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ADVANCE RESTRICTED REPORT 

A LABOR4.TORY INVESTIGATION OF ICING AND HEliTED-AIR DE-ICInG OF 

A CHA)TDL"sR-SVAl'JS 1900 CPB-3 CARBTTRETOR MOUl"TED OiJ 

A. PRATT & WHITI'TEY R-1830-c4 HJTERMEDIATE 

RBAR t<;~\JGnJE SECTIO!'T 

By Henry A. Essex and Herman B. Galvin 

SUillIMARY 

Tests were made on a Chandler-Evans 1900 CPB-3 carburetor 
mounted on a Pratt & Whitney R-IB3!J-c4 intermediate rear engine sec
tion to find the limiting conditions for (1) no j.cinsp (2) icing 
that would not affect ene;ine operation, termed "visible iCing," and 
(3) icing that would aUed engine operation. The criterion of 
icing affecting engir,e opsr'3.tion wa3 chosen as a drop in air-flow 
rate of 50 pounds per hour. The limits of air temperature and mois
ture conteTlt for such ici:lf':, as viell as for visible icing, have been 
e::;tablishecl at simulated cruiSing and rated powers for carburetcr
air temperatures froE1 20 0 F to 30 0 F and for moisture contents from 
approximately 25 percent relative humidity to free-water injection 
Simulating a very heavy rainfall. 

The optimum temperattlres for removal of ice formed at two dif
ferent temperatures were jeterrJlined for both cruising and rated 
powers over a range of de-icing air temperatures from 1)50 F to 1340 F 
and a range of air-moisture contents from about 20 percent relative 
humidity to a rate of free-water injection of 250 grams per minute& 

Results of these tests showed that no visible icing occurred 
above 80 0 F and no icin f""1 affecting engi.ne operation, above 70 0 F for 
any moisture contf:nt investigated. At rated-power conditions, no 
icinp- sufficient to affect engine oper:ltion within a period of 
5 minutes occurred at r81ative humidities below 100 percent at any 
temperature t8sted. At cruising conditions, icing affecting engine 
operation occurred within 15 minutes at relative humidities as low 
as 60 perc(:mt and within 3 hours at a relative humidity as low as 
33 percent. 
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The t ime requi red  t o  remove i c e  from an induction system p a r t l y  
choked vrith i c e  formations was dependent on t h e  wet-bulb temperature 
of t h e  heated a i r  and decreased only a s l i g h t  amount a s  t h e  heated- 
a i r  wet-bulb temperature increased  ?hove 90° F, This r e l a t i o n  was 
v a l i d  f o r  a l l  condi t ions  of i c i n g  and engine operat ion inves t iga ted .  
Res tora t ion  of normal f u e l - a i r  r a t i o  occurred almost s inul tzneous ly  
;vith the  recovery of i n i t i a l  a i r - f low r a t a ,  

The NACA i s  carrying out a resr3arch program on a i rcraf t -engine  
induction systems t o  determine t h e  atmospheric condi t ions  under which 
i c e  forms i n  t h e  induction systems, t h e  s e v e r i t y  of the  i c i n g  encoun- 
t e r e d ,  and means of reducing and e l iminat ing  such i c i n g ,  The r e s u l t s  
of previous work i n  t h i s  program a r e  described i n  refgrences  1 and 2, 

This r e p o r t  i s  t h e  f i r s t  i n  a s e r i e s  of t h r e e  covering t h e  
r e s u l t s  of an  i n v e s t i g a t i o n  of t h e  i c i n g  and de-icing c h a r a c t e r i s t i c s  
of a P r a t t  & IVhitney R-1830 engine induction system, The research  
was c a r r i e d  out  a t  t h e  National  Bursau of Standards undsr the  j o i n t  
sponsorship of t h e  Army, t h e  Navy, and t h e  I\:ACA between Apr i l  and 
September 1943. 

The present  r e p o r t  dea l s  wi th  t h e  ds terminat ion  of t h e  l i m i t i n g  
i c i n g  condi t ions  and wi th  research  on heated-air de-icing f o r  t h e  
induction system, which inc ludes  a Chandler-Evans 1909 CPB-3 carbu- 
r e t o r  mounted on an ~ - 1 5 3 0 - ~ 4  in termedia te  r e a r  engine sec t ion .  I n  
both  p a r t s  of t h i s  research, pressure  a l t i t u d e s  obtained durlng t h e  
t e s t s  var ied  from 750 t o  2730 f e c t ,  Tes ts  were performed a t  both  
sirr~ulated c r u i s i n g  and s inu ln ted  rated-power condit ions of engine 
operat ion.  

The second r e p o r t  of t h e  s e r i e s  ( reference  3) covers t h e  r e s u l t s  
of a program t o  de te ra ine  the  most e f f e c t i v s  r a t e  and method of in jec-  
t i o n  of d2-icing f l u i d  t o  remove a heavy i c e  formation from the  induc- 
t i o n  system* The t h i r d  r s p o r t  ( re ference  4) covers work on t h e  
determinat ion of t h e  i c i n g  c h a r a c t o r i s t i c s  of t h c  induct ion  system 
w i t h  a Bendix-Stromberg PD-12FS carbure tor ,  

Three types of i c i n g  commonly encountered i n  carbure tors  a r e  
" t h r o t t l i n g  i c inc"  caused by t h e  pseudoadiabatic expansion of t h e  
carbure tor  a i r  i n  t h e  m e t x i n g  v e n t u r i s  and p a s t  t he  t h r o t t l e  edges, 
"f uel-evaporation icing" c aused by cooling r e s u l t i n g  from the  vapor- 
i z a t i o n  of t h e  f u e l ,  and "impact ic ing"  caused by f r e e  water 
s t r i k i n g  t h e  induction-system surfaces  arid f r eez ing  there when t h e  
in t ake -a i r  temperatur? i s  below 32' F. 
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The pur2ose of t h e  t e s t s  of l i m i t i n g  i c i n g  cond i t i ons  was t o  
determine t h e  va lues  of ca rbu re to r - a i r  temperat-are and moisture con- 
t e n t  of t h e  in t ake  a i r  a t  which no i c i n g ,  e i t h e r  of t h e  t h r o t t l i n g  
or t h e  fuel-evaporat ion type ,  occurred,  Heated-air de-icing t e s t s  
were made t o  determine t h e  wet-6uIb t emp~ , ra tu re  of ca rbu re to r  a i r  
r equ i r ed  t o  remove i c e  fron; t h e  induct ion  system a f t e r  it had been 
p a r t l y  blocked w i t h  i c e  formed under severe  i c i n g  condi t ions .  

Aclcnowledgenent i s  made t o  t h e  manufacturers whose products  
were used i n  t h e s e  t e s t s  f o r  t h e i r  cooperat ion i n  supplying p a r t s  
and s e r v i c e .  

APPARATUS 

The a l t i t u d e  l a b o r a t o r y  of t h e  National  Bureau of Standards in  
which these  t e s t s  were performed i s  desc r ibed  i n  r e f e rence  I. A 
s t anda rd  Chandler-Evans 1900 CPB-3 ca rbu r s to r  mounted on a P r a t t  & 
Whitney R-1830-ck in te rmedia te  r e a r  engine s e c t i o n  c o n s t i t u t e d  the  
induc t i cn  system t e s t e d .  E l e c t r i c a l l y  d r iven  constant-displacement 
exhaus ters  vtere ussd i n s t e a d  of t h e  sylpercharger impel le r  t o  induce 
a i r  f  Low. 

Fuel metering i n  t h i s  ca rbu re to r  was c o n t r o l l e d  by t h e  d i f f e r -  
e n t i a l  p re s su re  between two rows of i npac t  tubes  and a s e t  of o r i f i c e s  
a t  t h e  maximum th i ckness  of two s t reaml ined  b a r s  running a c r o s s  t h e  
ca rbu re to r  and thereby  g iv ing  a  ver l tur i  e f f e c t .  The f u e l  was i n j e c t e d  
from a h o r i z o n t a l  f u e l  nozz le  b a r  l o c a t e d  a t  t h e  bottom of t h e  carbu- 
r e t o r  d i r e c t l y  below t h e  t h r o t t l e s .  The a i r  f low m7as c o n t r o l l e d  by 
twin b u t t e r f l y  t h r o t t l e s ,  which turned  i n  opposi te  d i r e c t i o n s  and 
c losed  off t h e  a ir  'iwhen t h e i r  l ead ing  edges met i n  t h e  cen te r  of t h e  
ca rbu re to r .  

The apparatus  used t o  determine t h e  l i m i t i n g  i c i n g  condi t ions  
( f i g ,  1 )  i s  t h e  same a s  t h a t  descr ibed  i n  r e f e rence  1 w i t h  t h e  
except ion of t h e  a i r - i n t ake  duc t ,  which vtas e s y e c i a l l y  designed t o  
f i t  t h e  induct ion  syst?m uss% i n  thesc  t ~ s t s ,  

The appara tus  used i n  t h e  hc:at?d-air de-icing t e s t s  i s  shorn i n  
f i g u r e  2 .  An a i r - i n t a k e  duc t  equipped wi th  an i n t e r n a l  f l a p p e r  
va lve  t h a t  could be operat9d t o  a d n i t  e i t h e r  h o t  o r  co ld  a i r  i n t o  
t h e  ca rbu re to r  was s u b s t i t u t e d  f o r  t he  i n t a k e  duc t  used i n  t h e  t e s t s  
f o r  t h e  de te rmina t icn  of t h e  l i m i t i n g  i c i n g  cond i t i ons ,  B bypass 
mas placed i n  t h e  heated-air  duc t  upstream of t h e  en t rance  of t h e  
a i r - i n t ake  duc t  and conncctza t o  t h e  i n l e t  of a n  auxi l- iary blotver. 
Heated a i r  could bypass or be drawn through t h e  in t ake  duc t  a s  
d e s i r e d  by proper  manipulation cf  t h e  f l a p p e r  valve and t h e  t h r e e  
s l i d e  va lves ;  t h e  f i r s t  s l i d e  valve was mounted i n  t h e  bypass piping,  
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t h e  second j u s t  ahead of t h e  intake-duct en t rance  i n  t h e  heated-air 
d u c t ,  and t h e  t h i r d  i n  t h e  cold-air  d u c t ,  Use of t h e s e  va lves  
i n s u r e 3  t h a t  no leakage occurred betwsen t h e  cold-air  and t h e  hot -a i r  
s y s  tems . 

Hoated-air temperatures  ware c o n t r o l l e d  by an automatic  temper- 
a t u r e  r e g ~ l a t o r ,  which opera ted  opaosed-action b u t t e r f l y  va lves ,  
These va lves  proport ioned t h e  amounts of ho t  and co ld  a i r  be fo re  
%hey were mixed i n  a pl.eni~m chamber a t  t h e  o u t l e t  of t h e  hea t ing  u n i t .  

The humidity of' t h e  heated a i r  was c o n t r o l l e d  by i n j e c t i n g  steam 
i n t o  t h e  plenum chanber of t t le a i r  hea t e r .  The l o c a t i o n s  of t h i s  
s team-inj5ct ion po in t  f o r  t h e  c o n t r o l  of hun id i ty  and t h e  ~ i a t e r -  
i n  j ~ c t i o n  p o i n t  f o r  t h e  c o n t r o l  of f rl?a-moisture content  a r e  sllo~m 
i n  f i g u r e  2 .  

Net-bulb and dry-bnlb tharmoneters  l oca t ed  a t  t h ~  carbure tor -  
a i r  t empera twe  s t a t i o n s  shown i n  f j . g u r ~ s  I and 2 vrern used t o  
measurc! t h e  humidity and temperature of t h e  c a r i ~ u r e t o r  a i r .  

An unleaded f u e l  of ?3-octane r a t i n g  was used i n  a l l  t h e  t e s t s ,  
The d i s t i l l a t i o n  curve of t h i s  f u e l  obtained from t e s t s  run  a t  t h e  
National  Sureau of S t a ~ d a r d s  is p l o t t e d  i n  f i g u r e  3 toge the r  ~r t r th  
t h e  d i s t i l l a t i o n  curva of 28-Fi f u e l  (AK-F-2 3, Amsndment-2, grade 
100/130),  which i s  r e p r e s e n t a t i v e  of f u e l s  i n  cu r r cn t  use  by  t he  
m i l i t a r y  s e r v i c e s ,  

Fxo engine povrsr condi t ions  were s inula tec l  i n  each na r t  of t h e  
t e s t  program* An air-fl-olv r a t e  of 4090 >ourds pe r  hour wit,h a f u e l -  
a i r  r a t i o  of C.070 has been d ~ s i g n a t e d  s imulated c r u i s i n ~ ,  power, and 
an air-fl.cwr r a t e  of 7930 pounds nc?r hour w i t h  a f u e l - a i r  r a t i o  of 
C) ,100, s imula ted  r a t e d  power. The desi.retl. a i r - f  low r a t e  was obtained 
by pos!,tioning t h ?  i;.h.rottl.e arld opera t ing  a v a r i a b l 3  bleed i n  t h e  
axhtzust l i n e  t o  give thc- ca rbu ra to r  p re s su re  drops r equ i r ed  ( a s  de t e r -  
mined from air-box ca l i .b rn t ion  d a t a  fu rn i shed  by the  nlanufactwer)  
f o r  t h e  chosen a i r - f  1 s t ~  rate. The ca rbu re to r  a i x t u r e  c o n t r o l  was 
man?-mlly a d j u s t e d  t o  g ive  t h e  d e s i r e d  i n i t i a l  f:zel-air r a t i o s  b u t  
dur ing  tnc? t e s t s  t k e  ca rbu rz to r  au tomat ica l ly  metered t h e  f u e l  f o r  
s i r - f  1 . o ~  changes. 

I n  n e i t h e r  +he limiting-icing-condition t e s t s  nor t h e  hsatsd-  
a i r  da-icing t e s t s  was any a t t e l ~ i p t  made -to vary t h e  pressur?  a l - t i t ude  
a t  t h e  carburet ,or  f r o n  s e ~ - l e v n i  cond i t i ons ,  b ~ t  oressure  dron i l l  

t h e  duc-ling gavq p re s su re  al-ci tudes ranTir iZmf ram about  7G0 t o ' a b o u t  
270Q fe '? t ,  
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Throughout a l l  s e r i e s  of t e s t s ,  the  f u e l  temperature w a s  main- 
ta ined approximately between 45' F and 5s0 F and the  water temper- 
a ture ,  between 3C;O F and boo F e  This seemingly wide range of 
temperatures represents  only a small var ia t ion  of heat  input and 
would thergfore have l i t t l e  measureable e f f e c t  on t he  t e s t  r e su l t s ,  

The r a t e  of water in jec t ion  used t o  simulate r a i n  col lected i n  
the  induction system by an a i rplane i n  f l i g h t  was estimated by 
assuming t h a t  t h e  r a t e  of water in jec t ion  of an a i rplane i s  propor- 
t i o n a l  t o  the  f r o n t a l  area of t h e  a i r  scoop, the  speed of t he  air- 
plane, and t he  r a i n  density i n  t he  a i r ,  It is  estimated t h a t  an 
a i rplane with an air-scoop area  of 48 square inches f l y ing  a t  a speed 
of 160 miles per hour through a i r  with a r a i n  density of 2 grams per 
cubic meter (moderately heavy ra in )  would co l lec t  r a i n  a t  t he  r a t e  
of about 250 gram per minute, It i s  recognized t h a t  sl ipstream 
ef fec t s ,  splashing, and pecu l i a r i t i e s  o f  scoop design may cause vari- 
a t ion  i n  water-collection r a t e s  i n  par t i cu la r  a i rplane i n s t a l l a t i ons .  

Limiting-Icing-Condition Tests 

I n  the  t e s t s  of l imi t ing  ic ing  conditions, the  a i r  flow, the  
fuel-a i r  r a t i o ,  the  carburetor-air  temperature, the humidity, and 
the  r a t e  of free-water in jec t ion  were established a t  the desired 
values f o r  each t e s t ,  After  these conditions were s e t ,  the f u e l  and 
the  water flows were suspended u n t i l  it was ascertained t ha t  no i c e  
was present anywhere i n  the  inductlion system, a t  l~h ich  time t he  
flows were again turned on and the timing vras s t a r t ed ,  Thereafter, 
a t  regular in te rva l s ,  measurements were taken of a i r  f l~ i* r ,  f u e l  f l ov~ ,  
air  pressure within t he  duct ,  carburetor pressure drop, and 
carburetor-metering-suction d i f f e r e n t i a l  pressure. 

A t  t h e  end of t he  t e s t  period t he  exhausters were shut off and 
the  i c e  formation was examined e i t h e r  through the  observation windows 
or by dismantling the induction system. In  many C:_tses, the  i c e  for-  
mations were photographed t o  permit f u r t he r  analyses of the  i c ing  
charac te r i s t i cs  of the  induction system, 

I n  t h e  determination of the l imi t ing  conditions of v i s i b l e  i c ing  
and i c ing  a f fec t ing  engine operation, three  se r ies  of t e s t s  were rune 
The ranges of conditions were as f o l l ~ ~ v s :  
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S e r i c s  1 ~ e n ~ t h j ~ n i t i a l  1 I n i t i a l  I Carburetor- 
of run a i r  f l o w  f ue l -a i r  a i r  t s m p r -  (h) m i  1 a t  I a t u r e  I (9) 

H5atsci-Air 9 ~ - I c i n g  Tes ts  

S e r i e s  
(a) 

The hea t sd -a i r  de-icing t e s t s  were nadz by i c i n g  t h e  induction 
system 7~nti . l  t h e  a i r  f l cw was g r e a t l y  redilced by a l a r g e  i c e  for -  
mation. A t  tile same value of reduced, a i r  f lovs i n  every t e s t ,  the  
a i r  va lves  were manipalat,ed t o  quickly t r a n s f e r  heated a i r  of con- 
t r o l l e d  tempcrat?irs and huinlidity t o  replace  th:? cold i c i n g  a i r  
previously being supplied t o  t h e  carbure tor .  At t he  change-over and 
t h e r e a f t e r  a t  9 .l-minute i n t s r v s l s  observat ions of a i r  f LOW and f u e l  
flo~n? m r e  recorded. 

Vh i l e  t h e  i c i n g  a i r  and t h e  f r e e  vrater sveri.3 being suppl-ied t o  
t h e  carbure tor  through t h e  cold-air  duct ,  thr: hzsted a i r  was bypassed 
through t h e  a ~ ~ c i l i a r y  Slofircr 5% a p p r ~ x i x 2 t e l y  t i l f  a i r-f low r a t e  a t  
which change-over would b ?  rn3cl~: and it,s terr,pc?rlzt,we and humidity were 
s c t  t o  the  va'lu~?s d.:!sir~d f o:. d.3-icjng. IVh?r! the  time f o r  change- 
over approached, th; f r e e  !;rater nscd f o r  i c i n g  was c u t  of f  or  reduced 
t o  one-half 3s i n  thr: rams of one s -?r ies  i n  which it was desir ;?d t o  
observe th.r+ z f fec t  of f r e e  vrater on dc-icing by h a t e d  a i r ,  

I I 37-89 /----- 
III 6 I O-1500 1 .00bj-.0I.~.Z2 

a. 
Snr ie s  -[ and T I ,  c r u i s i n g  polrrer; s e r i e s  111, 

r a t q d  p o u x .  

Carburetor-air moisture content  

Thz chosen value of a i r  f l o ~ i  z t  the ,ch2ng-s-over point. ViaS 
2500 pounds per  liour b x a u s e  it  as obs1-:rvsd t h a t  -i very stever9 but  
reproducib%e i c e  f o rna t i  on r e s u l t e d  f ron ;>erxi t t ing  the icirig t o  
proceed t o  t h i s  po in t ,  Vinen the  i c i n g  7:;as permit ted t o  proceed fu r -  
thcr, t h e  a i r  f low f r e q u e n t l j  continued t o  f a l l  s o  rrlpidly wi th in  

Rela t ive  /water  i n  
l~umidi ty  !excess of 

To ta l  i n i t i a l  
( l b f l b  of a i r )  
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t h e  shor t  i n t e rva l  required f o r  change-over t h a t  no recovery was  
possible by means of heated a i r ,  Because the  t e s t  condition used 
represented such severe i c ing ,  it was expected t ha t ,  in ac tua l  
f l i g h t ,  corrective measures would be applied long before t he  a i r  
flow dropped t o  2508 pounds per hour, The ranges of conditions 
under which the  heated-air de-icing t e s t s  were made a r e  given i n  
t he  f o l lo~r ing tab le  : 

a 
Series  A ,  C ,  and D, cru i s ing  power$ s e r i c s  B and E, r a ted  povizr, 

I n  addit ion t o  the  t e s t s  made, an a t t e m p h a s  made t o  de-ice 
the  induction system with a i r  of constsnt  r e l a t i ve  humidity over a 
range of dry-bulb temperatures g. no means were available,  hovrever, 
f o r  automatically maintaining both wet-bulb and dry-bulb tempera- 
tures  and t h e  proposed t e s t s  mere therefore  abandoned, 

RFSULTS AMD DISCUSSION 

Limiting-I cing-Condition Tests 

Class i f i ca t ion  of ice occurrences, - I n  the  determination of 
the  l imi t ing  ic ing  condifions, i t  was found necessary t o  c lass i fy  
the  i c e  formations according t o  e f f e c t  because, within t he  range of 
temperatures and moisture contents investigated,  i c e  of the  throt-  
t l i n g ,  the fuel-evaporation, and t h e  impact types occurred. The 
term "no v i s ib l e  ic ingff  i s  s e l f  explanatory, The i c e  formations 
c l a s s i f i e d  as v i s ib l e  i c ing  were those no t  su f f i c i en t l y  l a rge  t o  
cause a drop i n  air-fl-0111 r a t e  of 50 pounds per 'hour within t h e  t e s t  
period. Such an i c e  formation i s  shown i n  f igure  k ,  When the  
o r ig ina l  a i r  flow was reduced by 50 pounds per hour or more within 
the  period of t he  t e s t ,  it was assumed t h a t  the ice formation would 
a f f ec t  engine operation because, although the  r e su l t i ng  power l o s s  



i n  a n  engine might be n e g l i g i b l e ,  a n  i c e  f o r n a t i o n  l a r g e  enough t o  
produce such a drop miqkit a f f e c t  mix ture  di  s J a i b u t i o n  and canse 
uneven f i r i n g  i n  sorle of t h e  c y l i n d e r s .  Icinf.; t h a t  a f fec t .ed  engine 
o p e r c ~ t i c n  may be s e w  i n  f i g u r e s  5 ,  6, and 7,  - 

Iacatio-n o f  i c e  format.ions,  - ?'Tost 3 f  t h e  i c e  formations - --_I- I -- __ - 
resu1tl::g; from f u e l  -7~ay,orstion zccum!lla tee? 3n the  t,;li.;:i.:lp -v;rr_es o r  
on  t h e  boss  t h s t  ~~fl?io::td t h e  impel].er-~hai.t ?;eLi-i:1g, (L;CC: figs. 5,  
6, and 7.) Ir, r,2~ny of the r?.uls, however, i c e  f:,~.!!i?il on ti le Yuel 
nczz le  kar  and on t1:e v.ndcr s i d e  of t h e  h ~ a l  t ' n r ~ t t l e s .  These fo r -  
r n a t i ~ n s  were czllsed by a  combinatio!: o f  fuel-evaporat ion and t!x70t- 
t l i n g  cool ing .  

Fs~ucloa:liab-7 t i c  exf.a?sinn o f  t h e  a: r stream through t h e  meter ing 
vent1:ris and t h e  thrct: , le o ~ 2 n i n g s  ccndc nsed a a t e r  from t h e  a i r  
stre,am znd s l i p h t l y  cx , l  ed  a J j a c e n t  met,lil p a r t s  ?he w i t e r  f roze  on 
t h e  t h r o t t l e  p l a t e s  a i d  on ti?.& othe r  mc->al p a r t s  t h a t  had keen fur -  
t h e r  coolsd by evapor ~t , - ing f u e l  !_ift,ecl lip under t h e  t h r o t t l e s  by t he  
tur?~uI.er,cs i n  t h p i r  vt:the ( f i q .  < ( b ) ) .  

Sf.Cect o f  i c i n g  6.1 f..l.:l-air r a t i o .  - In a l l .  t i le t , e s t s  i n  which 
--.- -- 

i c ?  forr.er3 ?xloirv t h e  i; lpa;:t, t~1 t . e~  and t h e  s t reaml ined  v e n t u r i  b a r s ,  
fuel-aiir  r a t i o  d i d  n o t  vary  Sron t h e  carbu.rntor c r t l i b ra t ion  

curve ( f i g .  8) by more t h a n  2.5 pe rcen t .  Dhen t h e  i c i n g  vms allowed 
t o  rcch1.c~ t h e  a i r  flov,r 50 thn  id l i r lg  rzLc.ge, hnyvever, t h e  va r i a t i -on  
b e c m e  2s nuch a s  1Q pel*cent l e a n e r  t,harl +,he ca l ib ra t i cn -cu rve  
v a l u e s  ( f i g .  3 ) .  This  ::.ir:t~r vclri.ation v e s  not hel-ieved t o  have been 
caused by -Lhe i c i n g  b1-11;. 3;:: ii2strum!e1lta!. e r r o r s  t . ha t  increased  at low 
a i r  and f u e l  flowrs, l,QieLl imp;ct i.ce formed on t h e  impact t ubes  and 
13n t h e  ventvr  l b a r s ,  iiomver, t h e  mclnr i ng s u c t i o n  d i f  fer .ent , ia l  was 
di3t,11rbnd, t!l?ret?y causin; t? le  fue.1-air r a t i o s  t o  bcconie a s  h igh  as 
G.lX (fit. LC). 

I ' i r i t i n c  iciLng - 'I'zble I p r e s e n t s  t h e  r e s u l t s  of -.----- 
a11 tl-IF tssts of  !.'?5.%'L:-g ic i i ig  condit.ions. These r e s u l t s  a r e  shown 
in f i g v r s s  1l ~,.nc? I%, t , ~ ~ ; f t l - ~ e r  wi th  C : ~ ~ V C S  of rel.nti.ve hun1iclit;y and 
r a t e  o f  l?rat,er i.r,;jectio!i ir-, excess  o f  s a t u r a t i o n ,  The r e d  bands 
straddll.t:g t h e  curves of  L r i . ~ : i t  i.ng i c i n r  cond i t i ons  des igna te  t h e  
possible v ~ ~ r i a t i o n .  

The l i m i t s  of vi.si51.e icini: a t  c r u i s i n q  cond i t i ons  a r e  s h m n  by 
the upp-,cr d&shed curve. i r ,  f i g u r e  11.. Tho maximum t,emperature a t  
which i c i n g  w;?s c,'nsi:rved over t h e  range  of watm con ten t s  t e s t e d  
8(?" F. D i r e c t l y  ben-.ath t h e  l i m i t  cf v i s i b l e  icing: l i e s  t h e  l i m i t  
of i c in i -  ?.ff?ct.in,c engir,e operatl.on 1 , ~  thin 3 h o ~ l r s ,  This  rc2gion 
extnnded t o  70° F sr:d t,o r e l a t i v e  humidi t ies  a s  lo-IF a s  38 pe rcen t ,  
Xarly 0.7 t h e  3 - h o ~ ~ r  runs  -mre  characterized b:\i i c e  a c c r e t i o n s  t8hc?t 
b u i l t  up  unt , i l  t h e y  r e s t r i c t e d  t h e  a i r  f low and then  broke away as 
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t h e  bond of i c e  t o  t h e  e n g i m  o r  t h e  carbure tor  p a r t s  was loosened 
by m e l t ~ h g .  The a i r  flow i n  such cases  increased  almost t o  i t s  
o r i g i n a l  value and then  beqan t o  drop; a f t e r  seve ra l  such cycles ,  
t h e  t r e n d  was unmistakably downward. 

- 

The region of i c i n g  a f f z c t i n g  engine operat ion wi th in  15 minutes 
l i e s  below t h e  lcrwest l imi t ing-condi t ions  curve i n  f i g u r e  11. The 
h ighes t  temperature reached by the  l imit ing-condit ions curve of 
i c i n g  a f f e c t i n g  engine operat ion was 650 F . This region ex.tended t o  
r e l a t i v e  hw. id i t i e s  a s  low a s  60 percent .  

I n  t h e  t ,ests perf  or:ned a t  s i lmla ted  rated-power condi t ions ,  i t  
w.as obs.?rved from the  p l o t  of the  da ta  ( f i g ,  12)  t h a t ,  w i th in  the  
range of experimental e r r o r ,  no i c i n g  a f f e c t i n g  engine opera t ion  
occurred a t  rel .a t ive humidit iss  be1.0~~ 100 per::ent. The maxim1.m tem- 
pe ra tu re  a t  v~hich i c i n g  a f f e c t e d  engins operat ion wi th in  5 minutes 
was about 7D0 F . 

Heated-Air 3e-Icing Tests  

The r?sillts of the  ht>ate:i-air de-icing t l s ts  a r e  p r e s m t e d  i n  
t a b l e  T I  and i n  f i g u r e s  1 3  t o  16, l ? p i s . a l  i c i n g  curvss showing the  
rzduction i n  a i r  f  1 .o~  and the  v a r i a t i o n  of fn.1-air r a t i o  wi th  t,inle 
during t h e  i c i n g  process a r e  shor~rn wi th  the  cxrves of de-icing t i n 1 2  

h i s t o r y  i n  f i g u r ? s  17 t o  23. 

C r i t e r i o n  and measure of de-icing ~ f f a c t i v e n e s s .  - The c r i t e r i o n  
of de-icing ef fec t iv t+ness  was chosen a s  t h e  time requi red  t o  a t t a i n  
95 percent  of the  ma.x.imum a i r  flo?n$ r x o v e r z d .  The maximum r~~cov;:?red 
a i r  flow taken a s  the a i r  f l o w  a f t e r  de-icing was completed, I n  
some of t h e  runs ,  i c e  remaining i n  t h e  induction system prevented 

a f u l l  recovery of a i r  f low wi th in  t h e  a r b i t r a r y  5-minute t?st per iod  
and these  runs have theref  sr? Seen disregarded,  

The temp2ratnre most s i g n i f i c a n t  i n  considering the  de-icing 
e f fec t iveness  of a i r  i s  the  wet-bulb tempwature because t h e  heat  
t r a n s f e r  t o  th?  i c e  t a k . 2 ~  place .through a water i n t e r f a c e .  The time 
r q u i r e d  t o  recovzr 95 percent  of tht? maximum recovered a i r  f l o ~ r  
with heated a i r  of varying t enps ra tu re  and r s l a t i v e  huqidi ty has 
t h e r 3 f o r  becn p l o t t e d  a g a i n s t  t h a  wet-3ulb temperaturi3 03 the  a i r ,  

Var ia t ion  of de-icing time wi th  vet-bulb t e m p e r a t u r ~ .  - A l l  the  
r e s u l t s  of the  t e s t s  i n  which no f r a e  wat,ar was i n j e c t e d  ( s e r i e s  A ,  
D, E, and B i n  f i g s ,  13, 14, 15, and 16; respecti .vely) i n d i c a t e  a 
r ap id  decreasa i n  time requi rsd  f o r  de-icing a s  t h a  wet-bulb tcmper- 
a t u r  increased  t o  values b a t ~ m e n  73' F an:! 90' F and only a 
s l i g h t  decrsaso i n  de-icing time f o r  higher  wet-bulb temperatures. 
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The r e s u l t s  of i n j e c t i n g  250 grams of water  pe r  minute dur ing  
de-icing t o  s imula te  free-water  i n j c c t i o n  through l eaky  a l t e r n a t e  
ho t - a i r  i n t s k e s  on a i ry la r les  ( s e r i e s  C hestas)  have been p l o t t e d  w i t h  
those  of t h e  s e r i e s  A t e s t s  i n  figure 13. Excent f c r  t h e  i n j e c t i o n  
of f r e e  wa te r , - t hes s  two s e r i e s  of t e s t s  were made under s i m i l a r  
t ~ s t  condit ioi ls* For a i r ,  t h e  wet-bulb tsmperat,ure i s  a f u n c t i o n  of 
t h e  en tha lpy  ( h e a t  c o n t , ~ n t  i n  ~ t u / l b )  and t h s  i n j e c t i o n  of 250 grams 
of water per  minute i nc reased  t h e  e n t h a l ~ y  of t h e  de-icing air  by 
only 1 , b  Btn ?er  po!nld, This  i n c r e a s e  i n  enthalpy i s  e ,quivalent  t o  
a wet-bulb temperature r i s e  amo7jnting t o  only 2O F f o r  a ~ f ~ e t - b u l b  
t e m p r a t u r e  of 6s0 F ail3 t o .  only 1 0  F f o r  a wet-bulb temnerature of 
90° F'. Thus the  resul-Ls i n d i c a t e  t h a t  th.3 i n j e c t i o n  of small amoun-t;S 
of f r e c  water d!lri-ng t h o  do-icing .process do::s n o t  a f f e c t  the recovsry 
t i m s  w i t h i n  t h e  l i m i t s  of obse rva t iona l  e r r o r .  The va lues  af enthalpy 
used i n  t h i s  r e p o r t  vrere k k z n  f r o 3  r e i ' e r m c e  5 .  

E f f e c t  of cllaract;3r and l o c a t i o n  of the  i c e  on de-icing time. - --- --. 
Resu l t s  of t,he de - i~ j . ng  t e s t s  perform5d lrfith an  i n i t i d  a i r - f low ra t e  
of 4000 poimds p e r  ~-IOLI.X- have heen p l o t t e d  i n  figurc2s 1 3  and 14. 
These cu rv l s  a r e  d i s s i n i l ; ~ r  because t h e  i c i n g  condit , ions of s e r i e s  A 
( f i g  , 13) produced an n,va?orati3n-ice format ion  that, almost com- 
p l e t e l y  f i l l e d  t h e  a i r  pzssaye 'belovi t:?e carbure tor ,  whereas t h s  low- 
terr.perature runs  of s e r i e s  D (fiy. 1.h) produced an in??act-icing con- 
d i t , i on  t h a t  coater7 t h e  upper sur,Cazes 71' t h e  ca rbu re t a r  x i t h  a t h i n  
f  i l r n  of i c e .  The d.iff e rsnce  i n  t h e  shspes of t h e  curves in f i g -  
u r e s  1 5  and 16,  which sho~ ;  t h e  res1llt.s cf t,he de-icing t e s t s  a t  an 
i~i-Lisl air-!'lor: ra$e 21 70CI9 pourxis per  hour,  i s  a t t r i b u t a b l e  t o  a 
s i m i l a r  d i f f e r e n c e  i n  t h e  lc ;at , ions and types  of i c e  f orna t ion ,  

r, E f f e c t  of a i r - f low r a t e  on d e - i c i r ; ~  t ime. - 2rom a comparison --.- - ..,-. -.-,--. - 
of -t;he resu1:Ls a h t a i r ~ e d  from removing -the i n p a c t  i c e  formed a t  t.-wo 
d i f f e r e n t  a i r - f low r a t e s  i n  s e r i e s  9 and '3 ( f i g s ,  l h  and 15, respec- 
t i v e l y ) ,  it i s  noted  t h a t  t.he c;lrves a r e  s i m i l a r  i n  snape and magni- 
t,;lde of' values,  ?'he s i m i i a r i t j -  probably resi- i l ts  from tho  rar;irl 
n e l t i n g  and blo~ving amray of t ! ~ e  smal l  ini_7act-j_ce formations covering 
t h e  throt;t l .e opsnlgiys, which permi-tted t h e  a i r - f l o n  r a t e  t ,o  recovsr  
t o  t he  n o r ~ ~ a l  v l l u e  determined by t h e  i h r o t , t i e  s e t t i n g ;  t h u s ,  f o r  
t h i s  t ; p e  or" j.ce forr:iaticl;, de- icing timc: was n o t  a f f n c t e d  by t h r o t -  
t l e  opening, 

The r e s u l t s  given by t:he t e s t s  of s2ries A and B ( f i g s .  1 3  and 
16, res!-iectively) shc~u c;lrves of s i ~ x i l a r  shape Comparison of t,hc 
v:~iues of p o i n t s  on t h e  c~zi-vss si:m:s t h a t  it r?q-juired a 1c.ngor t.irne 
t o  r e s t o r e  a n  a i r  17.0-u of 700'3 pnunds per  , h m r  t h a ; ~  t o  r 5 s t o r e  one 
of LC03 pounds pc;r ',:our a t  t h e  samn wet-b!rib tnrnpzrat:.lre, The d i f -  
f e r ence  b<$t~~reen the  rqcoveqr tiriles i s  bcliev??;i t o  be 6ue t o  t h ~ :  f : ~ t  
t h a t  ti1.e ice? formed i n  t!ie s e r i r ? s  ii 2nd 3 t e s t s  r:as o: t h e  .:,vapors- -- t ior?  type and almost corr@l.etnly f i l l e d  th.2 a i r  passaec;, i n  such an 
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event ,  t h e  amount of a i r  f low rest .ored wo:lld depend on t h e  q u a n t i t y  
of i c e  melted out; hence, f o r  equal  wet-bulb temperatures ,  t h e  t ime 
f o r  r e s t o r a t i o n  of t h e  a i r - f low r a t e  of 7000 pounds p e r  hour would 
be g r e a t e r  t han  t h e  time r equ i r ed  t o  r e s t o r e  t h e  sma l l e r  a ir-f low - 
r a t e .  

Recovery of f u e l - a i r  r a t i o ,  - The time r equ i r ed  f o r  recov5ry of 
t h e  i n i t i a l  f u e l - a i r  r a t i o  ( a s  aeas;rred) somewhat la.gged the  a i r -  
f low recovF:rg i n  th2  v.zrious t e s t s ,  I t  i s  be l izved  t h a t  t h e s e  l a g s  
wers caused by slow resporlse of t h o  ro tameters  used f o r  measuring 
t h e  f u e l  f low zcnd t h a t  a c t l ~ a l l y  l i t t l e  o r  no diff-l .rence e x i s t e d  
between t h e  air-f low-rate  and t h e  f u e l - a i r - r a t i o  r scovery  t imes.  

Tho f u e l - a i r  r a t i o  at, t h e  t ime of 95 percent  maxim1m air-flow- 
r a t e  recovery iwds gene ra l ly  r i c h e r  t hzn  t n e  f u e l - a i r  r a t i o  a t  the 
s t a r t  o i  each t e s t  ( s ~ o  t a b l e  11) and dev ia t ed  l'rom t h e  i n i t i a l  
va lue  by as much a s  1C pe rcen t  i n  many cases .  The d e v i a t i o n s  might 
hav? occurred f o r  on2 or  mor.: of t no  f o l l o ~ ~ ~ n g  reasons:  

1. Er ro r s  and l ag  iilrere i n h e r e n t  i n  t h e  carburetor- temperature 
conpcnsat or .  

2 .  WaLer might havt? en t e red  th? ca rbu re to r  tsmperature- 
compensating unit dir i r rg t h e  i.cir,g p o r t i o n  of t h e  t e s t s  and prevented 
f 1111 t empk:rature comgensation ?ri!xi;n t ha dr.-icing; air  v~as turned on. 

3. DiE'ferences i n  c a l i b r a t i o n  e r r o r s  bet1~2en t h e  o r i f  i c e s  
measuring cold-air  and hot -a i r  f l o w  co..ll:l ca1;s.s c i i f ferences i n  th.2 
c o ~ p u t 2 d  f ue l - a i r  r a t i o s  . 

b. Cha.nges i n  a i r - f l ~ - ~ v  d i s t r i b u t i o n  [due t.o t he  use of a l t n r n a t e  
duc t  sys  terns might h a w  inf luenced  ca rbu re to r  ~n.?t,sring, 

Bas is  f o r  r a t i n g  a i r c r a f t  induct ion-a i r  heat!.?rs. - A i r c r a f t  
indlzction-air hi.aters hav;: gc.n?ral.ly bean ratn.3 on the  .basis of r i s a  
i n  dry-bulb tem7ersture;  th.s ~ a t u r s  of t h e  ri->sul.ts of a l l  the  de-icing 
t e s t s  i n d i c a t . , ~ ,  however, t h a t  t h e  last-bulb t e ~ p e r a t u r z  of t h e  heatzd 
a i r  governs de-icing effectiveness, The wst-bulb temperature r i s e  
may bs determined j.dt:?out th:: use cf s c t a a l  wet-bul b t jh~rmometers  by 
f i r s t  coniputj.ng thr: Btu ris:? (.?nt.hal-7;;/ increas3)  of t h e  h2a ter .  For  
any g i i ~ e n  condi t ion  o!' a i r  -;nt.-tri.n,-,7 tile hea t -? r ,  thi i n l q t  e n t h a l ~ y  
can th::n be !?~:term'lned by rc3f ~;rr-':nce t 3  a psychrcnz;,.tric t a b l e  o r  c n a r t  
and thr-:! e i ~ t h a l ? ; ~ ~  of t h e  a i r  1zaving  t h e  h e a t e r  x i l l  be t h e  SLIT of 
t h e  i n l e t - a i r  5nthalp.y and t k ?  .mthalpy inc rease  supp1ix.i by t h e  
hea t e r .  F .~ i r the r  r e f  zrencc t o  psychro~net r ic  d a t a  w i l l  y . ic ld t h e  out- 
1st ~r?t-'~x11;, teal7:sratl~rt? a s  a f unc t i o n  o:? ~ n t h a l p y .  
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The fo l lowing  resi.iLts a r e  s t r i c t l y  app l i cab le  only t o  t h e  
Chandler-Evans c a r b u r e t o r ,  model 1900 CP3-3, mouxted on a P r a t t  & 
Whitney R-1830-C4 in t e rmed ia t e  r e a r  engine s e c t i o n  opera ted  under 
t h e  t e s t  cond i t i ons  of t h i s  program: 

1, The maximurn ugper l i m i t  of ca rbu rc to r - a i r  temperature a t  
which v i s i b l e  i c i n g  was observed was 80' F a t  any moisture content  
i n v e s t i g a t e d  f o r  opc ra t ion  a-t 15 n i n u t e s  at. s imulated c r u i s i n g  con- 
d i t i o n s ,  

2 .  The upp?r ca rbu re to r - a i r  tempsrature f o r  i c i n g  a f f e c t i n g  
engin? opera t ion  was 700 1: w i t h i n  3 hours of op- ration a t  s i ~ u l a t e d  
cruising-pnwer condl t iqns  or withi!? 5 minutss a t  s imula ted  r a t e d  
p OVier r 

3. The l o v e r  l i m i t  of r e l a t i v e  h w i d i t y  f o r  i c i n q  a f f e c t i n g  
engine ops ra t ion  ovnr t i le range of tee.n;vrat,ures i n v e s t i g a t e d  was 
about  60 pel*cent  f o r  t h e  15-?Linute ruirls a t  c r u i s i n g  condi t ions  and 
about  30 p ~ r c + n t  Tor tL:e  j - h 9 1 ~  runs  ai crul.si;lg condi t ions .  

Ir. I c i n g  a f f e c t i n g  +:igi:~e o p e r a t i ~ n  wi th in  5 q i n u t e s  of opera- 
t i o n  a t  s  imulatsd ratsd-?o7+rer cond i t i ons  occ7rred only f o r  a i r  tem- 
p e r a t u r e s  belom 70' It' and oz ly  f o r  -9 i r  mois ta re  conten ts  eqaival-ent 
t o  o r  a - ~ o v ?  s a t u r a t i o n ,  

5 .  P r o t u b ~ r a n c e s  such a s  t h q  f u e l  nozz le  b a r  i n  t h e  ca rbu re to r  
and the  t u r n i n g  vanes a t  t h e  entrarice t o  t h e  supercharger  s s c t i o n  
were lodging  n laces  f o r  most of t h e  i c e  formations,  

6. ?hq time necessary  t o  r e s t o r e  t h s  a i r  f low by means of 
heatc-l a i r  a f t e r  thn induc t ion  system had bsen p a r t l y  blocked w i t h  
i c e  decreased n i t h  increasierl ~re t -bulb  temperature of t h e  heated a i r .  

7. The i n j e c t i o n  of f r e e  vrater a t  r a t e s  up t o  253 grams pe r  
minute dur ing  de-ictng tiad no e f f e c t  on t h e  time f o r  r e s t o r a t i o n  of 
95 percent  of t h e  m2ximirn rccovsred a i r  fl-GW a t  s imulated c r u i s i n g  
condi t ions  when t h e  i c e  f isrined a t  a ca rbu re to r - a i r  t expe ra tu re  of 
La0 F. 

8. The optimum ar t -bulb  t enpe ra tu re  f o r  r e s t o r i n g  a i r  f l o w  was 
form? t o  bc  between 73O F and 90° F f o r  a l l  condt t ions  of i c i n g  
inves  t i g a t  2d. 
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9 .  The fuel-a.ir  r a t i o  remained w i t h i n  10 percent  of t h e  c a l i -  
b ra t ed  value under a l l  i c i n g  condit ions except impact-icing condit ions 
and lms res to red  by t h e  a p p l i c a t i o n  of heated a i r  a s  r ap id ly  a s  t h e  
a r r  flow wiJhin t h e  l i r n i t s  of observat ional  e r r o r .  

A i r c r a f t  Engine Research Laboratory, 
National  Advisory Corn i t t ee  f o r  Aeronautics,  

Cleveland, Ohio. 
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TABLE I - RESULTS OF LIMITING-ICING-CONDITION TESTS OF CHANDLER-EVANS 1900 CPB-3 CARBURETOR MOUNTED ON % 

4 PRATT & WHITHEY R-1830-C4 INTERMEDIATE REAR ENGINE SECTION C) 
b 

Run 

Carburetor a i r  
Enthalpy 
(Btu/lb) 

Dry-bulb 
temper- 
a t u r e  

(OF) 
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f low, 

1 

2  

1 
2  

2  
2  

1 
1 

2  

1 

1 

2  

2 

1 

1 

1 
2  
2  
2  
1 

2 
1 
1 
1 

2  
2 

1 
1 

1 

Wet-bulb 
temper- 
a t u r e  

(OF) 

17 

21 

25 
20 

22.5 
29.5 

32 
35  

34 

37.5 

43.5 

3  5 

27 

32.3 

36 

44.5 
51.5 
54.5 
57 
28 

60 
60 
60 
60 

52 
49 

51 
2 0  

1 9  

affecting 

56 

50 

100 
38 

70 
74 

100 
100 

53 

80 

60 
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68 

75 

68 

65 
56 
70 
84 
78 

l o o  --------- --------- --------- 
82 
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88 
100 

85 

engine 
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2  

4  

5  
6  

7  
8  

9  

1 0  
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1 3  
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1 5  

1 6  
1 7  
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20 
21 

22 
23 
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25 
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27 
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32 

a ~ ,  

A i r  flow 

20 

25 

25 
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25 
32 

32 
35 

40 

40 

50 

50 
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35 
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60  
60 

.60 
30 
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60 
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2 0  
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i c i n g  

I n i t i a l  
f u e l - a i r  
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4000 lb/hr ;  
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1 5  
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1 5  
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1 5  

1 5  
1 5  
1 5  
1 5  

1 5  
1 5  

1 5  
1 5  

1 5  

Absolute 
'moisture 

content  
( lb / lb  of 
dry a i r )  

Minimum 
( l b h r )  

Moisture content  

f u e l - a i r  r a t i o ,  0.070 

Thin scum of i c e  on a11 i n t e r i o r  aur faces  of, a i r  passage; 
t h r o t t l e s  f ros ted  

Thin coat ing of i ce  on r e a r  of a i r  passage, turning vanes 
coated, lump on r i g h t  s ide  of vanes 

Thin l ayer  of i c e  i n  r e a r  of a i r  passage 
S l igh t  v i s i b l e  i c i n g  on t h r o t t l e  and on air-passage 
window 

Sli&ht i c ind  on turning vanes; t h r o t t l e s  f ros ted  
Ico on t h r c t t l e s  and on f u e l  nozzle bar; rime on turning 
vanes 

Ice formed on t h r o t t l e s ,  f u e l  nozzle bar ,  and i n  a i r  passage 
Ice on turning vanes; prominent formation on bottom of 

t h r o t t l e  p la tes  
Thro t t l e s  f ros ted ;  Ice on under s ides  of t h r o t t l e s  and f u e l  

nozzle bar; formation on turning vanes 
Ice on tu rn ing  vanes; s l i g h t  i c i n g  between t h r o t t l e s  and on 
f u e l  nozzle bar 

S l igh t  i c ing  i n  upper rea r  of s i r  passage and on f u e l  nozzle 
bar;  i ce  on t o p  th ree  turning vanes 

S l igh t  f r o s t  a t  top of adapter; i ce  on right-hand turning 
vanes 

Thro t t l e s  f ros ted ;  i ce  on under s i d e s  of throt t les ,  on nozzle 
bar ,  turning vanes,and s i d e s  of a i r  passage 

Thro t t l e s  f ros ted ;  i ce  on under s i d e s  of th ro t t l e s ,  on nozzle 
bar ,  and turning vanes 

Thro t t l e s  f ros ted ;  i ce  on under s ides  of throt t les ,  on nozzle 
bar ,  and turninp vanes 

Thro t t l e s  f ros ted ;  i c e  on tu rn ine  vanes 
S l igh t  i ce  on turning vanes and on top of f u e l  nozzle b a r  
Ice on t u r n i n g  vanes; s l i g h t  fonndtlon on fue l  nozzle bar 
Ice a t  r e a r  of a i r  passage and on turning vanes 
Ice on tu rn ing  vanes, f u e l  nozzle bar ,  and on under s i d e s  of 

t h r o t t l e s  
Heavy i c e  formation on three top  turning vanes 

Lump of i c e  i n  center  of a i r  passage 
Large chunk of i c e  i n  c e n t e r  of a i r  passage; i ce  on turning 

vanes 
Ice on tu rn ing  vanes 
Ice  on upper turning vanes; prom!nent formation a t  tor, r e a r  

of a i r  passage 
Heavy formation on tu rn ing  vanes 
Ice  formed on lbwer turning vanes and on under s i d e  of 
ce rbure to r  

Formations on bottom of qarburetor ,  on a i r p a s s a g e  walls ,  
and on turning vanes 

NATIONAL ADVISORY 

Effect  
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humidity 
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( c r u i s i n g  

0.0013 
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.0020 
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To h o t - a i r - t e m p e r a t u r o  
c o n t r o l  v a l v e s ,  (Dl 

A Hea ted-a i r  bypass  
br 
ats 
%a 

a i r - t e m p e r a t u r e  c o n t r o l  t h e r m o s t a t  
wer f o r  bypassed h e a t e d  a i r  

C  Cold-a i r - t empera tu re  c o n t r o l  t h e r m o s t a t  
D Hot -a i r - t empera tu re  c o n t r o l  v a l v e s  
E Bypass s l i d e  v a l v e  (open p o s i t i o n )  
F  I l l u m i n a t i n g  window 
G O b s e r v a t i o n  windows To e x h a u s t e r s  
H Tempera tu re  s t a t i o n s  (we t  and d r y  b u l b )  
J S l i d e  v a l v e  ( o p e n  p o s i t i o n )  
K Thermometer b u l b  f o r  c o l d - a i r  t h e r m o s t a t  
L Water s p r a y s  
M P r e s s u r e  s t a t i o n s  
N Water r o t a m e t e r  
0  Air h e a t e r s  
P Mixine chamber 

\ Q s team-nozz le  I I ~  - 8 - 
R Heated-air-f low measur ing  o r i f i c e  B -Cold a i r  
S  Mixing v a n e s  
T Thermomete r -bu lb  f o r  h o t - a i r  t h e r m o s t a t  I 
U S l i d e  v a l v e  ( o l o s e d  p o s i t i o n )  
V F l a p p e r  v a l v e  ( c o l d - a i r  p o s i t i o n )  
W C a r b u r e t o r  
X F u e l  n o z z l e  b a r  
Y Air p a s s a g e  
Z Turn ing  v a n e s  
A Steam l i n e s  t o  c a s e  h e a t e r s  
B  Cold-air-f low measur ing  o r i f i c e  
H Carburetor sir-temperature s t a t ion  

RAT lONAL ADV ISORY 
COMMITTEE FOR AERONAUTICS 

Figure 2. - Schema t i c  d i ag ram of i nduc t ion - sys t em h e a t e d - a i r  d e - i c i n g  t e s t  a p p a r a t u s ,  
shown i n  p o s i t i o n  f o r  i n i t i a l  i c i n g .  
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Figure 3. - Comparison of A. S.T.M. fuel-distillation curve 
for the fuel used in the icing tests with that of an 
AN-F-28 fuel . 



Pigura 4. - B i a i b l s  i o i n g  in engine-air passaga not a f f ac t -  
ing engine operation. Carburetor-air temperature, 
35' 1; relative humid i ty ,  54 peroent ;  initial 
air-flow rate, 4000 pounds par hour; initial f u e l -  
air r ~ t i s ,  0,07 1 



l A C A  A R R  Hoe E1383 F i g o r s  5 a , b  

(8) $ae in engine-sip passage, 

(b) Bottom view of eesbare%sr, 

Figure 6. - Icing a f f ec t ing  engine ope ra t i ou .  Carbura tor->  
sir temperature, 40' F; water-inj e c t i o n  rsl&s, 
500 grams per minute: i n i t i a l '  a i r - f l o s  r a t s ,  
4000 pounds p e r  hour; B n i t i ~ P  fue l -a i r  
ratio, OsQ7Q, 



Figure -. Turning-vane doe affeetirag engine operation. 
Carburetor-air temperabture, 32" P; relative 
humidl tg, 100 peroent; initial air-flow rate, 
4040 pounds per hour; initial fuel-air 
ratio, 0,068. 

Figure 7, - Iae l u a p  lodged in air psesage tabffeotirwg engine 
operstf on. Carburetor-air tempers tare, 68" F; 
water-injeotion rate ,  8 25 grams per miaute; 
initial sir-flow rate, $800 pounds pas hour; 
i n i t i a l  fuel -a i r  r a t i o ,  0,070. 
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power. Series I tests. 
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Figure 13. - Effect ~f wet-bulb temperature on air-flow-recoverg 
time, series A and C, simulated crmisi power. Initial condi- 
tionb : air-f 10% rate, 4000 pounds peryour$ carburetorair 
temperature, 40 F; fuel-air ratio, 0.070; water-injection rate 
during icing, 500 grams per minute, 



W A C A  A R R  EUJ83 F i g .  816,15 

Figure 15. - Effect of wet-bulb temperature on air-flow-recovery 
time, series E, simulated rated power. Initial conditions: 
air-flow rate, 7000 pounds per hour; carburetor-air temperature, 
25O F; fu$l-air ratio, 0.100; water-injection rate, 400 grams 
per minute during icing ody. 



HACA ARW EYd03 Fig,. 16 

Figure 16. - Effect of wet-bulb temperature on air-flow-recovery 
time, series B, simulated rated power. Initial conditions: air- 
f l o w  rate, 7000 pounds per hour; carburetor-air temperature, 
40° F; fuel-air ratio, 0.100; water-injection rate, 500 grams 
per minute during icing only. 
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Figure 17. - Time history of de-icing by means of heated air, simu- 
lated cruising power, series A. Initial conditions: air-flow 
rate, 4000 pounds per hour; fuel-air ratio, 0.070; carburetor-air 
tempersture, 40' F; we ter-in jection rate, 500 grsms per minute 
during Icing only, 
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Figure 18. - Time history of de-icing by means of heated a i r ,  simu- 
l a t e d  r a t e d  power, s e r i e s  B. Initial condi t ions:  a i r - f  low 
r a t e ,  7000 pounds pe r  hour; fuel-air ra t io ,  0.100; c a r b u r e t o r - a i r  
temperature, 40' F; water-injection r a t e ,  500 grams per m i n u t e  
during i c i n g  only. 
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Figure 19. - Time h i s t o r y  of de-icing by means o f  heated a i r ,  sirnu- 
l a t e d  c r u i s i n g  power, s e r i e s  D. I n i t i a l  condi t ions:  air-flow 
r a t e ,  4000 pounds p e r  hour; fue l -a i r  r a t i o ,  0.070; carburetor-a i r  
temperature, 2 5 O  F; wa te r - in  j ec t ion  r a t e ,  250 grams p e r  minute 
during i c i n g  only. 
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Figure 20. - Time history of de-icing by means of heated air, simu- 
lated rated power, series E, Initial conditions: air-flow rate, 
7000 pounds per hour; fuel-air ratio, 0.100; carburetor-air 
temperature, 25O F; water-injection rate, 400 grams per minute 
during icing only. 
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