for  an  airspeed of 275 miles  per hour, &i an&e d f  attack o f  2O, a 
liquid-water  content of 0.5 gram per  cubic  meter, and a mean effect ive 
droplet size of .11,5 mi.crons, The - r e su l t s  shown were calculated from 
unpublished  wind-tunnel  water-droplet impingement data-obtalned by means 
of water droplets  carrying dye i n  solution.. 

- - " ." . - .  

. .. 

c 
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The maximum water-collection rate i s  at about  1/2-percent  s/c on 
the  lower surface o f  t he   a i r fo i l .  On the upper surface, l i t t l e  water 
impinges beyond I-percent s/c, and none beyond 5-percent  s/c. On the  
lower surface, most of the  water catch is deposited on the  heated  area. 
The  amount of  water  impinging beyond the  heated area on the lower sur- 
face is  a r e l a t ive ly  small par t   o f   t he   t o t a l  water catch;  because o f  i t s  
locat ion,   th is  water probably does not impose a serious drag penalty 
( re f .  15) . Although the  airfoil   thickness  in  inches  decreases from root 
t o   t i p ,   t h e   t o t a l  water  catch is essentially  constant  for  the three 
chordwise stations,  partly  because of the   greater   col lect ion  eff ic iency 
of the  small-chord stations.  In  addi t ion,   the   a i r foi l   pressure  dis t r i -  
bution showed an  increase in  effective  angle of attack from roo t   t o   t i p ,  
which would also  tend  to  increase  the  local water catch. 

The growth of a rime-ice  formation on the  unheated  airfoil  a t  a 
datum air temperature of 2 5 O  F and the  conditions of figure 8 is  shown 
in  f igure  9(a)   to   (c) .  The ice   catch on the   a i r fo i l   cons i s t s  of the 
primary  formation in  the  stagnation  region, which i s  building  forward 
into  the air stream,  and a much lighter secondazy formation on the  af t  
par t  of the  porous area. As the   i c ing  time increases,  the  leading-edge 
ice  formation  increases  in  size  and becomes  more irregular.  Aft of  the 
impingement zone, l i g h t   f r o s t  may be seen in  areas where the  afterbody 
heating w a s  inadequate. The ice  formation at a higher  angle of a t tack 
(6') is sham  in   f i gu re  9(d). The main i c e  formation a t  an angle of a t tack 
of 6' i s  fazther  back on the lower surface  than  occurred at an angle of 
attack of 2O, and prac t ica l ly  no water is caught on the  upper surface. 

Typical  glaze-ice  formations may be seen i n  figure 10 f o r  angles of 
a t tack of 2 O  and 6O, an  airspeed of 275 miles per hour, a datum air t e m -  
perature of 25' F, and a liquid-water  content  of  0.85 gram per  cubic 
meter. The cup-shaped ice  formation is character is t ic  of  a  swept air- 
f o i l   i n   g l a z e   i c i n g  (ref. 15) and presents a more serious  drag problem 
than  the  streamlined rime ice  ( f ig .  9 ) .  A t  a datum a i r  temperature of 
25' F, glaze  ice   usual ly  formed a t  the  higher w a t e r  content (0.85 g/cu m) , 
and r i m e  i ce  a t  the  lower m t e r  content (0.5 g/cu m) . 

The drag  increase  with  rime-ice formation i s  shown i n  figure l l (a )  
fo r   t he  three rake  stations and the same conditions as f o r  figures 9(a) 
to  (c):   airspeed, 275 miles per  houri datum air temperature, 2 5 O  F; 
angle of attack, 2 O j  and liquid-water  content,  0.5 gram per  cubic m e t e r .  
The points a t  zero icing time for   s ta t ions  A and C were obtained from 
the  previous  dry-air  survey. The drag  coeff ic ient   in   dry air (zero  icing 
time) increases from s ta t ions  A t o  C because of t he  spanwise increase  in  
effective  angle of at tack which is associated  with  the  large  angle of 
leading-edge sweepback. The drag at s t a t ion  B increases from 0.0066 t o  
0.0106 (60 percent) for 10 minutes  icing. The greatest  increase  in  drag 
takes  place  during  the f irst  6 minutes of icing, after which the  increase 
is more gradual. The increase  in   drag  for  a given  icing t i m e  i s  greatest 

I 
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at  the smallest chord, as. shown by the  following exanrple: For 10 minutes 
icing time, the  drag  coefficient  increase a t  stations A, B, and C is 27, 
60, and 80  percent,  respectively. Examination of the water impingeEnt 
curves  (fig. 8) and of the  icing photographs .(figs. 9 and 10) shows that 
the s i z e  of the ice,  formation i s  nearly  uniform spanwise. The ice  forma- 
t i on  a t  the smallest chord  thus  represents the greatest   distortion of the 
o r i g i n a l   a i r f o i l  shape  and  causes the  largeet  increase  in drag coefficient. 

Similar  drag  results are shown i n  figure U ( b )   f o r  the 6- ic ing 

.. -. - .. - 
"" 

"_ 

condition as figure I l ( a )  a t  an  angle of attack af 4'. The drag  increase CD 

i s  s l igh t ly  greater a t  an  angle of a t tack of 4' than a t  2' f o r  this i c -  53 ing  condition. . . . ." . ". . . ." . . . . -. - . . . . . . . . . . .. . . -. . . . - -. 

rtl -- - 

A ~ummary of a l l  drag data taken in icing a t  s ta t ion  B with  the 
leading-edge  section unhe-ated i s  shown i n  .figure 12. A t  an angle of 
a t tack of 6O and a liquid-water  content of 0.5 gram per  cubic meter, the 

drag increases  sharply  in  the f irst  15 minutes,  but  further  icing  causes 

only a gradual  increase i n  drag; this result is  considerably  different 
from that  already shown in   f igure  11 f o r  angles of attack af 2 O  and 4 O .  

The penalties.. -30 be  expected from .werat ion at higher  airspeeds  in 

- " 

1 

- 

.I 

icing  clouds of moderate l i q@d-F te r   con ten t .qe  approximated by the 
data obtained a t  a high  liquid-water  content (0.85 g/cu m) and an air- 
speed of  275 miles per  hour. For  an angle of a t tack  of 2O and a datum 
air temperature of 25O F, the  drag  coefficient  increases  in 10 minutes 
from 0.0065 to 0.0222 (240 percent);  while for the same datum air t e m -  
perature and i c i x  time and an  angle of a t tack af 60, the  increase $8 
from 0.0097 t o  0.0248 (155 percent). The rapid increase i n  drag i s  
caused by the  higher  ice-accretion rate and the  cupl ike  glaze- ice  fwma- 
t ions  projecting from the  leading edge (f ig .  10). 

. .  . /  
." . 

" 

I n  order t o  assess the  penalt ies  result ing from submarginal operation 
of the  anti-icing sy-stem, the  drag was determined at s ta t ion  B with  the 
leading edge heated for  an airspeed of 275 miles per hour, a datum air  
temperature of 25O F, an  angle of attack. of 2O, and a liquid-water  content 
of  0.7 gram per c ~ i c  meter. The heating rate was set eqml t o   t h e  re- 
quirement f o r  complete evaporation a t  a liquid-water  content of 0.4 gram 
per  cubic meter instead of 0.7 gram per cubic neter. The residual ice  
which formed on the  leading-edge  section and behind the porous area on 
the lower surface may be seen i n  figure 13. After 9 minutes icing time, 
spots of ice  appeared.  on-the  leading edge, plus a th in  trace of  runback 
i c e  at the edge of the porous area. The lower-surface  residual-ice forms- 
t i o n   b u i l t  trp t o  a fa i r ly  large  size  during 34 minutes of icing,  but  the 
leading-edge ice  -changed little in   s ize   o r   ex ten t  because of vibration of 
the model  which caused larger pieces of i c e   t o  shed  periodically. The 
increase i n  drag due t o  the ice  formations shown by figure 13 may be  seen 
in   f igure  14. For khe icing condition of figures 13 and 14, the drag 

. -. . 
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increase  with  the  leading-edge  section  unheated would be of the  order of 
6 percent  per minute, or more.  The rate of drag  increase  with  submsrgi- 
nal  heating s h m  by figure 14 is  about 1.2 percent  per minute. Con- 
sequently, no serious  deterioration  in performance  should be expected if 
a protection system designed fo r  normal liquid-water  content were eqosed  
t o  a  higher Istquid-water content  for  short  p.eriods of time. Where the 
hot-gas  supply is limited and  exposure to  icing  conditions is known t o  be 
short, a small accumulation of runback on the lower surface might be  per- 

CEI mitted  in order t o  reduce  heating  requlrements. 
8 m 

From the  icing  drag date presented, it may be concluded tha t  some 
form of icing  protection  usually will be required when aerodynamic heat- 
ing is  not  sufficient and when exposure to   i c ing  occurs f o r  extended 
periods of the; however, small formations of runback ice  on the lower 
surface  probably may be  tolerated  without  serious loss i n  performance. % B 

N 

8 Anti-Icing Performance - 
Marginal anti-icing heat requirements. - For large  bodies such as 

a i r f o i l s ,  it is  usually  desirable  to  heat  only  the leading-edge  region . i n  order t o  evaporate all impinging water either  within  the impingement 
region o r  within a prescribed  distance beyond the limits of  impingement 
( ref .  1). For  the  purposes of the  present  investigation  the  marginal 
heating rate was defined as the lowest heating rate which would evaporate 
a l l  w a t e r  impinging on the  heated area. 

Photographs of the icing  protection  afforded  by  heating  rates 
Cwcp(tg,i - ta) ] vary3ng from 20,300 t o  12,100 Btu  per hour per  foot 
span are shown i n  f igure 15 f o r  an airspeed of 275 miles per hour, an 
angle of a t tack of 2O, a datum a i r  temperature of Oo F, and a liquid- 
water content of 0.4 gram per  cubic m e t e r .  No afterbody  heating w a s  
employed during  the  determination of marginal  heating rates. Adequate 
protection i s  obtained at heating  rates of 20,300 and 17,000 Btu per hour 
per  foot span; 17,000 Btu per hour per  foot span (f ig .  15(b) ) was con- 
sidered  the  marginal  heating rate. The g a s 4  low rate a t  this   point  was 
143 pounds per hour per  foot span,  and the  entrance gas  temperature w a s  
496O F. The two small spots of ice  on the  leading edge at the  joint  be- 
tween adjacent  panels of gorous metal are too small t o  produce a notice- 
able  increase  in  drag. The light ice formation well aft of the  heated 
area  outboard of midspan is a result of f r o s t  caused by tunnel air-stream 
turbulence and supersaturation,  plus  very  light impingement. Several 
pieces of i c e  may be seen on the  leading edge in   f igure  15(c)  where the 
heating  rate i s  14,400 Btu  per hour per foot  span; in  addition,  several  
small pieces of i ce  have b u i l t  up at the back edge of the  porous  area. 
Leading-edge ice-forms first in   the  region between the  root and midspan, 
probably  because  the ho t  gas  discharging  against  the  baffle loses heat 
t o   t h e  wing structure  before  entering  the  cri t ical  leading-edge  region. 
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Outboard of midspan, where the  gas  discharges  directly  into  the  leading- 
edge regfon  the  leading edge is ice  free.  This  result is a l so  shown i n  
f igure 15( d j  , where the  heating rate i s  12,100 Btu  per hour per  foot 
span. Since  there . is  l i t t l e  3xpingement on the upper surface, no run- 
back o r  residual  ice was observed there. 

The variation of marginal  heating  requirement i n  Btu per hour per 
foot  span with datum a i r  temperature may be seen in   f igure   16(a)  f o r  in- 
l e t  gas  temperatures of S5Oo and 500° F, an angle of attack of 2O, and 
several  icing  conditions. The marginal  heating  rate  increases  almost 
linearly  with  decreasing datum air temperature;  the  requirement  approxi- 
mately  doubles between a datum air temperature of 20' and 0' F.  Figure 
16(a)  also  indicates that the  marginal  heating  rate  increases  directly 
with  increasing speed for  constant datum a i r  temperature. Varying the 
mdel. inlet gas  temperature frm 350° t o  500' F had l i t t l e   e f f e c t  on the 
marginal  heating  rate. 

I n  general, a higher  heating rate should  be  associated  with  higher 
angles of attack  since, as angle of a t tack is increased from Oo, the  ex- 
t en t  of  impingement on the lower surface. ,becomes much greater ,  while the 
flow of hot  gas to   t he  lower surface becomes less   than   tha t   to   the  upper 
surface  as a r e su l t  of the change in  local  aurface  pressures. The va r i -  
at ion of marginal  heating  rate  with  angles of a t tack of Oo, 2O, 5O, and 
8' i s  shown i n  figure 16(b) f o r  an airspeed of 275 miles per  hour, a datum 
air temperature of 200 F, an in l e t  gas  temgerature of 500° F, and a liquid- 
water  content of 0.5 pam per  cubic  meter. The heating  rate at an angle 
of attack of 8' is approximately 40 percent  greater  than that for  Oo. 

For a continuous  heating  system  designed far complete evaporatiop, 
an increase i n  water catch due t o  increased  liquid-water  content results 
i n  a higher  marginal  heating  rate.  Figure  16(c) shows the  variation  in 
marginal  heating  rate  with  liquid-water  content  for  thr'ee  conbinations of 
alrspeed and angle of attack.  In  the  tunnel a larger droplet size  Fa 
associated  with the" higher liquid-water conten<l r e s d t i n g  i n  increased 
a i r fo i l   co l lec t ion .e f f ic iency .  Consequently,  doubling the  liquid-water 
content  requires.mre  than  twice  the  heating  rate,  because  the  water  catch 
is  more than  twice as large.  Typical  photographs of the wing model at 
the marginal  heating r a t e s  of f igure 16 may be seen in   f igures   15(b)  and 
17. For the lower range of angle of attack,  droplet  size, and l iquid- 
water  content,  the  critical heated area was at the leading-edge  stagna- 
!ion region,  from wlng roo t   t o  midspan ( f igs .  15(b) and 17(a)  and ( b ) ) .  
This is the span length  for which the  hot  gas  discharged  against  the 
baff le  at the rea r  of the D-duct, rather  than a t  the  leading edge. Im-  
proved  performance would be  obtained by drilling a l l  the  hot-gas  outlet 
holes on the  forward  side of the  delivery  tube. For the higher v a l w i  
of angle of attack,  liquid-water  content, and droplet  size, the c r i t i c a l  
area i s  eft of the  heated area, s ince  in- this   region  there  is light im- 
pingement, which may be combined with runback  from the  heated area when 
heating  rates  are submarginal. 

cD 
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De-icing characterist ics.  - Although the  porous-skin system w a s  de- 
signed as a continuous  ice-prevention  system, it is of i n t e re s t   t o  exam- 
ine  the  de-icing  characteristics as well. If the  anti-icing system i s  
manually  operated,  the a i r  supply  ordinarily would not be turned on until 
an ice  accretion is  observed. In the  de-icing tests, ice was allowed t o  
bui ld  up on the unheated air ' foil  f o r  5 t o  10 minutes; the  heating rate 
was then  established a t  the  marginal  level  previously determined. The, 
t e s t s  were made a t  an airspeed of 275 miles per hour and an angle of 

25O F and a liquid-water  content of 0.8 gram per  cubic meter, the re- 
sul tant   ice  f ormation w a s  removed in less than 1 minute. After 5 minutes 
of icing a t  a datum air temperature of Oo F and a liquid-water  content 

w attack of 4O. After 10 minutes of icing at a datum air teqerature of a 
(r, 

c 

s 

.. 
of 0.5 gram per  cmic  meter,  about 1~ minutes was required t o  remove the 

i c e  formation. The de-icing time would be much shorter i f  the  hot-gas 
supply  line w e r e  either  shortened  or  preheated aurin@; the  heat-off or  
icing  period . 

1 

Variation of Local gas-flow rates. - The chordwise variation of l oca l  
gas-flow rates  for  the  marginal  heating rate Fs plot ted  in   f igure 18 f o r  
three spanwise s ta t ions  ani   several  combinations of airspeed, angle of 
a t tack,   datm air  temperature,  gas-flow rate, &nd gas  temperature. The 
gas  -flow rate a t  an  angle of a t tack of 2 O  (f ig.   18(a) to (a) ) is  maximum 
on the upper surface  about 4 inches  from  the  zero  chord  point, and i s  
minimum on the lower surface  about 1/2 t o  1 inch  from  zero  chord, p r i -  
marily  because of the  chordwise variation of external  pressure around the 
a i r f o i l .  !The local  f low rate generally  increases  slightly toward t h e   t i p  
of the wing because of decreasing  pressure on the upper surface. The gas- 
flow rate   is  nearly  constart spanwise, however, since  the  heated area de- 
creases   s l ight ly   in  chordwise extent toward t h e   t i p .  

The flow dis t r ibut ion  tends  to  become  more uniform as the duct  pres- 
sure and gas-flow rate are increased, as shown by  the  fol lar lng colqpari- 
son of figures  18(a) and (b): For s t a t ion  By the r a t i o  of maximum loca l  
flow rate t o  minimum flow rate is  2.5 f o r  a gas-flow rate of 82.5 pounds 
per hour per foot  span and 1.9 fo r  134 pounds per hour per foot span. 
Consequently, for a .given t o t a l  f low rate, it is desirable  to  use as 
large a pressure drop as possible,  within the s t ructural   l imitat ions of 
t he  leading-edge  section,  by  decreasing  the  porosity of the  metal. 

The e f fec t  of angle of at tack on gas-flow dis t r ibut ion may be  seen 
by comparing figures 18(d), (e),  ( f )  , and (g). A t  an angle of a t tack of 
oo, the  flow dis t r ibut ion is  symmetrical  with  respect t o  the  zero  chord 
l i ne  and i s  minimum at the  zero  chord l ine  (stagnation).  A t  an  angle of 
a t tack of 5O (fig.  18(f) ), the  curves are similar t o  those f o r  2 O  except 
that a much larger  proportion of the  gas i s  delivered t o  the upper sur- 

an angle of a t tack of 8 O  ( f ig .   18(g)) ,   the   effect  i s  even more pronounced. 
- face because of the  decrease  in local pressure on the upper surface. A t  
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However, since  pract-ically na water impinges 
the  higher  angles of attack, moat of the  gas 
face is wasted. " . . 
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on the upper surface a t  
flow through the Lzpper sur -  
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For a v e r t i c a l   f i n  which normally  operates a t  an  arigie of a t tack of 
. "" 

Oo, the arrangement of equal  heatable  areas on t h e   q p e r  and laver sur- 
faces i s  satisfactory.  If t h e   a i r f o i l  i s  used as a l i f t ing  surface,  It 
m i g h t  normally  operate at an  angle of a t tack of .2O for   the climb and 
cruise conditions, and at higher angles of a t tack  for  maneuvers, low 
speed,  landing, and take-off.  For  positive  angles of attack, a bet te r  
dis t r ibut ian of hot  gas would be  obtained if the chordwise extent of 
upger-svfgce porous mea was  less  than that af t he  lower surface. Un- 
published  data showed tha t   for  an angle of attack of Z0, the  rear  half  
of the  upper-surface  porous area could  be  sealed-without  obtaining  any 
residual  ice  or runback. Accordingly, the  data of f igures   18(a) ,   ( f ) ,  
and (g) were reevaluated  with  the assumption tha t   t he  chordwise distance 
heated on the upper surface is  r,educed t o  one-half.the  distance on the 
lower surface ( su = 0.5 sL). The saving i n   t o t a l  gas  flow (shown i n  f i g .  
19) v a r i e s  from 31 t o  42 percent  for  the  range of angle of' attack from v 
2' t o  8'. 

u) c u -  
8 

Surface and internal  temperatures. - Typical  surface  temperatures 
in  icing  conditions  with  marginal  heating  rates  are shown in   f igures  20 
and 21. The spanwise and chordwise distribut%or& of -surface  temperature 
are shown i n  figure 20 f o r  an  afrspeed of 275 miles per hour, an angle.." 
of a t tack of 2O, a datum air temperature of 20° F, a liquid-water con- 
ten t  of 0.5 g r a m  per  cubic  meter, a gas-flow r a t e  af 82.5 pounds per hour 
per  foot span., and an i n l e t  gas  temperature of 481° F. The temperature 
of the porous skin is rather high, i n  order  to  obtain complete  evapora- 
t ion  of the water caught in  the  heated  area. Beyond the  heated  area the 
temperature drops -sharply at first, then  becoms  asymptotic to   the  datum 
air temperature. From t h i s  it may be seen that the  protected  area gen- 
e r a l l y  is greater  than  the  heating l i m i t  defined by the  baff le  and the 
porous area  because of carry-over of heat   in   the boundary layer and of 
chordwise  c,onduction of heat. The average  surface  temperature  decreases 
with increasing span (increased  distance from hot-gas inlet) as a result 
of the spanwise drop i n  gas  temperature. 

.. 

The variation of surface-temperature  profiles  with  angle of attack, 
airspeed,  inlet  gas temperature, and datum air temperature may be seen 
i n  f igure 21 fo r   s t a t ion  C.  A t  an angle of attack of Oo ( f ig .   2 l ( a ) )  
the   t eqera ture   d i s t r ibu t ion  i s  nearly  symmetrical,  with  the minimum 
temperature a t   t h e  zero  chord  point. A t  an  angle af attack of 2O (fig. 
20) the  surface  temperature at s ta t ion  C is highest on the upper surface, 
where  impingement i s  negligible and the l oca l  gas-f low r a t e  i s  maximum. 
The minimum temperature is  on the lower surface near the zero chord . 

point, where the  local  impingement r a t e  i s  near maximum and the loca l  
gas-flow r a t e  i s  mlnimum; aft of this  point  the  temperature  increases 

" . 
." 
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u n t i l  the limit of heated area i s  reached. The t e q e r a t u r e   p r o f i l e s  a t  
angles of a t tack of 5' and 8O ( f ig .  2l(a)) are similar t o  that for   an 
angle of a t tack of 2 O ,  except tha t ' the   var ia t ion   in  surface temperature 
between  upper  and  lower surface is greater because the  gas flow through 
the upper surface  increases  with  increased  angle of attack. The temper- 
ature prof i les  shown i n  f-e 21(b) f o r   s t a t i o n  C a t  an  angle of a t tack 
of 2' and  various  icing  conditions are s imilar   to   the  temperature   prof i le  
of figure 20, except f o r  the reduced temperature l eve l  in the   case of 
lower  gas temperature or  airspeed, and the higher temperature l e v e l  i n  
the  case of lower datum air  temperature. 

The in te rna l  gas and structural  temperatures are p lo t ted  as a func- 
t i on  of spanwise dis tance  in  figure 22. The highest  temperature i s  that 
of the hot gas in  the  delivery  tube.  The rib temperatures are a t  the  
same l e v e l  as the D-duct temperatures since  the ribs are  exposed d i r ec t ly  
t o  the hot gas. The baffle temperature is midway between the D-duct gas 
temperature  and the  temperature of the air chede r  between the spar and 
the baffle. The point of attachment between the baf'fle and  spar gave 
the highest  spar temperature, while  the main pa r t  of the spar was con- 
siderably Lower i n  temperature, usually l e s s  than  LOOo F. No par t icu lar  
s t ruc tura l  problems  should arise from the temperatures  encountered  since 
the members in contact w i t h  the hot  gas  (porous skin, ribs, and baff le )  
were of stainless steel, while the temperatures of the aluminum  compo- 
nents  (solid  skin and main spar) were  comparatively low. 

- 

From figure 22 it is  evident that improved system performance  could 
be  obtained  by  reducing the spanwise  temperature loss and the temperature 
drop  between the  delivery  tube and the D-duct. The large temperature dif - 
ference between the delivery t d e  and the D-duct is a r e s u l t  of heat loss  
by  conduction t o   t h e  ribs, baffle, spar, and so l id  skin. This heat loss 
could be reduced ei ther   by using a lower entrance  gas  temperature (and 
higher gas-flow rate) or  by  insulating  the ribs, baffle, and point of at- 
tachment of the leading-edge  section t o  the afterbody. The heat saving 
due t o  the insulation would, of course,  be  offset somewhat by the in- ; 
creased  weight. The temperature i n  the delivery  tube drops rapidly 
spanwise  because of the lower  temperature of the surrounding gas i n  the 
D-duct . If' any appreciable length of span must be protected, a full-span 
delivery  tube  having a layer  of  insulation on the outside of the tube 
should be provided t o  minimize the spanwise temperature drop and ensure 
that t h e   t i p  areas are protected. 

SUMMARY CIF RESULTS 

The re su l t s  of an  investigation of a porous  gas-heated  leading-edge 
sect ion  for   ic ing  protect ion of a delta wing may be summarized as . 

follows : L 
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1. Satisfactory  anti-icing  protection was obtained at all conditions 
investigated. A gas-f low rate of 143 pounds per hour per  foot apan with + 
an  entrance  gas temperature of 4960 F was suff ic ient   for   protect ion a t  
the following  condition:  airspeed, 275 miles per hour; datum ai r  tem- 
perature, W F; angle of attack, 20; and liquid-water  content, 0.4 gram 
per  cubic meter. 

2. Ice  formation on the  unheated  lead$= edge, which may OCCUT pr ior  

t o   ac t iva t ion  of the  heating system, was removed in 1 t o  15 minutes by a 

hot-gas-flow rate tha t  would be suff ic ient   for  n o m 1  anti-icing. 

1 a 
t3 
M 

3. A full-span insulated hot-gas  delivery  tube  should be provided t o  
minimize the sparrwise gss-tell~perat~re loss. " 

4. For posit ive angles of a t tack,  a saving  in   total  gas-flow r a t e  
for anti-icing of 31 t o  42 percent may be obtained  with no 106s in anti-  
icing  effectiveness by eealing half the  upper-surface porous area- k 

5. Gas flow through the porous  leading-edge  section had no q p r e -  
c iable   effect  on a i r f o i l  pressure distribution.  Sealing  the  porous area 
did not   affect   the   a i r foi l   pressure  dis t r ibut ion.  

6. Gas flow through the porous area suff ic ient   to   provide  ic ing 
protection  caused a slight increase i n   a i r f o i l  drag  (5-percent  average) 
i n  most cases.  Sealing the porous area did  not change t h e   a i r f o i l  drag. 

7.  The sect ion drag coefficient of the  unheated airfoi l   increased 
from 0.0066 t o  0.0106 (60 percent)   in  10 minutes of icing at moderate 
liquid-water  content. A heavy glaze-ice  formation, formed a t  a high 
liquid-water  content,  caused  an increase in section drag coefficient 
from 0.0065 to 0.0222 (240 percent) in 10 minutes. 

8. The extent of laminar flow i n  dry air with  gas flow was small; 
most of the heated area was in   the   t rans i t ion   reg ion  from laminar t o  
turbulent flow. The transit ion  region moved forward as t he   r a t io  of gas 
velocity  through the porous surface t o  free-stream velocity  increased. 

9. m e r i m e n t a l  convective  heat-transfer  coefficients in dry air 
and turbulent flow were approximately 20 t o  30 percent lower than  the 
theore t ica l  values  f o r  a solid  surface,  while the theories of Friedman 
and Mickley predict   for  the bame conditions a reduction of L O  t o  15 and 
20 t o  25 percent,  respectively. 

Lewis Flight  Propulsion  Laboratory 
National  Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, Septeniber 9 ,  1954 
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APPENDIX - SYMBOLS 
The following synibols are used i n  this report : 

CD section drag meff icient,  dimensionless 

C pressure  coefficient,  dimensionless , (p, - po)/% 
P 

C a i r fo i l  chord length measured p a r a l l e l   t o  a i r  stream, f t  

C 
P specific  heat of a i r  at constant  pressure , Btu/(lb) (?I?) 

g  acceleration due to   gravi ty ,  ftlsecz 

h  convective  heat-transfer  coefficient  Btu/(br) ( s q  f t )  (9) 

k thermal  conductivity of air  , B t u / ( h r )  ( f t )  (9) 

NU Nusselt nunher dimensionless , hs/k 

Pr P r a n d t l   n W e r  dimensionless, 3600g%p/k 

P static pressure, lb/sq f t  

9 dynamic pressure , ( l/2)pv2 , lb/sq ft 

Re, Reynolds umber  based on surface  distance,  dimensionless , pvs/p 

8 distance from zero  chord measured along a i r fo i l   sur face   para l le l  
t o  air stream, f t  

T temperature, 42 

t d  datum air  temperature, OF 

tg J D  duct  gas tenperatme, OF 

%, i 
t s  temperature at surface of porous metal, OF 

gas  temperature at deuvery-tme i d e t ,  9 

V velocity,  ft/sec 

W gas-f l o w  r a t e ,  lb/(hr) ( f t  span measured perpendicular t o  a i r  
stream) 
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X distance from zero  chord  point measured along chord l ine para l le l  
t o  air stream, f t  

Y droplet   trajectory  ordinate,  f t  

a airfoil angle of attack, deg 

B loca l  impingement efficiency,  dimensionless, B = aydds  

Y specific weight,  lb/cu f t  

P density,  lb-sec2/ft4 

P viscosity, lb-sec/sq ft  

T thiclmess of porous metal, f t  

Subscripts: 

D duct " 

Q gas 

L lower surrace 

z local conditions a t  a i r fo i l   sur face  

. .  . . . . - . . . . - 

8 
n N 

U upper surface ..  ... , . - .  . . - 1 .- - l.I r - ",. - r "~ 

0 free-stream conditions .~ . ._ 

1 upstream 

2 downstream 
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TABU3 I. - LOCATION W MAD3 I N ~ U M E N T A T I O N  

PLANES 

Station 

tunnel  fig. 2) 
from t ion  plane (see 
Distance  Instrumenta- 

side-xall, 
in. 

A Pressure  19.5 
Wake survep 

23.6 Temperature 
20.3 

A i r f o i l  
chord, 
in. 

121.1 
120.8 
114.8 

B 

44.8 Temperature 
41.1 Wake survep 
40.6 Pressure 85.3 

83.8 
78.0 1 1 1 Pressure 1 57.8 1 z5: I 

wake survep 58.4 55.1 
Temperature 62.1 

Temperature 76.7 23.0 

a 

chord  behind airfoil .  
All wake survey stations  located 25-percent 
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pressure distribution. 
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1.2 

.8 
(a) Station A; airspeed, 275 miles  per hour. 

(b) Station A; airspeed, 175 miles  per  hour. 

1.2 

0 

.a 
( c )  Station B; airspeed, 275 miles  per hour. 

1.2 

.8 

(a) Station B; airspeed, 175 miles per hour. 
1.2 

e 8  
0 2 4 6 

Angle of attack, a, deg 

(e )   S ta t ion  C; airspeed, 275 miles  per hour. 

Figure 5. - Effect of gas flow through  porous  area on 
airfoil drag. Gas-flow rate, 135 pounds per hour 
per  foot span. 

.. 

I . .  
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lo4 2 4 6 8 lo5 2 4 6 8 lo6 2 4 6 8 lo7 
a, 

(a) Airspeed, 275 miles per houri angle of ettaok, Oo; gas-flow rate, 91.4 pourPds per hour 

Figure 6. - Correlation of e x p e r h t a l  convective heat-trGfer coefficient6 obtained in dry 

per foot  span) duct gas temperature, 264' F. 

sir at s ta t ion  C. 
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(b) Airspeed, 275 miles ger hour) angle of attack, 0; gas-flcu rate, 235 pounds per hour 
per foot span; duct gas temperature, 318' F. 

Figure 6 .  - Continued. Correlaticu of experimental convactlvc  heat-tranafcr  coefflcienta 
obtalned in d r y  air st etation C. 

. 
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6 

(c) Airspeed, 275 miles per houri angle of attack, 2’; gas-flow rate, 92.7 pun& per hour 
per foot  span^ duct gas temperature, 263O F. 

Figure 6. - Continue&. Correlation of experimental convective  heat-transfer  coefficients 
obtained i n  dry alr at e ta t ion  C. 
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':L 102 

6 

. "" 

4 6 % L o i  

(a) Airspeed, 175 miles @r h6wj angle &-attack, p ;  gas-flou rate, 92.0 pounds per hour 
per foot  span^ duct &as temperature, 287O F .  

Figure 6. - Concluded. Carrelation of experimental cmvectlve  heat-tranefer  coefficient8 
obtained. in  dry air at  station C .  

. ". 
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0 

Figure 7. - Forward movement of transition  region with inc!.-easing 
gas- to air-stream-velocity  ratio. 
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-(a) Angle of attack, 2'. 

(b )  Angle of attack, 4 O .  

Figure 11. - Variation of section drag coefficient 
with icing time far unheated leading-edge section 
with afterbody heated t o  prevent frost. Airs eed, 
275 miles per hour; datum air temperature, 25 8 F; 
liquid-water  content, 0 .5  gram per cubic meter. 

37 
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Figure 12. - Sunmu-y of icing d r a g  data for s ta t ion  B wlth leading-edge 
section unheated. Mrspeed, 275 milee per hour. 
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Figure 14. - Drag increase at station B uith submarginal heat- 
ing r a t e .  Airspeed, 275 .nlles per h=; datum air tempera- 
ture, 25’ F3 angle of attack, @; liquid-water  content, 0.7 
gram per cubic meter. 
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(a) Variation w i t h  datum air temperature. Angle of attack, 2'. 

Figure 16. - Variation of ntarghal hea thg  requirement w i t h  datum 
air temperature, angle of attaok, and liquid-water oontent. 
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;s" 
=I Angle of attack, deg 

+ datum air temgerature, 20' F; inlet gas temperature, SOO0 F; 
- .L 

a 
(b) Variation with angle of attack. Airspeed, 275 miles per hour; 

I liquid-water  content, 0.5 gram per  cubic meter. 

45 

Uqdd-water  content, g/cu m 

(c)  Variation  with =quid-water content. Datum air temperature, 20° F; 
in l e t  gas temperature, 50O0 F. 

Figure 16. - Concluded. Variation of margfnal heating  requirement  with 
datum air temperature,  angle of attack, and liqui8-water  content. 
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"(a) Airspeed, 875 miles  per  hour;  angle 
of at tack,  2 ; datum air temperature, 
20' F; llquid-water  content, 0.5 gram 

pounds per h w r  per   foot  span3 i n l e t  
gas temperature, 481° P. 

k per  cubic  meter; gas-flow ra te ,  82.5 

B 
d 

- A  

8 4 4 8 
Upper surface Lower surface 

r 

(b) Airspeed, 575 miles  per  haw;  angle 

20° F: liquid-water  content, 0 . 7  gram 
of a t t a o k ,  2 ; datum air temperature, 

per cubic  meter;  gas-flow  rate, 134 
pound6 per haur per  goot npan; i n l e t  
gaa temperature, 508 F.. 

t 

. .. 

8 
Upper surface Loner surface 

4 0 4 8 

Surface  distance f r o m  leading edge, s, in .  

(c)  Airspeed, 175 miles  per h a w ;  angle ( d )  -peed, 875 miles  per  hour;  angle 
of a t tack,  2'; datum air temperature, of attack, 2 ; datum air temperature, 
19' F; liquid-water  content, 0.7 gram - 250 P; liquid-water  content, 0.5 gram 
per  cublc  meter; gaa-flow ra te ,  53 . per cubic  meter, gas-flow ra te ,  89.5 
pounds per hour  per foot s p a ;  I n l e t  pounds per  hour per goot span; I n l e t  
gas temperature, 458O F. gas  temperature, 350 F. 

Figure 18. - Chordnise and spanwise  variation of local  gas-flow  rate  for  marginal  heating  rate.  

. 
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e)  ~Alrspeed, 275 miles per h m ;  angle of attack, 
00; datum air temperature. 200 FJ liquid-water 

rate, 78.2 pounds per hcur per foot  apan; Ln- 
content, 0.5 gram per cublc  meteri  gas-flow 

l e t  gas temgerature. &goo F. 

Upper surface Lower surface 
Surfaoe  distance f r a n  

(f) Airspeed, 275 d l e a  per ham;  angle 
of attack, So; datum air temperature, 
25' F; liquid-water  content, 0 . 5  gram 
p e r  cubic meter; gas-flow rate, 93.2 
pounds per h m  per g O O t  Span; i n l e t  
gas  temperature, 486 F. 

Upper surface Lcwer surface 
leading edge, 6 ,  In. 

(g) Airspeed, 275 leilea per hour; angle 
of attack, 0 O ;  datum air tempcrature, 
20' F; liquid-water  content, 0.5 gram 
per cubic meter; gas-flow ra te ,  101.8 
pounds per  ham  per pot span; inlet 
gas  temperature, 488 F. 

Figure 18. - Concluded. Chordwise and spanwlse varlatla of local gae- t lm rate for marginal 
heating rate. 
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0 2 4 6 8 
Angle of attack, a, deg 

Figure 19. - Reduction in t o t a l  gse-flow rate required fur 
. m a r g i n a l  anti-icing when distance  heated on upper 8ur- 
face is reduced t o  one-- the distance on lower BUT- 
face. 
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30 20 10 0 
Upper  surface 

Surfaae distanae fram leading 

\ 

. 
h. 

L. 

i 

L( 
Larer  surface 

edge, s, in. 
Figure 20. - Chordwise and spsnwise  surface-temperature  variation in icing 

w i t h  marginal heatbg rate. Airspeed, 275 miles per hour; angle of 
attack, 2'; d a t u m  air temperature, 20° F; liquid-water  content, 0.5 pam 
per  cubic meter; gas-flow-rate, 82.5 pound6 per hour  per foot span; 
w e t  gas temperature, 481D F. 
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(a) Variation with  angle of attack. Airspeed, 275 miles per hour; datum 
air temperature, 20° F; liquid-water content, 0.5 gram per cubic meter. 

Figure 21. - Choravise surface-temperature profiles a t  station C with marginal 
heating rate. 
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Airspeed, Datum Liquid- Gas- m e t  
mph a b  water flow gas 

temper- content, rate, temper 
ature, g/ou m lb/(hr) ature, 

200 op ( f t  span) 9 
0 276 25 0.5 89.5 350 

175 19 .7 53 458 
0 275 0 .4 142 .8 496 

30 20 10 0 10 i 

i 

(b) VarlatioiL for three  icing  conditions a t  angle of attaok of 2O. 

Figure 21. - Concluded.  Chordwlse surface-temperature  profile6 a t  s ta t ion C 
with mazginal heatlng rate. 
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