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INTRODUCTION 

The conference on Aircraft Ice Prevention was organized by 
the NACA to convey the CommitteeYs latest research results to 
those individuals and organiz(ations responsible for the design, 
development, and flight application of aircraft ice-prevention 
equipment. 

The technical discussions are reproduced herewith in the 
same form in which they were presented so that distribution 
might be prompt. The original presentations in this record are 
considered as complementary to, rather than as substitutes for, 
the Committee's system of complete and formal reports. 

A list of the conferees is included. 

vii 
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REVIEW OF NACA RESEARCH ON THE 

THERMAL ICE-PREVENTION sYSTEM 

By Lewis A. Ro~ert 

Flight Propulsion B~search Laboratory 

INTRODUCTION 

When an unprotected airplane encounters icing conditions, its 
usefulness is reduced because of the detrimental effects of :i.ce on 
per:formance, dependability:, and safety. Th.e re~earch of. the NACA 
on ice prevention has been directed to a very large extent toward 
the use. of heat. 

l 

A solution to a problem S't:LOh as that. presented by the· forma­
tion of ice can usually be found,. but the solution always involves 
penalties. In order to judge the relative imp.ortance of- penalties 
and.benefits connected with thermal ice prevention, it is necea:­
sary to understand the severity of the problem when no protection 
is provided. One phase of the research has therefore been con­
cerned with evaluating the changes in lift and drag of lifting 
surfaces, loss of thrust, unbalance of propellers, loss of vision 
through windshtelds, increased structural loads in external fit-: 
t.ings such as radio. antennas, and structural damage due· to ice · . 
being thrown from propellers or shed from one part and striking 
another, which occurs when an airplane is flown in icing conditions. 

The research on the tllerinal systemwas concerned first with 
discovering heating arrangements for the various vulnerable parts 
of the airplane. Through these arrangemen~s heat could be deliv­
ered to the wings, th_e windshield, and the propeller. Upon dis­
covery of what appeared to be workable constructional arrangements 
for heating these parts, the next concernwas the quantity.and 
dist~ibution of the heat re~uired. 

Inasmuch as the heat requ,ired is determined not by the con-· 
figuration of the vulnerable part alone, but also by the nature 
of the icing cloud, the research also included a study of meteor­
ological conditions. 

The scope of the research has been to determine the detri­
mental effects of ice, to investigate means for .applying heat to 
the vulnerable parts, to establish design procedures for calcu­
lating the heat required, and to determine the cloud characteris­
tics which cause the ice. 
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In the conduct of the research, useful data has been obtained 
that is applicable to the range of airplane speed~sizes, and 
variations in form that exist or are apt to be found in the near 
future. 

Acknowledgment is made to the United Air Lines, Northwest 
Airlines, and the Air Materiel Command and the pilots of these 
organizations for their contributions in making possible the exten­
sive flight operations in natural icing conditions. 

I 

PROCEDURES AND RESULTS 

During the 1920's, flights with unprotected airplanes into 
icing conditions demonstrated that a major problem existed and as 
a result research on ice prevention by the NACA was. started. The 
nature of the problem was further evaluated by wind-tunnel and · 
flight research in which·the effects on lift and drag on airfoils 
were measured. Typica~ of these studies was one conducted in 1939 
on the Lockheed 12A airp;J..ane (fig. l)J in which protuberances 
intended to simulate j.ce were attached to a wing and the aero• 
dynamic characteristics were measured. The simulated formation 
shown on the wing caused a reduction in CT. of 40 percent and 

. "-''D.S.X 
and increase in CD of\the wing at cruising speed of 450 percent. 
More recently, the effects on airplane performance have been meas­
ured by the use of aircraft with which flight may be safely made 
into icing conditions, which is presented by Gough. Ice has been 
observed to cause radio-antenna wires to break and a study of this 
particular problem was made, the results of which are given by 
Kepple. Ice thrown from propellers has penetrated i-inch plastic 

windows and the sides of the airplane fuselages with sufficient 
velocity to cause some damage on the interior of the craft (fig. a). 
Ice shed from the forward portions of the airplane has seriously 
damaged the tail structure (fig. 2). The simple conclusion from 
this evidence is that protection is required if operations into 
icing conditions are to be attempted. 

The use of h8at as a means of preventing ice was initiated 
prior to 1930 and reported by Theodorsen and Clay (reference 1). 
Ice-tunnel and flight investigations using model wings and simulated 
icing conditions were conducted (fig. 3). At this date, a material 
such as 18-8 stainless steel was not available and therefore the 
exhaust-air heat exchanger or other high-operating-temperature 
equipment was not given serious consideration. The early models 
were heated with steam because it was thought that a practical 



system might be found with such a heating medium and because steam 
provided a practical method, through the measurement of the rate of 
precipitation, of determining the heat required. It was concluded 
from this work that there was adequate heat in the engine exhaust 
to protect the airplane wing against ice and that protection could 
be obtained by heating about 10 percent of the leading edge of the 
wing. · 

In 1957 1 wh~n the air line operators had become more in need 
of' an answer to the ice problem and when better materials were 
available, other heating means were examined. Againi in the icing 
tunnel and in fl11ght, ~odels were studied.· 

The trend toward all-metal construction and the possible uae 
of heated air or engine-exhaust gas in the wing structure required 
investigation of various leading-edge heating arrangements (fig. 4). 
The passage of exhaust through a tube -within the wing leading edge 
and the passage of heated air within the wing were examined in the 
flight model (fig. 5). Ice was permitted. to form on this model 
(fig. 6); the quantity·of heat required to·remove the ice was 
found to be l_ess th$.n. that require-d to prevent- the formation· of 
ice. It was also concluded from this investigation that less than 
20 percent of the eng:i.ne-exhaust heat would be required to prevent 
ice on large aircraft having the power-area ratios of 1937 period. 
It was further concluded that by heating the leading-edge 10-percent 
region to a temperature 100° F above the ambient-air temperature, 
when flying in dry air, would supply sufficient heat to prevent ice 
at the same airspeed. This has been the basis of the dry-air 
method of analysis of heat requirements. 

On the basis of these results, a full-scale application was 
made on the Lockheed 12A airplane (fig. 7). The design of this 
equipment was started in 1959 and the first flights in natural 
icing conditions were made in the early part of 1941 from the NACA 
laboratory at MoffettField, California. The first Lockheed 12A 
design employed an exhaust-gas tube within thawing leading edge. 
The flights in natural· icing conditions confirm~d. in full scale 
the results of earlier model research and provided the tool with 
which the problem could be generally treated; that ls, an airplane 
was provid€d that could be deliberately and safely flown into 
icing conditions. The ice, so to speak, had been broken. An 
exhaust tube in the wing did not have wide application and there­
fore 'investigations were started on air heating methods. The 
arrangement shown in figure 4(E) was found. to be satisfactory in 
these investigations. This led to the work on heat exchangers. 
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A number of heat-exchanger development projects was started 
by the NACA in industrial concerns in 1941 whereby it was hoped 
that a satisfactory heated-air source would be found, Many firms 
responded and several serviceable exchangers were produced. The 
tube-bundle type exchanger resulted f.rom this activity (fig, 8). 
The heat exchanger made possible several applications of the 
thermal system to wartime airplanes, the experimental versions of 
which were designed and constructed by the NACA. The B-24 was the 
first of these projects (fig. 9). This craft used four tube­
bundle type exc4angers to supply heated air to the wings, empennage, 
and windsb.ield. Modifications were als.o made for the B-17 and 
C -46 airplanes and the Lockhe.ed 12A airplane was converted to the 
heated-air system. · The full~scale applications made during the war 
demonstrated, through actual service, the practicability of the 
thermal system.. ·· 

The weight, structural complications, and maintenance diffi­
culties of the 'thermal system were indic.ated from. the full-scale 
applications. The thermal protect-ion was foi.md to add about 1 per­
cent of the gross weight. By careful design, cabin.heating might 
also be obtained without further weight. 

The wing leading edge (fig. 10) was found to add some struc­
tural complications. Metallurgical and structural investigations 
indicated no serious penalty although flight tests with the C-46 
showed that some skin structure might have to be made thicker by 
about 10 percent. The circulation of air through the heating sys­
tem caused a small loss in performance. 'The exhaust-heat exchang­
ers did not have a significant effect on engine power. 

The heating of windshields was first examined in tunnel and 
flight models in 1938. Using a section of a Stinson airplane 
windshield (fig. 11) and simulated icing conditions, data were 
taken on the quantity of heat required to prevent ice formations. 
The windshields were heated by passing heated air between two 
clo~ely spaced panes and by the use of electric power. From these 
studies it was concl~ded that about 1000 Btu per hour per square 
foot would protect the windshield at airspeeds ,up to 150 miles per 
hour. The results of this research were later confirmed on the 
Lockheed 12A and recently extended on the B-24 and C-46 airplanes, 
a discussion of which is presented by Holdaway. 

The initial research on the heating of propellers was con­
cerned with evaluating the effects of aerodynamic heating. The 
National Research Council of Canada made the first full-scale 
applications of the thermal system to propellers and demonstrated 

i8II'±DENfli£..,. 
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that power for the heating could be provided by hub-type generators. 
The topic of propeller heating is covered in several papers pre­
sented by Gray, Lewis, and Pesman~ 

While the dry-air method of determining the quantity of heat 
required for ice protection has been useful as demonstrated by the 
success of air ref?earch airplanes, it has not been considered 
adequate. It was early recognized that the design should be based 
on specified meteorological conditions and the quantity of heat as 
calculated from the impingement rate and pattern when operating in 
these conditions. A study was made by Kantrowitz (reference 2) of 
the impingement pattern in 1939 and by others since that date. 
This work has recently been extended and is d:i.scussed by Bergrun. 
The treatment of heat transfer from a wetted surface as examined 
initially by Hardy (reference 3) has also been investigated for 
the cases of the wing and windshield and these studies are presented 
by Neel and Holdaway, respectively. 

Obtaining data on the characteristics· of an icing cloud has 
been most difficult. Research on instruments whereby the liquid­
water content and droplet size may be measured has been initiated 
in our laboratories and sponsored at universities, Without exten­
sive data on the problem that nature presents, the design of the 
thermal system can only be approached in an empirical manner. 
During flights conducted. the past several years, considerable 
meteorological data have been collected. The vleather Bureau has 
collaborated with the NACA in this phase onthe research by pro­
Viding meteorologists and special services of their weather sta­
tions in the areas of operation. The results of this work is 
presented in the following section by Lewis. 

CONCLUSION 

The results of NACA research on the thermal ice-prevention 
systemhave shown that all entering surfaces of aircraft intended 
for all-weather operation must be protected and that protection 
can be provided by the use of heat without significant penalties 
to the usefulness of the airplane. 

REFERENCES 

1. Theod.orsen, Theodore, and. Clay, William C.: Ice Prevention on 
Aircraft by Means of Engine Exhaust Heat and a Technical 
Study of Heat Transmission from a Clark Y Airfoil. NACA 
Rep. No. 403, 1932. 



6 · Cb!ftl !!J!I!f!!l@lot 

2. Kantrowitz, Arthur: Aerodynamic Heating and the Deflection of 
Drops by an Obstacle in an Air Stream in Relation to Aircraft 
Icing. NACA TN No. 779, 1940. 

3. Hardy, J. K.: Kinetic Temperature of Wet Surfaces. A Method 
of Calculating the Amount of Alcohol Reqt,tired to Prevent Ice, 
and the Derivation of the Psychrometric Equation. NACA 
ARR No. 5Gl3, 1945. 

J CODWiili!f±±MJ···~ 



~ 
I_ 
I 

I 

Q Q II F I 6 2 iQ I I A l 

PROTUBERANCES ON WING LEADING EDGE 
SIMULATIONS OF ICE 

FIGURE 1. 
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DAMAGE CAUSED BY SHEDDING OF ICE FRAGMENTS 
FIGURE 2. 
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AIRFOIL MODEL WING HEATED BY STEAM 
FIGURE 3. 

WING LEADING-EDGE HEATING ARRANGEMENTS 
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FIGURE 4. 

fiiillf I OEIIT I' k 

---·--------



8 8 14 I I 6 211 I I A IJ: 

AIR-HEATED MODEL WING MOUNTED ON XBM AIRPLANE 
FIGURE 5. 

ICE FORMATION ON MODEL WING BEFORE 
APPLYING HEAT 

FIGURE 6. 
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LOCKHEED 12A USED FOR FULL-SCALE APPLICATION 
OF THERMAL DE-ICING 

FIGURE 7. 



I 
I 

n 

L ___ p_-

TUBE-BUNDLE TYPE EXHAUST-AIR HEAT EXCHANGER 
FIGURE 8. 

"'-- --· ---~-~---~ _j__ _ 



XB24 IN WHICH FIRST FULL-SCALE SERVICE 
INSTALLATION WAS MADE 

FIGUP.E 9. 
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CONSTRUCTION OF AIR-HEATED WING LEADING EDGE 
FIGURE 10. 

HEATED SECTION ON AIRPLANE WINDSHIELD 
FIGURE ll. 
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li'LIGHT INVESTIGATION OF METEOROlOGICAL FACTORS 

CONDUCIVE TO AIRCRAFT ICING 

:Sy 1-iilliam Lewisl 

U.s . ·\tJeather Bureau 

IN'l'RODUCTION 

The NACA is currently engaged in a :fundamental resea1·ch investi­
gation of aircraft-icing P.Yoblems. The meteorological phase of this 
investigation consists of the developm0nt of instruments required 
for the evaluation of the critical factors responsible for the forma­
tion of ice on aircraft, and the actual measurement of these factors 
during flight in icing conditions. These measurements furnish data 
establishing, for the pertinent me t eorological val~iables, the range 
of values commonly encountered in icing condi tions. These data are 
required as a basis for the definition of the physical character­
istics of the maximu~ icing conditions in which ice-prevention equip­
ment will be expected to provide adequate protection, As a result 
of this investigation, some progress is also be i ng made toward a 
solution of some of the problems associated >-Tith the forecasting of 
icing conditions. This paper is directed chiefly to the problem 
of design conditions, the problems of instrumentation and fore­
cast i ng are treated only incidentally. In the conduct of this 
project, a Curtiss-1-lright C-16 airplane operated by the Ames 
Aeronautical Laboratory has been flown in natural icing conditions 
during the last three winters and a considerable amount of data havo 
been collected. Results of the investigation have been presented 
in references 1 through 5 . During the 1946-17 season, measurements 
in icing conditions were also made wHh two airplanes operated by 
the NACA Flight Propulsion Research Laboratory. 

METHODS OF COLLECTING DATA 

During the 1944-45 season, the de\-r -point method -vras used to 
obtain data on liquid-i-rater content . Because of various difficultj.es 
in the use of this method, the use of rotating cylinders was initiated 
early in 1946 and has been relied upon since that time for all 
measurements of liquid--vrater content and average drop slze. The 

1~.1r. Le-vris, U.S. Weather Bureau, has been assigned to the Ames 
Aeronautical Laboratory to partici!)ate in the icing researc:1 proeram. 
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value of average drup dJameter obtainGd by the use of rotating 
cylinders , which Js called the mean-effective d:i.ameter is approx­
imately the med.ian of a vo2.ume d~ atribution, chal'acte_·ized by the 
pro~erty that equal volumes of water are present in drops largo1· 
and cmaller than the mean-effective diameter. Values of max]mum 
drop diameter were calculated from the width of the area of drop 
impint:,ement upon a stat·i.onary cylinder. The calculations of maxi ­
mum diameter, mean-effective djameter, and liquid-water content were 
based on the theoretical data for drop impingement on cylinders 
presented by Langmuir and Blodgett of the General Electric Co. (See 
refel'enc.e 6 . ) 

Efforts to develop other methods for measuring liquid -1·Tater 
content and drop size have been continued, but the results thus 
far have not been as satisfactory as the rotating -cyl inder 
measurements. 

DISCUSSION 

Meteorological Factors Determining the Distribution 

of Liquid Water in Clouds 

The major cause of condensation of water vapor in the free air 
is cooling of the air by expansion due to vertical motion. Cloud ­
forming processes may be divided into three general classes accord­
ing to the factors responsible for the vertical motion. 

Convection. - The relatively rapid rising of indiv idual masses 
of potentially warmer air with respec~ to the air mass as a whole 
produces clouds of considerable vertical development but limited 
horizontal extent . 

Turbulence . - Mixinc of entire layers by turbulence produces a 
condition a'1proach:i.ng constant mixinG ratio and adiabatic lapse 
rates throuc;holt the layers involved . Condensation frequently 
occurs in the upper portions of such layers, giving riso to extensive 
horizontal cloud layers limited in vertical extent . 

Horizontal convergence . - Gradual lifting of large masses of air 
at middle levels is produced by horizontal convergence in the velocity 
fie l d nt lowor levuls . This results in tho formation of very exten­
sive cloud systems . Frontal and orographic lifting are important 
spoci3l cases of this process . 

1 
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In the case of cloud.s formed. by convection or t urbulence, the 
liqujd-water content can be calculatecl if it is assumed that a 
cond.ition of constant rat ]o of vater (liquid plus vapor) to air and 
moist -adiabatic lapse rate prevaila throughout the cloud mass. 
The liquid.··water content calculated. on thj.s basis is sho1m j_n 
figure l in terms of temperature at the cloud base and verbcal 
distance above the cloud base . In most actual cloud layers, the 
assumptions upon which the calculated curves of figure 1 are based 
are not completely fulfilled, because of dowmrard mixing of dry air 
from above and other factors. The actual liquid-water content is 
most likely to be about one-half the calculated value and is some ­
times much less. The calculated value, how·e~Ter, does represent an 
upper limit which is unlikely to be exceeded . 

In the case of clouds formed by convergence or frontal or up ­
slope action, the liquid-water content cannot be readily calculated, 
since it derends upon the initial humidity djstribution as well as 
the amount of lifting . The limited amount of observational ciata 
from clouds of this tyye indicates that t.Le liqu1d-water content is 
ordinarily much less than the value v.-hich would be calculated on 
the basis of adiabatic lifting from the actual cloud base. Thus the 
calculated value of li~uid-water content may be regarded as a 
practical UF9er limit which is unl i ke.ly to be exceeded in clouds 
of any ty-pe • 

Since hit;h values of liquid-water content can only occur in 
clouds of considerable vertical extent, it is useful in a study of 
icing conc.ii -c ions to divide clouds into two general classes: 
(1) cumulus clouds, which may have very great vertical development 
and are relatively small in horizontal extent , and (2) layer clouds, 
which are generally limited in vertical extent but may cover a very 
large area. Altostratus clouds are included as layer clouds even 
though they are somet i mes several thousand feet in vertical extent, 
since, during winter, the thicker FOrtions are usually composed of 
ice crystals, the existence of water drops being confined to the 
thinner portions near the edges of the cloud systems . 

The effect of snotr upon liquid -·1-rater content , - The effect of 
snmv is ah;ays a r eduction of the liquid:,;ater content due to the 
difference in saturation vapor pressu~e over wate~ and ice at tempera ­
tures below freezing . "Y~Then snowflal.res form i·Tithin a cloud le.yer, the 
dissipation of the cloud proceeds up\·mrd from the bottom of the 
layer . 1fnen snmr falls into a cloud layer from above, as when a 
prec i pitating altostratus cloud overlies a stratoc mulus layer, the 
liquid-·water content of the lovrer layo:c is deplet ed quHe rapidly. 
In the case of widespread precipitation areas, tho cloud systems 

e O!WBI!llli'i£ I --. 
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above the freezing level are ordinarily composed almost entirely 
of snm-r, the only supercooled. liquid water being in a thin layer 
just above the freez.ing level and in patches near the edges of 
the precipHation areas. The t:.>:>ansformation of cnmulus clouds 
caused. by the formation of snowflakes in the upper portions usually 
progresses qu ite rapidly, resulting in a very marked reduction of 
the liquid-water content . 

The resultant effect of all these factors is shown in figure 2, 
which g:i.ves the frequency of various values of liquid. water in 
layer clouds and cumulus clouds, with and wlthout precipitation . 
It is noted that the highest liquid-water content is much less for 
layer clouds than for cumulus clouds, and that the presence of snow 
results in a higher frel]_uency of low values of water eontent for both 
cloud types. The high values of ·VTater content obse:r·ved. in cumul.us 
clouds vith precipitation occurred in cases in which precipitation 
had just begun at the time the observations were made . It should 
also be noted that as cumulus clouds become taller, they are more 
likely to contain precipitation; hence, on the average, the observa­
tions in cumulus clouds -vrith precipitation were made in larger and 
more fully developed clouds. 

The Problem of Design Conditions 

For the design of thermal ice-prevention systems on a ivet-air 
bas is , i~ormation is required concerning the significant properties 
of the icing conditions in which the equipment is expected to ~rovid.e 
protection . Information is required. particularly in answer to the 
following questions: (1) What is the larcest value of liquid-water 
content which will be encountered without recard to extent or dura­
tion, and what are the probable concurrent values of temperature 
and drop size? (2) What is the probable extent of conditions of 
very hiGh liquid-water content, and the approximate relation between 
maximum liquid-water content and. the extent of the conditions? 
(3) \-!bat is the relation between maximum vater content and mean­
effective drop diameter for icing conditions in which continuous 
flight may be required? ( 4) Hhat is the l'elation beti-Teen tempera­
ture and maximum water content in icing conditions? (5) What are 
the largest drop diameters likely to be encountered and the corre­
sponding values of water content? And (6) what are the most 
frequent or typical values of liquid-water content and mean­
effective diameter and w·hat are the relative freg_uencies of various 
values~ 

QQPW:Hb£4 I ThE 
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Tentative ans1.rers to these questions will be prese.:ted, as 
applied to condLt:ions to be ex-oected. in the course of all-v;eB.ther 
transport operatj.m1s in the United States during winter. 
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Ma::-:inn:.m liqu.id .. water content. - Fignre 3 presents the range of 
valnas of ·liquid-waterc,mte<Jt- and meo.n-effecti ve drop diameter as 
observed in flight in CP.mulus clouds and layer clouds, and as 
measured at the Mt. Washington Observatory (reference 7). The 
highest value of liq_uio.-water content measured in the flight investi­
gation was l. 9 graL.Js per cub~.c meter. This value; which was observed 
in the u:p-per port ion of a ta:'.l cumulus cloud in western Oregon, is 
much hi.e,her than any observed iu layer clouds. Theoretical calcula­
tions indicate that much higher valnes may occur near the to:ps of 
tall summer cumulus clouds in warm moist climates. Such occurrences, 
howeve1·, have no practical importance in connection with aircraft 
operations, since flight at subfreezing tem:;Jeratures can be avoided 
in the summer time. If consideration is limited to conditions j n 
which the condensation temperature is 32° F or lov1er, the theoretical 
maximum liquid-Hater content is aboiJ.t 2,5 grams per cubic meter. 
Since these condition3 are sharply limited both in space and tjme, 
it is considered very unlikely that values exceeding 2.0 grams per 
cubic meter would ever be encountered in the course of normal opera ­
tions. This value, 2.0 grams per cubic meter, is therefore proposed 
as the estlmated maximum liquid-water content to be expected in all­
-vreather transport operations in the United States during winter, It 
was noted that for the seven observations of water content greater 
than 1.2 grams per cu0ic meter, the corresponding values of mean­
effective diameter -vrere all in the range from 17 to 23 m::.crons. The 
average of these values , 20 microns, was chosen as the probable 
value of mean-effective diameter corresponding to a maximum liquid­
water content of 2.0 grams per cubic meter. Considerations of cloud 
heisht, condensation temperature, and lapse rates led to the conclu­
sion that the corresnonding temnerature is likely to be as low 0 ~ ~ 

as 0 F. 

The relation between maximum liq_uid-vrater co~1tent and extent 
of icing conditions ~ ~Because of the facts that heavy icing condi­
tions were observed only in cumulus clouds and that cumulus clouds 
are always rather limited in horizontal extent, a study of the data 
was made in an effort to define a relation beG~·reen the extent and 
intensity of icing conditions, Unfortunately, data on the linear 
dimensions of the icing conditions were not obtained. The durat::.on 
of continuous flight in icing was therefore used as a measure of 
the extent of the conditions, although in several cases the airplane 
was flown back and forth in a single cloud formation, thus giving 
rise to longer duration than would have been required for a straight 
flight. Figure 4 shows the relation between the duration of periods 
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of flight 1n continuous ic:ing conditions and the average liquid-water 
content during the periocls. The plotted r1oints are for 1nd5.vicluaJ. 
observations, only the extreme cases being reproduced here, and the 
line re']}resents the es+iimatec'l relation betiwen average 1·1ater content 
and the greatest dUl·at:i.on to be expected at a true airspeed of 160 miles 
per haUl·, the approximate average speed. of the airplane during the 
tests. In the application of these resuUs i-c should be remembered 
that on the research flights durir1g which these data wero collected, 
the flight path was chosen with the object of mEaimizing the severity 
and duration of the icing conditions. For this reason it is believed 
that the line in the diag1am represents a conservative estimate of 
the relation betv1een the intvnslty and duratj_on of icing conditions 
as they 1-wuld be encountered in all->·mnther transport operations in 
the United States. 

Maximum continuous icing cond~tions. - The r esults of the fore­
going discussion of the extent of' :.cingcondi tiona as related to 
their intensity suggest a need to define the most severo icing 
conditions likely to occur o·<rer an area large enough to require 
continuous operation in sucl1 conditions. These conditions viill 
occur in layer-type clouds, since cumulus clouds are by their nature 
discontinuous. Sufficient data are avai.lable from layer clouds to 
provide the basis for what are believed to be fairly reliable esti­
mates of the relation between maximum liquid-water content and mean­
effective diameter and between maximum liquid-water content and 
temperature. No reliable relationship between drop size and tempera­
ture is indicated by the data. 

The relation between max5mum lj.quid-'ivater content and mean­
effective diameter in layer clouds can best be illustrated with 
reference to figure 5, w·hich includes a curve shOi-ring maxim'...UIJ observed 
liquid-water content in layer clouds as a function of mean-effective 
drop diameter. The range of values most frequently encountered is 
indicated in the diagram by the rectangle which contains 50 percent 
of the observations. The fact that large values of mean-effcct~ve 
diameter are infrequent is indicated by the vertical line which 
limits an area to the r ight containing 5 percent of the observa­
tions. The greatest observed values of liquid->vater conJ.:.ent were 
0 . 7 gram per cubic meter at 11 and 12 microns. The maximum observed 
l i quid-water content decreases lvith increasing drop diameter to 0.17 
at 50 microns ~nd 0.04 at 150 microns. There is considerable 
uncertainty in the position of the curve beyond about 35 microns 
because of the small number of observations. On the basis of these 
data it is estimated that the maximum icing conditions likely to 
be encountered in layer clouds are 0.8 gram per cubic meter at 
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15 microns or 0,5 gram per cubic meter at 25 microns . The tem~era­
ture corresponding to these conditions is estimated to be 20° F or 
higher . 

Temperatl-:re and maximum liq_uid -water content. - The relation 
between temperatureand maximui:DJ.iquid-water cor:rtent is considered. 
In the case of cumulus clouds, very low-temperature icinc condi-
tions can be associatE.Jd with relatively high condensation tempera­
ture, due to the great vert ical extent of such clouds. The maximum 
liquid-vTater content 1s therefore not directly related to the te'Dpera­
ture. In layer-type clouds, on the other hand, the maximum liquid­
water content is a function of temperature; the temperature vithin 
such clouds is closely related. to the condensation temperature due 
to their limited vertical extent. The relation between maxiJ:>um 
liquid-water content and temperature in layer clouds is shown in 
figure 6, As po :i.nted out previously, the maximum lig_uid-ivater 
content is related to the water content that 1vould be produced by 
adiabatic lifting from the cloucl base . Sjnce a cloud layer thick­
ness of 3000 feet appoars to represent the maximum ordinarily 
encountered_, and the 1-~ater content is likely to be about one -half 
the adiabatic value, the curve A in the diagram vas drawn to 
represent one-·half the liquid-water content which 1.rould bo obtained 
by adiabatic lifting through a lJressure altitude interval of 
3000 feet from the condensation level. This curve falls v~ry close 
to the points representing the highest observed values of liquid­
water content in layer-type clouds . Since it is reasonable to expect 
that a larger sample of data vould include higher values of vTater 
content, the curve B, vhi.ch represents two-thirds of the liquid ­
water content produced by adiabatic lifting through 3000 feet, is 
presented as an estimate of the highest values of liquid-water 
content to be expected in layer clouds . This curve indicates a 
maximum liquid-water content of 0.8 gram per cubic meter at 20° F; 
0.5 gram per cubic meter at 0° F, and 0.25 gram per cubic meter 
at -20° F. 

Icing conditions with very large drops . -Another important 
aspect of the problem of the description of maximum icing conditions 
concerns the largest drop diameter likely to be encountered and the 
probable corresponding values of ivater content . Figure 7 shoivS the 
relative frequency of observation of various values of moan­
effective diameter and maximum diameter as observ d during the 
1946-47 season . It is noted that 2 percent of the observations of 
mean-effective diameter are 35 microns or over . The largest 
observed value of mean-effective diameter was 150 microns or more. 
The exact value is unknown as it was beyond the effective range of 
the rotating-cylinder instrument . The value of liquid-water content 
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in this case was 0 . 04 gram ~er cubic meter. For throe observations 
of mean -effective diameter of 48 microns or more, the highest 
value of liquid-water content was 0.17 gram lJer cnbic meter. 

Although the curve for maximum diameter is based upon a smaller 
number of observations than that for mean-effective diameter, it 
should give a fairly representative indication of r elative frequencies . 
This curve shows that the maximum diameter is less than 30 microns 
in 93 percent of tle cases. This indicates that the presence of 
appreciable amounts of >-rater in drops o~ 30 microns or more diameter 
is unusual . 

The sJ,Jread between the mean-effective diameter and maximum 
diameter i s not as great as would be expected from the size distri­
butiona usually indicated by the :rotating-cylinder dt~.ta. It is 
believed that the s:ize-diotr·i-outlon data obtatned in flight by the 
rotat i ng -cylinder method are subject to ser~ouo errors caused by 
the acceleration of the air as it flovrs around the fuselage. If the 
maximum drop-size dataJ vrlltch were calculated from the area of 
impingement on a fixed cyli~der, and the mean-effective diameter 
from the rotating c~rlinders are accepted as correct, the size distri­
but,Lons ordinarily encountered in clouds are fairly uniform and the 
distributions obtained fr.om the r otating-cylinder techni~ue are 
sometimes in error . The 1·atio of maximum diameter to nea.n-effective 
diameter is less than 1,33 for 75 percent of 92 simultaneous observa­
tions and is less than 1.75 for 90 percent of these observations . 

TYEical icing conditions. -The estimated maximum conditions 
given in the foregoing discussion are encountered only rarely. 
Consideration is given to the relati·ve freq_uencies of the values 
of drop size and liq_uid-water content more commonly encountered. It 
is noted that 50 percent of the observations of mean-effoctive 
diameter fall in the relatively narrow range from 11.2 to 16,2 microns 
and that 90 percent are less than 22 microns. Fifty percent of the 
observations of maximum diameter aro between 12.6 and 20 microns 
and 90 percent are belovr 28 microns. 

The highest values of liq_uid-l·tater content measured durinG 
each of 21 flights in cumulus clouds and 51 flights in layer clouds 
are presented in figure 8. The median value of maximum liq_uid­
water content per flight is 0.76 gram per cubic meter for cumulus 
clouds and 0.28 gram per cubic meter for layer clouds. It ts also 
noted that 90 percent of the flights in cumulus clouds enconntered 
less than 1.2 srams per cubic meter and 90 percent of tho fliGhts 
in layer clouds encountered less tban Oo5 gram per cubic meter . 
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These distribution curves indicate that the icing conditions 
most commonly encountered are much less severe than the estjmated 
maximum conditions. Thus if it were assumed that most cumulus 
clouds and the most severe 10 percent of iciP~ conditions in layer 
clouds can be avoided by proper meteorological navigation, it 
would only be necessary to protect against 0.5 gram per cubic meter 
at 13 microns or 0.3 gram per cubic Iileter at 20 micronso The 
extent to which meteorological navigation can be relied upon, how­
ever" can be deter:llined only by an extensive study of the distribu­
tion of icing conditione in various weather situations and an 
analysis of air traffic control proced.ures. 

CONCLUSIONS 

The meteorologJcal conditions conducive to aircraft icing 
which are considered to be of most interest to the designer of 
thermal ice-prevention e~uipwent are SU4r~arized in table I. The 
two cases are selected of 11most proba!) le maximum" and "typical or 
normal" icing conditions . The drop ~size distribution has not been 
specified in the table but may be considered uniform for these 
conditions. In addition to the t wo conditiorls specified in the 
table, however, the designer should give consideration to the 
possibility of encountering drop sizes largar than 35 microns, 
although with correspo:.-:lding lo-w liquid-water content. 

As a general conclusion> it is believed that the meteorological 
factors of icing conditions have been sufficiently defined to allow 
the design of thermal ice-prevention equipment on a fundamental 
wet-air basis. 
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TJI..BLE I - ICING CONDITIONS ANTICIPATED 

r-· 

Cloud type 

r-----· -· 
Cumulus 

Stratus 

or 

stratocumulus 

Cumulus 

Stratus or 
stratocumulus 

IN AJJL-WEATHER OPERATIONS 

----
Most probable maximum 

.,- ---
Duration Li quid- Drop Free-air 

water diameter temperature 
content (microns) (oF) 

1 (gm/m3) 
--

f-· .minute-·1-z.o-~ · 

I 

l 20 0 ----c I 
0.8-t 15 

20 I o.5· 25 
Contlnuous ----

0.5 15 0 

0.25 I 15 -20 

Typical or normal 

1 minute 0. 8 I 10 to 0 to 20 

Continuous 0.3 17 10 to 25 
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METHOD FOR NUMERICALLY CALCULATING AREA AND 

DJSTRI:BUTION OF WATER LMPINGI£MENT ON 

LEADING EDGE OF AIRFOIL IN A CLOUD 

By No1·man R. Bergrun 

Ames Aeronautical Laboratory 

INTRODUCTION 

As part of e comprehensive research pro~ra~ directed t0ward 
a fundamental understanding of the mecbani~m of thermal ice pr0-
vention for airplanes) the NACA has undertaken an investigation of 
tha performance of a heated wing or empennage section in specified 
icing conditions. One of the first essentials of such an investi­
gation is a method for estimating or calculating the area over 
which water will strike a wing section, and the distribution of 
water impingement over that area. 

Previous investigations of this nature have considered the 
vrater-drop trajectories about cylinders (references l and 2) and 
about an airfoil (reference 2). In these studies, the assumption 
was made that the water drops were sufficiently small to obey 
Stokes' law of resistance. A more recent investigation on trajec­
tories about cylinders, by Langmuir and Bladgett (reference 3), 
shows that, for velocities of airplanes and the drop sizes fre­
quently present in clouds, Stokes' law no longer applies and the 
force acting on the drop can be determined only from a knowledge 
of the drag coefficient for spheres. Methods of previous inves­
tigators were therefore modified to include more accurate values of 
the drop drag coefficient, and differential equations were estab­
lished for determining drop trajectories around cylinders, spheres, 
and ribbons. These equations were placed into forms suitable for 
use in a differential analyzer and, by utilizing an analyzer, the 
trajectories were calculated and plotted. 

The designer of a heated wing, desiring to know the rate and 
area of water impingement on the leading edge in a specified icing 
cloud at a given flight speed, might assume that the impingement 
will be the same as that for a cylinder with radius equal to the 
wing leading-edge radius . Hmvever, there is some question as to 
the accuracy of this assumption for large drop diame-cers and for 
wing sections with small leading-edge radii. The designer is 
therefore confronted with the desirability of employing a computa·tion 
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method, preferably without the necessity of a differential analyzer , 
whi ch will provide some indication of the area and distribu~ion of 
water impingement on airfoil sections ., With this view in mind, the 
water-drop trajectory equations developed by Langmuir and Blodgett 
(reference 3) to include the effect of the variable drag coefficient 
for spheres have been modified to estP-blish a step-by-step integra­
tion method applicable to any two -dimensional flm• for which the 
streamline velocity components are known 

The step-by-step integration method permits the calculation of 
any desired number of water-drop trajectories; although if trajec ­
tories for a large range of airspeeds and drop diameters are required , 
the computation time is large and the desirability of access to a 
differ ential analyzer becomes Avident, 'l'he method alt!'> r>rovide s a 
means for estimating the error that will be incurred by replacing 
the airfoil by a cylinder with a radius equal to the leading-edge 
radius of the airfoil; and in addition1 water-impingement data over 
the entire airfoil surface can be obtained by the integration method. 

ANALYSIS 

I n order to obtain area and concentration of water-drop impinge­
ment at the leading edge of an airfoil, the :path of the drops, as 
affected by the airstream, must be traced. In order to compute 
these :paths, or trajectories, it is necessary to define the motion 
of a drop t~~·ough the air. The equations that depict this motion, 
which have been modified to include the effect of a drop departing 
from Stokes' law of resistance, take the following form : 

R a 

(1\r) = 

dt 

dvy 
-- == 
dt 

Cif 
-- (v - u ) 

24K X X 

CnR 
-- (v -u ) 

24K y y 

a a 
( v -u ) + (v -u ) 

X X y y 

(l ) 

(2) 

(3) 

In these equations, the letter v designates the velocity 
of the drop and the letter u designates the velocity of the air, 
both velocities being relative to free - stream velocity . The sub­
scripts x and y signify that the components CD are i n X-
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and Y- directions. The drag coefficient for spheres is CD; K is 

a dimensionless water-fro~ inertia quantity; R is the Reynolds 
number of the drop relative to the air at a given point; and 
Ru is the Reyuolds number of a drop traveling with free-stream 
velocity . Time is expressed by a time unit t . 

Equations (1) and (2) show that the instentaneous decelera­
tion of a drop is directly proportional to its drag coefficient, 
its local Reynolds number, the velocity difference between the 
air and the drop, and inversely proportional to its inertia. 
Equation (3) shmrs that the square of the ratio of local Reynolds 
number to the free - str0am Reynolds number of a drop is related to 
the velocity difference between air and drop by the sums of the 

squares x- and y-component velocity differences. 

Since equations (1) , (2), and (3 ) relate the exact instantaneous 
values of the variables for ini'initesimally small changes in velocity 

and time, they cannot be solved by treating algebraically the differ­

ential quanti ties dvx/dt and dvy/dt. Howeve.r, for small increments 

in velocity and time, the two quantities CnR/24K (vx-ux) and 
CDR/24K (vy-u ) may be taken as the average acceleration over the 
increment of ~ime selected . Then, by defining the average velocity 

of a drop over the time increment by one --half the sum of the drop 
velocity at the beginning and the end of the time interval, a new set 

of equations can be established, which lend themselves to step-by-step 

computations. These new equations , which are suitable for step-by­

step computations, are given by : 

l I CDR J- 8 

x(n+l) = x + v Lit - -L-- (v -u ) tit 
n xn 2 24K xn xn 

1 r Cif J 2 
Y( )=Yn+vytlt- - 1 - (v -u) tit 

n+ 1 n 2 L 24K Yn Yn 

. 

2 
+ (v -u ) 

Yn Yn 

@ Qfli'IWiiH 0 I 

( 4) 

(5) 

(6) 

(7) 

( 8) 



21 

Equation (4) shows that the velocity of the drop in the x-direc­
tion, at the end of any interval of time, is equal to the velocity of 
the drop at the beginning of the time interval minus the product of 
the average acceleration and the time interval. 

Equation (5) shows that the x-coordinate of the drop at the end 
of any interval of time is given by the x coordinate of the drop at 
the beginning of the interval of time, plus the distance the drop 
travels during the time interval minus a correction term 

which compensates for the velocity of the drop not being of the value 
Vx over the entire time interval ~t. The same statements also n 
apply to equations (6) and (7), which define t he velocity and coordi-
nate of a drop in the y-direction. Equation ( 8) is of the same form 
as equation (3), and connects the velocity components, the Reynolds 
numbers, the drag coefficient, and the drop-inertia parameter. In 
order to use these equations, it is necessary to def ine graphically 
the velocity components of the air u and u about the body under 
consideration for a number of selectea streamlines. In addition, a 
plot of R against CDR/24 is necessa:ry for evaluating the latter 
function at the beginning of any time interval. Once the necessary 
graphic information i8 established, it is only necessary to evaluate 
for a trajectory the velocity differences betiveen the air and the 
drop vx -ux and vy -uy at st arting coordinates well forward of 
tho body~ n n n 

The following equations show the relationship that can be used 
to evaluate the initial velocity components of the drop at the 
beginning of a trajectory: 

vx
1 

= (ux0+B~x) ± ,~x0+B~~)8 -4B~x1~x 
2 

-(B6y-uy
0

) ± ,/,_(_B~y-uy~/-~~u-~;:~;--

2 

(9) 

( 10) 

Effectively, equations (9) and (10) perform the first step in the 
computation of a trajectory, but they must be solved by a trial-and­
error procedure. These equations show that initial values of vx 



and vy jn the step-by-step computations can be obtained by a 

relat1vely simply relation involving the velocity of the air 

Ux
0 

and uy
0

, at the starting coordinate of the trajectories, 

t~e drag coefficient function CnR/24K given here as B, the 

f1ret increment in the coordinate position of the trajectory 

fix and 6y, and the velocity of the air u and u at the end 
. xl Y1 
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of the first increment of time. Thus, in equations (4), (5), 

(6), (7), and (8) the differences between the velocity of the drop 

and the air vx -u and vy -uy can be obtained for the first 
n Xn n n 

step in the successive computations; and with the aid of the 

graphic representations of the air-velocity components and the 

drag-coefficient function CnR/24, the computation of a trajec­

tory can be accomplished, 

Water-drop trajectories are related to the area and rate of 

water impingement on a body by the equations 

MLds == UwLdy
0 

(11) 

( 12) 

( 13) 

In equation (11), M is the rate per unit area, or intensity at 

vrhich water impinges on the body, L is a unit length of span, 

ds is an increment in distance over which water impinges on the body, 

U is free-stream velocity, w is the liquid water content of the 

cloud, and dy
0 

is an increment in the ordinate of a trajectory at 

its starting point. The equation shows that, for a small increment, 

the weight of water impinging on the surface of a body is equal to the 

weight of water starting toward it well forward of the body. By 

rearranging equation (11), equation (12) shows that the intensity of 

drop deposition on the surface of a body is directly proportional to 

the velocity of the free air stream, the liquid water content of the 

cloud, and the rate of change of the starting ordi~~te of a trajectory 

with respect to a change in the distance included by the trajectories 

along the surface of the body. By integrating equation (11), the 

total rate of water impingement on the body is given by the summation 

of the rate of impingement per unit area over the distance on the 
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surface where drops hit, or more simply by the product of the velocity 
of the free stream, the liquid water content, and the starting ordinate 
of a trajectory. 

If trajectories are computed for drops of the same inertia 
starting at different ordinates above a convenient reference line, 
results like those shown in figure l for a symmetrical Joukowski 
airfoil 12 percent thick at 0° angle of attack are obtained. Here 
it is seen that for larger and larger drop inertias7 the area of drop 
interception on the airfoil also increases. The theoretical limit 
to which area of drop impingement can extend in the case of this 
airfoil at 0° angle of attack is back to the point of maximum thick­
ness. This limit c'lse corresponds to a11 infinitely large drop inertia, 
and means that the d~cop is so large or is traveling so fa.st that it 
is undeflected by forces acting on the drop in the air stream. Thus, 
to obtain the K= co curve, trajectory equations do not have to be used 
because the problem reduces to one of plotting the ordinates of the 
body against the distance along the surface intercepted by these 
ordinates. The trajectories computed for a K value of 0 ,058 corres­
pond to a drop 22 microns in diameter impinging upon a Joukowski 
airfoil of 8-foot chorJ at an altitude of 7000 feet and true airspeed 
of 170 miles per hour. The dotted line connecting the end points of 
the trajectories defines the maximum starting ordinate of a drop 
having a given inertia for which drops just impinge upon the airfoil. 
For example, a trajectoty having as a starting ordinate a distance 
greater than 1.9 percent chord for a K value of 0.2 wj_ll not hit 
the airfoil but will pass around it. Because of the limited time 
available for calculating trajectories, a set of these curves were 
computed only for a free-stream Reynolds number of a drop of 95.65. 
This value of Reynolds number was selected because it corresponded 
to the flight and meteorological conditions associated with a large 
amount of flight data obtained in natural icing conditions. 

If the slopes of the K curves are obtained and plotted against 
the distance along the surface of the airfoil at which the slopes 
were determined, an indication of the distribution of water-drop 
impingement over a symmetrical Joukowski airfoil can be obtained 
(fig. 2). The concentration factor C denotes the slope of the K 
curves, and is given by dy

0
/ds in equation (12). In order to 

illustrate how curves of 'this nature are used, an icing cloud at 
7000 feet pressure altitude having a uniform drop-size diameter of 
22 microns is assumed. If a symmetrical Joukowski airfoil of 8-foot 
chord were passing through the cloud at 0° angle of attack, the free­
stream Reynolds number of the drop would be approximately 95.65 and 
the drop-inertia quantity K would be approximately 0.058. According 
to equation (12), the weight rate of water impingement on a body per 

l 
j 

J 
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unit area is equal to the product of airsFeed J liquid water con­
tent, and the concentration factor CJ given by dy

0
/ds. 

Thus it is apparent by figure 2 that the weight rate of 
impingement per unit area on the Jouko~sKi airfoil for the con­
dition just specified is maximum at the stagnation point and 
diminishes to zero at an s/c value of a little more than 2 
percent. It is interesting to observe that the area under this 
curve (K=0.058) is directly proportional to the total weight 
rate of water impingement per unit span . 

Another method for determining the total rate of water 
impingement per unit span can be used when the distribution of 
impingement over the surface is not needed. This method requires 
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a knowledge of the collection efficiency of t he airfoil for differ­

ent drop inertias . Such a relationship was obtained for the 
Joukovrski airfoil and it is sho'I-.'Il in figure 3 . Efficiency of drop 
impingement is the ratio of the starting ordinate of a trajectory, 
which just hits the airfoil to the maximum ordinate of the airfoil. 

In discussing errors involved in the use of a cylinder the 

radius of which is equal to the leading-edge radius of an airfoil, 
figure 4 is of interest. The curves shown in figure 4 compare 
the rate and area of water-drop impingement on a symmetrical 
Joukowski airfoil, 12 percent thick, with a cylinder the radius of 

\·Thich is equal to the airfoil leading-edge radius . For area of 

impingement, the equivalent cylinder can be used without much 
error up to a drop-size diameter of approximately 20 microns. 
However, for rate of impingement) appreciable difference is encoun­

tered for drop diameters of this magnitude. The range of drop 
diameters between 0 and 20 microns, where the impingement factor 

is nearly unity, corresponds ~to the region on the surfaces of the 
equivalent cylinder and the airfoil where their surfaces coincide. 

Values presented in figure 4 should not be taken as absolute ones, 
but rather as indicative of what can occur when an equivalent 
cylinder i.s used without full knowledge of its limitations. For 
airfoil sections having large leading-edge radii, the use of an 
equivalent cylinder would of course be more favorable than is 
shown here. 

Figure 5 shows how water distributes itself over three differ­
ent airfoils, one with a leading-edge radius, and two without 
leading-edge radii, for the caso where drops are undeflected by 
forces in the air stream. By having all three airfoils the same 
maximum thickness and at the same angle of attack, the area under 

the distribution curve for each is the same and, therefore, tho 
same amount of water would be intercepted by each airfoil. The 
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distribut ion of water impingemout, however, would be different for 
each section as indicated by the shape ot' the curves. From these 
considerations, it can be seen that the effect of shifting the 
location of maximum thickness is to change the degree and :position 
of water -drop impingement, and that by doing so, the limit water­
drop impingement distribution for a given body at 0° angle of attack 
can be made to have any desired profile by the proper combination of 
contour and location of' maximum thickness. If only the leading edge 
of an airfoil can be heated, the use of a leading-edge radius is 
indicated, since th0 wate:r will distribute i.tself to impinge in the 
leading-edge area ,.,here the heating is located . 

Attention is directed to the fact that the distribution curves 
for the circular-arc and ,.,edge -shape airfoils in figure 5 are based 
on pure geometeric considerations, which dictate no leading-edge 
radius. In the practical case, some radius 1-muld oxist and since 
curvature of the leading edge apparently has considerable influence 
on the rate of impingement in that area, the impingement concentration 
for actual airfoils of this type will be appreciably increased at the 
leading edge . 

Although the method just discussed for computing water-drop 
trajectories applies to two-dimensional flow, with a few changes to 
the basic equations , trajectories in three-dimensional flow can be 
computed. The basic equations which define the flow in three dimen­
sions are : 

dvx ::: CnR 
- - (v -u ) dt 24K X X 

(14 ) 

dvy c~ 
--::: -- (v -u ) 
dt 24K Y Y 

(15 ) 

dvz Crfi 
- -::: -- (v -u ) 
dt 24K z z 

( 16 ) 

Equation (16 ) is the additional equation needed to define the path 
in the third dimensionj equation (17) is the equation needed to connect 
Reynolds numbers, drag coefficient , the drop inertia parameter , and 
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the velocity components, .A..Tl ad.ditional term ( v z -uz )8 takes into 
account deviation of the trajectory in the third dimension. 
These equations are written for the z-axis in the spanwise direc­
tion. When eq~ations (14), (15), (16), and (17) are revised in 
a manner similar to that for the two-dimensional case, trajec­
tories in three dimenslons can be computed by a step-by-step 
process when the velocity components are known for the body 
considered. Application of trajectory computations for three­
dimensional flow can be made to the case of windshield ice 
prevention where it is desirable to lmovr the rate at which water 
impinges upon a vrindshield . 

SUMMARY 

A major difficulty in the solution of a trajectory problem 
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in both two-and three-dimensional flow is one of obtaining accurate 
values of velocity components for streamlines about the body to 
be investigated. For two-dimensional flow, the analytic determin­
ation of the velocity components can be obtained readily for only 
a few airfoil sections; and for three-dimensional flovr, the analy­
tical problem is formidable . Therefore , in order to carry on 
extensive trajectory computations for families of airfoils and 
various windshield configurations, considerable research remains 
in establishing means for experimentally determining air-velocity 
components. It is believed, however, that the trajectory method 
that has been presented has merit in the fact that it provides a 
means for obtaining an indication of the rate and area of water 
impingement without resorting to a differential analyzer. In 
addition, the method exceeds the scope of previously available 
procedures by providing an indication of the distribution of water 
interception over the area of impingement . 

(Editor's note: A complete discussion of the numerical method for 
calculating trajectories will be found in- reference 4.) 
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CALCULATION OF HEAT HEQUIRED FOR \<liNG THERMAL 

ICE PREVENTION IN SPEC.DJ'IED 

ICING CONDITIONS 

By Carr B . Neel , Jr . and Norman R. Bergrun 

Ames Aeronautical Laboratory 

INTRODUCTION 

The efficient design of •ling thermal ice-prevention equipment 
has been ham~ered greatly by lack of knowledee of the physical 
characteristics of the icing conditions upon 1-rhich to base the 
design and the exact :process by which water intercepted by a 
heated wing is dispersed. 

The National Advisory Committee for Aeronautics at present is 
engaged in an investigation of the meteorological factors conducive 
to icing and a fundamental study of the heat-transfer :processes 

, 

which govern the operation of wing thermal ice-prevention equipment. 
During the winters of 1945-46 and 1946-47 a Curtiss-Wright C-46 
airplane which had been provided with a thermal ice -prevention system 
(reference 1) was equipped with special meteorological and electri­
cally heated test apparatus and flown in natural icing conditions 
along airline routes over most of the United States. The meteoro­
logical data recorded during the icing conditions encountered in the 
two seasons are presented and discussed in r eferences 2 and 3. 

The material of this pa:per vas taken from reference 4, and 
presents an analysis of tbe data obtained during the 1945-46 and 
1946-47 winter seasons with two electrically heated test airfoils. 
The data were analyzed usine heat - transfer equations developed by 
Hardy of the Royal Aircraft Establishment , Farnborough, England 
(references 5 and G). A discussion of the area and rate of water 
impingement on one of the airfoil sections based. on an analytical 
study of water-drop trajectories (reference 7) is also presented. 

APPAR.I\.TUS AND METHOD 

In order to study the :9rocess of heat transfer from airfoils in 
icing conditions , two electrically heated airfoils of 8-foot chord 
and 5-foot span were constructed to obtain test data . Each airfoil 
was mounted vertically on top of the fuselage of the C-46 airplane, 

eontlBENI±AL 



29 e 8!WiMUTJSi1!s:a.. 

as shown in figure 1. The test airfoil installed du1·ing the winter 
of 1945-46 bad an NACA 0012 section. For the tests in the winter of 
1946-47 the airfoil had an NACA 65,2 -016 section in order to provide 
data for low·-drag as •rell as conventional sections. Each airfoil 
had a heated test section of 1-foot span located 2 :feet above the top 
of the fuselage . The airfoils contained electrical heating elements 
which allov1ed a variety of chordwise heat-flow distributions. Thermo ­
couples were installed on the test -section surfaces for the purpose of 
measuring surface temperature. 

Durin€, flight in icing conditions, airfoil thermctl data were 
recorded. simultaneonsly with the measurement of meteorological 
factors. Rotating cylinders were used for the measurement of lig_ui~l­

water concentration, dl"OP size, an:d drop-size distribution . 

RESULTS AND DISCUSSION 

The process of airfoil thermal ice prevent ion and the analysis j 
of the c.ata obtained ,.,r1 th t he C- 46 airplctne are discussed. The j 
ultimate in performance of' a wing thermal ice-prevention system is 
one which prevents the accretion of ice on any portion of the iving . 
This ideal 011eration requires that any >·rater on the w'ing surface must 
be maintained in a liquid state until it evaporates or flovrs off the 
wing at the t railing edge. In many "ling designs , beating of tbe entire 
surface is not practicable because of such features as integral fuel 
tanks , and in these instances any water flowing aft of the heated 
region is apt to freeze and form the type of ice accretion normally 
termed "runback . •: 

A study of the action of a heated ,.,Jng requires the consideration 
of trll'ee factors : namely (l ) the meteorological and flight conditions 
for which the wing must provide protection, (2) the area of water 
impingement and the rate and distribution of im) incement over that area, 
and ( 3 ) the rate at -.rhic.b the water is evapm.:·ated from the lving 
surface . The two latter factors are important in the heat - transfer 
process , and are examined later . 

Meteorological and Flight Conditions 

The specification of a meteorological condition for the design 
of thermal ice-prevention eg_uiproent depends upon the geographical 
areas over which the airplane will fly, the seasons of OIJeration, 
and other factors dictated by the intended service of the aircraft . 
Obviously, the establishment of design conditions for a specific 
area reg_uires a lc.nmvledge of the condi tiona pre.vailing over the area . 
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If, on the other hand, the ice-prevention system is to provide 
:protection for all-weather o}:leration, general specifications of a 
meteorological condition must be established which will encompass 
all conditions likely to be encountered. 
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The most recent and. extensive informat ion in regard to the 
severity of icing condHions likely to be experienced in all-weather 
operation in the United States is contained in references 2 and 3. 
In these reports, estimates of the maxjmum continuous icing condi­
tions, as well as the maximum probable icing conditions liable to be 
encountered, are presented. Since the duration of the maximum probable 
icing conditjon :is quite short (1 to 2 minutes) and icing of this 
severity is entir ely associated with cumulus clouds >vhirth can be 
avoided in daytime operations , the maximum continuous icing condition 
is believed to be of greater interest for design purposes. Two 
conditions of maxJmum continuoui:l icJng are presented based on a 
relationship of {ro:p size and liq_uid-wator content . These condi-
tions are given in the following table: 

Liquid->va·ter 
concentration 

(gram/cubic meter) 

0.8 

0.5 

Mean-effective! Free-air 
drop size I temperature 
(microns) ! (°F) 

15 20 

25 20 
----------'- ·-·-- - -----·---! . ---- ~·-----

It is believed that the conditions in the above table form a 
good basis for the design of thermal ice-prevention equipment for 
all-vreather operation. In addition to these values, however, the 
proposed wing thermal system should be analyzed for possible 
undesirable operation in other icing conditions. For example, 
rofcrenco 2 points out that drops of 35 to 50 microns diameter should 
not be regarded as exceptional . Although the amount of liquid water 
associated with such large drops is usually low (about 0.1 gram per 
cubic meter) the fact rematns that the aroa of water impingement 
-vrould be very large and would probably exceed the limits of the 
heated region if this region had. been based only on a consideration 
of the data in the maximum contj.nuous table. Finally, the possi­
biHty of encountering icing conditJ.ons at l ow temperatures (0° F) 
may be a critical condition for heated wJ.ngs on some airplanes. 
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From the foregoing discussion H js evident that tl1e analysis 
of a heated \vinG should give consideration to several l)Oesibly critical 
icing conditions in the same manner that several fligt t conditions a:::.~e 

assumed for the vring st1·uctural analysis . TlJe data of references 2 and 3, 
although somet·rhat limited in scope 1 a2·e considered to be sufficiently 
indicative of icing conditions in the United. States to form a meteor­
ological basis for l1eated-vri..ng design. 

The problem of soJecting a flight corcdition for the design of 
ice-~revention equirment :i.s concerned vith the airspeed and altitude 
at which the air;; lane vrill fly . The airspeed will depend pon the 
specific airplane, and 1 in gene1·al , a cruise condition should be 
selected . Choosing an altitude for design is dependent upon several 
factors, which are discussed later . 

Rate of Hater Impingement ancl Evaporation 

During flight in icing conditions , a ~1e:1ted wing is cooled by 
convect~.ve heat transfer, by evapor ation of the water on the surface , 
and, in the region of cl.ro?let interception, by the lvater striking the 
wing. The rate at lvhich heat must be sup!'lied in order to maintain 
tbe wing surface at a s:pccified temperature is, therefore, a function 
of the rates of convection, evaporation, and water im~)ii1£eme.nt. 

Tl1e unit heat losses from a i·retted surface in tbe area of water 
impingement and in the area aft of water impingement are expressed 
by tbe following equations: 

iThe:ce 

X l + 3.75 es-eok PsL 

ts-to, .. p 
-c 1 

(l) 

(2) 

(3) 

unit beat loss in reGion of wate:c im?ingement , Btu/(br) 
(sq ft ) 

unit heat loss in region aft of 1fater impingement, Btu/(hr) 
(sq ft) 

rate of im-plngement of water at a particular point, lb/(hr) 
(sq ft ) 
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ts 

to 

tok 

e8 and eok 

PsL/Pl 

convective beat-transfer coefficient, Btu/(hr) 
(sq ft)(O]') 

surface tempe1ature, °F 

free-air temperature, OF 

kinetic temperature of the air, OF 

saturation vapor pressures corresponding to the 
temperatures t 8 and t 0k, mm Hg 

ratio of standard sea-level pressure to the local 
pressure 
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Equation ( l) denotes the heat loss in the region of water iml;i.nge­
ment. ,\ft of tbe area of water impingement, equation (2) applies. 
The term X is the evaporative factor, and as given in equation (3) 
it im~1lies that the surface under consideration is fully 1·retted . 
If only ;Jartial wetness prevails, the value of X must be modified 
accordi!lf:, to the degree of \vetness. 

The ro.te of water im~;in3ement on the -vring, the area of impinge­
ment, and the distribution of the water over that area are important 
factors in the beat-transfer analys1s . The evaluation of the rate 
of water interce'1tion determines the quantity of \vater wlJich must 
be maintained in a liquid state until it either evn:!:)orates or runs 
off the trailing edge if runback j_s to be avoided . The area of 
impingement influences the extent of l1eated region to be provided 
at the leading edge, while knowledge of tbe distribution of water 
impingement is required in t!.1e calculation of tbe beating require­
ment in areas -vrbere -vrater is striking . 

Tl1e rate of -vrater imY~ingement is a function mainly of the number 
and size of water drops present in tbe icing cloud, tbe contour and 
size of the -vri.ng, and the speed of flic,bt . Calculations have been 
made by Glauert (reference 8) for the trajectories of water drops 
about cylinders and airfoils . In this work the assumption was made that 
the drops obeyed Stokes' law of resistance. At the speeds of flight, 
however, Stokes' law no longer strictly holds, and Lancmuir and 
Blodgett (reference 9) computed a series of drop trajectories about 
cylinders, spheres, and ribbons taking into consideration deviations 
from Stokes' law. These computations were u.r:derta::en on the assump­
tion that the trajectories for cylinders vrould a:p:ply to airfoils if 
the leading edge of the airfoil were replaced by an "equivalent" 
cylinder (reference 10). 

881@ IMIOIIHL 
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Prelimj.nary calculations at the Ames laboratory based on refer ­
ences 8 and 9 indicated tbnt for large va'_uea o!: drop size and airspeed 
t11e assu.nrption of tho eq_ui 'I alent cylinder would not bo1d for airfoils. 
Therefore, more extensive ca lcula ti ons ve1·e undertalmn to determine t11e 
drop tr::1jectories for an NAC~ 0012 airfoil at 0° angle of attack . These 
calculat:i.ons nave been descrned by Bergrun (reference 7), and \·Tere 
used in this paper for tbe computation of rate and area of impingement 
for the airfoils tested . 

Jl.l though the method of refe:;."ence 7 is considered to provide a 
complete and q_uite accurate prediction of the distribution of water 
impingement on the leading e,'l.p;e of an airfoil, it does have the 
disadvantages of req_niri.ng ( l) a kncn•ledge of the velocity components 
along a number of tho airfoil strear.1lU.es, and ( 2 ) considerable 
computation . T11e difficulties assocjated with the computation of 
the water - drop trajectories for airfoils have encouraged the substi ­
tution of a qrlinder with radius equal to the airfoil leadinc-edge 
radius in tr.e determination of 1·rater impingement . The curves of 
reference 9, vrbich have been calculated for a large range of drop 
sizes, airspeeds, altttudes , and cylinder diameters, are then used 
directly to evaluate the antic:ir-ated ''ater im11ingement on the airfoil. 
This substitution procedl're is a t.~seful device, but should be employed 
with a full lmovledge of ito limitations. One of tbese limitations 
is the fact that tbe curves of reference 9 provide the area and total 
rate of r,;ater impingement, but give no direct indication of tbe 
distribution of impingement. 

A second restriction of tbe cyljnder - substitution method is 
concerned Hi th the contour and size of the forvrard portion of the 
airfoil . To obtain an indication of this effect, the rate and area 
of water im~"~ingemont on the NACA 0012 airfoil, at 0° angle of attack , 
and on the leading-edge cylinder of t!Jis airfoil are compared for 
the same fli£bt conditions and various drop sizes in figure 2 . This 
figure illustrates bmv much greater the rate -:md area of ira:pinGement 
are on the airfoil than on the cylinder. At the smaller droJ? dia­
meters ( 10 to 15 microns) tlw areas of impingement on the airfoil 
and the cylinder are identical, a:.thougll the rate of impingement on 
the airfoil r anges from 4 to 1'7 percent greater than the rate for 
the cylinder . At a drop diameter of 25 microns, which is not unusual 
and vras presented previously as a possible maximn.m continuous condition , 
tbe rate of impingement on the airfoil is 40 :)ercent greater than on 
the cylinder , while tlle area of impingement bas increased to about 
60 percent sreater . It should be observed that the value of 25 microns 
for the maximum continuous condition is the mean- effective diameter, 
and that drops of a larger size IJrooably vTill be present due to the 
existence of a distribution of sizes . Although these values provide an 
indication of the scale limitation of·the cylinder- substitution method , 
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the f act sllould be noted that figure 2 applies to only one airfoil 
section, with an 8-foot chord , and at one flight condition . The 
leading-eJ.ge radius of the NACA 0012 section is s'11all (1 . 5 in.) 
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and the leading-·edge c~'linder does not match tbe sectioll contour for 
any great extent above the chord line . This i s sbown grapbi.cally in 
figure 3 which :presents a comparison of the fon-ra:;:d portion of the 
NACA 0012 airfoil and its leading-edge cylinder . In the case of air­
foil sections with the leading- edge radius a greater percentage of 
the chord than the NACA 0012 section, and also for airfoils of NA.CA 
0012 section, or similar wi tlJ cl1ords greater than 8 feet, the cylinder­
substitution method will pr esent a better appr oximation than that 
indicated by figure 2 for the same speed range . 

For airfoil sections with a leading-edge radius, lvhich represents 
a sraall percentage of the chord, tbe substitution of an equivalent 
cylinder (reference 10 ) with a radius larger than the leading-edge 
radius 1-rould probably -provide a better indication of the rate and 
area of water impinGement on the airfoil than would. be obtained for 
the leading- edge cylinder . At the present time ther e is not suffi­
cient information on ;·;ater -drop trajectories about airfoils to 
provide a basis for selecting the proper cyJ.inder in each instance; 
therefore , the designer must utilize tl1e more complicated, but more 
accurate, method of reference 7 or assume some cylinder diameter 
based on bis ex?Jerience and ingermi ty . 'l'he possi 'Ji li ty that the 
rate and area of impingement on an ellipse would more closely 
approximate tbe rate and area of impingement on a series of similar 
airfoils has been suggested and is \·rorthy of future consideration. 

The ability to select a proper drop size for the design of wing 
ice-prevention equipment is a factor of considerable importance to 
the designer, as can be illustrated by figure 4 . In this figure 
the area and total rate of impingement are presented for the NACA 0012 
airfoils as a function of drop size. The rate of impingement was 
calculated for a liquid-water concentratJ on of l. 0 gram per cubic 
meter . Consider , then, a change in design drop diameter from 10 
microns to 20 microns . TJ.1e resultant increase in rate of water 
impingement is 1 .75 pounds per l1our per foot of s~an or an increase 
of 175 percent, although the actual amount of vrater present per unit 
volume of cloud has not been changed at all . The same increase in 
drop size vrill cause an increase in area of impingement from l. 5 to 
4 per cent s /c . 

In contrast , consider the effect on the rate of water impinge­
ment l,)roduced by an increase in the quantity of liquid water :!)resent 
assuming the drop size to remain constant . The area of impingement 
will remain unchanged , while trw rate of impingement will increase 
only in direct proportion to the increase in water concentration . 
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This examJ?le clearJ.y i llnstrates the fact tllat t')e amount of free 
v~ater present in an icing cJ.oud is only one factor influenci..ng the 
quantity of water which vill actually strike the vring in a speci­
fied tj_me interval, and that the size of the cloud d::ops is a factor 
of at least equal iro!Jortance. 

After presenting the problem of area and rate of water inter­
ception , the next ste:r, is to establish the rate at lvbich tbe inter­
cepted. -vrater is evaporate(!_ from tlle wing surface and the validity of 
the equations presented previously for determining the rate of heat 
dissipation during the process of evaporation . The ~roblem of r ate 
of evaporation is particularly important, because all of the water 
intercepted by a wing he8-ted only in the region of the leading edge 
must be dispersed by evayoration if the formation of runback is to 
be avoided. 

I 

I 

I 
l 

From a superficial study of the mechanism by wbich water is 
deposited on the surface of a wing , it w·ould be expected that in the 
ar ea of water impingement tbe surface is completely wetted , and that J 
equation (1 ) for calculating the heat loss from a heated wing is 
valid . Aft of the area of impingement, it vrould be anticipated that 
the surface may not be full y wetted, since vrater does not reach this 
region directly, but instead must flm-:- back from the area of impinge -
ment, If the surface aft of the area of impingement is only partially 
wetted , the expression for X (equation (3) ) must be modified for 
use in equation (2 ) to calculate beat requirements . 

A picture of the conditions of wetness vhich actually exist 
on a wing during flight in clouds can be seen in figure 5 . This 
f igure , which sbm;s tYl1ical records obtained w.i. th strips of blue -
prin;t -paper i·rra:~ped around the leading edge of the "NACA 65,2-016 
airfoil model during flight in icing conditions , illustrates the 
pattern formed by the water in striking the airfoil leading edge 
and flowing aft . It appears from the patterns that the area of 
impingement, \vhich is clearly defined, is completely wetted , vrhile 
back of this area the water collects and forms rivulets , creating a 
partiallly wetted surface . A study of the patterns obtained in this 
manner revealed a variation in the fract::.on of surface area wetted 
aft of impingement with rate of impingement of water . Figure 6 
presents the relation be·tvreen calculated values of the rate of water 
flow reanmrd from the area of drop impingement and the degree of 
surface wetness as obtained from the rivulet patterns . Valu.es of the 
rate of water flovr are given in pounds per hour per foot spe,n . Another 
factor vrhich undoubtedly influences the amount of surface area wetted 
aft of the region of im::?ingment ia the condition of the surface . It 
should be noted that tbe values shown in this figure vere calculated 
from data obtained with bluepri~t paper strips mounted on the NACA 
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65- series airfoil. The maximum :probable degree of surface vetness 
is not definitely knmm . There is eviclence, ho;.rever, indicating tbat 
the degree of surface wetness aft of tbe area of im!:Jingement 
reaches a maximum which is not exceeded, regardless of the rate at 
which water is intercepted . It is believed that the limit of 
surface wetness for surfaces not specially treated is about 40 percent. 

With the information gained so far , it should be possible to 
analyze the data obtained i'fi tb the two electrically heated airfoil 
moctels and to establish the vaUdi ty of the eq_uations :previously 
presented . Ftgure 7 sho;.rs typical values of su1·face temperature, 
heat flow, and resulting heat-transfer Coefficient measured vTith the 
heated airfoils durinc; flight in icing conditions . The values 
shom1 are for the NACA 65,2-016 section. The beat-flow distribution 
>vas set during flight in clear a:i.r to provide a uniform surface 
tem-perature over the entire surface . Hm-1ever, during icing conditions, 
the curve of surface temperature took the form shown in this figure. 
The curve of measured heat -flow distribution was faired to produce a 
form more suitable for compar ison with beat-flow curves calculated 
using equations (l) and (2). A comparison of the measured heat flow 
and the heat flow calculated to produce the measured surface temper­
atures, assuming the entire surface to be completely wetted, is 
shown in figure 8 . These curves are also compared to the calculated 
beat loss due to convection only 1 that is, assuming the surface to be 
completely dry. A study of the measured and calculated heat --flow 
curves shows that in the area of water impingement good agreement is 
obtained between measured values and tlJe values calculated for a 
completely wetted surface, indicating tbat, in the region where it 
is reasonable to assume a fully wetted surface, the equations for 
calculating heat flow are valid. Aft of this area in the region of 
low heat flow , the calculated values are considerably lmver than tbe 
measured values. Since the calculated values are based on full 
evaporation, partial evaporation would cause the calculated curve to be 
even lm·mr . Tl1e most reasonable possible explanation of the discrep­
ancy between the measured and calculated curves is that the values 
of convective heat-transfer coefficient used for calculating values 
of heat flow (equation (2 ) ) are too low. The valuos of convective 
heat - transfer coefficient which were used in the calculations are 
those measured during flight in clear air. The most obvious con­
clusion, therefore, is that during flight in icing conditions the 
presence of water on the airfoil surface caused movement of the 
location of transition from its :position in clear air to a point 
close to the leading edge . The exact values of the convective heat­
transfer coefficient in this region in icing conditions are unknown, 
but it is believed the values fluctuate due to changes in t~1e location 
of transition d~ring flight . 
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In the region of high heat flow where the convective heat-transfer 
coefficients are known, the measured heat-flow curve and the calculated 
curve of convective heat transfer come together , indicating that at 
the point wbere the curves coincide all the water on the surface has 
been evaporated. 

Since the equations for calculating heat flow have been shovm 
to be valid in the area where the surface is completely wetted, it 
is reasonable to assume that the e quations hold in regions vrhere the 
surface is only partly wetted, provided the correct modifications 
are made to the evaporative factor X. Fairly accurate modifications 
to the factor X are believed to be possible by using the curve of 
surface vretness sbown in f5gure 6. Using this curve it should be 
possible to calculate the rate of evaporation of water from the 
surface aft of the region of water impingement . In the region of 
im:oingeroent the calculation of rate of evaporation is straingl1tforward , 
since full evaporation occurs. 

Cal culations of the rates of evaporat ion from the surfaces of 
the two test airfoils for a large number of t es t conditions were made , 
using the curve of wetness fracti on (fig. 6) to modify values of X 
in tbe region aft of vrater impi-ngement. The rates of evaporation were 
compared with the rates of water impingement which were calculated from 
results of the trajectory calculations of reference 7 using measured 
values of water concentration and drop size. An average agreement of 
13 percent for all of t be 14 conditions analyzed (reference 4) was 
obtained, indicating the reliability of the method for calculating the 
rate of evaporation of water from a heated wing . Since the rate of 
evaporatian can be calculated with reasonable certainty, the rate of 
heat flow required to produce a particular rate of evaporation can be 
determined with equal dependability, provided the coefficients of 
convective heat transfer are lmown. 

Using the equations and method presented for calculating the 
rate of evaporation of water from a heated airfoil surface in condi­
tions of icing, several calculations were made f or the NACA 0012 
test airfoil at 0° angle of attack to determine the effects of altitude , 
air temperature, and location of transition on the requirements of 
heat flow and extent of heated area necessary to evaporate all of the 
intercepted water. The meteorological conditions used in the cal­
culations are the maximum continuous conditions expressed previously 
in this paper of 0 . 5 gram per cubic meter, liquid-water concentration, 
25 micr0ns, mean-effective drop size, and 200 F, free-air temperature . 
An E~· type drop-size distribution was assumed (reference 9 ) . The 
flight conditions taken were pressure altitude , 12,000 feet, and true 
airspeed, 170 miles per ~1 our. It vTas a~sumed that transition occurrred 
near the leading edge . To determine the effect of altitude on the heat 
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requirement 1 a com)arati ve calcula tj_on was made for sea-level con­
ditions, with all other flight conditions as :previously ST)ecified and 
with the area and rate of water im:pin{Sement the same as at the 12,000-
foot condition. The method of calculation employed was to assume a 
reasonable intensity and. distribution of total beat flmv and then 
calculate the extent of heatect area required to evaporate all the 
intercepted water for each condition . The results of this calculation 
are sbmm in figure 9, 1vbich compares the relative convective beat 
losses at sea level and 12 , 000 feet . It should be noted that the 
rate of evaporation of -vrater , wl1ich is tl"le determin:Lng factor in 
the req_uj.rements of to·bal beat flow and extent of heated area, is 
denoted by the area betvreen the curves of total l1eo.t flow and convective 
heat loss , except in the region of water impingement . In the region of 
impingement, the rate of evaporation is given by t11e area between the 
curve of heat loss Ctue to warming t11e intercepted vrater and the curves 
of heat loss due t o convection . 

For the conditions at 12 , 000 fee t , extension of the heated area 
to 18 percent s/c would be adequate to ensm"e evaporation of all of 
the \·rater intercepted . At sea level it vrould be necessary to extend 
tl1e heated area to 26 percent s/c for eva~oration of all of the 
water intercCl)tcd . 

The curves of figure 9 can also be used to determine the amount of 
increase necessary in tbe total heat flovr if all of the -vrater is to be 
evaporated in an area forward of a specified chord :point. For exc.mple, 
assume that the extent of heated region for tbe curves of figure 9 is 
limited to 18 :percent s/c . At 12,000 feet all of the water would be 
evaporated , as has been previously mentioned. At sea level, hovrever, 
some of tl1e water vould not have been evaporated. By measurement of 
the areas of figure 9, it can be sho-vm that the total beat flm-r required 
to evaporate all the vrater vritbin tbe area from 0 to 18 percent s/c 
at sea level is approximately 10 :percent greater than the amount 
required at 12,000 feet . The increase in heat requirement vrith decreese 
in altitude is due to tbe fact that tbe rate of evaporation of -vrator 
decreases as altitude is decreased , becaune of the decrease in the 
evaporative factor X (equation (3)). Apparently, t~1en, airfoil 
thermal ice- prevention equipment in which the heat flovr is fixed, 
such as electrical systems, should be designed for the minimv~ altitude 
at which the airplane is expected to encounter icing . However, if the 
airplane is designed to utilize some form of air- heated system, tho 
:per formance of vrhich :pr obably vrill decrea3e >vi tb increase in altitude, 
the maximum altitude at vrbic:1 icing is expected to be encountered 
should also be investigated . 
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To determine the ef fect of air tem:9erature on the beat require ­
ment, a calculation was made of tbe convective heat loss at 0° F 
free - air temperatt-c:-e 'J.nd is compared in fjgm·e 10 vi th the convec­
tive beat loss at 200 F . The l)rocedure of assun,ing a fixed total 
heat flmv used in the previous calculation ':ras again employed . In 
the calculation 1-ri th tlw free-air tem11erature at 0° F , it was deter­
mined that tbe snrface temrerature drop!Jed to freezine at 24 I_)ercent 
s/c . Hmvever, the total beat flow required to evaporate all the 
water ifithin the area from 0 to 18 percent s/c with tho air tem!Jera­
tm·o at oo F is aJ;rprox:i.matel;;.· only 15 percent gr6'3.ter than the amount 
required at 20° F . Alt110ngb tb:~s is an appreciable increase in the 
heat requirement , it io cons ~i. del'e.bly less tllan that necessary for a 
similar change in cond.:.tions for ico-1rerention equipment dosir.;ned 
on the basis of maintaining tl;e surface tcm:;?er-ature just above free z­
ing, such as for the case of windshields . It a;J:;:ears , thon, tllat a 
vrj_ng ther mal system ~Vhich has ooen clesigr-wd for a l'elati vely high 
air temper ature vrill be ca-pable of ice prevention at lo-vr a i r tempera­
t ures i n i c int; conditions nearly as severe as those upon which the 
design -vras baecd . Of course , the s;ystcm is more sub j ect to failure 
throw):1 the possibility of the s lrfaco tempers.ture falling be l o' of 
freezing in the lm.r air-tem~)erature condJtj_ons, but, in gener al , t he 
surface temper atvres required for eva:9oration of all impinging water 
in the relatively small heated area of t11e leading edee will be 
sufficiently high to obviate this possibility. 

To establish the effect of the location of transition on the 
heat requirement , a calculation -vras made of the convective heat 
losa , assuming laminar flow exists throughout the heated area . Thi s 
is compared in figur e 11 vith the convective heat loss , assuming 
transition started at 5 ·Jercont s/c . In the case of complete laminar 
flovr , it would be necessary to heat only to 14 percent s / c to obtain 
eva]_)oration of all tho -vrater . The total heat flovr req,uired to evaporate 
all tho water '·rithin tho area from 0 to 14 percent s(c with t r ansition 
at 5 percent s/c is approximately 10 :percent greater than the amount 
of heat required if laminar flm·l prevails . Apparontly, tho location 
of t r ansition moves forvard in conditions of icing, even in the 
presence of a favorable proooure gradient , to a point where a strong 
favorable pr essure gradient i s encountered . As ,.,as stated pr eviously, 
the location of tranGition is believed to fluctuate , probably over a 
considerabl e distance . It is suggested that forward movement of 
transition to a :r:oint close to the leading odge of tbe wing be assumed 
in the design of ther mal ice - pr evention cqnip:mcnt , especially in view 
of the f act that such an assumpt i on tends to be more conser vative in 
the thermal design . 

From a study of the results shown in figur es 9,_ 10, and 11, s ome 
gene r al conc l usions can be r oacned . It is ap-parent that aft of the 
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area of droplet impingem(mt, the efficiency of removal of water, by 
evaporation, de·creases rap) dly . The reason for the decrease in 
efficiency is that only partial wetness prevails aft of the area of 
imringement, vrhile the area of in::-pingement is entirely -vret. Tbis 
indicates that the more of t.Je toti:l.l amonnt of wate r intercepted tbat 
is evaporated in the al'Oa of interception) the greater becomes the 
efficiency of the themal system. The rate of evaporation of -vmter 
is tlle determining factor in the efficiency of a wing thermal ice­
prevention system . Only tlle heat that is dissi2_1a.ted in eva;?oration is 
used to advantage . 'Tho heat lost by convection only -vrarms tbe air. 
Thus, the conclusion is dra<m t hat the beating should be concentrated 
as mucl1 as possible in the leading edge of' a wing , in the area of 
drop impingement, if an efficient thermal system is to be obtaj.ned. 

From the foregoing discussion, it aprloars that tbe extent of 
kno-vrledge of the meteorology of icing, the iro:ptngement of water 
drops on airfoil surfaces) and the processes of heat transfer and 
evaporation from a -vretted airfoil surface bas been increased to a 
point where the design of heated vrings on a fundamental, wet-·air 
basis now can be undertaken lvi th reasonable certainty . 
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Figure 1.- C-46 test airplane show:ing the manner in which 
the test airfoils were mounted. 
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Figure 2 .- Comparison of area. and rate of water impingement 
on an NACA 0012 airfoil and t he l eading- edge cylinde r . 
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TENSION IN RADIO ANTENNA WIRES 

RESULTING FROM ICE FORMATION 

By William L. Kepple 

Flight Propulsion Research Laboratory 

INTRODUCTION 

Tbe collection of ice on aircraft radio antennas necessitates 
an investigation to determine ( l ) the effect of ice formations on 
the electrical )ro"?ertiee of tho antenna , ( 2) the effect of ice 
formations on the tension occurring in tl1o antenna, and ( 3) tho 
decrease in aircraft :;_:Jerformance duo to anterw..a i co formations. 
Information is also needed concerning tbe prevention and removal 
of ice on radio antennas and tbo installation of the radio antennas 
in the \·rings or f't,selago . 

A fligbt invosti[l'ation was conducted at tbe NACA Cleveland 
laboratory during tho winter of 1946--47 to determine tbe tension 
occurring in aircraft antennas ·vrh.ile flying in natc.rral icing 
conditions. This investigation was conducted at true airspeeds 
from 155 to 215 miles per hour and at altitudes at which icing 
condi tiona occurred . The effect of the following factors 1xpon 
antenna tension were investigated : ( l) distance flown in tho 
icine; region; (2 ) included angle between the antenna and tbe 
thrust axis of the airplane; (3) antenr~ length; and (4) meteoro­
logical variables pertinent to ice accretion . 

APPARATUS -~ PROCEDURE 

The location of tl1e seven experimental antennas o.nd the two 
service antennas arc presented in figure l . The antenna angles 
varied from 0° to 64° and the antenna lone;tha VD.ricd from 15 to 43 feet . 
It ivas anticipated that the tension that -vrould ·Do imposed u:'}on tJ.1e 
antennas would exceed the breaking streng-!.;11 of the various antenna 
wiros in general use at tbe r;resent time. In consideration of tbi3 
factor, the antennas used were l/~6 - inc}1 diameter, T by 7 8.ircref"i:i 
control cable . The breaking strength of the antenna ca"blc was · 
540 pounds. Turnbuckles and sprir;g-tension units -vrero mou.nl:ied on 
the rearvrard end of tho antennas to iml1ose a ~0 - pound static tension. 

The tension in the seven exper~mental antennas was measured 
by strain gages located at the fol'iVard end of the antennas as shown 

88llWIM!!h!e!tL 
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in figure 2. The strain gages were t emperature compensating and 
sealed by means of electrical de -icing boots so as to be moisture 
freo. A recording galvanometer registered the tension in the 
antennas. Multirotating cylinders vrere used to determine the average 
droplet diameter and the liquid-vrater content. 

RESULTS AND DISCUSSION 

Figure 3 shows the ice f ormation on the 15°, 32-foot antenna. 
The typical ice formation resembles a cup and saucer. The direction 
of the air flow is from left to right at a 15° ang le with the 
antenna. The maximum diameter of the ice formati ons averaged 
2~ inches . 

2 

Figure 4 shows the ice formations on the 8°, 41-foot antenna. 
The ice formation generally is in the form of a cone with the ba se 
of the cone facing upst r eam. The diamet er of the bases averaged 
1~ inches. The air flm.; is from left to right at an 8° angle 
with the antenna, 

Figure 5 is a photograph taken in flight of a service antenna; 
the 15°, 32-foot antenna; and the 64°, 40-foot antenna . The icc 
configurations on the 64°, 40-foot antenna are illustr&.tive of the 
configurations incurred on the 64° and the 44° antennas during most 
of the flight operations. 

A typical plot of the variation of the antenna t ension with 
distance flown in the icing region is presented in f igure 6. Distance 
flown in the icing regi on is used as the abscissa because it r epresents 
the volume of air swept by the antennas. The vertical di stance between 
the upper and lower curve for the 64°, 40-foot antenna and the 44°, 
42-foot antenna represents the maximum and minimum t ension produced 
by vrhipping of the antenna. The variations in t ension for the 
0° to 15° antennas were small. This figure shovrs that f or t hE; 44° 
and the 64° antennas there is considerable increase in antenna tension 
with distance traversed in the icing r egion while for antennas of 15° 
and less, the variation in t ension with distance is sm&ll. 

Figure 7, which is similar to f j.gvre 6, presents t he v-:-.riation 
of antenna tension with distance tra·:ersed i n the ici ng r egion . 
However, figure 7 shows the effect of v:t i pping of the an·:..en la upou 
antenna tension. At the 1.39-mile po.~n-c , the whipping of the 64° 
antenna produced a variation in tension of 120 pounds. Sh0.rtly 
after this point, the vThipping caused considerabl e que.ntit i es of ice 
to break off and thus temporarily reduced t he t ens i oL. 



44 

Figure 8 presents the variation of antenna tension with 
antenna angle at a constant length of 41 feet. The tens1on values 
presented in this figure were obtained from figures 6 and 7 at the 
115-mile point and from similar figures in reference 1 . This figure 
shows that at constant length the antenna tension increased with increas­
ing antenna angle . With increasing angle , the antenna tension increased 
eight times faster in the 44° to 64° range than in the 0° to 15° 
range . The slope of the curve begins to chango appreciably above 15°, 
indicating that tho required strength of the antennas will be small 
when the antenna angle is 15° or less . Tbe maximum tension measured 
was 438 pounds . 

The variation of antenna tension with antenna length at a 
constant antenna angle of 15° is presented in figure 9 . Distance 
traversed in the icing region vras 115 miles . These data indicate 
that tension increased at a nearly uniform rate wi tl1 antenna lGngth. 

Insufficient dat a were obtained during the i nvestigation to 
establish a correlation between antenna tension and the meteorological 
variables . 

The meteorological conditions encountered produced icing of 
only moderate intensity and consequently tho antenna t.cnsio.n 
recorded while in these icing regions would not be as great as 
could be encountered in high - intensity icing regions. 

REFERENCE 

1. Ke?plc, William L.: Determination of Aircraft Antenna Loads 
Produced by Natural Icing Conditions . NACA RM (to be pub.) . 

COili'IiJ!lTHIJiiS 



t 

I 
'i2 " E I i!Eii I I At 

SERVICE AND EXPERIMENTAL ANTENNAS 

-EXPERIMENTAL 
-- -- SERVICE 

FIGURE l . 

ANTENNA-TENSION STRAIN GAGE 
FIGURE 2. 

@IJ811F I Offillf I 'L 



• £ 3cHlDL.1 
VNN3:lNV J.d-2£ ' 0 91 NO NOIJ.VWH0..1 3:8I 
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ANALYTICAL STUDY OF THERMfil, ICE-PREVIDJTIOI'J 

SYSTEMS APPLIED TO LIGHT AITICRAFT 

By James G. Thompson 

FliGht Propulsion Research Laboratory 

INTRODUCTION 

The thermal ico-:_)revention system has been adopted for use 
on commercial transports and larr,e military aircraft and considera­
tion is novr c;iven to its yractlcability on cmaller aircraft having 
a smaller useful load and greater need for economy and simplicity 
than the larger aircraft. Conveniences and equipment that have 
lonE, boc;:1 in use on lar.:.,er aircraft aYe toda;y being incorporated 
in small privately operated atroraft w·hich heretofore were without 
such advantaces. It i s therefore ant1ci:rated that a serious effort 
vrill be made to provide j ce protection for small aircraft in the 
future. 

An analytical study 1·ras mad.e to determine the thermal require­
ments of ice-prevention systems for ap,lication on three small air­
craft with dimensions and specifications covering the range of 
sizes commonly found in }_)rivate operation as follmvs: wing areas 
of 140, 184, and 250 square feet; sea-level horse,ovrer ratings of 
75, lb5, and 450 brake horsepower; and cruisinG speeds of 105, 150, 
and 205 miles }_)er hour, res~ect:vely. 

The quantity of heat required for ice prev~mtion on small alr­
craft has been determined in order that operators may evaluate the 
penalties in vreight, cost, and complications, which must be compen­
sated by the advantages derived from the application of a therwal 
~ce -preventlon system. Future industrial progress and research 
will probably reduce these penalties. 

HETHOD OF ANALYSIS 

The wet-aj_r analysis as developed by Hardy (reference l) and 
discussed by Neel in a pa!Jer presented previously was used in this 
investigation. For this analysiG, the rate of water impincement 
vras evalua.tecl by a simplifiod method as developed by Glauert 
(reference 2), a more rigorous solution is poss:ble by using the 
method presented prevwus]y by Bergrun . 
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DISCUSSION OF METHOD 

Justification for using such a method can be established by 
comparing heat requirements (vrhich are calculated by use of wet-air 
method) with the thermal properties of the C-46 ice-research airplane 
wing section, which has been successfully protected in a wide variety 
of i c ing conditions . Sample calculations were made for comparison 
purposes with the data obtained on the C- 46 airplane at the Ames 
laboratory . The calculations were made for station 159 of the outer 
wing panel for several icing conditions . The following icing condi­
tions gave results comparable to the heat employed in the C-46 airplane : 

Liquid -water content , qw, gram/ cu meter ..... 
Droplet diameter , dd, micr on • . . • 
Ambient -air temperature , t 0, °F . 
Surface temperature ~ ts, oF •. 

. l 
20 

. 0 

35 

These values , which represent very severe icing conditions in 
l ight of the data presented by Lewis , gave the average heat required 
as 1900 Btu per hour per square foot . This quantity compares favor ­
ably with the average heat provided for the C-46 ai~lane wing, which 
was 1830 Btu per hour per square foot dur~ng full heat tests conducted 
in flight . 

The equipment on the C -46 airplane has prevented tee from forming 
on the wing surfaces when operated in a wide variety of icing condi ­
tions , incl uding an extreme case when the liquid -w-ater cont ent was 
l. 90 grams per cubic meter and the dro?let size was 20 mlcr-:ms; there ­
fore , if desiGn conQitions of a liquid-water content of 1 gram per 
cubic meter , droplet size of 20 microns , ambient -air temperature of 
0° F, and a surface temperature of 35° F are chosen, the calculated 
heat required should be satisfactor y for design purposes and vrill 
also be conservative enough to provide a satisfactory factor of 
safety . These conditions were chosen as the design basis for the 
calculat ions in this analysis . 

RESULTS AND DISCUSSION 

The total heat required in Btu per hour for the fixed liftjng 
sur faces of three typica l airplanes is presented in the following 
table : 



Fixed lifting Airplane 
surface l--~1~~~~2~--~--=3----

------·---+----+---- ---
vlings 
Horizontal 
stabilizer 

Vertical fin 

Total 

48,600 72,300 97,000 

10,800 28,800 27,000 
4,600 5,400 6,400 

64, ooo--+-1--0-6 ,'-s-o0fl3~ 400 
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The heat required may be obtained from the engine exhaust 
gases, combustion heaters, or electric generators. By mixing the 
exhaust gases with air in an air-ejector-cooling and muffline, 
system, a mixture is obtained that possesses heat far in excess of 
the quantity required for ico prevention . If it is adaptable for 
reasons of engine cooling and muffling action, this system appears 
to present des i rable characteristics . The required heat may also 
be obtained from small compact combustion heaters that are avail­
able on tho commercial market. The leading-edge structure of the 
airfoil can bo alt~~ed and the necessary ducting installed for the 
hot-air heating systems without any appreciable incr ease in the 
total weic;ht of the ail'plane. The use of electric generators on 
large military or comrncrc ial airplanes may be j_)l'actical but the 
weight, costs, and loss in engine power involved appear to make 
its application on small air1lanes impractical at this time. 

A thermal ice -prevention system designed by wot -air method 
and values of tmporta.nt paramet0rs assumed in this text will 
probably provide protection in the most adverse conditions that 
may be encountered in flight; hovever, it may not be practical to 
give all types of a 1.r!_)lanc this maximum protection. Therefore, 
with the proper selection of the meteorological variables and the 
degree of protection desired, which are dictated by the airplane's 
operating schedule, the total amount of heat required can be 
significantly reduced. By intermittently heating the components, 
that is, cycling, the amount of heat that must be supplied at any 
time can be greatly reduced, thus reducing the large quantities 
of heat required for protecting all of the components simultaneously. 

By limiting the operations to cond.itions of lesser severity 
than those for which larger scheduled aircraft must be dosle;r:..ed and 
by taking advantage of oavings that may accrue froiJ intermittently 
heating tho various components, it appears that the thermal ice­
prevention system may find practical application on small non­
scheduled aircraft. 
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CALCULATION OF HEAT REQUIRED FOR WINDSIUELD THERMJ\L 

ICE PREVENTION -IN SPECIFIED ICING CONDITIONS 

By George H. Holdaway 

Ames Aerona.utice.l Laboratory 

IJ.IITRODUCTION 

One part of a broad · icing research program conducted by the 
NACA has "'3en concerned ·wHh the investigation of thermal means of 
windshield ice prevention. The first satisfactory windshield heat­
ing system investisated -was the dou-ole-panel hea:ced-air type of 
system tested on a :r .. ockheed 12 -A a trplane, and described by Rodert 
and others in reference L The te3ts of reference 1 resulted in 
the tentative specification of a heat-flo~r requirement of 1000 Btu 
per hour per square foot t:b..rough the 1-rindshield outer surface, 
This value was based on data obtained for a flat-pane, V-type wind­
shield at flight speeds up to 150 miles per hou~, and applied to 
internally heated windsh:i,eld.s. 

Although this iqitial research provided some 1nformation on 
windsh:i.eld heat requirements, the results wore empirical in 
nature and could not serve as a fundamental basis for the predic­
tion of the i~ternal heating requirements for windshield configura­
tions and flight conditions different than those investigated, 
Accordingly, a fundamental investigation was undertaken to estab­
lish equations for calculating the heat dissipation from the sur­
face of an internally heated windshield in conditions of ici~g. By 
measuring the heat flow from various test windshield surfaces dur­
ing measured icing conditions and comparing these flovrs vrith cal­
culateQ values, the validity of proposed design equations was 
investigated and. design procedures suitable for the prediction of 
general windshield heating requirements were established. 

In addition to the research directed towards the establishment 
of the heat requirement in the case where the heating was supplied 
internally, a secondary investigation conducted at the same time 
vras concerned -with the practicability of ice prevention by the 
means of discharging a ,jet of heated air into the windshield bound­
ary layer. This device was initially installed in the C-46 air­
plane (reference 2) as a moans of augmenting the internal , double­
panel windshield system. The test results with this initial 
installation were s~fficiently promising to warrant further 
investigation . 

UfW I!B!!Sii IIMs 
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The windshield flir.)lt investigations conducted by the NACA 
Alnes Aeronautical Laboratol'y at Moffett Field, Calif,, during the 
winters of 19·15-46 and 1946-4? were made in clear air and in 
natural icing conditions with a twin-engine, C-46 cargo airplane, 
(See fig. 1.) A detailed report of the windshield data obtainedJ 
its analysis, and a method for calculating the heat required for 
windshield thermal ice prevention are presented in reference 3 , 

Additional windshields were tested on a four--engine, B-24 bomber­
type airplane operated by the NACA Flight Propulsion Research Labora­
t ory at Cleveland, Ohio , during the winter of 1946-47 , (See fig. 2.) 
The detailed results of this latter investigation are presented in 
reference 4 by Kleinknecht. 

DESCRIPTION OF APPARATUS 

Both the test airplanes lncorporated an NACA thermal ice ­
prevention system) which permitted continuous operations in natural 
icing conditions . Meteorolog~cal equipment was installed to meas­
ure the free-stream air temperature, the water drop size , drop­
size distribution and liquid water content , A description of the 
meteorological instruments and their use, and typical meteorologi­
cal data are presented by Lewis in reference 5 . 

Internally Heated Windshields 

Three general types of aircraft windshield were tested to 
provide fundamental heat-transfer data: flat-plate, flush; and 
V- type . Figure 3 shows the electricall y heated flat -plate and 
flush test windshields installed on the C-46 airplane during the 
winter of 1945-46 . Th::J flat-plate ,,rindshield was intended to 
sup:9ly l eat -transfer data for two-dimensional flow over a flat ­
:?1ate inclined at different angles to the air stream. Provision 
was made to fix the panel in one of three positions : 30°, 45° , 
and 60° measured from the tangent to the fuselage at the panel 
hinge line" 

The electrically heated flush ·windshield was installed in the 
co:9ilot' s panel which, at that time, was flush with the fuselage 
contours . Construc t ion of the panel consisted of three sheets of 
glass and ti·To of plastic bo:1ded together. Heating elements of very 
fine resistance ••ires were embedded between the outer glas s layer 
and the adjacent plastic layer . 

l 
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All the windshields tested were instrumented w·i th thermo­
couples on both the inner and outer surfaces. The tempe~atures 
were recorded by a self--balancing automatic-record.i.ng :potentiom­
eter with an over-all accul'acy of ±3° F. 

For the J.91±6-4 7 operations with the C-·46 airpla.ne, the flush 
windshieJd vas re~laced by a V-type windshield. A top view of 
this vi"indsni.eld installation is shown in figare 4. The windshield 
center post was elol;lcd at an angle of 57° (rnoasured from the hori­
zontal during cruising flight) aud the included. angle of the V was 
86° meastiTed in the horizontal :plane. The fabrication of the 
pilot 1 s and copilot 1 s :panels was the same and consisted of three 
sheets of glass and inte1·posed sheets of plastic bonded together. 
Ono of these spec:Lal panels is shown in figure 5. Heating of the 
panels was attalned through a transparent electrically conductive 
surface coated on the outer sheet of glass on the surface adja­
cent to the plastic inner layer. The panels were purchased com­
mercially. Although the panels were trapezoidal in shape> the 
heated area was rectan~lla~ to insuro uniformity of heat 
distribution . 

:b,igure 6 shows the special forebody section of the B--24 air­
plane as tested by the Fl.ight Pro1mlsion Research Laboratory. 
This section incorporated s even windshield panels mounted at 
ancles of 30°, 45°, and 60° to the thrust ax:is. Several of the 
windshields were electrically heated and fabricated in a manner 
similar to the C-46 airpJ.ane windshield panels. 

External Air-Heated Windshields 

Figure 7 shows the external air-heated windshield, thermal 
ice-prevention system t.3sted on the flush pilot, s windshield of 
the C-46 airplane during the winter of 1945-46 . For the 1946-47 
operations with the V-type windshield, one 3/16-inch external 
discharge slot was located along the bottom edge of the :pilot's 
windshield and another along the center post between the wind­
shields with the heated air directed over the pilot's windshield. 
Each slot was l foot in length, 

ANALYSIS AND RESULTS 

Heating Req_uirement for Internally Heated Windshields 

Inasmuch as the main objective of this investigation was to 
establish fundamental design eq_uations for the calculation of 
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windshield heat re~uiremants in specified icing conditions, such 
equations are presented and are discu.ssed in the light of the test 
data to establish their usefulness for this purpose. 

The unit heat flow from the outer surface of a windshield 
during flight in icing condittons can be considered as the sum of 
four individual heat losses , or 

q = ql + q2 + q3 + q4 (1) 

where 

ql heat loss due to forced convection 

q2 heat loss due to evaporation 

q3 heat loss due to warming water 

q4 heat loss due to radiation 

The values of q represent neat flo·ws pe:::' unit of windshield sur­
face area expressed in Btu per hour per square foot . Each of the 
individual hea.t losses wHl be discussed separatel~· and. then com­
bined to form a genora: d.3sign oquation . (?or co:c}'tenience; alJ. 
symbols are defined in tho appendix.) 

Heat loss due to convection . - The following equation expresses 
the heat loss due to c onvection from the windsh~eld surface to the 
free-stream air, including the correction for the kinetic tempera­
ture rise: 

where the temperature rise is obtained from references 6 and 7, 

or approximately, 

u 2_u 2 
0 1 

2gJcp 

(2) 

(3) 

(4) 

The subscript o refers to ambient or free-stream air condi­
tions whereas the subscript 1 refers to local conditions just 



outs ide the boundary layer. Theoretica.lly, the recovery factor r 
equals PrandtJ. number to the l/3 power, for turbulent flow, but 
the flight data indicated. values of r for the test vrindshields 
ranging from 0.8 to 0. 9. 

Several equations for calculating the coefficient of con­
vect:i.ve heat transfer h from a flat plate have been developed, 
and a comparison of the3e equations has been made in reference 6 
by the University of California. For a turbulent boundary layer, 
the general form of the coefficient was presented in the following 
form: 

U1ycp 
h = 0.0296 X 3600 --2-r:3();2 

Pr 1 R • 
(5) 

Following the presentation of equation (5) in reference 6, various 
specific fo:t·ms of the equation are derived by expressing the prop­
erties of air as a function of the average temperature in the 
boundary layer. The coeff icient a.t any di stance .s- -f·rom the lead­
ing edge of a flat plalie, for the region of turbulent flow, is 
given as 

0 . 3 l'Y / u )0 .8 
h = 0. 51 Tav , ( 0 25 . \s " I 

( 6) 

For a turbulent bound.ary layer extending from s = o to s = 7. on 
a flat plate, the avera.ge coefficient is presented as 

0.3 1r 
( 

U 0 .8 

h = 0.64 Tav --J 
.'Z.0.25/ 

(7) 

In order to evaluate the accuracy of these equations for the 
calculation of the convective heat-transfer coefficient, a com­
parison ·was made of measured and calculated values. Because meas­
ured values of the local velocity just outside the boundary 
layer u1 were available only at the center of the test panels, 
the equation for calculating the value of the heat-transfer coef­
ficient at a point, rather than the average equation, was used in 
the computations .. A comparison of measured values of the coef­
ficient with values calculated by equation (6), for the 45° posi­
tion of the flat-plate panel, is presented in figure 8. Two 
widely different values of s were used in the calculations: 
s 1 representing the distance from the panel hinge to the center 

of the panel, and s 2 the distance from the center of the panel 
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to the stagnation point at the nose of the airplane fuselage. The 
two computed curves bracket the experimental curve with the lower 
value of s provj_ding the larger values of h. '1_1be curves pre­
sented are t;y-pical of the results obtained for other panel angles 
and for the flush win<lshield, and the agreement is considered to 
be satisfactory for design purposes. In the case of the 
V - type wind.shield installation, the local velocj_ty over the wind­
shield was not measured and hence calculation of the local heat ­
transfer coefficient vras not attempted. For design application,. 
the lower value of s should provide heat--transfer coeff i cients 
that would probably be somewhat larger than the true case, but 
would be conservative . Althouf!.,h comparisons were not made 1)etween 
measurea. values of the average heat-transfer coeffic ient and values 
calculated by equation (7), it is considered that the order of 
accuracy would be the same as that associated with equation (6). 

In an attempt to establish the accuracy of the equations for 
the prediction of the heat requirement, it is desirable to ut ilize 
the most accurate available values of h. The test values obtained 
in clear air were not aprlicable in most cases , because corres pond­
ing clear-air data were not available for all the icing tests . The 
alternative employed was to detennine the value of s that would 
provide the best average agreement between calculated and measured 
values of h at the center of the windshields , and then multiply 
that coefficient by a factor to give the average convective coef­
ficient for the entire windshield. Consideration of the two 
equations , which have been presented for the average coeffic ient 
and the coefficient at a point on the surface, indicates that t he 
average value can be taken as appr oximately 1,1 times the val ue 
at the center of the panel . 

Heat loss due to evaporation . - The heat loss due to evapor a ­
tion may be calculated by the equation 

(8 ) 

This equation is presented in the analysis by Hardy in r eference 7 . 
It is based on the assumption that the windshield surface is ful l y 
wetted, and inasmuch as this condition requires the maxi mum heat 
su~ply to maintain a given strrface temperature, it is chosen for 
design. Because water runback from the heated windshield area is 
of little consequence, no effort wns made in the calculations to 
evaporate all the water intercepted by the windshield . In addi­
tion, such a requirement would impose an exorbitant heat ing load 
in some cases. 
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Heat loss due to warming impinging water . - The heat loss due 
to warm:i.ngthe impirl"ging--:,,ater--is -expressed oy the equation 

(9) 

where 
u 2 2 

2 Jo = 0.198 (lUOo_o~, 
g CD W 4' 

and M is the average weight rate of water impingement per unit 
area of windshield and is given :for :flat-plate -vrindehields as 

where 
Ap 
T 

T) Ap 
M = 0. 2 25 100 U 0 m A (10) 

is the ratio of the projected area of a windshield to 

its actual area, and m is the liquid ·water content o:f the air in 
grams per cubic meter. 

The determination of the amount of water striking a wind­
shield in a given time interval is a problem regarding whi ch very 
little jnfor mat ion is available . The most recent and extensive 
treatment of water-drop trajectories around several generalized 
objects is presented by Langmuir and Blodgett in reference 8. 
Although this investigation was undertaken primarily to estimate 
the rate of water impingement on an airfoil , some .trajectory 
calculations are presented :for the cases of a ribbon (or :flat 
plate normal to the direction o:f air :flow) and a sphere. These 
calculations were used herein to approximate the efficiency o:f 
water impingement ~ on the flat-plate windshield (using ribbon 
data) and the flush windshield (using sphere data). 

By considering :first the case of the flat-plate panel, the 
assumption was made that the rate of water impingement on the 
panel would oe equal to the rate of impingement on the projected 
area of the panel considered as one-half of a ribbon, as sho\~ 
in figure 9. The efficiency of water impingement T) and the 
weight rate of water impingement w for various drop sizes have 
been approximated for the three positions of the flat-plate panel 
:from the ribbon data by Langmuir and Blodgett (reference 8) and 
are ~resented in table I. It is of interest to note that, for 
drop diameters greater than 30 microns, as the panel angle is 
reduced (panel becoming more flush with the :fuselage) the 
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impingement effic iency is lncreased but the weight rate of water 
int erception is decreased. A second Hem of interest is the fact 
tbat the maxlmum calculated efficiency of water impingement was 
80 percent, and this value corresponds to exceedingly large drops 
for most icing conditions. This result is somewhat surprising, 
and possibly in error, because it would appear that the presence 
of the fuselage forward of the windshield would cause a concentra­
tion of drops near the surface and produce impingement efficiency 
values of possibly greater than 100 percent. 

To obtain an estimation of the rate of water impingement on 
the flush windshield, the assumption was made that the impingement 
would be the same as that on a portion of a sphere having a diam­
eter equal to the fuselage maximtun diameter. (See fig . 10.) The 
flush test panel vras located between the angles A (13.5°) and 
B (27 . 5° ). The assumption was made that, for water drop sizes of 
sufficient diameter to cause the area of impingement to i nclude 
the flush teat panel, the vmter intercepted per unit area of the 
panel would be approximately equal to the average wei~1t rate of 
water intercepted over the entire area of impingement on the nose 
of the air plane. On the basis of this ass1unption, the previous 
equation for the weight rate of water impinge~ent used for flat­
plate windshields was modified to become 

__2L U0 m 
M : 0 · 225 100 C(l - cos eM) ( ll ) 

where eM is half of the central angle of the total area of 
impingement on a spheriGal surface, and C is the· radius of the 
sphere . Calculated values of ·water impingement on the flush wind­
shield tested on the C-46 airplane for one flight condition are 
presented in table II . An interesting conclusion resulting from 
an inspection of table II is that, for the conditions presented, 
drop diameters of 50 microns are required in order to give a 
value of eM of sufficient magnitude to reach the test panel, 

which is in agreement ,,.ith the observations of water impi ngement 
on the C-46 flush windshield in icing conditions . The drops were 
observed to strike the windshield onJy during flights for which 
the meteorological data indicated the presence of a mean effective 
drop size of 30 microns in diameter or larger . . The maximum drop 
diameter in these clouds was probably in the range of 40 to 
50 microns , or greater . 

Heat loss due to radiation . - The heat loss due to r adiation 
from the windshield surface to the surrounding atmosphere can be 
calculated from the Stefan-Boltzman equation 
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Although a windshield radiates heat to the atmosphere, the 
amount is small for the temperatures associated with windshield 
thermal ice prevention and can usually be neglected. 

57 

( 12) 

Summation of_!leat loss_es, -Combining equations (1) to (12f, 
the complete equation for the dissipation of heat from a windshield 
surface is written as 

( U
0 

)

2
] (ce:p-

0

e0
) - t 0 - 0 . 832r 100 + 0.622hLs ~ 

(13) 

Equation (13) was simplified by neglecting the heat loss due to 
radiation and the kinetic temperature rise of the impinging water. 
This latter factor is not effective for flight speeds under 
200 miles per hour . A regrouping of the remaining terms was made 
to segregate the primary heat losses, which are due to convective 
heat transfer and evaporation, from the secondary effects of heat­
ing the impinging vrater and kinetic heating of the air. Thus, the 
simplified form of equation (13) becomes 

q = hX(t8 -t0 ) + M(t8 -t
0

) - 0 . 832hr (;0ij)
2 

lvhere 

A grouping similar to equation (15 ) was used by Hardy in 
reference 9. 

(14) 

(15) 

Comparison of calculated and measured heat flows from surface 
of internally heated windshield. - The applicability of equa-
tion (14) for the determination of windshield heating requirements 
can be evaluated best by a comparison of calculated and measured 
values of heat flovr from a windshield surface, for the same surface 
temperature, and for specific flight and icing conditions. 
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Table III presents some representative data for each angle of 
the flat-plate panel and for the Y-type windshield, as tested on 
the C-46 airplane. The drop sizes listed are the mean-effect1.ve 
water-drop diameters expressed in microns, with the exception for 
the 45° :position of the flat plate; for this case the value is for 
the maximum drop size. For purposes of calculation, the drop-size 
distribution was assumed to be unjform. The surface temperatures 
are the arithmetical average of the recorded values for the several 
thermocouples on the surfaces. The quantity qc is the calculated 

heat flow to the outer surface of the windshield required to pro­
duce the indicated average surface temperature, and qE is the 
measured heat flow. The difference between these values divided 
by the calculated heat flow gives a percentage indication of the 
validity of the design equation for predicting windshield heat 
requirements. The fact that the calculated values of q for the 
V-type windshield are considerably higher than the experimental 
values may be attributed., in part, to the fact that the local 
velocity over the windshield was not measured and therefore the 
free -str eam velocity was used to calculate the average convective 
heat-transfer coefficient. 

The few instances in which icing of the flush test panel 
occurred provided very limited data for a comparison of the cal­
culated and measured values of the heat requirement. Only for 
one case was the su~ace sufficiently wetted to· give reliabl e 
data, and the calculated heat flmv was 12 percent greater than 
the measured heat flow . 

In order to obtain further verification of the accuracy of 
the general design equation for the predic-tion of -vrindshield heat­
ing requirements, a comparison was made between measured and cal ­
culated heat flows forth~ 60° windshield on the B-24 airplane. 
In the calculations, the values of convective heat-transfer coe.t'·· 
ficient derived for the 60° flat panel on the C-46 airplane were 
used. The results of this comparison arc shown in table IV. The 
experimental data were obtained from referenc'e 4. The values of 
measured heat flow qE presented in table IV represent the net 

heat supplied to the outer surface of the test windshield, and 
were obtained by calculating the inward heat flow to the wind­
shield compartment and subtracting this value from the total heat 
input listed in table I of reference 4. 

Greater accuracy in the calculated heat flows could be 
attained if the drop-·size distribution were used, but t he distri­
bution was not always known and the inaccuracy of other experi­
mental factors did not warrant this refinement. 
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?rediction of minimum requirements for internally heated 
windshiel~- Raving-s:wwn- thatthe general design eqU..1.tion is 
applicable-for the calccllation of >vind.shield heating requirements, 
provided various com:9onents of the equation can be evaluated, it 
is of interest to utilize the equation to investigate the heat 
requirements for various w-indshield configuration.s in icing con­
ditions that mlght be selected as desJgn requirements. An indica­
tion of the meteorological conditions corresponding to typical 
icing and to the most probable max:\.mnm icing to be expected in all 
weather transport operaU.ons was obtained from a rel;)ort by Lewis 
(reference 5) . For each of the t1vo general cloud types (cumulus 
and stratus), factors were selected that corresponded to a moder-

' ate icin€ condHion . A water drop-size distribution E was 
chosen to allow· for the varJation in the size of the drops exist­
ing in many moderate icing conditio 1s . Table V presents the 
calculated minimum requirements for ice prevention on three types 
of internally heated windshield for the selected moderate icing 
condition . The heat flows are mlnlillum values required to keep the 
windshield surface temperature just at 32° F . 

From this table, the previous empirical heating requirement 
of 1000 Btu per hour per square foot of lvindshield surface (refer­
ence l) is seen to provide adequate protection for V-ty:pe wind­
shields in moderate stratus for flight speeds as great as 
300 miles per hour. In the case of the moderate cumulus cloud, 
ho·vrever, this quantity of heat flo·w would not be adequate for com­
plete and continuous protection even at a speed of 150 miles per 
hour. There is some question as to vrhether complete and contin­
uous windshield ice protection is required in cumulus clouds, 
because such formations cEm usually be avoided and are not a 
problem to the same extent as extensive, thick banks of stratus 
at lm·r altitudes. For military flying, however, the desirability 
of complete visibility at all times is evident. 

In considering the individual contribution to the total heat 
requirement of each of the meteorologjcal fact.ors that constitute 
icing conditions, the powerful effect of changes in the value of 
free-stream air temperature is noted. As an illustrnti.on of this 
effect, consider the jncrease in heating reg_ui.roment shown in 
table V for the flat-plate winoshield from 540 to 1040 Btu per 
hour per square foot as a result of (1) increasing the mean drop 
diameter by 5 microns, ( 2) doubling the liquid water content, and 
( 3) decreasing the free -stream air temperature by 15° F. By 
utilization of the design equations, it can be shown that the 
500-Btu-per-hour-per-square-foot increase is composed of 13 per­
cent increase due to increased dro_p sizo and liquid water content, 
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and 87 percent due to the change in the free-air temperature. This 
fact leads to the conclusion that once the windshield heat require­
mont has been established for a specified icing condition, and 
assuming the condition is severe enou@1 to completely wet the wind­
shield surface, changes in drop size and liquid water content will 
not change the heating requirement appreciably. A change in free­
air temperature, however, will have a very noticeable effect on 
the heating requirement . 

Heating Requirement of F~tornal-Discharge Windshields 

An analytical approach to the external-discharge type of -vrind­
shield thermal ice-prevention system was attempted, but the 
unkno-vms involved, such as the mixing of the h6atcd jet with the 
botmdary-layer air, precluded a reasonable prediction of the action 
of this system. The next approach involved measurements of the 
velocity and temperature profiles during flight tests ln the hope 
that a basis for the establishment of empirical design equations 
would result . Unfortunately, a review of the data did not reveal 
any basis for a rational analysis of the mixing of the jet with 
tho boundary-layer air and the prediction of the resultant surface­
temperature rise. 

A few items of interest, however, were noted during the inves­
tigation . One of these items was the large amount of heat supply 
required. for ice protection by the external-discharge method. in 
comparison with internal heating of the surface . For example, 
figure 11, which is a photograph of the flush windshields of the 
C-46 airplane from inside the cockpit, illustrates a flight in 
which the windshield area under the discharge jet was maintained 
clear >vith a heat supply of 20,000 Btu per hour, ivhich is nn 
approximate unit heat flow of 10,000 Btu per hour per square foot 
of cleared surface, In the same icing condition, ice accretions 
were removed from the e l octrically heated flush panel with a heat 
flow to the outer S1ITface of 545 Btu per hour per square foot . 
Thus the external-discharge system required a heat supply approxi­
mately 20 times that required for the internally heated system, 
for the same degree of protection in the same icing condition. 

Figure 12 shmvs that the thermal inefficiency of the external ­
discharge system is apparently the result of rapid mixing of the 
discharge jet with the cold boundary layer, with a resultant rapid 
decrease in the jet and ivindshield surface temperature. The data 
were obtained during flight tests of the flush windshields on the 
C-46 airplane, and y represents the d:i.stance measured from the 
surface into the boundary layer or heated-air jet. The surface-

I 
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temperature data in this figure indicate a decrease of the surface 
temperature from 160° F at the discharge slot to a value of 42° F 

at a distance of only 6 inches r'rom the poiet of discharge. 

Satisfactory operation of' the external-discharge system for 

the V -type windshield wu.s not obtair.,ecl because of failure o.f the 
jet to flmv across the ::.r.tire sur.faee . Fi151J.re 13 illustra·tes a 

typical ice-removal atteiliyt 1 with a heat supply of 18,000 Btu per 

hour through the hea:c._eci.-ai:::- jets, A small area along the bottom 
of the pilot's ·w-in.d.shield, and a.J.so a.t the center post, has been 

cleared by the jet, but t.he rest of the panel is covered by an ice 

formation. Attempts to rt:1move the ice by increasing the flov rate 

and tem:pe"'ature of the b2atecl 2ir ·,·rere lir.l:i ted by the temperature 
restrictions of the vinyl plastic at -::;be lo-wer edge of the 

windshield. 

The extel~al-discharge system of windshield ice prevention 

appears to be a desirable installation only in those instances 
whe:::-e (l) internal heating is not possible> (2) a large supply of 
heated air is available in the region of the 1-rindshield to be 
protected, and (3) the discharged air will fl01-r over the wind­
shield without the additional ·.,.reight penalty of blowers, 

CONCLUSIONS 

The following conclusions are based on the analytical studies 
and test data of this research and should be applicable to wind­
shield configurations and icing conditions similar to those 

investigated: 

l. The coefficient of convective heat transfer for the 
external surface of flat-plate; V -type, or flush wind.shield.s can 

be approximated wit h an accuracy suitable for design purposes by 

the use of the established equations for turbulent flow on a flat 

plate. 

2. The heat requirement for ice prevention on a flush or 

flat-plate airplane windshield during fli ght in specified icing 

conditions can be calculated to an accuracy of 20 percent. 

3. The complete and continuous prevention of ice accretions 
on the surface of a flat-plate or V-type airplane windshield, for 

flight in moderate cumulus icing conditions at s peeds up to 
300 miles per hour, will require a heat flow from the surface of 

from 2000 to 2500 Btu per hour per square foot of surface, In 
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the case of continuous flight for the same speed range, in moder­
ate stratus conditions, a heat flow of 1000 Btu per hour per 
sg_uarG foot should prove adequate . 

4. The complete and continuous prevention of ice accretions 
on the surface of a flush-type airplane windshield located well 
aft of the fuselage sta@lation region, for a speed range up to 
300 miles per hour in @tratus and moderate cumulus conditions , 
can be obtained lvi th a heat flmv of 1000 Btu per hour per sg_uare 
foot of surface. 

5. The tendency of ice to accrete on windshields that are 
installed flush with the fuselage contours is considerably less 
than for V-type windshields. 

6. The external-discharge system of windshield thermal ice 
:prevention is thermally inefficient and requires a heat supply 
ap:proximately 20 times that required for an internal system having 
the same performance. 

7 . Windshield installations that conform to the fuselage con­
tours are more adaptable to the use of the external--discharge sys­
tern than V-type installations, because the heated jet will flow 
naturally over the windsnield surface . 
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APPENDIX - SYMBOLS 

The following nomenclature is used throughout this report: 

A windshield surface area, sq ft 

Ap projected windshield area, sq ft 

C radius of sphere, ft 

cp specific heat of air, Btu/(lb)(~ ) 

c Sp14cific heat of 1vater, Btu/(lb)(°F) 
p,w 

D characteristic length used in calculating Reynolds 
number, ft 

e water vapor pressure, in. Hg 

g 

h 

J 

acceleration due to gravity, ft/sec 2 

convective heat -transfer coefficientJ Btu/(hr)(sq ft)(°F) 

mechanical equivalent of heat, ft-lb/Btu 

latent heat of evaporation at surface temperature, 
Btu/lb water 

length of windshield panel or flat plate in direction 
of local air flow, ft 

M weight rate of water impingement per unit area, 
lb/(hr)(sq ft) 

m liquid water content of air, grams/cu meter 

P barometric pressure, in . Hg 

(
3600c fl8) 

Pr Prandtl number __ kp-

q unit rate of heat flow, Btu/hr/ sq ft 

R Reynolds number 

r 
l/3 

recovery factor equal to Pr for turbulent flow 

!fJOIP.PisMJ±lkL 
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s distance from region of air stagnation, _ft 

T temperature; °F absolut,e 

t temperature, ~ 

U velocity, ft/sec 

w weight rate of water impingement, lb/hr 

X evaporation factor, 1 + 0 . 622Ls (~s -e0 ) 

cpP 
0 

t 8 -t0 

y distance normal to the windshield surface, in . 

~ angle between plane of a flat-plate windshield and plane 
normal to streamlin~s around forebody of windshield, deg 

y specific weight of air, lb/cu ft 

6tk a kinetic temperature rise of airJ °F 
' 

6tk w kinetic temperature rise of water droplets; °F 
} 

e: emissivity of windshield panel 

efficiency of water impingement, percent 

one-half the central angle of total area of impingement on 
spherical surface, deg 

viscosHy of 8,ir, (lb·-sec)/sq ft 

Subscripts: 

av average conditions 

c calculated values 

E measured or experimental values 

o ambient or free-stream air cond'itions 

1 local conditions just ontside boundary layer 

s windshield external-surface conditions 
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TAB'LE I - CALCULATED VALUES OF WATER IMPINGEMENT ON A 

FLAT-PLATE PANEL, BASED ON DATA 

CALCULATED FOR RIBBONS 

~-----; --------,----------,.- ------

1 
Drop Panel angle I Panel angle Panel angle I 

I 
diameter 60° 45° 1 30° 

(microns) T}, (per- w; (lb/hr)JT}, (per-·,,, (lb/hr)!T},. (per-,lw, (lb/hr)j 

t--·--· . cent) _ l cent) 'cent) . I 
10 o o 1 o o _ o o _ 

0' 64 ! 2 L 04 L 5 I 1. 84 I 20 l 

30 15 9.6 

50 45 28.8 

L 100 73 46.6 

Pressure altitude, 10,000 ft 

True airspeed, 150 mph 

20 10.4 i 32 11~ 
so 26.1 I 6o 22.1 

75 
1 

39.0 t~so-r 29~-
Ambient-air temperature, 0° F 

Area of panel, 1.49 sq ft 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

. ~-----<-
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TABLE II - CALCULATED VALUES OF WATER IMPINGEME!'J'l' ON A 

FLUSH 1-liJ.I.IDSBIELD PANEL1 BASED ON DNT'A 

CALCULATED F'OR SPJIERES 

I 
Drop ~,(pet: Sphere Flush I F'lush panel 
diameter cent ) ( deg) w panel M 
(microns) (lb/hr) w (lb/hr)/(sq ft) 

( lb/hr) 

20 o 1 o o-ro o 
I 

30 <l 3 <18 0 I 0 
I --

50 +--~---~~ ~~4 __ 7.2 

-1~~-L~-
f- • --

I 70 8 I 28 

t-~100 15-t~ 270 1 

Pressure altitude) 10, 000 ft 

True airspeed, 150 mph 

Ambient-air temperature, 0° F 

6.4 
---------

5 . 5 4.8 

NATIONAL ADVISORY Cot!-MI'ITEE 
FOR AERONAUTICS 

_______ , _ _ _ 

I 
I 
I 
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TABLE III - COMPARISON OF CALCULATED AND MEASURED HEAT 

FLOW, FROM THE OUTER SURFACE OF THE 

TEST WINDSHIELDS, C -4 6 AIRPLANE 

I I Drop I t s I qc ,, nE Tine -q~ ·.,. I tem Altitudej True air- I t 0 •

1 

m 
3 

1 

_ ':!. ':!. 

(ft ) jspeed 1 (~) (gm/m) size (OF)! (Btu/(hr)l (Btu/(hr) -q- 100 1 
i I (mph ) I · I (micron) j (s g_ ft)) (sq f t )) ! c . 

~~-;-~ 11,650 -r-18;--~~-. -0-.~- 18 39 · 1210 1 1240 ' -3 
I I -r 45 I 12' 700 ' 140 !_:;- _l_._o_+----44_-+-_3_7_ I l_5_8_o_+' _ _ l_7_2o_·--i 

60 ~300 170 20 0 ._2 __ 
1 

48 ~ 53 1 1250 I 1205 4 

-9 

19 ---;·-, s,ooo I 15~--~21 . 0.37 19 I 39 -830 --+1--6-70 

l_~_l_l_9 ,_s_oo j__1~5~o~~~+-~~1-2-_---t-1-o-. 2_2 ___ ___1___+---2~---~-~-2-7-+--l3_4_o_--l--l-03-0--+--2-3----I 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

m 
():) 

-------------"'--··------"--



60 9700 

60 9900 

TABLE N - COMP !.RISON OF CALCULATED Al'JI) MEASURED HEA'r 

-

FLOW, FROM THE OUTER SURF ACE OF THE 

TEST TtliNDSHIELDS, B-24 AIRPLANE 

I I ------. -~---. -~ I 
54:0 500 I 7 I 

I I 
t 155 I 24 0 ' 51 I 10 i 42 

225 19 0.24 18 36 I 525 510 3 

I 
-

48 ! --+-----1 
191 20 0 .12 18 

I 
i 

990 --'-~90 _ _L 0 

NATIONAL ADVISORY COMMIT'I'EE 
FOR AERONAUTICS 
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TABLE V - CALCULATED MINIMUM WINDSHIELD HEAT REQUIREMENTS FOR A MODERATE 

ICING CONDITION IN T\fO TYPE3 OF ICING CLOUD, BASED 

ON AN ASSUMED DROP-SIZE DISTRIBUTION E 

I __ I_I _ __:__c_um_u_l_u_s_:___o_._l_l_._o_;__2_o __ !_ 300 
1 

1120 ! 1630 j 2100 1 

Pressure altitude, 10, 000 ft 

Surface temperature, 32° F 

0 Flat-plate angle, 45 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 



~igure 1.- The C-46 airplane as equipped for icing flight 
research and operated by the Ames Aeronautical 
Laboratory during the winter of 1946-47. 

NACA 
A-11407 
4-15-4 7 
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Figure 2.- The B-24 airplane as equipped for icing flight 
research and operated by the Flight Propulsion Research 
Laboratory during the winter of 1946-47. 

'LE:.C TRICALLY HEAT'O 
FL AT - PLAT~ Wlf'iOS "' I~LO 

Figure 3·- Adjustable flat-plate and flush windshield test 
panels as installe~ on the C-46 airplane for the winter 
of 1945-46. 
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Figure 4.-.A top view of the V-type electrically heated wind­
shield installed on the C-46 airplane during the winter of 
1946-47. 
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Figure 5.- Single panel from the V-type windshield installation. 
Heating was provided by a transparent, electrical conducting 
film under the outer glass layer. 

Figure 6.- General arrangement of windshield panels as tested 
on the B-24 airplane during the winter of 1946-47. 
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ICE FORMED ON 
UNHEATED PORTION5 

59"7 BEll I I At 

BLOCKED OFF 

HEATED AIR SUPPLY 
FROM SECONDA RY 
HEAT EXCHANGER 

NACA 
A-10527 
9-17-46 

Figure 7.- Details of external discharge heated-air ice­
prevention system for the flush windshield of the 
C-46 airplane. 
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50 ~ I I l---:~~~T -H 11,000fta 1 • .75~----------
20 - - ------14,800fts,•.75~ ~-

10 11,000111t•6. ~----- . -

14,100 11 s 2•6.5 

TltUE AIR SPEED, II PH . 

VARIATION OF HEAT TRANSFER 
COEFFICIENT • H • WITH AIR SPEED 

Figure S.- Comparison of measured and calculated convective 
heat-transfer coefficients for the flat-plate panel set 
450 from the tangent to the fuselage. C-46 airplane, 
winter 1945-46. 

NATIONAL AOVISORY 
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STREAMLINE TO 
STAGNATION POINT 

FLOW LINES AROUND PROJECTED AREA 
OF FLAT-PLATE PANEL USED IN 
COMPUTING RATE OF IMPINGEMENT 

Figure 9. 
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C, MAXIMUM 
RADIUS OF 
FUSELAGE 

cgb!F' DE!tiT 1 n 

FLOW LINES AROUND A SPHERE, SHOWING 
INT~RNAL ANGLE USED IN COMPUTING RATE 
OF IMPINGEMENT ON THE FLUSH PANEL 

Figure 10. 

Figure 11.- Flush windshield of C-46 airplane showing i ce 
protection afforded by the external heated-air jet, 
left side, and the electrically heated flush panel , 
right aide. 
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Figure 12.- Temperature gradients in the heated boundary layer 
over the flush windshield of the C-46 airplane. Pressure 
altitude 12,000 feet, true airspeed 155 miles per hour~,/and 
heated air supplied 13,000 Btu per hour. Winter 1945-~. 

Figure 13.- V-type windshield of C-46 airpl ane during fli ght 
in icing conditions showing unsucces sful ice-removal 
operation of external discharge jets over pilot's panel, 
with heat supply of 18,000 Btu per hour. 
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SUMMARY OF INDUC'l'ION -SYSTEM ICING-I'ROTECTION REQUIREME;NTS 

FOR RECIPROCATING-ENGINE POWER PLANTS 

By \-Tillson H. Hunter 

Flight Propulsion Research Laboratory 

INTRODUCTION 

The purpose of this ~aper i s to summarize NACA research in the 
field of induction-system icing and to review recommendations that 
should result in i nherentl y ice -f r ee induction systems . 

The formation of ice i n engine air-intake systems has been a 
recognized hazard since 1921 1vhen ice 1-;ras rated as a predominant 
cause of pm1er failure resulting in airplane crashes. Induction­
system icing has remained a serious hazard despite the development 
of relatively ice-free carburetors and despite rigid civil and mil·· 
itary regulations requiring alternate or heated-air intakes and 
alcohol sprays for emergency de-icing . The Civil Aeronautics 
Aclrninistration report of 195 accidents in 1945 involving personal 
aircraft clearly emphasizes the need for aggressive action in the 
elimination of this hazard . In 1940, as operations through jnclem­
ent weather began to increase , the Air Transport Association rec­
ognized the need for a better understanding of the causes, effects, 
and prevention of induction-system icing and requested the NACA to 
study the problem. 

Research was started in 1941 under the direction of a special 
NACA subcommittee i n the Altitude Engine Testing Laboratory of the 
National Bureau of Standards . In 1943 the work was transferred to 
newly completed research facilities at the NACA Cleveland laboratory 
with a. more comprehensive progr am under Army sponsorship. The NACA 
research program included laboratory determination of icing charac­
terist1cs and de -ic1ng requirements for representative carburetor­
supercharger combinations , dynamometer measurements of the effects 
of ice on engine operation , icing-research-tunnel studies of several 
protected air-intake scoops , a l titude air-box experiments with 
alcohol de-icing systems, and flight research under natural and 
simulated icing conditions . The detection of ice by means of 
special ice-warning instruments was i nvestigated and a study was 
made of methods for el iminat ing the icing :problem by suitable design 
of the air entrance~ the throttl es, and the fuel -injection device. 
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Research is now in progress to determine the icing characteristics 
of light-airplane induction sys tems in ord.er to determine the cri terions 
for an inherently ice-free system. 

Appreciation is extended to the participating airlines, manufac­
turers, and government agencies for the excellent cooperation and 
material support throughout this research program. 

DESCRIPTION OF REPRESENTATIVE INDUCTION SYSTEMS 

The induction system of an aircraft engine includes all elements 
and accessories of the air duct from the main air-intake scoop to the 
intake valve on the engine cylind.er. The possible combinations of 
these elements is increased by variations in the design and the size 
of each component and by the use of several different groups of compo­
nents on a single model aircraft. Each coi1figuration exhibits somewhat 
different icing characteristics and must be studied individually. 

A conventional light-airplane induction system for a small tractor 
airplane with a flat engine is shown in figure 1. The main air duct 
contains a ram-air filter, a selector valve, an updraft suction-type 
carburetor, a fuel nozzle below the throttle, and a mixture-distributing 
manifold. 1,-larm air from the engine compartment is drawn through a 
heating shroud surrounding the exhaust manifold when the selector 
valve closes the ram-air inlet and the hot -air bypass. This type of 
system operated by inexperienced pilots has been responsible for a 
large number of light-airplane accidents due to carburetor icing; 
however, the icing characteristics and the methods of improving the 
ice protection differ little from those required for larger aircraft. 

Figure 2 shows a typical induction system for a large high­
performance aircraft and illustrates two types of air intake commonly 
used with NACA radial-engine cmdings. The top diagram shows an 
articulated scoop with boundary-layer bypass, a hot-air selector valve, 
a protective screen, a pressure-injection type downdraft carburetor, a 
fuel-injection nozzle in the carburetor adaptor, turning vanes in the 
supercharger-inlet elbow, and an engine-stage supercharger. Warm air 
from behind the engine cylinders may be drawn into the system through 
a heating shroud surrounding the exhaust collector when the hot-air 
valve closes the cold ram-air inlet. The leading-edge scoop in the 
lower diagram is an alternate design used to secure better ram­
pressure recovery during climb and at full throttle above critical 
engine altitude; other components of this system are the same as for 
the articulated-scoop system. 

conw IB!!UT!A£" 
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The several important differences in the air intakes are shown 
in figures 1 and 2. The bluntness of the light-airplane fuselage 
nose near the air intake~ the inclination of the filter, and the 
relatively low flight speed all aid appreciably in deflecting most 
cloud droplets and in minimizing the impingement of rain and wet 
snow. The articulated scoop, because of its rear location, low 
contour, and bouncary-layer bypass, prevents the intake of high con­
centrations of' water that are deflected from the front of the nacelle 
and bypasses the runback of rain on the top of' the nacelle. The 
leading-edge scoop, on the other hand, receives abnormal concentra­
tions of deflected water, contains a great internal-surface area 
against which water will impinge, and the vrater, 1vhich strikes the 
nacelle surface, is carried aft into the hot-air valve. Because of 
these inherent differences in water-scooping rate, ram-pressure 
recovery~ and temperature rises in various systems~ a system of 
rating the icing clmracteristics of a carburetor and an engine on 
the basis of the air conditions at the entrance to the carburetor 
has been adopted. 

THREE IIIDUCTION-SYSTEM ICING PROCESSES 

Unlike the icing of other aircraft components, induction­
system icing presents additional hazards because its occurrence is 
nonseasonal and much of the ice forms without vmrning where it is 
never seen by the pilot. Three distinct icing processes~ impact, 
throttl:i.ng~ and fuel-evaporation~ can occur in the induction systems 
that have just been described; the names are descriptive of the 
location and cause of formation~ and provide immediate clues as to 
methods for their elimination. 

Impact icing. - T,ypical impact 1c2ng (fig. 3) occurs when 
freezing rain, wet snow, or super-cooled cloud droplets strike 
surfaces that are below freezing. The rate of impact icing in the 
system increases with airspeed and the amount of water gaining 
entrance. Impact icing is most prevalent above 15° F but may be 
encountered at temperatures as low as -50° F . Except at night~ the 
pilot is usually warned of the occurrence of impact icing by the 
formation of ice elsewhere on the aircraft and can take remedial 
action by switching to the alternate hot-air intake. 

In addition to coating the forward surfaces of the airplane~ 
impact icing forms at the scoop entrance and duct walls~ on the 
carburetor-inlet screen, on the carburetor air-metering elements, 
on the top surfaces of the throttle plates~ and on internal 
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obstructions such as hot-air valves, air-temperature bulbs, and 
turning vanes. Air filters or screens in the main duct block the 
most rapidly, causing suJ.den reduction in engine pcl·rer, disturbing 
fuel metering and mixtnre distribution, and, in some cases, causing 
engine stoppage . Dry snow and sleet at low temperature may block 
some types of filter but generally these fm.·ms of precipi ta-cion are 
not serious unless induction syste::.ns are heated sufficiently to 
turn dry snow into an impact-icing condition . 

Impact-ice formations and rain may also enter the small air­
metering passages of the carburetor and disturb fuel metering . Some 
carburetors I<Tere found to be more sensitive than others in this 
respect; but generally the effects of 1-m.ter in the carburetor are 
unpredictable . Sluggishness in resto:dng proper fuel-air ratio 
after completely de-icing the system is an indicat::.on of this trouble. 
New forms of fuel-metering systems that avoid the use of exposed 
pressure-sensing and flow·-circulating air passages can eliminate 
this problem. It should also be evldent that the exclusion of cloud 
d1·oplets and precipitation from the induction system I·Till :prevent 
impact icing and its related problems. 

~~rottl_ing i~~-:12~ - The second. form of icing, thr ottling icing, 
occurs vrhen e:x.pa.:1sion cooling of the air through the throttles lm<Ters 
the air temperature and that of surrounding surfaces below 32° F , 
provided sufficient liquid water is present or the dew point is above 
the final temperature so that condensation takes place. Under some 
conditions, the acceleration of air through the metering venturi 
lowers the air temperature enough to start condensation, -vrhich then 
increases the rate of icing at the throttles. Air must be nearly 
saturated or must contain some liquid \<Tater and the throttling pres­
sure drop must be quite high before throttling icing becomes a serious 
hazard. 

Theoretically , it is possible to form ice in an insulated passage 
with normal amounts of throttling at an inlet-air temperature of 
approximately 42° F with about So percent relative humidity; but 
experimentally , serious throttling icing has not been observed above 
39° F or with air that is unsaturated. Throttling ice occurs at the 
edges of the throttle plates and the adjacent 1</'alls at lm¥ power 
settings andJ in addition to restricting air flows, may freeze the 
throttle in a partly closed position and prevent closure for landing . 
The throttling process, however, is most important for its contri­
bution at all temperatures to the more prevalent and serious fuel ­
evaporation icing process . 
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Double-opposed throttles or variable-venturi throttles in 
rectangular carburetors we~e fotmd to be relatively free from 
throttling ice as coihpa:;."ed with the single butterfly type of throttle. 
Most British carburetors and throttle bodies of the butterfly type 
are automatically protected from ic i ng by the forced circulation of 
hot engine oil through carburetor jackets and hollovr throttle 
plates - a practice that appears to have been suggested originally 
in this country but never adopted . It should be possible to elim­
inate throttlin ice, v1ithout resorting to spec~al heating, by 
using variable-ventu:i.'i throttles in a warm region of the engine. 

Fuel-evaporation icing . - Fuel-evaporation icing occurs when the 
air strea~nd-surround.Tng m:etal parts are cooled bolovr freezing by 
the :refrigerating effect of fuel vaporization and water is present or 
is condensed from the cooled air. The fuel-air mixture temperature 
has been observed to drop more than 80° F lm-rer than the carburetor­
inlet temperature. Ina.smuch as a finite time is required to evaporate 
fuel, it is to be expected that serious refrigeration would not 
develop in the rapidl;}r moving air strean in the immediate vicinity of 
the f uel spray. However, this is actually the cace in a well­
designed system operating at full throttle but at low-power settings; 
fuel dropleto eddy back into the turbulent ivake of the partly-closed 
throttles or are splashed b2ck by the supercharger impeller in a 
manner that increases the refrigeration effect. This effect is even 
more pronounced in suctj_on carburetors where the throttles are con-­
tinually bathed i·Tith evaporating fuel and become focal points of 
icing , Hhich quickly blocks air flow . 

At extremely low air flmv or high water concentrations, ice may 
so form on the fuel nozzle of some pressure carburetors as to obstruct 
the fuel flow and lean the mixture; vrhereas, in suction carburetors 
ice has been observed to enrich the mixtuxe. In either case loss of 
pm-rer or rough r unning results . 

The icing shovm i1 figure 4 occurred at low cruise-power condi­
tions. The top picture vms taken looking down into the inlet elbow 
of the engine vri th the carburetor removed; the bottom row shows the 
under side of the car buretor, which was removed from the inlet elbow, 
with t hrottles in the operating position . The tvro left views show 
ice that cauGed a 1~0-percent reduction in eir flow in 6 minutes 
whereas the ice in the center pictures reduced air flov 34 rercent 
in only 1 minute in simulated :min of nearly dou"'ule intensity. The 
right--hand pictures vrere taken after simulating auton:atic regulation 
of manifold press'tre by slowly opening the throttles during icing in 
clear--air conditions . After 80 minutes of operation, the throttles 
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had been opened from 26°to 87° 3 where they became frozen. The throttles 
remained locked for 1 hour 1ofi th air fJ.mv- fluctuating widely) and at 
times exceeding that for cruise power, as ice formed and sloughed off. 
The Navy has reported several similar cases 1vhere J in very long over­
water patrols at fn:ed throttle with power maintained co:1stant by means 
of electronic control of the turbosupercbarger waste gate , icing 
suddenly and severely reduced power w1tho~t warning after 7 hours in 
clear-air conditions. 

A compa~ison of t he effects of pressure-carburetor cor~iguration 
on fuel-evaporation icing is shown in figt;.re 5 for t-wh1-barrel and 
variable-venturi ca::-:bure-cors. 'J::ne to? pictures show t:te u...D.der side of 
the carburetor vd th the thrott~.es in the operatir~g posi·sion and the 
lmv-er pictures are of the su~ercharg8r-inler, elbow·. Ir'.. -:;he l eft-hand 
pictures_, ice coated the enti:r·e thi.Aottle plates a::J.d inle-'; elbow thereby 
causing a serious loss in air flow; on the other hand, the variable­
venturi type throttles are almost entirely free from ice although 
sufficisnt ice formed on the central fuel-spray bar and on the sloping 
adapter walls to seriously affect air flows. 

The results of the investigations indicate that fuel-evaporation 
icing is not significantly affected by changes in fuel-air ratio or 
by normal variations in fuel temperature . Fuel volatility, hm;ever, 
·1v-as determined to be a distinct factor i n the rapidity with which 
icing occurs. A low volat-ility safety fuel could greatly reduce icing 
tendencies. 

The most promising and functional prevention of fuel-evaporation 
icing is, of course, to move the point of fuel injection to a location 
thalj is automatically maintained above 32° F J ivhich may be accomplished 
by injecting fuel (1) through a rotating spinner at the entrance to 
the supercharger, (2) through holes in the impeller itself, (3) into 
a warm portion of the mallifold, (4) near the intake valve, or (5) 
directly into the cylinder. 

ICING CHARACTERISTICS OF CARBURETOR AND ENGINE 

Figure 6 shows the icing characteristics for low cruise power of 
the variable-venturi carburetor and engine (fig. 5). Carburetor inlet­
air dry-bulb t emperature is here plotted against inlet-air water-air 
ratio for the limits below which nonserio~s icing was observed to be 
present somewhere in the system and the limits below which serious 
lClng occurred. Serious 1c1ng >vas arbitrarily considered to be that 
which caused more than a 2-percent reduction of air flow or 6-percent 
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change in fuel-air ratio within 15 minutes. All conditions to the 
left of the saturation line are in clear air; all condit ons to the 
right are in c1ouds or -precipitation. The area betvreen the top and 
bottom limits represents potentially serious icing conditions for 
times varying from infj_ni ty to 15 mi nutes, respectively. Icing 
occurred when the inlet-air temperature was 1100 F and the relative 
humidity was loss than 20 percent, but serious icing occurred only 
with saturated or wet air at a maximum temperature of 65° F. 

The effect of engine size on icing characteristics is inclicated 
by the fact that the salJle type carburetor on a similar engine of 
1820 cubic-inch die-placement had almost identical icing limits at 
the same ~raction of rated power as this engine of 2600 cubic-inch 
displacement. 

The effect on icing limits of two power settings for a twin­
barrel pressure carburetor on a liquid- cooled V-type engine is shown 
in figure 7. The limits of nonserious icing are higher than for 
serious icing at both normal rated and 60-percent rated power. A 
reduction of approxi1nately 250 F in maximum values can be noted for 
both nonserious and serious icing when the power is increased from 
cruise to normal rated power . Ab nearl y full throttle such low 
throttle pressure drops and such high velocities occurred that the 
serious-icing limits at rated power recede almost to the limits for 
impact icing~ that is, to 32° F . The effect of an increase in 
altitude is similar to that for an increase in power; wider throttle 
openings lo~rer the icing limits . 

Reasonable correlation was found between these results obtained 
in the laboratory with 65-octane fuel and those obtained with the 
complete engine on a dynamometer stand with the less volatile grade 
130 fuel. In the engine tests, the icing limits were found to be 
about 5° F lower than those shown in figure 7 for cruise power. 
Reduc-cions in air flow and changes in fuel metering that were greater 
than those arbi~rarily chosen as criterions for serious icing 
actually resulted in rough operation and rapid losses of powerJ 
which confirmed the validity of the initial assumptions. 

The recent trend toward use of water injection for incre~sed 
take -off and climb po"Yrer sue ested the possibility that idng would 
become a problem when water was introduced with the fuel. This 
condition was found to be true at the war emergency pow·er rating 
because tJ.1e total water -air ratio represented rain conditions even 
though the inlet conditiono were those of clear air. All traces of 
icing above the iJJlpact-icing level disappeared., hcwever., when 
50-50 v~ater -alcohol mixtures were injected with the fuel at the war 
emergency power rating. 
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-Figure 8 shows the benefits of an improved method of fuel injec­
tion and warm inlet-elbow surfaces in lovrering the icing tendencies 
of a carburetor-engine combination at cruise power. In this case a 
three-barrel pressure carburetor 021 an inlet elbow containing t hree 
ttrrning vanes and other protube:;.·ances would be expected to show icing 
limits higher than those in figures 6 and 7. However, injection of 
fuel from a rotating spin..'1er at the entrance to the supercharger ano. 
submergence of the supercharger-inlet elbow into the oil-warmed 
accessory section reduced the icing limits below the theoretical 
limits for throttling and impact icing . Operation at temperatures 
slightly below· freezing with slightly more than saturation water 
contents for a 3-hour period was possible without serious effects. 

It is apparent from figure 8 that if free water could be 
excluded from the induction system, that is, if all conditions to 
the right of the saturation line were eliminated, this particular 
carburetor and engine combinatton would be inherently ice -free at 
cruise power . These same results for spinner fuel injection were 
obtained earlier in labr:-rato:'cy tests elseKhere for a smaller model 
of the same engine. Extensive investigations at this laboratory ,.,i th 
another type of engine have also conclusively confirmed the fact that 
in a supercharged engtne fuel must be injected from a rotating d.evtce 
at the entrance to the supercharger or at a point further downstream 
to eliminate completely fuel-evaporation icing. The icing limits 
shown in figure 7 were reduced by spinner injection to almost iden­
tical values presented in figure 8. Cylinder fuel injection would 
not further lower the icing limits but does offer the advantage of 
requiring no air-preheat system for cold-weather operation and 
eliminates the backfiring, which occasionally damages induction 
systems . Unsupercharged engines for light airplanes can be as 
effectively protected from fuel-evaporation icing by injecting fuel 
in the individual manifold pipes near the intake valves . 

Greater freedom from impact icing and erratic metering caused by 
rain entering the air-metering system of the carburetor can be 
achieved by adopting a fuel-metering system, which in its simplest 
form is based on engine speed and throttle opening, and in its most 
accurate form is based upon engine speed, manifold --pressure and 
temperature, and exhaust back pressure. If the induction system 
has a water -excluding air intake, a heated. throttle assembly, a speed­
density fuel -metering device, and cylinder fuel injection, the ulti­
mate simplicity and reliability with respect to freedom from icing is 
attained without attention from the pilot except to regulate power . 

In summarizing the investigation of icing characteristics, 
figure 9 presents six carburetor-supercharger combinations with 
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twin-barrel carburetors for which icing limits were determined. 
Figure 10 then summarizes the serious-icing limits of the six con­
figurations shown in figure 9. It may be noted that in four combin­
ations serious icing can occur at high tempe1·atures and low relative 
humidities in clear atr. The impressive reduction of icing limits 
from curve 4, which were dropped to curve 1 by the use of spinner 
fuel injection, should be noted in figure 10. 

Figure 10 represents 2c2ng tendencies of most of our present 
transport airplenes and it must be apparent that the accident 
potential is still present for pilots who lack training or relax 
vigilance. \vhen it is realized tha.t in one new four-engine transport 
there are 635 items for the pilot to watch or control in the cockpit, 
it can be appreciated that the pilot will find it increasingly 
difficult to "fly" the induction system while he is so thoroughly 
busy flying the airplane. Despite this situation the commercial air 
transports are singularly free from accidents caused by induction­
system icing, but only by virtue of intensive pilot training, pro­
vision of multiple systems of ice protection, and excellent instru­
ments for checking airplane and engine performance. It would be 
unreasonable to expect most current ty~es of private aircraft to be 
operated as safely with this same equipment because of the relative 
inexperience of the average private pilot. It is evident then that 
an inherently ice-free induction system is needed . 

ICE-PROTECTION METHODS 

Throughout this discussion, the benefits to be derived from 
exclusion of water from the induction system have been presented. 
Figure 11 presents an historical progression of some of the proposals 
for reducing impact icing, for reducing the intake of various types 
of precipitation, and for approaching the goal of complete water 
elimination with negligible loss of ram. The British tj~e of gapped 
ice guard A was intended to block rapidly in impact-icing conditions; 
air without freezing water would then be drawn in through the gap 
behind the guard. This device was discontinued because of its high 
drag in nonicing conditions and because it produced negative ram in 
icing conditions. In a later version of the ice guard, the screen 
was tightly fitted to the air intake and a spring-loaded valve auto­
matically admitted air from behind the engine cylinders during icing 
conditions. Arrangement B is a streamlined deflection body placed 
ahead of the inlet to deflect rain and snow and to catch most of the 
impact ice. This device has not been adopted because it is exces­
sively bulky, causes some ram-pressure losses at all times, and does 
not adequately cope with impact-icing conditions. 
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Desjgn C, wh5ch has met wi0h some current favor , is a simple 
articulated scco:p modified so as to provide a plennm chamber and water 
drain to separate s ome water and ice from the air str0am and to prevent 
dislodging of large sheets of ice onto the carburetor when hot air is 
applied. Design D is the conventional leading-edge scoop previously 
dis·cussed, and. E is the undercowl scoop derived from D, "Yrhich is 
intendeo. to exclude the entr;;· of water from the system by means of 
inertia separation. Icing ·tunnel research on the undercowl scoop 
showed that it excluded approximately 95 percent of the water that 
normally enters the conventional scoop and me.Jl1tained equal or better 
ram-pressUl'e recovery for climb and ceiling cruise conditions . This 
design is being applied to new aircraft and is expected to help 
appreciably in rendering induction systems inherently ice-free . 

In most transport airplanes, emergency alcohol de-icing is 
mandatory to avoid the possibility tha·c exhaust heat will not be 
available in case of inadvertent engine stoppage due to ice or to 
hasten the recovery of pmmr when heat is applied. However, fig-
ure 12 indicates that the value of alcohol de - icing is debatable. 
Typical results of alcohol de ·-icing experiments are presented here 
for cruise-pm·rer conditions at sea level .• 10,000 ; and 20;000 feet 
when 95 pounds per hour of isopropyl alcohol were sprayed from six 
nozzles J.ocated around the periphery of the duct several inches above 
the screen for 10 minutes during impact-icing conditions . The 
induction system is one with a leading-edgE: scoop. The first three 
photographs were taken through an observation hatch above the car­
buretor looking directly down on the carburetor screen; the photo­
graph at 20,000 feet was taken looking directly upstream toward the 
inlet at the severe impact icing in the horizontal duct . It may be 
s een that de-icing vras not effective below the alcohol nozzles and, 
of course, did not touch the ice upstream of the nozzles. 

Hot-atr de-icing systems are similarly ineffective in removing 
lCe upstream of the hot-air valve and may cause large sheets of ice 
to be dislodged and fall on the carburetor screen . The trend to 
remove carburetor screens, which provide the most serious impact­
icing hazard in induction systems , shouJ.d be encouraged because the 
absence of screens will improve the icing tolerance of most 
installatlons. 

Typical results of hot-air de-icing are presented in figure 13. 
The time in minutes to recover 95 percent of the maximum possible 
air flow after icing the system a predetermined amount is plotted 
against dry-bulb and wet-bulb tenperatures for three different rela­
tive humidities . Dry-bulb temperature alone is obviously no true 
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criterion of de icing effecti eness but the correlation is good on 
a wet -bulb basis . At a dry-b1!Tb tem:pera·cure o.f 60° F, for example, 
a de-icing time of 5 minutes is required for dry air as against oruy 
1/2 minute for saturated air. 1'lle effect of engine configuration, 
engine size, ini tlal ic ins tempera turl:l J a:nd air --flow reduction did 
not disclose significant differances in de--icing requirements on a 
wet-bulb basis. The de --icing !'ate below a wet-·oulb temperature of 
approximately 60° F >-las generally unsatisfactory and an increase in 
the wet-bulb te1.0.perature above 60° F resulted in little improvement 
in recovery time . Ji',xcessive air tempei.'ature should be avoided because 
it seriously reduces engjne :power by reducing charge-oir density, 
increases the hazard of detona.tionJ and causes excessive leaning of 
the mixb.r'e through overconrpensa-cion of the at-..torna-cic mixture reg­
ulator ,.,bon applied at high altitude . 

CONCLUSIONS 

In summarizing the results of NACA research, the following 
generalizations can be stated with respect to the icjng character·· 
isti(;s of exis-:.ing systems, the remedial action required to protect 
these systems, cautions to be observed, a.nd desirable fundamental 
improvements tltat can be made in new designs ancl :perhaps retroactively. 

1. The icing characterist1cs of conventional carburetors of both 
the suction and pressure type wi-ch fuel ir1j ected near the throttles 
present a serious icing hazard in clear air at inlet-air temperatures 
as high as 70° F. 

2. Fuel-air ratio and mixture distribution ere adversely affected 
by icir1g and by the trapping of water in the ai1·-meter~ng passages of 
the carburetor and can cause rough running and engine stoFpage. 

3. Throttles may freeze at a gi von :pmmr setting or w·hen an 
automatic pressure regulator compensates for the effects of icing and 
may lead to forced landings with no c on trol over :pow·er setting. 

4. Hot .. air valves may also freeze in the fnll-cold or full--bot 
:position. 

5. Throttles and hot--air selector valves should be of sturdy 
design and ivi th low c.;ontrol forces to :perr.1i t mechanically breaking 
them free when frozen with ice. 
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6. Duct inlet, carbureto:r and eng1ne configuration, water i njec­
tion, :power setting, and fuel volatility signi.ficantly affected the 
icing characteristics~ but engine size, fuel terr::peratnre, fuel-air 
ratio, and water·-alcohol injection did not. 

7. Screens and air filters in tne main air duct without bypass 
constitute an um.;a.rran-':;ed icing hazard and should be removed where 
:possible . 

8. Exposed fuel nozzles in severe-1c1ng regions may cause leaning 
out in some pressure carburetors and e:r.:cessive enrichment in suction 
carburetors . 

9. Remedial ice protection may be provided by means of selecting 
an alternate air intake> by warming the surfacesJ by applying hot air 
or alcohol, and by changing the power settings; hovrever, none of these 
meihods fully removes ice formations that occur upstream of the point 
of protection. 

10. A wet-bulb temperature of 60° F affords prompt de-icing of 
serious-ice fm·mation below the carburetor but may cause icing i f 
applied in dry snow or sleet conditions) and may dislodge sheets of 
ice that will fall onio the carburetor and disiurb operation. Hot­
air should be applied when icing begins. 

ll . Excessive temperatures should be avoided in the hot-air 
de-icing system to avoid detonation, ovo:ccompensation of the fuel­
air mixture, and excessive loss of power. 

12 . A protected ram-air intake can be provided that will auto­
matically exclude most serious impact-icing particles without 
appreciable loss in ram-pre s sure recovery. 

13. The speed-density metering system with oil-heated throttle 
assembly automatically eliminates throttling icing and. water fouling 
of the metering system. 

14. Spinner fuel injection, manifold injection, or cylinder 
injection have satisfactorily eliminated fuel-evaporation icing. 

15. Inherent ice elimination from the entire induction system 
may be :provided by excluding -vrater from the system, by locating well­
designed throttles in -warm locations, by maklng the induction system 
aerodynamically clean, by injecting fuel where the metal temperatures 
will remain above freezingJ and by adopting a fuel-metering system 
that does not rely on exposed air-metering passages in potential 
icing regions. 
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It may therefore safely be concluded that a suitable combina­
tion of lmmm induction-system components can now achieve the goal 
of an efficient and ice-·free induction system for all·-weather air­
craft that will not require :pilot control of heating nor need 
alcohol for emergency de-icing. 
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HOT -GAS BI~EDBACK FOR JET-ENGINE ICE PROTECTION 

By \:Tilliam A. Fleming 

Flight Propulsion Research Laboratory 

INTRODUCTION 

Ice formation on the inlet of a turbo,1et engine in flight will 
result in a reductjon in thrust and, if icing becomes serious, will 
render the engine ino::Jerative as a result of high tail-pipe tempera­
tures. Snch conditions , particularly with axial-flow compressor 
engines, make flight in icing -vreather extremely hazardous without 
some t~)e of equipment to ~rotect the inlet of the engine from icing. 

As part of a c::;ener::•l l_Jroe;ram now being conducted at the Flight 
Pro:;:JU.ls ~ on Reseal'Ch r,aboratOl'Y on ice prevention at the inlet of 
turbojet engines , an investigation has been conducted in the altitude 
wind tunnel on a 24C engi.ne to study one phase of the ice-prevention 
work . The method of ice prevention sGudied consi sts of bleeding hot 
gas from the turbine inlet and inject·:ng it into the air stream 
ahead of the compressor inlet in order to heat the air above the 
freezinG temperature . Th"i.s investigation was conducted at altitudes 
of 5000 and 20,000 feet wlth ambient -air temperatures from 0° to 35° F 
and over a range of engine speeds. 

The turbine inlet was chosen as the station from which to bleed 
the gas , because at this stat1on in the engine the gas is at the 
highest temperature and pressure . Because the temperature of the 
gas is high, a smaller amount is needed to heat the inlet air above 
the freezint; temperature tban would be required if the gas were bled 
from some other station in the engine. Inasmuch as the pressure at 
this station is also high, blee<'Unt; from tbe turbine inlet makes it 
poss ::: ble to discharge the gas into the air stream at sonic velocity, 
thus affording better penetration of the hot air into the cold air. 

INSTALLATION A1. D TEST PROCEDURE 

The enGine w-as mounted in a -vring nacelle installed in the test 
sect ::..on of the altitude wind tunnel. A photograph of the engine 
installation ivith t:O.e hot-gas bleeO.back system installed is shovm 
in figure l . Hot .3as was bled from two points diamet::ically oppo­
sHe at the turbine inlet . The gas was carried to the top of the 
engine through t1-ro 3-inch··diameter ducts and thence for1vard in a 
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single 4 - inch-diamet.er duct, which carried the gas forward along 
the top of the engine. At t:1e front of the engine, the hot gas -vm.s 
again divided into tw·o ~-L._ch ducts that ran along either s:i..cle of 
the 1nlet duct and d.ischart,ed t~1e hot e:,as into the cowl-inlet lip , 
which f ormed the manifold. Roles were drilled in the inlet lip to 
inject the gas into the air otr::;am normal to the direction af ajr 
flow. At the rear of the engjne in the 4 -inch-diameter d.uct , a 
butterfly valve 1vas instal] oJ to regulate the amount of gas flow 
bled to the inlet of the engine . At the forvrard end of this duct 
a survey rake \vas installed to obtain the measul'ements of tem;:Jera­
ture and pressure uoed in calculating the mass flow bled to the 
inl et . All hot-gas ducting 1-ras tnsulated with several layers of 
asbestos tape to prevent heat tl'a.nsfeT. Another survey rake vras 

mounted in the inlet duct :31% inches downstream from the plane at 
which the hot gas 1vas injected 1.n order to obta:i.n the temperature 
distribution across the inlot . 'l1he ambient -air tempe::ature was 
measured by t;,.;o thermocou:::les installed upst:;:eam of the spray 
nozzles. 

A spray tower on which f~ ve s :pray nozzles 1vere mounted was 
installed in the tunnel test section 7 feot nhead of the duct inlet 
(fig . 2). These nozzles, which provide a homogeneous sp1-ay of fine 
drop size , injected water through small holes into a stream of air 
flowing at sonic velocity. In the photograph is shown a pel'iscope 
lowered in front of the engine inl et . The periscope was mounted 
from the wall of the tunnel test section and could be raised above 
or low·ered in front of the engine inlet from outside of the test 
section. A floodlight and a l6-millimuter motion pj_cture camera 
1vere installed inside the fairing at the lower end of the periscope . 
Installation of the camera made it possible to photograph the inlet 
of the engine under icing conditions while the test uas in progress . 

A photograph of the spray nozzles in operatjon is shown in 
figure 3 . This photograph was obta~ned w~th the engine inoperative 
and vrith zero velocity in tho tunnel test section. Most of the 
tests were conducted at a tunnel airspeed of 140 miles per -hour . 
At this airspeed in the tunnel test section and with the engine 
operating, the spray was not a.s homogeneous at the engine inlet as 
sho>m in figure 3 . About 80 porcent of the water -vrent into the 
engine inlet vrhen the tunnel uas in operation. 

Water concentrations usod for the investigation were several 
times the normal amount of water encountered in natural icing condi-
tions . The water concentrations varied from 3 to st grams per cubic 
meter. The water spray did not simulate natural icing conditionsj 
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however, this method of j_njecting vratt:: r into t he aj r stream was 
adequate for this investi.gation . Because the spray towo:r was a 
distance of 12 feet f:rom the compressor inlet , most of the ,.mter 
froze befure reaching the engine inlet . It was therefor(.; neces ­
sary to heat the water to a temrerature of at least 100° F ::n 
order to obtain 1co on tho comp::.'essor - ir"lot guide vanes . 

Durj.D6 the icing investigat:ion the engine vms operated at 
speeds belOi·r tho rated en[ine s:peed. of 12,500 rpm. The highest 
eng:Lne speed at ivhich hot-bas blcedback was u sed was 12 , 000 rpm; 
at this speed the t'trbine -outlet tompe1aturo wHh no bleedback 
was 60° F below tihe limiting value . The highest engine speed 
at whjch jnlot icjng was jnvostigatt.,d was 11, 000 rpm; at tlns 
speed the turbine -outlot tcmgel~atnre w.' th no ice on the inlet was 
:::!00° F below tho limit:ing value . 

CEP.RACTERISTICS OF INLET ICING 
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The first ind:ication of inlet icing -vras observed when the 
tajl-pipe tempere.tures began to rise . After the water spray was 
turned on, approximately 2 to 4 minutes elapsed before the tempera ­
ture l'ise occul'rod . When tho water s:;;>ray was on and no effort -vras 
made to provont ice from forming on the comp:.~essor-inlet guide 
vanes, it was necessary to shut t he engine do-val within 1 to 2 min­
utes after the tail -pipe temporaturt~ first began to rise because 
the tem:~erature became excessively high . A photogra:ph of the 
engine inlet in a partly- iced condition is shmm in figure 4 . At 
this condition the turbine -ontlet tempe r ature had rison approxi ­
mately 1000 F above t ho temperature observed with no ice in the 
iulot . The photograph shoHs tee formation on the compressor-inlet 
guiC..e vane s and also tho heavy ice formation on the dome of the 
starter housing . A photograph of the i nlet iced to such an extont 
as to render the engine inoperat:i. ve is shcnm in figure 5 . This 
f :ie.;ure shmvs that t!1e air passage near the roots of tho compre.ssor­
inlot suicle vanes was almost completely blocked, a large J)ercentage 
of the air passage near t!-10 tips of th(} guide va.nes >vas blocked , 
and a very heavy coat of ice had formed on the dome of the starter 
hous:lnc . 

A considerable decrease in net thrust re sulted when the inlet 
of the engine was iced . Figure 6 :present s the percent decrease in 
net thrust as a fnnction o:f the rercent decrease in air flow for 
an altitude of 20 , 000 feet, an airspeed of l~O miles per hour , and 
an ambient -air temperatur e of about 30° F . As the compressor - inlet 
guide vaneo became iced and the air passat5e 1vas reduced,. tho air 
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flow to the engine was similarly reduced. Reduction in this air 
flo"\-T resulted in a corresponding reduction in net thrust and, when 
the air flow had been reduced approximately 28 percent, it vras no 
longer possible to operate the engine at any speed without exceeding 
the tail-pipe -temperature limits . With a 26-percent decrease in air 
flow, there was a 30.2-percent decrease in net thrust. Part of this 
decrease in thrust resulted :rom the fact that the pressure level 
through the entire engine was reduced as a result of the increased 
pressure drop across the compressor-inlet guide vanes when they were 
iced. 

As the engj_ne inlet iced, the specific fuel consumption based 
on net thrust increased very rapidly, as sho"\m in fisure 7 • 'Vlhen 
the aJ.r flow was decreased 26 percent, the specific fuel consumption 
was increased 48.4 percent. The large increase in specific fuel 
consumption resulted from the fact that the net thrust had been 
reduced and tha~ it was necessary to increase the englne fuel flow 
in ord.er to maintain constant engj_ne speed as the inlet became iced. 

CHA~CTERISTICS OF HOT-GAS BLEEDBACK 

Three hole arrangements in the hot-gas manifold at the duct 
inlet were investigated, The physical characteristics of these 
three hole modifications are sho"\m in the following table: 

Configuration Holes I Hole Total area Percent 
per row diameter (sq in . ) bleed back 

(in.) 

1 76 11/32 7.05 41. 
2 

2 19 1/2 3.74 31 
2 

3 
15 1/2 5 . 35 4 4 7/8 

A large number of small holes were used in the first configura ­
tion in order to obtain a homogeneous mixture of hot gas around the 
inlet of the engine . The temperature profiles measured 311. inche s 

4 
downstream of the point where the hot gas was injected into the air 
stream are shOim in figure 8 for configuration 1. These profiles 
were obtained with the hot -gas bleedback valve 1-1ide open and with 
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1 approximately 42 pe1·cent of the tota.l gas flow being bled to the 
engine jnlet. The temperature close to tlle outer 1rall of the duct 
wao excessively hi3h; tLe temperature at 10,000 rpm reac:1ed a maxi­
mum of 175° F. The gas penetrated only abont 6 inches illto the air 
stream and the entire central portion of the inlet duct was at 

1 ambient-air tempe1·ature . It 1-ras not :poss .:blo to bleed 42 percent 
of' the total gas flow to the engine inlet at an engine speed of 
12,000 rpm witho1~t exceed~ng the tail-pipe-temperature limit. 

An invest5gation of jet penetration conducted in a 2- by 20 - inch 
wind tunnel showed that the depth of penetrat"i.on w·as a linear func ­
tion of the diameter of tho hole from lvhj_ch the jet vras discharged 
(fig. 9 ) . The data shown in figure 9 are fo1· fixed flovr conditions 
in t\te air stream and the jet , the hole diameter being the only 
variable . 

In view of these results, the dj_ameter of the holes was 
increased from ll/32 to l / 2 inch and the total hole a1·ea was 
reduced from 7 . 05 to 3 . 74 square inches for configura:·.ion 2. This 
modification vras intended to increase the penetration and reduce the 
average compressor - inlet ai.r temperature. Reducing the compressor­
inlet air temperature increased the compressor Mach nnmbe:r:, thereby 
increasing the compressor-outlet and turbine - inlet pressure. This 
increase in pressure resulted in a higher pressure in the hot-gas 
manifold, 1-rh :i.ch raised the jet velocity and further improved the 
penetration . 

The tempe1·ature profiles presented in fie;ure 10 for confj_gura­
t :ion 2 show· that the temperature vras approximately constant for a 
distance of 4 inches from the outer wal).. of the duct and then 
dropped off approximately linearly. The hot-sas jets penetrated 

about 7~ incheo from the outer wall of the inlet duct . These data 
were obtained with the hot -gas bleedback valve in the wide open 

position, giving a bleedback of approximately 3t percent of the 

total gas flow. It should be noted that as the engine speed was 
increased, the t empe::-ature profile 1vas raised . This resulted from 
the fact that, at the higher engine speeds, the temperature of the 
hot gas bled to the inlet was higher than at low engine s~eeds. 

Several attempts were made to prevent i ce formation at the 
ene; .. ne inlet and also to de - ice the engine inlet with configura­
tier. 2 . A phot'Jgraph of the compressor inlet being do - iced w).th 
cor~iguration 2 is sho~~ in figure 11 . The inlet was iced until 
the tail - pipe teml:eratures were slightly below the limiting value. 
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The water spray was then tt'rned off ano the hot gas was bled to the 
inlet . This photoJ;raph was obtained afte1· arp:cox:i.mately lJ minutes 
of de - ic ilJ.G che inlet with con::'i[:,urat ion 2 . It sh<.:uld. be not iced 
that there :is a laree cap of ice on the star-Ler housing and several 
large formations of icc 0::1. the Gompresso:.~-inlet 8'~lde vanes . After 
a period. of 20 m:cnutes d.e-:icing '"ith conf:iguration 2 , some ice still 
remained on the en.sine inlet, as shmvi.l in figure 12. The largo cap 
of ice remained on the startel' hous:'ng as a l'eSt'.lt of no penetration 
of the hot gas to that ret:;:i.on and a few smal1 pieces of .:.ce remained 
on some of the coropresoor -:i.n1_et gu: cle vanes . 

In order to further ~.mprove the penetration, fov.r of the 19 holes 
drilled in the hot -gas man~ fold viere enlarged from l/2- to 7 /8-inch 
diameter, These holes were ap)roxi.mately 90° apart . Enlarr;i P-G the 
four hoJ.es in th:; 8 manner gove ~x,net:c·at :Lon to the center of the duct, 
as shown in fj.gu:.~e 13. The survey l'ake that measu1·ed the temperature 
!)l'Ofiles was located d.; rectl~' behind one of the holes that had been 
enlare,ed , There vlaS undou.btedl~r svme stratification of hot [,as at 
the center of the duct; hcv-evcr, it was believect that sufficient 
hot gas would penetrate to the center portion of the duct to pr~vent 
i ce from forming on the starter honuine:, . Tho profiles shovrn in 
f igure 13 f or configuration 3 indi~ate a fairly un.Lform ticmp0rature 

from the duct wall to a po:'Lnt ab::mt 5~ inches from the wall of the 

duct . Beyond this poL1t the tempe rature fell off gl'adually c..nd, at 
the center line of the duct , the temperatm·e for 9000 anc: 11) 000 r _;;!m 
was apprcxiLJately 30° F hif,h~:c than the ambient-air tern .orattcre . At 
an engine speed of 6000 rpm, it was not p.:>sslble to ob~ain sufficient 
penetration to get '1ot gas to the center of the duct. Eo·wever, the 
hot gas penetrated to •rithin less than l inch from the duct c':lnter 
l ine, 

vlhen the hot gas was turned on and then the ,.rater s:!)ray vas 
t urned on, it was possible to prevent .:.ce fo:rmc:;:cion on the comprGssor ­
i nlet guide vanes, Such inveetic;at.:.ons wore conducted with both con­
f igu:~ations 2 and 3 . A nnmbel~ of attempts were P.ade to de - ice the 
engine inlet and to prevent fm•t.ner ice frc;m forwinG on -t;:te .:.nlut 
with the water s::;r2ay on anr~ cons>.d.e::-ao2-e i.ce alread:>• formed . w:1en 
the ice began to fon" on t:1e .:.:1let ond tl""' t::til ·lJipc tem:;_.Jerg;c;urc 
approachEni tte .t.imtt~:r\3 a~.ue, j_~ wc.t.s not poae.i-t)le to <le-J.ce the 
inlet or to prevent ft~rther :'..ce from forwiDg on the inJ.et by bleeding 
hot gas from the turbine. l:hen trying to C.e - ice in this manner> it 
was necessary to shut the e•1gine <io'm because of excesc.:.vely high 
t urbine temperatures. If tte inlet >vas lced unt.a the turtine 
temperatures rE::ached ap~rozjmutely their limiting value and. ·c~en 
the 1vater spray was shut off, it >vas poss:'.. ble to de - ice the er_gine 
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inlet , except for the dome of the starter housing, with configura­
tion 2 in a periocl of 15 to 30 minutes These lone pe1·:lods of time 
for de - icing, however, are unsatisfactory. 

It should, therefore, be empbasized that the purpose of the 
hot-gas bloed.back system is to prevent the formation of ice on the 
ent;ine inlet. This S)stelll is not adequate for de - icin[; the inlet 
of the enr;ine once t~e ice has formed . When a turbojet engine 
inlet begins to ice , tho tail-pipe tem}:eratures rise 1·apidly and 
the engi.ne is in extreme danger of becoming ino:perat i ve -vri thj_n a 
short -period of time . It is the1·efore necessary to anticipate such 
icin3 conditions in fHght and to operate the hot -gas bleedback 
system w·:r.e 1 such conditions exist . 

Bleeding the hot gas to the inlet of the engine resulted in a 
reduction of net thrust . Tbe percent decl'ease in net thrust is 
presented as a function of the pel'cent gas flow bled to the inlet 
in figure 14 for an altltude of 20 , 000 feet , an airspeed of 140 miles 
per hour, and an ambient-air temperature of' 30° F . These data show 
for three d i.fft'rent ene;ine speeds , that as the gas flow bled to the 
inlet was increased, tho net thrust decr eased and a linear relation 
exists between the gas fl011 bled to the inlot and the change in net 
t~1st . The percent decrease in thrust also became greater at 
higher ene,ine sr.eeds . With 4 percent of the sas flow bled to the 
inlet of the engine , tho net thrust was red,_lced 7. 4 percent at an 
engine speed of 8000 rpm, 14 . 3 percent at 10, 000 rpm, and 18 . 8 per­
cent at 12 , 000 rpm . The reduction in thrust became greater as the 
ellbine speed was increased because the temperature of the hot gas 
bled to tlle inlet "Vras also raised, which therefore resulted in a 
rise in the average compressor - inlet tempe ature with engine speed. 
Tho r~i.se in inlet -air tem:rerature duo to bleeding hot gas to the 
inlet accounts for approximately 75 percent of the reduction in net 
thrust. The remainder of the reduction in net thrust resulted from 
bleeding gas from the turbine inlet, 

Bleeding hot cas to the engine :l.nlet also resulted in an increase 
in the s~ecific fuel consumptior1 . The percent increase in s~ecific 
fuel consumpt i on is presented in figure 15 as a function of the per ­
cent gas flow bled to the inlet . With 4 ~ercent gas flow bled to 
the engine inlet , the specific fuel consumption was increased 16 per­
cent for an engine speed of 8000 r~m, 27 . 2 percent at 10, 000 rpm, 
and 21.2 percent at 12 , 000 rpm . The chango in specific fuel con­
sumption -vras also linear 1·ri t h respect to the percent gas flow bled 
to the engine inlet . It should be noted that the increase in 
specific fuel consum]tion for 12 , 000 rpm \vas less than for 10, 000 rpm . 
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WIND TUNN.!:!,"'L PROGRAM 

The investie:,at ~on of inlet :i.ce IJrevention in tho alt i tude wind 
tunnel with the 24:C eng:~ne using the hot-gas blcedback systom is 
being cont inued . In this program the dome of the starter housing 
ivUl be heated d-Lrectly ivi th hot gas. A dome ;rill be j_nstalled over 
the }_)resent one and hot gas bled from one of the lines running for ­
w-ard alongs~ do the inlet duct w.!.ll be injected :.l n the passage betw·een 
the two shells. It is hoped in this -vmy to prevent ice from form:i.ng 
on the starter housing . A s:i.ngle row of holes -vrill be used in the 
.inlet manifold. Nine of the holes will be 5/8 inch in diameter and 
t hree holeG, spaced 120° o.p;--,rt , will be 7/8 :3.nch in diameter. This 
ivill gJ.ve a tot"~.l hole area of 4.55 square Jnches and, -vrith the hot 
gas being bled to the starter housing , there will be a total bleed­
back of about 4 IJercent, which wo.s the same amount of hot-gas 
bleedback used with confjguration 3 . 

In order to afford better control of icing at the inlet, the 
water Sl)ray tower will be so installecl that it can be moved axially 
along the test section and thus may be positioned o.t different 
stat ions ahoad of tho engine inlet . This procedure ivill make it 
possible to ice the i nlet while r egulatinG the 1mter. quantity over 
a wider range of water concentration than bas been investigated thus 
far . 

An icine, rate meter ·vrill be installed at the compressor inlet 
to make possible the determination of the r ate of ic0 formation 
that occurs on tho compressor- :inlet guide vanes . Tho icing rate 
meter consist::; of a small disk that rotates slowly, with the edge 
of the disk placed normal to the direction of air flo-vr . Ice forma­
tion on tho disk ivill be measured by a cam ridin8 along tho surface 
of the ice and a scraper, mounted immediately behind the cam, wi ll 
scrape the disk clea::.~ of ice c:1 oach r" volution . 

The range of conditions over which it :1..s poGsiblo to prevent 
ice formation at the engine inlet. -vrill be determ::..ned more thcrougbly. 
I ce prevent ion vill be jnvostigo..ted at ambient-air temperatures 
down to oo F and Hator flmr ro.tos that give water concentrat::i.ons 
comparable to thooe found in actual icj_ng condit::.ons. If necessary, 
various modifications vill be madE. to the hole arrangement :.n the 
cowl-inlet manifold in order to obtain adequate ice pTevcntion 
over the entire range of icing cond ·i_tiona that may be encountered 
in flight. 
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CONCI.U:JJONS 

Ice forms rapidly at the compr(ssor inlet under sevLre icing 
condi tiona and is e_-t.cc mely danc:;erous, inasmuch as thv engine IJay 
be rendered inoperative within ;_ or 2 minutes after :i..cing begi.ns . 
The hot-gas l)leed.back system should b.J uned to preve~1t ice fo.~.·ma­

tion at the enr,ine inlet . With con.figurat1on 2_, 15 to 30 mincltes 
wore r.::q_uirel to do - ice the engine ::_nlet vri th the vrater spray 
turned off and once ice had formed, tht; sj·s-ccm ·vas not aclog_natc 
to cle - lce the inlet with the vmter sj,lray 1·emaining on . With 
4 percent of the gas beinG bled to tho engine inlet, tho not 
thrust was roducc.d 18.8 percent at o.n engine speed of 12,000 r}?m . 
Raising the tnlot -air temperature accmmts for BJ:ffH'OXjmat~oly 

throe -fourths of this de<Ji"caso in thrust. At siwiJ ar 01)f'r"'-ting 
conditions , the spec:i ·L't c fuel consumption basod on net tl rust '\vas 

increased 16~ percent • 
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HOT-GAS BLEEDBACK SYSTEM 
FIGURE 1. 
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INSTALLATION FOR ICING INVESTIGATION 
FIGURE 2. 
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ENGINE INLET PARTLY ICED 
FIGURE 4. 

ENGINE INLET COMPLETELY ICED 
FIGURE 5. 
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DECREASE IN THRUST WITH INLET ICED 
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FIGURE 6. 

INCREASE IN SPECIFIC FUEL CONSUMPTION 
WITH INLET ICED 
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INLET TEMPERATURE PROFILE 
CONFIGURATION 1 

ENGINE AMBIENT 
SPEED TEMPERATURE 
(RPM) ( °F) 

0 8,000 27 
0 10,000 31 

2 3 4 5 6 7 8 
DISTANCE FROM DUCT OUTER- WALL, IN. 

FIGURE 8. 

EFFECT OF HOLE DIAMETER ON PENETRATION 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 
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FIGURE 9. 

CQtJF I i!H!IIT I Itt 

.60 .70 

9 



100 

80 
~ 

0 

~ 60 li:l 

!3 
E-< 
< 
0:::: 40 
til 

~ 
20 

00 l 

C Q N 5 I 8 I!! 14 I I A t 

INLET TEMPERATURE PROFILE 
CONFIGURATION 2 

ENGINE AMBIENT 
SPEED TEMPERATURE 
(RPM) (°F) 

0 8 ,000 30 
0 10,000 34 
<> 12 , 000 30 

2 3 4 5 6 7 8 9 
DISTANCE FROM DUCT OUTER WALL, IN. 

FIGURE 10. 

ENGINE INLET AFTER 10 MINUTES DE-ICING 
FIGURE ll. 
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ENGINE INLET AFTER 20 MINUTES DE-ICING 
FIGURE 12. 
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INLET TEMPERATURE PROFILE 
CONFIGURATION 3 

ENGINE 
SPEED 
(RPM) 

0 6 , 000 
D 9, 000 
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TEMPERATURE 
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35 
35 
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FIGURE 13. 

ee llr i BE:CI IAL 

8 9 



20 
E--< 
Cl) 

:::> 
~ 
E--< 

f--4 

~ 
z 
H 

J:il 
Cl) 

< 
J:il 
0:: 
u 
J:il 
0 

f--4 z 
J:il 
u 
p:: 
J:il 
P-. 

z 
0 
H 
f--4 
P-. 

~ 30 
Cl) 

z 
0 
u 
H 
J:il 

25 
:::> 
~ 

u 20 H 
~ 
H 
u 
J:il 
P-. 15 Cl) 

z 
H 

J:il 
Cl) 10 < 
J:il p:: 
u z 

5 H 

f--4 z 
J:il 
u 
p:: 
J:il 
P-. 

CQN£1Q[/4 TI AL 

DECREASE IN THRUST WITH BLEED BACK 
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FIGURE 14. 
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PROTECTION OF JET-ENGINZ INI,ETS BY MF.ANS OF INERTIA 

SEPAPA~ION OF FREE-WATER rARTlCLES 

By Uwe von Glahn 

Flight Propulsion Research Laboratory 

INl'RODUCTION 

In endeavoring to protect turbojet engines from impact icing, 
it would appear that the following methods may provide the solution 
of the icing problem: 

l. Bleedback of hot gases from some point in the engine and 
injecting the gases into the air stream ahead of the compressor 
inlet, thus raising the air and water-droplet temperatures 
above 32° F. 

2. Heating all the surfaces subject to icing above 32° F. 

3 . Water-inertia separation from the air stream inside the 
nacelle by suitable inlet design. 

4. External water exclusion by suitable inlet design. 

After a study of the four methods which might be utilized to 
reduce the icing hazard to a minimum, the conclusion is that no one 
system can be applied to all aircraft. The methods presented can 
be applied only at the expense of aerodynamic performance, air frame 
weight, compressor design, or cabin pressurization. 

This paper presents methods 3 and 4 for the ice protection of 
turbojet engines. 

The design criterions for the turbojet engine inlet must include 
the following: 

l. The rate of f r ee-water ingestion must be reduced to a 
minimum. 

2 . Ram-pressure recovery must be maintained as high as possible 
in order not to reduce the engine performance. 

3. The inlet shall be automatic in its operation throughout an 
icing condition . 

8 Olii'FFW T AT t 
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With these conditions in mind, aerodynamic and preliminary 
icing tests were cond•Jcted in the NACA Cleveland icing research 
tunnel on experimental nonicing inlets for use with axial-flmv 
turbojet engines. 

TWO CONCENTRIC DUCT SYSTEM 

The elimination of free water from induction systems at its 
source is an effective means of preventing impact icing (refer­
ence l) . ivi th a good design, most droplets above 20 microns, wet 
snow, and sleet particles can be eliminated from the inlet air •ri th 
a progressively increasing percentage of smaller droplets relllaining 
in the air as the droplet size decreases. 

A proposed design which eliminates >vater droplets from the air 
by inertia separation inside a nacelle, shown in figure l, consists 
of t\vO concentric annular ducts. During normal operation, air will 
enter the engine unit throt,gh the main (inner) duct. In an icing 
condition, the screen at the rear of the inner duct will block with 
ice rapidly and the inlet air will then enter only through ~he outer 
duct. Inasmuch as the air malces a sharp turn to enter the outer 
annular duct, the water droplets because of their greater inertia 
cannot follow and will accumulate in the inner duct where then can 
cause no harm to engine operation . In icing conditions the opera­
tion time of this inlet is limited by the icing rate in the main 
duct which in turn depends on the liquid-water content of the air, 
the droplet size, and the airspeed. 

When the ice in the inner duct melts, the water may be drained 
off harmlessly through the engine. For large formations of ice in 
the inner duct, special drainage facllities may be required . 

The design of a water-inertia separation induction system 
depends primarily upon tlrree configuration variables, shown in 
figure l; namely, the inlet gap or distance between the duct surfaces, 
the radial offset of the inner lip above the inlet opening, and the 
curvature of the duct surfaces. The greater the offset and the 
smaller ~he gap, the less tendency there will be :or water droplets 
to ente:~ tl1e duct; however, the ram-pressure r e0overy ::rust also be 
consid.ered in tne induction system and •rill in:tll:,ence t.lle location 
of the duct members . A simplified analytical mebhod, which can be 
applied to the designs investigated, is presented later. This 
analysis can be extended to all types of inertia-separation designs 
within its assumed limitations . 



The models were im~trvmented to ohtaj n mass flow variations 
circumferentially aro:.:md tl::e model, velocity profiles and ram­
pressure recovery at th9 c0m:pressor inlet.. Scraens at t'1e 
compressor·· inlet section rere used to determine thu el'fecti vencss 
of the •mter-ine:.•tia separation characteristics of the inlets by 
a measure of the amu\mt of ice collected on the screens. 

The droplet size, determined by the rotating-cylinder method 
developed by Langmui_r (reference 2), was approximately 12 to 
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15 microns by volume maximum and the total temperature varied from 
18° to 27° F for the icing tests. The ram-pressure recovery ~ was 

calculated aa 1 - ~ 0 q: p 2) 

where 

P2 integrated average total pressure at the compressor inlet 

P0 free-stream total pressure 

~0 free-stream dynamic pressure 

The integrated average ram recovery of all the aerodynamic-rake 
stations in the compressor-inlet section was chosen as the config­
uration ram-pressure recovery value. As a basis for cCJmparison in 
figure 2, the alternate duct was sealed as a direct-·raw installa­
tion and the nacelle was investigated for ram-pressure recovery. 
The ram-pressure recovery did not vary more than 1.5 percent at 
angles of attack up to 8° from the values attained at zero angle 
of attack. Losses were du.e to the sudden area expansion from the 
inlet section to the greater area surrounding the accessory housing. 
The final pressure losses for the direct-ram inlets were due to the 
wakes from the struts supporting the duct-splitter ring. 

From total- and static-pressure measurements obtained in the 
rear part of the alternate duct, it was found that little or no air 
passes through the alternate duct f or normal flight operation. 

High local velocities were prevalent in the duct elbow when 
the air passed only through the alternate duct. This was especially 
true for configurations that had a small alternate duct cross­
sectional area and was favorable to secondary water-inertia separa­
tion in the elbow. The variation of ram-pressure recovery with 
inlet velocity ratio for normal flight operation is also shown in 
figure 2. 
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With the main duct blocl(ed, as would be the case for an icing 
condition, t::he ram -pressure recovery decreased rapidly wi tl1 an 
increase in the inlet velocity ratio. Seven tyres of duct-splitter 
rings, varying in alternate duct-inlet area, radial offset above the 
inlet SL:rface, and diffusion in the alternate duct, were investigated . 
In general the configurations having the largest alternate duct inlet 
show a higher ram recovery than the slJla.ll-gap designs; hovrever, the 
larger alternate duct inlets viere a1so subject to rather severe screen 
icing. 

The effect of ram -pressure recovery on the net t hrust obtained 
with a typi~al turbojet engine is of considerable importance. The 
performance of an axial-flow engine was calculated to include the 
usual operations range. As the free stream Mach number M0 increases, 
the effect of a high ram-pressure recovery becomes increasingly more 
important. It was found that a Mo value of 0.2, which is representa­
tive of take-off conditions, the net t hrust is little affected by a 
ram -pressure recovery as low as 50 percent . At a cruise condition 
of IVJo = 0 .6 in an icing condition, a recovery of 75 percent 1·lill 
maintain 90 percent of the net thrust. For normal cruise operation, 
3 percent or less of the maximum net tlrrust need be sacrificed with 
a good internal water-inertia separation inlet. 

Typical velocity profiles for the compressor-inlet section are 
shown in figure 3 for the direct-ram inlets and for the inertia­
separation inlets. The profiles are relatively uniform for all 
configurations at a= 0°; while at a= 8°, the nonuniformity 
increases slightly. Screens in the duct had some effect in making 
the distribution more uniform. With the main duct blocked, the 
velocity profiles are even more nonuniform at zero degrees angle of 
attack, as shown in figure 3 . 

Four nacelle nose designs shown in figure 4 were investigated 
in the course of the internal water- inertia separation program in 
an effort to improve the ram-pressure recovery and mass flow stability 
of the duct system at angles of attack. The original nacelle 
nose N- 1 vras designed for an inlet velocity ratio of 0. 77. The 
second nacelle nose N- 2 consisted of the nacelle nose N- l arbi ­
trarily redesigned to provide a faired inlet with a larger leading­
edge radius. The entry velocity ratio for the N-3 inlet was 0 . 65 
and converged to an effective ratio of 0.77 just ahead of the alternate 
duct inlet. Nacelle nose N-4 was a converging design with an entry 
velocity ratio of 0.60 and an effective velocity ratio ahead of the 
alternate duct inlet of 0 . 63 . The N-3 and N-4 nose designs were 
investigated with nacelle -wall radius of 2 and 3 inches. 
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The effect of tbe redesigned nose sections on the ram-pressure 
rec0very for normal operation and for oparation with the matn duct 
blocked is shown in figure 5 . It can be seen that for n•)rmr:tl opera­
t1on an inlet (N-4) with a lover inlet velucity ratio will improve 
tl:e ram--pressure recovery by as much as 10 percent above that 
obtained with high velocity ratio inlets (N- 1, N-2, and N-3). An 
increase in ram-pressure recovery is also observed when the main 
duct is blocked. The cha.ge in nacelle-wall radius from 3 inches 
to 2 inches did not affect the aerodynamic performance of the duct 
system. 

In the icing tests , typical cowl icing was observed on the nose 
itself. All icing runs were made near the design inlet velocity 
ratio. 

At angles of attack, the upper portion of the nacelle-nose 
inlet surface was subjected to direct water impingement and severe 
icing occur-red . No ice accreted on the duct-splitter ring 
surface in the alternate duct aft of the inlet. The main duct and 
accessory housing surfaces were coated with moderate-to-heavy forma­
tions of ice. 

In general, the higher the ram-pressure recovery for the flight 
condition in which the main duct is blocked, the more ice was 
deposited on the screen and on the alternate duct nacelle wall. 
With a small inlet area and high velocities in the alternate duct, 
no screen icing was observed. 

The validity of the data obtained from an icing investigation 
of a scaled-aircraft component depends primarily on 1vhether or not 
the component collection efficiency and the angle of water inter­
ception on the model are identical to the full-scale values (ref­
erence 3). In the present investigations it was possible, by 
maintaining the a1r velocity at the compressor inlet at one-half 
the full-scale velocity, to obtain icing characteristics that can 
be applied to a full - scale model, 

DESIGN ANALYSIS OF TWO CONCEiffRIC DUCT SYSTEM 

For a high critical Mach number nacelle design incorporating 
a straight section as part of the inlet, the curved surface into 
the alternate passage and the streamlines near that surface can be 
assumed to be a circular arc . The center of curvature for the 
nacelle radius is also the center of curvature for the streamlines. 
By starting at the surface point of tangency of the radius and 
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nacelle-inlet strait,bt sectton, the departure of droplets (based on 
Stokes' Jaw) can be computed by a method proposed by Stickley (ref­
erence 4) . 

The equations nsecl aiJply only in the range of Stokes' law; 
however, on the basis of an investigation by Langrnu.ir (reference 2), 
a Reynolds numbe1· currection for veloc.i ty has been made availabJ e . 
Thus , by choosing a true dropJet diameter and velocity, the 
equivalent Stokes' diameter can readily be determined and used for 
droplet departure. 

The droplet flow paths can be obtained fr :Jrn a graphical plot 
and then the locatLm of the inner duct-splitter ri.ng surface for a 
given design condition can be determined. 'rhe leading edge of the 
du ct-splitter ring should be located at the inflection point of the 
nacelle-wall surface becan8e at this point the droplet no longer 
departs from the streamlines in an advantageous manner . For a 
simple analysis, the velocity in the duc ·c is considered constant . 
The analysis can be ex~ended by calculating the secondary inertia 
separation in the other parts of the duct system by similar means . 

The analytical method has been applied to a typical bigh 'lnlElt·· 
velocity-ratio nacelle of the type investigated in the icing research 
tunnel. The data presented in figure 6 indicates that tho variation 
of i nlet gap with velocity i.s approximately a straight line for the 
assumed dr oplet sizes and arc angle e J 'lvhich 'is the turning angle 
into the alternate inlet. 

The per centage of droplets of varying size that enter a con­
f igurat i on is determined by designing the installation to exclude 
all droplets above a predetermined size for a given veloc'lty and 
nacelle -wall radius . The quantity of droplets of each size that 
enter the configuration can be determined on an inlet-area basis . 

The largest droplet (fig. 7) that will enter an alternate inlet 
having a nacelle-wall radius of 4 inches at a velocity of 635 feet 
per second was determined. The critical droplet size is the rnaxjmum 
size that starts at the nacelle surface and is tangent to the outer 
surf ace of the splitter ring. The droplet-entry efficiency for a 
critical droplet is 0 percent . The term "droplet - entry efficiency" 
is defined as the ratio of the number of droplets of a eiven size 
that will enter the alternate duct to the number present in the 
inlet. 

The analysis is then continued to determine the largest droplet 
t hat will enter the alternate inlet from a streamline below the inside 
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nacelle surface and is then continued for other streamlines, 
resu.l t j ng in the curves show-r1 in figure 7 . For a given · cing cond i­
-:ion !\1r ';Thich the droplet-size distritutj on is known, t~'e volnme 
percentage t:1at wilJ b8 ingested can easily be determined from fig­
ure 7 . 

The results of the investigation tndicate that, over the usual 
r ange of operating conditions f or an internal water-lnert1a separa­
tion inlet of the corcentric-d.uct type, a relatively low ram-pressure 
-...~ecovery will result in an icing cond i.tio!l if the al tornate duct 
screen is to remain ice free, An analysis of the effect of a low 
ram-pressure recovery on the net thrust obtained 1-rith a turbojet 
engine shows that for lJlost conditions the engine would still maintain 
good performance; a recovery of 75 percent resulted in obtaining 
90 percent of the availab e net thrust. For normal nonicing flight 
conditions only slightly gr\3ater losses, per:-'aps 3 percent, would be 
suffered than would be in::::urred with a d irect-ram inlet. 

It must also be considered that certain parts of ti1e 1.nlet such 
as the nose section and the areas in the alternate-duct elbow that 
are subject to severe icing due to secondary inertia separation must 
be protected by local surface beating. 

SINGLE DUCT SYSTEM 

A variation utilizing the water-inertia separation principle 
and based on the alternate -duct inlet is a design of a single duct 
entry that has several advantages over the two duct system provided 
that a high ram-pressure recovery can be attained. A single duct 
system, eliminates the rapid diffusion areas at the alternate-duct 
inlet and exit. The single duct system a l so does not deperm on the 
main-duct screen icing characteristics to become effecti~e in an 
icing condition. 

Several configurations were investigated as single-duct inlets 
by blod.ing the main duct -vri th a large plate near the al ternatP--duct 
inlet. A spike-nose design providing a constant-area passage from 
the nacelle-nose inlet to the duct elbow was also investigated. 

The results, covering the investigation of a single-duct water­
inertia separation inlot , were similar to those obtained for the 
condition in which air entered. only t he alternate duct. The spike­
nose accessory housing did, hm-rever, improve the flow stability in 
the duct at angles of attack. 
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The single--duct inlets iced similarly to the previous des igns, 
but the icinc:; tolerance vre.s considerably reduced by the Jack of a 
suitab2..e ice trap. 

STT.BMERGED-NOSE INTJET SYG'l'EM 

Recent l'esearch on the submerged entrance or the flvsh-·inlet 
type of air intakes tl1at are not subject to direct water impingement 
has shown that total-pressure recoveries of the order of 92 .percent 
can be achieved with a noDxareming inlet. The inlets were located 
in the sides of the fuselage and hence were not severly affected by 
angle of attack. 

In the icing tnnnel investigation, two basic submerged inlet 
configurations and modifications to each were investigated . The basic 
design, one of which is shown in figure 8, consis t ed of an anaular 
submerged-nose inlet l ocated in the nacelle nose just ahead of the 
maximum diameter in order to take advantage of the favorable pressure 
gradient along the surface. The ramp angles for the tvro model s were 
17° and 9° respectively. The inlet gap or area was purpuse::..y made 
small for the first design in order t ·J provide a high b.let velocity 
and thus better 1vater-inertit1. separation characterisuics . 

Modifications consisti.ng of moving the forward b ')dy ahead , thus 
increasing the inlet area and reducing the duct veloci tios, vrere 
investigated. 

In general, the aerodynamic and icir1g characteristics of the 
annular submerged-nose jnlets investigated were unsatisfnct.or,y. The 
high ram-pressure recovery obtained in other investigations was not 
realized. 

The rough model surfaces contributed excessive boundarJ-layer 
development at the inlet and had a great effect on the ram- pr e s sure 
recovery. At a.= 4°, the mass flow shifted to such an extent that 
almost no flow was passing through the top quarter of the nacelle . 
Velocity proflles for the mmular submerged-nose i let show t hat t he 
flow has a pronounced tendency to separate from t~e ramp surface and 
consequently is extremely nonuniform. Increasing the in~et area had 
the effect of improving the aerodynamic characteristics of the inlet 
by both increasing the ram-pressure recovery and by making t he velc..city 
profiles more uniform. 

In the icing tests at zero angle of attack, the nose section of 
the annular submerged-nose inlets iced heavily to about 5 inches from 
the stagnation point and light ice formations con·binued aft 3 inches 
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more. The configuration with the smallest inlet gap had the least 
screen lClng. The screen ice was most noticeable on the screen 
brackets near the nacelle wall of the duct where the velocity was 
highest. 

When the inlet area ivas increased, heavier screen icing was 
observed. No appreciable change in screen icing was observed when 
differently shaped nose sections were used on the forward body of 
the nacelle. 

Therefore, unless extremely high inlet velocities are used, 
which is impractical and often impossible on a full-scale model, 
the inlet will ingest large quantities of water and, hence, is 
subject to severe icing. Inlets submerged in the sides of a nacelle 
or fuselage would eliminate the severe mass flow shifting associated 
with angle of attack, but would probably not improve the water 
ingestion characteristics of the inlet. 

CONCLUSIONS 

The results of the investigation of several types of nonicing 
inlet designs can be summarized as follows: 

1. An internal water-inertia separation inlet composed of two 
concentric ducts can be designed to prevent the entry of most of 
the free droplets into the outer annular duct. The degree of water 
separation depends on the ram-pressure recovery that can be tolerated 
in an icing condition; the better the droplet separation charac­
teristics, the lovrer the ram-pressure recovery. For normal flight 
operat i on, ram-pressure recovery values comparable to those obtained 
with direct-ram inlets can be obtained. The nacelle-nose inlet, 
duct-splitter ring leading edge, and alternate-duct elbow surfaces 
must be heated locally. 

2. The single-duct inertia-separation inlets did not show 
improved performance characteristics over those of the two duct 
system for an icing condition and also had a lmv ram recovery for 
all flight conditions. 

3. The annular submerged-nose inlets investigated excluded some 
of the droplets but were s t ill subject to considerable screen icing. 
These inlets also exhibited undesirable aer odynami c characteristics. 
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ENGINE COOLlNG FAN !\ND PROPE"L1ER SPINNER DE -ICING 

By E. E .. Callae,hP.r. 

Flight Propulsion Research Laboratory 

ENGDIIE COOJ..ING FAN 

In certain installations of:' high··powered radial engines in 
airplanes of large gross >reights the problem of engine cooling is 
very difficult. 

The use of an engine cooling fan, in either the submerged or 
nacelle type installaticn, has become the customary means of pro­
viding the additional coolin a~r that is necessary. Any blockage 
of the fan that v;ould reduce the amount of coo line air must, of 
course, be prevented and anti-iclng or de-icing of the fan is a 
problem of fundamental importance. Because of this expected loss 
in cooling air flow due to icing of the fan blades, an investigation 
of a typical coolins-fan installation was conducted in tlle icing 
research tunnel of the NACA Cleveland laboratory to dete:r•mine the 
icing characteristics of the fan assembly components, to evaluate 
the effect of icing on fan performance> and to investigate the 
effectiveness of several systems of ice protection (reference l). 

Apparatus and procedure. - The cooling-fan assembly VTas mounted 
on the ruodif'iednose sectionof an airplane fuselage installed in 
the diffuser section of the icing research tunnel as shOim in fig­
ure l. The installation consisted of a typical propeller speed fan, 
a stator vane and diffu<-•er asF:em.bly, a baffle plc>.te located in a 
constant-area annular duct dmvnst,ream of the fan to simu.~...a.te the 
pressure drop acroos a radial engine> a scandarcl radial-engine 
cowling, a three-bladed propeller and spinuer, and necessary instru­
me:ltation. 

'l'he cooling-fan assembly was designed to be mounted at the 
front face of a radial engine and enclosed by the engine cmvling 
with the fan rotor attached to the rear of the y.·opell.er h',"L and 
the stator,.vane asseiL.bly attached to the rear of the re:l!:ct1on-gear 
housing. The front fairing of the fan disk was of tl1a "disn!J,.n11 

type with a large forward bulge at the outer diameter of vb~ dish ­
pan. The fan had 72 cambered sheet-metal blades iv l th a tip diameter 
of 43 inches and a tip clearance of ~6 inch. As part of the cooling-

fan assembly, 49 cambered sheet-metal stator vanes were located 
behind the fan to remove the rotationa2.. component of the flow, 
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Total pressure in f~ont of the fan and total and static ~ressure 
behind the stator vanes were mea sure1 by pressure-tube rakes as 
shmm in figure 2. Four e ~ually spaced rekes of shielded. to-cal­
pressure tubes were located at the lip of the engine covTling between 
the fan and the propeller, These rakes were un...."I-J.eated because of' the 
extreme difficulty in heating small shielded total-pressure tube s 
and hence, -vrere used only j_n nonicing pressure -distributj on studies. 
Electrically heated rakes consif:!ting of four total--pressure tubes 
and one static-pressu~e tube were ins~alled behind the stator vanes 
at four equally spaced positions cor-respor!ding to the positions of 
the front rake. In addition) static pressures were measured on the 
inner wall of the diffuser in the plane of the rear rakes. 

The tunnel ambient-air temperature was measured by two shielded 
thermocouples located approximately 15 feet dom1stream of the cooling 
fan. A battery of four stroboscopic flash lamps ~ermitted observa­
tions of the fan while operating. 

The investigation was made at fan speeds and airspeeds corres­
ponding to rated-power, cruise-power, and rated-power climb condi­
tions of the airplane for whi ch this l}articular fan was clesigned. 
The airplane thrust axis -.ras at an angle of attack of 0° for the 
entire investigation . 

Because of the difficulty ·of heating the shielded total-pressure 
tubes in front of the fan dur:ng the icing investigation, a calib~a­
tion was made under nonic ing conditions to determine the variation 
in air-flow total pressure at the fan inlet with tunnel airspeed, 
fan speed, and baffle pressure drop. 

The general procedure for the icing investigation was as follows: 
After stabilizing the air temperature, tunnel airspeed) and fan speed 
at the desired conditions, the icing spray was started, A.ll data 
were recorded a~ l-winute intervals and visual observations of the 
icing were continuously made using the stroboscopic lig:nt system. 
The length of each icing experiment was determined by th0 severity 
of the icing of the cooling-fan asoembly and the drop in the tunnel­
air velocity due to icing. Upon completion of each experiment, photo­
graphs were taken of the residual ice formation on the component 
parts of the fan assembly. For all the experiments the drop size 
was approximately 55 microns and the water content varied from 0,3 gram 
per cubic meter to l.l grams per cubic meter . 

Results and discussion. - Typical icing of the whole fan assembly 
under heavy icing conditions is shown in figure 3, the icing period 
was 5 minutes at an air temperature of' 23° F and a liquid--water con­
tent of 0,9 gram per cubic meter. The fan speed was 872 rpm. A close­
up showing the ice formations on the fan blades and stator vanes is 
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shown i.n figul'e 4. .~1tlJoug i1. the fan bletles a:-:-e relatively f r ee 
of ice, t:1e stator vanes are C')Dlpletely "iJlockell, A vj_ew looting 
upstream (fig. 5) shmvint; the ice formatlons blocking the ga:rs 
between the vanee: indicates -!:.he se•reri ty of "vhe problem. In this 
case, complete blockago was a ccom:plished in 5 ::ninutes, 

The results of the investigation are presented in the terms 
of the fan-perfom:ace coefficients Cp and Cq and by photographs 

p 
cf' icing. The fan-pre s sure coefficient is 

and the air -flow coefficient as 

lrhere 

d fan-tip diameter, ft 

n fan speed , l'ps 

Q 
Cq = ---3 

nd 

defined as cp ::: ~/2( ~~d )-2 

tiP pressure rise through fan assembly (P2 - P1 ), lb/sq ft 

P1 total pressure at front of fan , lb/sq ft 

P2 total pressure at rear of fan assembly, lb/sq ft 

Q cooling -air flow , cu ft/sec 

p cooling-air mass density, slugs/ cu f t 

The effects of icing on fan :performance are shown in fig.;re;s 6 
and 7 where the ratios of the air flow and fan pressure of the 
iced fan to that of the fan before icing -.Sl_ and ___£p_ , respec-

Cq)O Cp,O 
tively, are plotted against time . Although insufficient data were 
available to compare the effects of' icing at all .icing and per­
formance conditions, the results shown are complete enough to define 
the effects of icing on fan performance throughout the normal range 
of icing and performance conditions . 

Figur e 6 shows th~t the only condition at which the air-flow 
coefficient ratio did not markedly decrease was at an air tempera­
ture of 2° F , liquid-water content of 0 .3 gram :per cubic meter, and 
fan speed of 872 rpm. At 16° F , 0.5 gram per cubic meter, ~nd 897 
rpm, the air -flow coefficient ratio decreased, approaching the mini­
mtm req~ired value for engine cooling under these conditions in 5 min­
utesj whereas at 14° F, 0.5 gram per cubic meter, and 1060 rp::n, the 
air-flow coefficient rat i o fell to the minimum required vn.luo in 

3i minutes, continued to decrease, and r eached a fairly stable value 
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after 6 minutes. At e>pproxjmatel;y the same fan speeds as the experi­
ments at 897 and 1060 rpm and at 23° F and 0,9 gram per cubic meter, 
the cooling air flow coefficient fell o.ff shar:ply, reaching the 
minimum required value in 2 to 3 minutes, and continued to decline 
with a complete stoppage of the flow occurring in 5 to 6 minutes. 

The variation in the pressure-coefficient ratio at the same 
speed and icing cm1ditions (fig. 7) exhibited similar trends, at 
14° and 16° F the decrease in pressure coefficient was primarily due 
to icing at the fan blades. 

In addition to the fan and stator blades, several other compon­
ents of the fan assembly were subject to icing. The fan-disk dish­
pan accumulated ice in varying degrees. For most conditions, this 
icing was fairly light, never exceeding 3/8 inch in thickness. With 
the exception of runs at an air temperature below 5° F, this ice 
was periodically thrown off in irregular patterns. Although the dish­
pan is of small diameter) this irregular throw-off of ice could con-­
tribute to propeller unbalance in icing conditions particularly at 
higher fan speeds. Heavy i cing of the engine cowling lip and the 
inlet duct at the fan-blade tips was obtained at several icing con­
ditions. Icing o.f the dishpan, cowling lip, and inlet duct had no 
noticeable effect on the fan pe1·foimance. 

In the investigation of the use of isopropyl alcohol for de-icing, 
spray nozzle bars were mounted rad1ally in f ront of the fan blades 
and also between the fan blades and the stator vanes as shown in fig­
ure 8. The spray nozzle bars, consisting of tubes having six small 
jets each 0.070 inch in diame t er, were mounted so as to spray the 
a,lcohol forward in an attempt to obtain a good spray dispersion and 
at the same time to keep the spray tubes de -iced. For the first 
installation a single nozzle bar was mounted horizontally in f r ont 
of the fan blades and one in a corresponding position was mounted at 
the leading edge of the stator vanes . For the second installation 
two spray nozzle bars located approximately 45 degrees apart were 
similarly mounted in front of the fan blade s and two spray nozzle bars 
were also mounted at the leading edge of the stator vanes. This sec­
ond co1~iguration was used to obtain a greater coverage of alcohol 
on the stator vanes and to accomodate greater flows. A variable ­
control alcohol pump -provided flow rates up to 2 . 5 pounds per minute. 

For alcohol de-icing protection, the icing sprays and a lcohol 
sprays were started simultaneously and the alcohol was turned off 
30 seconds after the icing sprays. The investigation was made under 
various icing and performance conditions for different alcohol flows 
and spray configurations. Because only a part of the stator blades 
were de -iced, no pressure measurements vrere made. The water content 
for these experiments was varied from 0.5 gram per cubic meter to 
1.2 grams per cubic meter. 
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Fairly good de ·· icing of the fan o)aJes was acco:n}'lished for 
the conditions shmm in figu.l e 9; tte air temperature was 2S° F, 
the liquid-water conte.•1t was 1.0 grem per cuhic meter, t~1e fan 
speed was 87 2 rpm, ard the alcohol flovi was 0 . 5 pound -per minute. 
A heavy accumulation of slush was obteined on the leading edge of 
the stator vanes due to the ice washing off the blades . A view 
looking u-pst:!:'earn (fig ., 10) shows tha1:. much of tbe rear of the vanes 
that were coacave upward retained deposits of sJ uah. At an alcohol 
flow O.L 0 "5 pound per minu1::e, fairly good de-icing of 1:.he :fan blades 
i.,ras obte.ined at e.n a.ir temperature of 13° F and liquid-water content 
of 0.4 g:!:'am pe r cubic :Jeter; again a relatively heavy accumuJation 
of slush was l'etainedJ hovrever, on several stator vanes that were 
concave upwa:-d. \.J'hen the alcohol flmv was increased to 1.2 pounds 
per minute at approximately the same icing and speed conditionR, no 
impl"OY·;ment in de -icing was apparent . Although the convex face of 
the fan blades was almost completely c:ear of i ce, heavy deposits 
of slush were as much as 3/4 inch thick at the concave-face trailing 
edge, The stator vanea again had large formatious of wet ice and 
were approximately 50 percent blocked. At a medium icing condition 
(air tem~erature, 14° F, and liquid-water content, 0.5 gram/cu rueter) 
and an alcohol flmr of 1.5 pounds l?er minute, the fan blades 1-1ere 
almost fully de -iced. Medium formations of wet ice 1-rere found on 
the stator vanes immediately behind the spray tubes and only a thin 
coating of ice was found on the rest of the stator blades. When the 
alcohol flow was increased to 2.3 pounds per minute, the fan blades 
were a3ain almost completely de-iced. Large de posits accumlated, 
ho~everJ on all the s~ator vanes . As shown by the photographs of all 
the alcohol de -icing, the alcohol-diluted ice throvm off the fan 
blades impinged on the stato:> vanes where it remained and refroze. 
For all conditions, configurations, and flows inves":.igated, the use 
of alcohol as a de-icing agent proved ineffective because of the 
marginal de -icing of tho fan blades and the large ice de::~o s:L ts 
obtained on the stator vanes. It is estimated that no practical 
amount of alcohol would satisfactorily preserve fan performance under 
all icing conditions. 

Because of the large number of blade s and the anticipated large 
power requirement, only a few· of the fan blades and sta tor vanes 
were heated. The blade heaters were similar to propeller blade 
de-icing l~aters and consisted of parallel chorcwise electrical 
resistance wires enclosed between two layers of n eo:1;rene ce10.ented to 
cover the entire chord of both blade faces. Heaters -.;.;ere applied to 
twelve of the 72 fan blades, arranged in two group s of six consecutive 
blades diametrically op}!osite. Heaters were also applied to six 
consecutive stator vanes. The heated area on each fan blade was 
21.3 square inches with a resistance of 12 obms per blade; the heated 
area on a stator vane was 39 square inches with a resistance of 
16 ohms per vane . 
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The power density of the heaters was uniform , Power to the 
blade heaters was metered th1·ough a variable resistance and trans­
mitted to the fan through a. sl i.p ring mounted Ol". ·the propell er hub 
behind th8 fan. An electroni_c cycle timer permitted the cyclical 
application of power to the bla.r'te heaters. 

With the electrical blade heaters_. only cyclical de - icing was 
investigated V~ith heat-on and heat-off period of 30 seconds. :Because 
of the a.nticipated large pc·..rer re:auirements o.nd the limitations of 
present. aircraft generators, cyclical heating see!Iled to be the most 
practical method OJ. electrical heating for the investigation . With 
cyclica l heating, several groups o~ blades can be successively heated 
and the required gene:rato1' capacity is considerably less than for 
simultaneous heating of all the blades . No pressure measurements 
were mude because only a fe,·r of the blades were heated . The water­
content range for these experiments wa s from 0.5 to 1.2 grams per 
cubic meter. The icing sp1·ays and heat were started simultaneously . 

As only a few of the fan blades and stator vanes were heated _, 
no fan-performance dat a were obtained . With an air temperature of 15° F , 
liquid-water content of 0.5 gram per cubic meter, fan speed of 954 rpm, 
and a power density of 5 watts :per sqnare inch, fairly complete 
de -i cing of the heated fan blades resulted . The de-iclng of the stator 
vanes was only marginal with rough icc building up near the trailing 
edge . When the power dens:i.ty was increased to 6 watts per square 
inch under almost identical conditions, good de-icing of the f an 
blades was obtained (fig . ll), except at the root where inuufficient 
heat was available . Fairly satisfactory de-icing of the stutor vanes 
also resulted but rough ice still collected at the trailing edge 
(fig . 12 ) . At a higher tem~erature and liquid-wa t er content, comulete 
de-icing of the heated --fan blades was obtained. At lo¥7er temperature , 
the de-icing of the stator vane s was marglnal and at the higher tem­
perature and liquid-water content , the de--icing of the stator vanes 
¥Tas completely iner'fective. 

From observation of the ice thro¥r-off time) it is estimated that 
the heat. -on time for the fan blades might be sUghtly reduced. Con­
tinuous anti-icing would probably provide the best means of protection 
for the stator vanes . The accumulation of rough ice at the trailing 
edge of the stator vanes indicates the occurrence of runback caused 
by the melted ice flowing toward the vanes and then refreezing during 
the heat-off period . Pol·rer requir ements for the stator vanes may be 
even higher than indicated by this investigation as only one - s i xth of 
the fan blades were heated, thus reducing the amount of ice that 
vould be caught by the stator vanes with full :protection of the fan 
blades . Power economies might be affected by incre~sing the cycle 
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time for the whole assembly but the icing runs tndicate that a 
heat-off of more than 2 minu-'ces ~orould result in a serious loss in 
fan performance fo:· the l'ange of icing conditions investigated. 

PROPELLER SPINNER 

Incidental to the -p1·oblem of ice protection for the cooling 
fan is tho problem of protecting the propeller spinner, Protection 
is advisable in order to prevent damage by flying ice to the rest 
of the airplane such as the wing and tail surfaces, to eliminate 
aerod~Jamic disturbanc6s, and to reduce unbalance of the rotating 
components. An ar~lytical and experimental investigation to evaluate 
the ice protection requirements of a typical spinner was undertaken 
recently as a project separate from the cooling fan, because such 
work is also readily applicable to jet engine generator covers. The 
analytical investigation wets based on the usual wet-air analysis and 
the optimum heat requirements were determined and compared with the 
experimental results. 

Apparatus and procedure. -The contour of the spinner was the 
front-12 inches of a prolate spheroid of 64.1 inch major axis and 
26 inch minor axis. An internal electric heating blanket of neoprene 
rubber, fabric, and resistance wires was cemented on the inner side 
of the spinner. 

Surface temperatures for the nonrotating experiments were meas­
ured by thermocouples cemented to the outer skin at various chordwise 
stations. 

The nonrotating experiments were conducted in the 6- by 9-foot 
test section of the icing research tunnel. The rotating experiments 
were conducted on the airplane mounted in the diffuser section of 
the icing research tunnel. The electrical power required for marginal 
anti-icing was measured for various icing conditions. 

Results and discussion. - The analysis of the spinner for icing 
conditions, comparable to those existing in the tunnel (velocity of 
200 ft/sec and 55 micron drop size at various tunnel temperatures 
and water-contents)J for the laminar and fully turbulent cases are 
shown in figure 13. The results obtained for the nonrotating spinner 
are seen to fall along the turbulent curve. The fact that the data 
points fall along the turbulent rather than the laminar curve results 
from the high degree of turbulence introduced into the tunnel air 
stream by the water spray nozzles. In addition an optimum tempera­
ture distribution was not obtained and this would tend to raise the 
over-all heat requirements. The rotating spinner results are also 
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shown and are far above the expected requirements. The photographs 
(fig 14 ) indicate that the icing tolerance at the indicated electri ­
cal pm?ers was very small and hence the anti -icj ng was really marginal. 
The analysis of the spinner indicated tnat very little difference 
should be expected for the rotating and nonrotating cases. The large 
difference in the results is probably caused by the frozen water 
droplets in the air. TheBe frozen droplets when mixed with the usual 
water droplets cause a large increase in the quantity of heat neces ­
sary, since the latent heat of fusion as well as the other usua l 
quantities must be supplied. 

CONCLUSIONS 

The results of an icing investigation of a conventional radial­
engine cooling-fan installation in the icing research tunnel indicate 
that: 

l. The icing of the unprotected installation presents a serious 
operational problem, Reduction in air flow below the minimum value 
required for ade~uate engine cooling occurred within 2 minutes and 
complete stoppage of the cooling air flo'" through the fan assembly 
occurred within 5 minutes under normal icing conditions . 

2. Alcohol de - icing of the fan proved to be ineffective and in 
some cases increased the icing problem by causing large ice fo~tions 
on the stator vanes. 

3. Electrical heat de-icing was the most promising method of 
de-icing the blades . The fan blades required a minimum power density 
of 6 "YTatts per square inch blJt for the stator vanes this power density 
proved insufficient. 

4. The spinner results show that good agreement bet1-reen the 
analytical and experimental results are obtainable under known icing 
conditions . 
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ICE ON COOLING-FAN INSTALLATION 
ICING PERIOD, 5 MIN; AIR TEMPERATURE, 23° F; LIQUID­

WATER CONTENT, 0.9 GRAM/CUM; FAN SPEED, 872 RPM 
FIGURE 3. 

ICE ON FAN BLADES 
ICING PERIOD, 5 MIN; AIR TEMPERATURE, 23° F; LIQUID­

WATER CONTENT, 0 .9 GRAM/CUM; FAN SPEED, 872 RPM 
FIGURE 4 . 
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ICE ON STATOR VANES 
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ICING PERIOD, 5 MIN; AIR TEMPERATURE, 23° F; LIQUID­
WATER CONTENT, 0.9 GRAM/CUM; FAN SPEED, 872 RPM 

FIGURE 5 . 
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INSTALLATION 

FIGURE 8 . 

C" I4FI62141 IAE 



,;£QNFI DliitiTI:':L 

ICE ON LEADING EDGE OF STATOR VANES 

AIR TEMPERATURE, 25° F; LIQUID-WATER CONTENT. 1.0 
GRAM/CUM; FAN SPEED, 875 RPM; ALCOHOL FLOW, 0.5 LB/MIN 

FIGURE 9. 
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ICE ON HEATED FAN BLADES 

ICING PERIOD , 5 MIN; AIR TEMPERATURE, 16° F; LIQUID­
WATER CONTENT , 0 . 6 GRAM/CUM; FAN SPEED , 950 RPM 

POWER DENSITY, 6 WATTS/SQ IN. 
FIGURE 11. 

ICE ON HEATED AND UNHEATED STATOR VANES 
ICING PERIOD, 5 MIN; AIR TEMPERATURE, 16° F; LIQUID­

WATER CONTENT, 0.6 GRAMS/CUM; FAN SPEED, 950 RPM 
POWER DENSITY, 6 WATTS/SQ IN. 

FIGURE 12. 
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FIGURE 14. 
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EFFECT OF I CE FORMATIONS ON AIRPLANE PEBFORMP.iliCE 

By G. Merritt Preston and W. V. Gough, Jr. 

Flight Propulsion Research laboratory 

INTRODUCTION 

A flight investigation has been conducted in nautral icing 
conditions by the NACA to determine the effect of ice formations 
on airplane performance . 

The lack of quantitative evidence of the serious effect of 
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ice formations on the aerodynamic performance of the propellers has 
tended to retard the adoption of ne-vr and improved systems of propeller 
ice protection. Numerous pilots have reported serious reduction in 
airplane performance attributed to inadequate propeller protection. 
The evidence was inconclusive inasmuch as the effect of ice on the 
remainder of the airplane and the accuracy of airspeed indication 
could not be evaluated. 

Wind-tunnel tests employing simulated ice formations (reference 1) 
gave results that indicated a loss in propeller efficiency of 3 percent 
for level flight. Propeller-whirl tests , during which icing condi tions 
were artificially created, indicated negligible losses (reference 2). 
Preliminary flight tests (reference 3 ) indicate a significant loss in 
performance of the propellers . 

The results reported in references 1 and 2 are inconclusive 
inasmuch as the quantities of ice simulated or obtained are smaller 
than formations frequently observed during flight in natural icing 
conditions. 

The results reported in reference 3 are also inconclusive inasmuch 
as they do not permit distinction between the effects of propeller ice 
and the effects of other ice formations on the performance of the 
airplane. 

Formations of ice on propellers , in addition to deleteriously 
affecting the propeller performance , has been observed to cause 
serious unbalance. Also , the natural shedding of ice from the 
propeller commonly results in fuselage damage and passenger discomfort. 

The present investigation was undertaken to determine the effect 
of ice formation on unprotected propellers by operating in natural 
icing conditions; by measuring the effects of the ice on the propellers 
independently of the effects of ice on other parts of the airplane; 
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and, conversely, to measure the effects of ice on othel' component s 
inde:;?endently of the effect of i ce formations on the propellers . The 
decree o:f propeller unbalance tbat was experienced during flight with 
ice accretions on the blades vras evaluated in the investigat:i.on. 
Photographs were taken in fl ight of natural ice formatj.ons on the air'­
plane components to permit simulation for aerondynamic studJ.es in 
wind tunnels. 

APPARATUS 

This investigation 1-1as conc1ucted vri th the use of the tw'in-eng:ine 
airplane shown _·n ficure l . Tbis airplane was od.ginally used by the 
Army in a preliminary investigat ion of icing of propellers (reference 3 ). 
The original anti-ici ng equipment provided by the manufacturer consisted 
of a thermal beated-aJr system 11rc·tecting the outboard wings, horizontal 
and vertical tail sur:i~aces, and t he Hinclshielrls . For the investigation 
the anti-icing system was consid.erab l y augmented by providing thermal 
electric anti-icing for the fuselage foresection, prO}_)ellers: inboard 
wing, cowls, and ant enna masts . 

PROCEDURE 

Flights were conducted in clea.r-air condHions to establish the 
performance of the airplane 1·ri thout ice accret ·on and the data were 
reduced by the Vhn Piv method described in reference 4. Flights 
were conducted in natural icing conditions to determine the effects of 
ice accretions on performance . Performance data were taken during the 
flight in natural icing conditions, allovi 113 ice to collect on the 
propellers and on the miscellaneous protnberances of tbe airplane. 
Performance data 1vere also taken in tbe icing condi t :lon :with ice 
removed from the propeller blades , but with ice on the miscellaneous 
protuberances . Part of the performance data obtained in icing conditions _ 
was taken \vith a fixed- pi tcb propeller and :9art with a variable-
pitch propeller vrhile maintaining constant engine speed. 

In arder to determine the effect of icing on other components, the 
propellers were anti --iced and all other components were allowed to ice. 
The respective performance loss attributable to ico formations on tbe 
components was measured by selective C..e - Jcing of the components . The 
pnrasi te-drag increments o.ue to icing vmre aomputed for each component 
that was selectively de-iced. The derivation of these calculations are 
given in reference 4. Rotating-cyHnder ·data were recorded for at least 
one 5-minute period of each run, and air temperature a nd rate of icing 
were recorded continuously during each run . 
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RESUI,TS A.ND DISCUSSION 

In figures 2 and 3 propeller-efficiency-loss data are presented 
as a plot of brake horsepower against indicated airspeed. The dotted 
curves of efficiency loss were computed . The curve of' zero efficiency 
loss was calculated to fair through the check point, which '·laS 

determined after the icing run was completed. This point was estab­
lished for the condition of propellers ice free and ice accretion 
only on the miscellaneous protuberances . 

Tho maximum deleterious effect of ice formation on propeller 
performance oxpcricnccd during this investigation for glaze-ice 
formations is also shown in figure 2. The heavy ice extends to 
30 perccn~ of tho blade radius and some icc deposits extended to the 
60-porcent radius . This photograph was taken by a flash camera in 
clear air after the propeller performance d.o.ta were taken and 
represents a condition 'i7hich caused an efficiency loss of 8 percent. 
The data j_ndicate a loss in propeller efficiency of ll percent, 
which is equivalent to a decrease in airspeed from 185 miles per 
hour to 174 miles per hour at 1400 brake horse:pmv-er. After 12 min­
utes of flight in this case, a maximum propeller efficiency loss of 
18 percent was obtained, Natural shedding of ice from the blades 
followed immediately . The airplane was then flown into clear sub­
freezing air and the 4 "above-icing" points "\>rere established to show 
the efficiency loss caused by the remaining propeller ice formation 
over a wide range of hCl'sepowor and airspeed, It was after this 
that the propellers were de- iced and the zero efficiency loss check 
point was established. 

The maximum deleterious effect due to rime-ice formation on 
the propellers is shmm in figure 3. The heavy rime- ice deposit 
is shown to extend to the 50-percent radius. Some small accretions 
remained beyo.lld the 50-percent radius. A loss in propeller efficiency 
of 11 percent resulted from this formation , 

The maximum propeller urillalance encountered during the investi­
gation was 85 ounce- inches , The pi lots and crew· of the airplane 
were able to note slight objection~ble vibration above 70- ounce­
inches unbalance, Denting of the fuselage resulted from ice shed ­
ding; however, there was no ser ious damage to airplane structure, 

The results of tho investigation indicate that the formation 
of icc on an airplane propeller will cause a significant reduction 
in airplane performance when certain meteorological conditions exist . 
The investigation did not include a definition of the types of meteor­
ological conditions that produced tho most deleterious effect on 
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propeller performance. It was observed thnt many of the conditions 
encountered produced small loss in propuller performance. 

Flight tests huvo also been conducted at the NACA Ames labora­
t ory on a C- 46 air-plane to determine tho effect of icc formation on 
propeller performance. The maxim rra loss in propeller efficiency 
encountered was 19 percent and ls in agreement with results of the 
Cleveland investigation~ Hovrever, on many of the flights insignificant 
losses in propeller efficiency were encotmtored. A statistical study 
wa.s made of the c: eve l and and 1\raos laboratm:y data to determine the 
most frcq_uont loss in pro2_)ellcr efficiency that w:1s encountered in the 
ic:lng conditions . 'l'hese data are presented in figure 4 and indicate 
that 50 percent of tbe time a loss of 5 to 10 ~orcont was encountered 
and only 7l percent of the time losses from 15 to 20 percent of 
1Jro;_Jellor ~fficic.ncy vrcrc encountered. 

In Ol'der to detcrrnino tbo effect of lC ng o:l:' other components, the 
propellers wore anti - iced ancl tlJe other com:':"ononto wore not protected . 
A thick stratus cloud in the lee of Lake Erie was encountered in an area 
of cyclonic flmr from tl'w north t11.::.t -,roducod orographic lifting and mild 
turbulence . A time history of the ici.nc, condition shown in figure 5 
indicntos that tho average icinG rPto 1rns a:;rproximatoly 4 inches per hour 
and that a maximum rate of 12 inchoo :~or hour existed for a few minutes. 
The rotating-cylinder data , 1-rhcn com]nrocl -vrHh the icin[.:,-rntc datn for 
the corresponding :Jeriod, indicate that the avcrace hquid--vrntcr content 
was ap~roximatcly 0 . 5 gram per cubic meter wjth an average drop size of 
17 micr·ons . TlJeso meteorological conditions arc almost equal to the 
maximum conditions th~t 'lvould bo encountered i n a stratus cloud as doter­
mined by the Ames iabora tory (reference 5) . 

Tl1o resulting icc formations were photographed and arc presented 
in figures 6 to 13. Figure G is a front view of icc on the loop­
antenna hous 1ng. The sc.mo icc formation is shovm in profile in 
figure 7. T:1is figure substantiates tbe 4-inch-pcr-bour icing rate . 
Equally heavy icc collected on the antenna mc.st and on the instrument­
landing-system receiving antohoo (fig. 8). Icc on tho nose of the air·­
planc was photographed on the ground after fifteen minutes of flio;ht in 
above freezing tem)eraturo (fiG. 9). Tbin, rouGh, glaze-ice deposits 
extended •..roll beyond tbo major icc accretion . Sovcr.:1l largo isol.:.:.tcd 
pieces indicate tbat t':Je total formatton was much larger dtu~i:ng the 
flie:;bt. Ice on the leading edge of tbe engine cm·rling is shown in 
figure 10 . This formation is uniform but noticeably sma ller than 
others . The ice formations on tlle in·ooard--vring panels 1vorc rolati vely 
omal l (fig. ll) . Tbc size of tbc formation can be judged by the 
l-inch rcforcnco stripes on tho wing ow.~facc . 
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Figure 12 shows that some of the ice 1vas lost f!'om the outboa.rd- lving 
panels . This vm.s probably caused b;;r tho nlr loads on tho icc a.nd wing 
flexure . Icc on tlle horizonto. l sto.lJil::i.zer, shmm in figure 13 , indicates 
the sevori ty of the icing condition and t!JO sha.pc of the icc formation. 
It also shows that some icc vro.s lost because of o.i r loads and flexure 

This flight 1vas co::1ductcd b;v incroo.sj ng :povrcr o.s rog_uircd to mainta.m 
a. consta nt speed of 205 miles per tour vrhi 1 :J t [C' icc vro.s being collected. . 
After a. good catch of icc, tho "'.irpl~.ne ~ra.s f :i.mm into a.n a.roc.. of cloa.r 
subfreezing air and pow•:r ln .s roducrAl to -c;llo values normally required 
for level fligllt cruising u,t 205 miles per bou.r . i::JO ~ irspeed stabilized 
at 164 miles :yer hour by holding cono·~ant o.lti tude. Frogreasi vo do­
icing wa.s sta.rtrd a.nd the airspeed ivt:.ts o.llowcd to stabj_lizo o.ftor co.ch 
do-icing stop. Tho com: ononts wore de-iced in tho following order 
a.nd resulted in tho incroa.sos in airspeed as shovm in fiGure 14 : 
inboard-wing :panels , 3 miles }Jar hour; tail surfaces , 4 miles per hour; 
outboa.rd-vring pa.:nols , 12 . 5 miles per hottr; a.nd , engine covrlings, 
4 . 5 miles per hour . Tho 17-milc yer-hotrr-loss a.ttributo.ble to the 
ice fomation on tho miscolla..neous components is determined by sub­
tra.ction from clear- air pcrfoma.nco of tho airplane at tho sa.me pmvor 
and fligllt conditions . 

Those da. ta arc intor:protod in terms of p::ras ito dr~"g by tho 
method given in roforonce 4 . Figure 15 shows tho porcont dro.g increase 
based on tbo dra.g of tho ico -froo airplane . Icc on tho inboa.rd- winc 
pa.ncls accounted for an 8- percont dra.g increa.so; ta.il surfnccs, 
11-percont dra.g increase; a.nd, tho outboard-winG pa.nols, 27 - porcont 
dra.g incre.::J.so . Icc on tho engine cowlings added 10 ;:Jercont nnd tbe 
miscellaneous components , the second la.rgcst offender , were responsible 
for 25 percent of tho airpla.ne - dra.g increase . 

This investiga.tion did not include tho determination of such 
fa.ctors a.s stalling speed , minimum sinBle-oDBinc speed, a.nd low-speed 
flying g_uali ties . It is significant to report thn t tl1o control response 
of tho airplane approached tho l)Oint of being marginal wbon tho entire 
airpla.no , except tho propellers , wa.s iced . 

The duta. o.nd r esults presented hero arc directly a.p:;?licablo only 
to tho airpl.:mo tY])e used in thi s investiGation r'.nd under meteor­
ologically similar conditions . Hm·rovor , by :;;ro:;_Jor considorction of such 
factors as loading-edge r:J.dius , load.ing-odco l engths , and surface 
areas, tho drag da.ta ca.n be used for estimating the effect of ice on 
tlw performance of other airplanes . 
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XB-25E WITH THERMAL ANTI-ICING EQUIPMENT 
FIGURE 1. 
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ICE ON LOOP-ANTENNA HOUSING 
FIGURE 6. 

ICE ON LOOP, ANTENNA HO USING 
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ICE ON NOSE OF FUSELAGE 
FIGURE 9. 
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ICE ON LEADING EDGE OF ENGINE COWLING 
FIGURE 10. 
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ICE ON INBOARD-WING PANEL 
FIGURE 11. 
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ICE ON OUTBOARD WING PANEL 
FIGURE 12. 
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ICE ON HORIZONTAL STABILIZER 
FIGURE 13. 
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PROPELlER ICE PROTECTION BY .MEANS OF HOT GASES 

IN HOL:LCW BLADES 

By Vernon H. Gray 

Flight Propulsion Research Laboratory 

INTRODUCTION 

Gas-heated hollo-·..; propellers havG recently been investigated 
both analytically and. experimentally (.references l to 5) to dater­
mine the ice-prevention effectiveness of th:i.s method of ble.de heating. 
A typical schematic flow diagram for a gas-heated propeller is shown 
in figure l. 

The gas is first heated in a suitable heat source and passes 
through a manifold and a collector ring to cuffs located on the 
blade shanks. The gas then flows radially outward thl'ough the hol­
low blaJe, which may. have internal partitions to confine the flow to 
the forward portion of t.he · blade, as shown in the cross section 
(fig n 1). The gas leaves the blade through a discharge nozzle at 
the blade tip. 

The analytical investigation developed a method for determining 
the required :t.ni tial gas tdmperature and flow rate for maintaining 
surface temperatureo on all parts of the heated blade area. of at 
least 32° F. Two previous theoretical investigations upon which 
parts of this analysis are based are reported in references 6 and 7. 

The experimental investigation obtained surface temperatures 
and icing data for three types of propeller blade subjected to icing 
conditions in the icing research tunnel. Three types of blade inves­
tigated were (l) hollow unpartitioned blades; (2) blades with radial 
partiti.ons located at 50 percent of chord; and (3) blades with parti­
tions at 25 percent of chord . The partitioned blades were investi­
gated to determine the extent of heat flow savings. 

ANALYTICAL INVESTIGATION 

In analyl?.ing the heat requirements for a gas-heated propeller, 
it is necessary to select several sets of flight and atmospheric 
conditions corresponding to take-off, climb, and cruise, and deter ­
mine the set of conditions most critical from a heat requirement 
. standpoint. 

CbfQ£1 IDEN!Dtt 
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The present method of analysis assumes that the blade can be 
divided into an arbitrary number of successive, radially disposed 
segments, and that each segment may be treated as a separate cross ­
flow heat exchanger. Thus the heat transferred from the gas through 
the blade metal and into the air stream can be evaluated and sub ­
tracted from the heat content of the internal flow to determine the 
conditions of the gas as it leaves the segment . 

In order to determine heat transfer through the blade metal, 
the equation developed in figure 2 must be considered . For a unit 
area of heated blade metal, the heat transfer can be expressed as 
heat into the metal and heat out of the metal, both of which con­
sist fundamentally of a heat-transfer coefficient h and a temper ­
ature differential 6t. Assuming the metal to be thin enough to 
preclude surfacewise conduction in the metal and neglecting radi ­
ation, the heat into the metal area equals the heat out of the area 
and into the air stream. The heat into the metal from the hot gas 
consists of convective heat transfer only, whereas the heat out of 
the metal is of three kinds: the convective heat transfer, the 
evaporative heat transfer occasioned by evaporation of surface mois­
ture, and the heat transfer to increase the sensible heat of the 
intercepted water from the ambient temperature up to the surface 
temperature . 

where 

The equation given in figure 2 is 

is the internal gas heat-transfer coefficient and depends mainly 
on the rate of gas flow divided by the flow area 

tg,d is the datum gas temperature , or the static gas temperature plus 
the kinetic increment of temperature caused by friction in 
tho boundary layer 

is tho external surface temR~rature 

is the external air heat-transfer coefficient , and depends mainly 
on the boundary-layer thickness 

X and M exist only when the surface becomes wetted , necessi ­
tating ''wet-air analysis 11

, which is presented in some 
detail by Neel . The evaporation factor X, as devel ­
oped in reference 8, depends on the vapor pressures 
corresponding to the surface and air temperatures , 
multiplying ha by as much as 6 in some conditions; 
M is the amount of' water which intercepts the surface, 
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and de:pends on the liquid -water content of the ambi­
ent air) the resultant velocity and the angle of 
impinge::aent of the Iva ter drcps upon the surface 

is the datnm air tem:pt::lrature.:~ or the ambient-air tem­
:perature plus the kinetic increment of tem:pera·cure 
in the boundary layer, The kinetic increment is 
less for wet air than for dry air because of the 
evaporation process. 

The equation is solved for several points around the blade 
surface; and thus a chordwise distribution of surface temperature 
is obtained. If the integrated average of the expression on either 
side of the equal sign is obtained and multi:plied by the heated 
area of the segment, the total heat transfer from the segment will 
be determined. This value, when coupled with the thermodynamic 
effects of propeller rotation, permits evaluation of the gas condi­
tions leaving the segment , and a prog1·ession, segment by seement, 
\·Till determine the final conditions at the tip. In solving the 
equation, the initial gas temperature and flow rate are estimated 
and then adjusted by tria] until the surface temperatures of the 
entire blade nre above 32° F . When this is dono the required 
heat-source input to the blade , as well as the nozzle area required 
to accomodate the flow, may be readily calculated. 

In order to illustrate the nature of ha , a typical distribu­
tion of the external heat-transfer coefficient ha plotted against 
the chordwise distance from the stagnation point for the camber 
and thrust faces is :presented in figure 3. The :predominate feature 
of this variable is that it has a distinct maximum at the stagna­
tion point and becomes much smaller a short distance away on either 
face. For com:plete laminar flow the heat transfer coefficient 
decreases from the high values at the leading edge and follows the 
dotted line through the laminar regime . If transition to turbulent 
flow is early, the distribution of tem:perature will be similar to 
the curve labeled turbulent flow to tb.e left of .the stagnation point 
in figure 3 . The heat transfer accompanying turbulent flow is con­
siderably greater than that for laminar flow. If the transition is 
late, the curve may follow the laminar case for a distance and then 
abru:ptly increase into the turbulent case . The proportions of the 
curves illustrated are typical of propeller operation conditions, 
and the effect of heat-transfer coefficient will be demonstrated 
subsequently in the surface temperature distributions. 

Numer.ical example. - Calculations have been made by the wet-air 
analysis method for an hypothetical propeller having blades with 
radial partitions at 50 percent of chord . The assumed flight and 
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icing conditions for this example are: ambient-air temperature, 0° F; 
pressure altitude, 18,000 feet; flight speed, 325 miles per hour; 
propeller speed, 800 rpm; liquid-water content, 0,4 gram per cubic 
meter; propeller diameter, ll feet, 3 inches . By assuming a mlnlmum 
surface temperature of 32° F, the general results for these conditions 
were as follovrs: The required .gas flow per blade was 750 pounds 
per hour for an assumed initial gas temperature of 500° F; the final 
gas temperature was 321° F. The heat-source input per blade was 
found to be 86, 700 Btu per hour or 26 kw, of which 59,200 Btu per 
hour was discharged through the tip nozzle . This represents an over­
all blade heat exchanger effectiveness of 34 percent. The value of 
heat-source input required per blade appears high when compared with 
external electrically heated blade shoes, but it must be remembered 
that existing gas--heated propellers are equivalent to short, unfinned 
one-pass heat exchangers . 

The surface temperatures, which :raeul ted for the U'Jmerical example, 
are shown in figure 4. The temperatures are plotted for three radial 
stations, deslgnated by the number of inches from the center of rota­
tion; namely, the 24-, 48-, and 60-inch stations. The surface tem­
peratures are seen to be approximately 32° F at the stagnation point 
and increase very rapidly on either face. The ~lade faces near the 
midpoint of chord are actually overheated from an economical heating 
standpoint , and some method of concentrating this heat at the leading 
edge would be desirable . 

The effect of two factors mentioned previously is illustrated in 
figure 4. First, the two areas under assumed turbulent flow (for 
comparison purposes) are shown to have surface temperatures much less 
than the unmarked areas under assumed laminar flow, indicating that 
higher heat-transfer coefficients result in lov1er surface temperatures. 
Second, at two places on the thrust face the rate of evaporation from 
the surface became great enough to account for all of the water that 
intercepted the face, the surface became dry, and the surface temper­
ature s aft of these points increased very markedly. This abrupt 
change in temperature indicates the difference between a wet and a 
dry surface because the latter has no additional heat losses due to 
evaporation . 

The significant changes in the heat transfer variables along the 
propeller radius for the numerical example are shown in fi8ure 5 . 
Plotted against the propeller radius are the surface temperature at 
the s~agnation point ts, the internal heat-transfer coefficient hg, 
and the internal gas temperature tg . As expected, the internal gas 
temperature decreased steadily toward the tip because of the heat trans­
fer through the metal, whereas the internal heat-transfer coeffj_cient 
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increased steadily tu~.rard the tip , due to the decreasing flmr area 
that accelerated the gas. Not showr.. in figure 5 are t ·wo external 
variables, the external b.eat -transfer coefficient and the datum 
air temperature, both of vrhich increased bece.usE:~ of the increase 
in resultant velocity tnvrard the tip. 'l'hc net r·esult of these 
factors on the surface teruperature at the stagnation point is a 
slight increase toward the tip . However, for lo..,-er airspeed, pro­
peller speed, or ambient te:nperatu:ce, the surface temperaturE~ at 
the stagne.tion point would have decreased tov1ard the tip. 

Suggested Modificati.on . - The analysis and the example pre­
sented-has indi.cated--thataprimary problem in the design of a 
gas-heated propeller is getting e:::1ougb. ht-,at to the leading-edge 
region without requiring an exorbitant amount of heat input to the 
blaC.eo Accordingly, a modif1cation has been suggested whereby the 
original blade section as shown in figure 6 has been modified to 
include the addition of metal fins attached to the leading edge and 
an addi tio:nal partition as shown. The action of the fins is to 
increase the effective internal heat-·transfer area, and to conduct 
heat into the leading-edge region where it is most needed. The action 
of the acditional partition is to reduce the flow passage area and 
to confine the flo·vr to the fore part of the blade> while permitting 
some heat transfer as far back as the midpoint of chord. An analysis 
has been made, based on the empirical formula for h8 , presented in 
reference 9, whereby the magnitude of the heat savings to be expected 
from such a modification can be demonstrated. For a blade that has 
an internal flow passaga reduced to half its previous value, and that 
has a doubled effective heat-transfer area (fig . 6), the internal 
flow may be reduced to 15 percent of its original value and sbill 
maintain the same total heat transfer through the blade metal. This 
represents a saving in heat input of 85 percent , a:::1d can be accom­
plished along ,.,i th a reduction in the gas velocity of 70 percent and 
a reduction of friction pressure loss of 20 percent. The amount of 
blade modification,l should be varied in the radial direction to balance 
the expected external heat losses, so that no area of the blade would 
have a temperature deficiency . It is felt that modified gas-heated 
propeller blades will provide complete ice protection with heat input 
values equivalent to external electrically heated blade shoos. 

E.Y~perimental ir.vestigation, - Shown in figure 7 is a gas-heated 
propeller-installed in the diffuser section of the icing research 
t~nnel prior to icing runs . The pTopeller used was a production model, 
10 feet, 2 inches in dinilleter, and modified with openings at the 
blade tips and shanks to permit the passage of the internal flow. 
Heated air was ducted from under the tunnel through the supply duct, 
Surface temperatures were obtained from thermocouples faired to the 
blade surface at two radial stations; 40 and 70 percent of radius. 
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The propeller speed was maintained at 1050 rpm, at which speed the 
rnaxtmum flow that was pumped through an unpartitioned blade was 
450 pounds per hour . 'l'he maximum manifold temperature obtained was 
450° F, which with the maximum flow produced a heat input of 40,000 Btu 
per hour for an unpartHioned blade . The average tunnel airspeed 
past the plane of the propeller was 200 feet per second, and the air 
temperature ranged from -9° to 23° F. Icing conditions were simulated 
in the tunnel by a ring of water spray nozzles located upstream of 
the contract:i.on section of the tunnel . The spray produced an average 
liquid--water content at the propeller of 0 . 5 gram per cubic meter 
with an average drop djameter of 55 mtcrons. 

The blade boating results that were obtained in icing conditions 
durtng the investigations are shown in figure 8 . The surface tem­
perature r ise above the ambient tunnel temperature is plotted against 
the chordwtse distance from the stagnation point for the camber and 
thrust faces. The values shown are for the 70 percent radius station, 
which was chosen because it is in the center of the 1vorkj ng area of 
the blade . The temperature rise for the unparti tioned blade 1vas 
obtained with a heat input of 40,000 Btu per hour per blade . The 
rise in temperature for the 50 percent partitioned blade results from 
an input of 14,000 Btu per hour. The rise for the 25 percent parti­
tioned blade corresponds to a. maximum input of 10,000 Btu per hour. 
These heating values produced an average heat transfer through the 
heated area of the blades equivalent to 6, 5J and 9 watts per square 
inch, respectively. 

Two s ignificant results are evident in figure 8. First, the 
leading-edge temperature rises are much less than those a slight 
distance back from the leading edge on el ther face, which is espe ­
cially true of the unpartitioned blade. The distribution is similar 
to that shmm in the analytical example , Second, the level of heating, 
especially for the two partitioned blades, is much too low because a 
suri'ace temperature of 32° F was maintained near the leading edge 
only at ambient temperatures above 20° F. 

A comparison between the 70 percent station and the 40 percent 
statton for both idng and nonicing conditions ls shown in figure 9. 
The surface temperature rise above ambient is plotted against the 
chord1vise dtstance from stagnation point for both faces . The compar­
ison is for a 50 percent :partitioned blade . The temperature rise 
for the 40 percent station is seen to be considerably greater than 
for the 70 percent station, indicating that the internal flow cooled 
down rapidly after leaving the blade shanks. The f act that the 
40 percent station is within one f8ot of the spinner explains its 
more intensive heating. Also shown in figure 9 is a typical compar­
ison between temperature rises in icing and noni~ing conditions . The 
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rise, for both statlons, when sprays are on is much less than that 
in clear air, and especially is this true on the camber face where 
the water interception and sensible heat r equirement is maximum. 

Icing bservations . - Surface temperatures alone cannot be 
taken as a measure of a heated propeller's ability to perform in 
icing conditions . The nature and effect of ice formations on the 
blades must also be considered. 'l'he aerodynamic losses associated 
with simulated propeller icing is discussed in reference 10. Ober­
servations of the icing characteristics of the blades indicated a 
much more favorable picture of the gas-heated propeller system than 
did the surface temperatures, either analytically or experimentally 
obtained. Figure 10 is a photograph of a propeller after an icing 
run in tunnel air at 20° F with no heat addit ion to the blades. A 
close-up of one of the blades is given in figure 11 showing that 
the ice obtained in the tu1me l is broken and irregular and extends 
to the midchord on the camber face at several points. The ice that 
remained on an unpartitioned propeller after an icing run in air at 
11° F with a heat input of 34,000 Btu per hour -per blade is shown 
in figure 12 and figure 13 is a close-up of one of the blades. The 
ice is confined to the lee.ding-edge region, indicating a need for 
more intensive heating along that area. The propeller with blades 
having 50 percent partitions (fig. 14) was subjected to icing in 
air at 22° F with a heat input of 14,000 Btu per hour. Only a trace 
of lea.ding-ed§e ice ts visible , indicating almost complete ice pro­
tection at 22 F. At lower temperatures the 50 percent partitioned 
blades were freed of leading-edge ice as well as or better than the 
unpartitioned blades and no freezing or runback moisture was observed. 
A propeller with 25 percent partitioned blades after an icing run 
in 16° F air with a heat input of 8000 Btu per hour is shown in 
figure 15. In addition to leading-edge ice there is apparent con­
siderable ice in layers on the camber face, the result of inter­
mittent freezing and throw-off of ice. 

CONCLUSIONS 

From the experimental investigation described , the following 
conclusions are made: Unpartitioned blades similar to those inves­
tigated will give adequate ice protection with a minimum heat input 
of 40,000 Btu per hour per blade; 50 percent partitioned blades with 
a heat input of 14,000 Btu per hour provide marginal ice protection, 
with an indicated need of 20,000 Btu per hour for adequate ice pro­
tection . The 25 percent partit i oned blados investigated we re under­
heated to an extent that no safe value of heat input was ind icated 
that would with certainly preclude ice formations aft of the heated 
area. 



126 com !M±OIIA!S 

From the analysis presented, it can be concluded that gas­
heated propeller blades with carefully designed internal passages 
will provide better chordwise and radialwise ice protection than 
external blade shoes for comparable heat input values. In addition, 
gas -heated blades will not disturb the airfoil contour or be sub ­
ject to damage by erosion. 
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ELECTRO-'.rHE:RMAL .METHODS OF PROPELLER ICE PROTEC'riON 

I -CJ:CI..I CAL DE-·ICING BY EXTERNAL 

AND IN'I'ERN.AL BLADE HEATERS 

By J . P . J.ew5 s 

Flight 'Propulsion Research laboratory 

INTRODUCTION 

A nt~ber of investigations bas been made to obtain a solution 
to the problem of the :protection of prorJellers in icing conditions . 
In the past, partial protection has been obta1ned b~r the use of 
pastes , lacquers, and alcohol in conjunction with blade feed shoes. 
None of these methods provided. adequate and positive protoction and, 
with the development of thermal de-icing systems fOl~ the l'est of the 
airplane, attention has centered on the development of a thermal 
system for propellers . Ti.;o general methods for the thermal protection 
of propellers have been proposed; the first s;;rstem employs electrical 
heating of the blades, and in the second system a bot gas is used as 
descr1becl by Gray . This pnper discusses the electro-thermal system 
and reports the results obtained from an investigation of two tYl)eS 
of electrically heated propellers in the NACA Cleveland icing research 
'!:.._unnP.l 

The development of an electrical system for propellers began as 
early as 1938 (reference l) . Initial investige tions and analyses 
showed the practicability and advantages of such a system of ice 
protection . Much of the early work vras concerned wi tb the details 
of the development of practical blade heaters and a ~ower sup~ly 
system with much of the experimental data being of a limited and 
inconclusive nature (reference 2). A considerable amount of experi­
ence and data were obtained by flights in natural and simulated icing 
conditions at the Ice Research Base , Minneapolis, ~linnesota 

(reference 3 ). Investigations were conducted wi tb t1.;o types of 
external-blade beater, one of \ol'hich consisted of a rubber wire-insert 
blade shoe, whereas the second heater consisted of conductive rubber. 
From these investigations a minimum power input of 2 . 5 watts per 
square inch was recommended with the heated area extending to 
20 percent of chord and 90 percent of the bl~de radius . These early 
investigations ¥rere primarily concerned with continuous heating of the 
blades to obtain ice prevention rather than de-icing . In addition tbe 
lack of suitable instrumentation prevented a definition and correlation 
of the icing conditions encountered . 
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Following these teP.ts an am.lyticn.l j_nvosti.gation of the :_-Jovrer 

r equirements for a tLeTIJal-·elcct:.:ic system (reference 4) deternin.')d 
:paver input for ice :pnwe'l.tion of lcr 00 watts pel' blade, T,rbicb is 
equivalent to an avo rage :pow or density of f. ~--watts :per souare incJL 

For ice 1emoval a power of 800 watts :per "ulade T,.:ras requireo_ , vTbich is 
equivalent to an ave1·age povrer duns:i. ty of 3. 2 vntts !=er sguare 1nc~1. 
The ind1cated po~rer re1ui :.nement for continuo-u.s :i1oating was in excess 
of tl1at avnilable on current aircraft. As a resr.lt, attention centered. 
on tl1e development of a cycl5.cal or intE;rmi ttont benting system. In 
tl1is system the b)ades 2re allm·md to ice and beat is then a~)plied for 
a limited period to remove the ice deposit, tbe cycle is then repeated . 
In ad<li tion to tho powel' economi es obtained, cyclical l1eat3..ng vas also 
presented as a solution to the problem of rw1back and refreezing. 

Soma of the important rea_uircments fol' a cyclical cle - icing system 
may be stated as fol2..ows: 'Foe icc removal must be :9rompt and comple te 
with a minimum ex::_:Jenditure of }lOiTer. The :Lcing alloved during the 
heat-off period must not ilDllair the aerodynamic performance of the 
prope ller. The thrmv-off of ice cturing beati"lg must b e such that a 
lovr vibration level is mai.ntair:ed, no de.mage is suffered by the rest 
of the aj_rcraft, and there is a minimum of discomfort to the passengers . 
The investigations of electro-tbonnal methods of ::;Jro:peller ice protection 
in the icing research tunnel (references 5 and 6) were primarily 
concerneu with the determination of the power distri-out·ion and cycle 
time requirements for cyclical blade beating. 

APPARATUS AND INSTRUl1ENTATION 

The rroreller research program was conducted in the diffuser 
section of the NACA Clevcl::md icing research tunnel vrbicb provided a 
test section large enough to ;Jermit investigat ion of fuU - scalo 
pro:::-ellers . Tbe setu~1 as shown in figure l was essentially the same 
for all the })repeller icing investigations, differing only in the tost 
pro_?eller, the boat supply system, and details of instrumentation. 

Tvro different types of propellel' blade and blade beater wc ro 
investigated . External ru'b'bor- clad blade beaters were installed upon 
a 10-foot , 5 - inch-diameter 3 -blade hollow- steel propeller . The second 
tY';>e of beater consisted of an internal beater installed in a 4 - blade 
11-foot-diameter propeller. 

Figure 2 shows the construction of the external blade heater . The 
heater consisted of several small chromel heating ribbons,· laid 
radially ovor two neoprene insul::rbing plies and covered by an outer 
l ayer of abrasion resisting neoprene . The beating ribbons ;..;oro 
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connected into l/2-inch a11fl. l-inch 1i'ide el emente , thus permitting a 
variable chord1;ise heating distributi.on . The boating elements 
covered a constant cL.oX"C:.wise surfac0 d:i.stanco on. botb tbe tbrust and 
camber faces, extenr1ins t'J apvr'Jxj_mately 40" percent of chord on tbe 
camber face and app:·oximately 50 rercent on the tbrt.'.st face at tbe 
75 uercont radJ us s tgtion . In a radial di l~ection tbe beater extended 
45 inches from the htlb to the 88 percent station ( 55-inch stc.tion). 

Figure 3 shovrs the inter:.1al heater, wbicb consist0d of a wire­
woven blan~-.:et conneGted into a single circnit of a fixed Clistribution. 
The blade vras constrt1c ·~ed of a tubular main spar to which steel sheets, 
0.037 inch thick, vre:r·c fastened to form the "o:'..ade :p:;,~ofile . A sponge­
type filler was inserte<'l. bene~tb tbc beater to prevent diaph1·agming 
of tbe blade skin . Tl1is filler also served as an excellent thermal 
insulati.on l:y offecti veJ.y confinin6 the heat to tbe forvrard section 
of the blade. Tbe beat ::.n3 vrires 1·rere arral"'gecl in grou:9s to obtain 
t~e desired power distribution witb the greatest beat power density 
at tho leadJng edge. The heated area extended to 20 percent of chord 
on both faces end 48 inches radially from a point 2 j_.nches from tbe 
shank end of the blade to tbe ti~. 

CONDITIONS A1~ PROCEDURES 

A tmmel airspeed of :!.20 miles per bour was maintained througl1out 
tbo tnvcstigatlon . The propellers were operated at two speeds witb 
t-.;vo correspondi:n.g blade angles . The bigber propeller speeds investi ­
gated correspond to the cruise condi tj_on for tbe propellers while tbe 
lower speeds are representative of the speed range for large pr opellers 
on insta_la tiona employing a large speed reduction ratio. 

The investtgation was made at tbree di.fforent icing condJtions that 
wel'e defined by the ambient-air temperature, liquid-vrator concentra­
tion, and droplet diameter . T Je conditions studied cover a range of 
nomlnal air temperature of 0° to 25° F with corresponding liquid-
water concentrations of 0 . 2 to l.O gram per cubic meter. An average 
droplet size of 55 microns was obtained for the complete t emperature 
and liquid-water range. These conditions are considered to be r op­
resentati ve of moderato-to-heavy icing condi tj_ons . 

Figure 4 shows several tYI;icnl cbordwise beating power distri bu­
t ions for the external heater. The first pattern (675 watts) is an 
approximation of the distribution stipulated. in tlle current AAF 
specification (reference 7 ). Tbe other configurations vrere obtained 
from this basic pattern by increasing botb the povrer density and 
chordwise coverage. The patterns vrere chosen in order to obtaj::J tbe 
maximum ice removal for tbe minimum expenditure of energy and also to 
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minimize runback and refreezing on the milleated areas . Figure 5 shows 
the radial and chord.wiso distri"bdicn for tho internally boatoC. blade . 
The vall'os are the d.esie.sn d.lstr:i.bution on the inner snrfo.co of the blade 
skin . The distribution at t:1reo rad.ial stations are shovm -vri t :J tho 
po-vrer density incree.sing "ivit:; an incr3asing bl::tde radius . 'I'be dis­
tribution on tbe outer surface of the blade differs becm'so tho fillet 
at the leading edge presents a relatively largo mass of metal and hence 
distorts tbe heating pattern. 

For cyclical de-icinG several combinati.ons of boating and cycle 
time were investigated . ':L'ho beating and cycl.e timc->s were selected on 
the basis of the AAF specification, the estimated rate of temperature 
rise, and the estimated ic:ing rate . \-lith the external blade heater, 
heating times of 12 and 24 seconds i·Tere used with cycle times in the 
ratio of 4: l and 8: l. The internal hee.ter was investigated. at heating 
times of 5, 10, 20 , 30, 40, ru1d 50 seconds with cycle ratios of 2:1, 
4 : 1, and 8:1. 

RESULTS AND DISCUSSION 

The results of the investigations in the ~c1ng research tunnel of 
electro-thermal methoda of ice :protectioll have been reported in terms 
of the ice formations obta1ned on unheated blades, the thermal char­
acteristics of the blade heaters , the ~ower requirements for jce romo~al, 
tho heating and cyclo timesre~uirod for effective de-icing , and a 
comparison of the results of the icing tunnel investigation with those 
obtained in flight . 

The ice formations obtained on tho unlieated throe-bladed -propoJler 
wi th the external beaters -vrerc similar for all the operat1ng and icing 
conditions investigated . At ambient -air temperature of 20° to 25° F . a 
r oush, semigl::l.ze ice formation was obtained . Lo'l·rering the air 
temperature gave a rime ty<)e of ice. Tbe iced area vras much the srune for 
all conditions varying only slightly with yropeller s~eed . The ice 
extended cbonhrise a distance of approximately 4 inches on both faces 
at the sbank of the blades and tay,>ored to about l inch at the ti::- end 
of the elements . Small icc formations, around tho blade tip were obtained 
at a propeller speed of 675 rpm . Tbe smallest ice formatio.i:tS, extcndine:; 
only 50 to 70 percent of the blade radius, were obtained at the lowest 
t emperature (5° F) .• An cxtrenely lm·r -vrater content was obtained at 5° F 
and in addition a large percentage of the liquid water ~ad frozen out as 
ice particles . This effect and other difficulties precluded the simula­
tion of icing at temperatures below 0° F . As larger water contonts arc 
often encountered at this temperature in natural icing conditions, this 
limited coverage should not be used for design purposes . The maximum 
iced area was attained within l minute of icing and varjod only sliGbtly 
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thereafter . Tre j ce bu:Ut up on the leading edGe at a rate of ap:::>roxi ­
mately l/8 to 1/10 ir:ch per m:l..nute . At tl1e bighor temperatures 
( 20° to 25° F) nA.tural th:r.ow-off oc1.mrred within 2 minutes, vboroas 
at the lower temperatu:-:"es (oo to 5o F ) a single throw-off rarely 
occurred within a 10-minute period. 

External Bla0.e Eeater , - Typi cal res ults of a study of tho pmvor 
and b·eating time requi rod for an initial ice removal are s!'ovm in 
figure 6. Heat was ap~:ied after the blades bad boen allowed to ice 
for a period of 3 minutes and the time to remove the icc from the 
various area -vras noted . For tbe conditions shovm a maximum heating 
time of 40 seconds was required at a power densi t;y of 3 . 5 -vratts per 
square incll . An upper li!ll5.t for po1ver donsi ty of aprroximato1 y 8 to 9 
watts per square inc:-; is indicated vitb a corresponding boatinG time 
of 2 to 8 seconds . Raising t:i'le ambient-air temperature from ll 0 to 
20° F reduced tho heating time ap:::-roximately :) seconds . Tho data also 
indicate a greater power or time requirement at 925 rpm than at 
675 rpm. Greater pm·rers or times would also be required at lower 
ambient-air temperatnres . 

The typical variation of the blade surface temperature with time 
during cyclical de - icing with the exterD..al heater is shmm in figure 7 . 
The dash- dot l:l.nes represent the freezing isotherm 32° F . Results 
are given for two heating cycles and two aobiont -air tem~oratures . 

At an ambient - o.ir temperature of 100 F, heatinG time of 24 seconds , 
and total cycle time of 180 secono.s, tlJe olade temperatures rose 
quickly with tbe application of heat and r eached a peak value of a::_:)proxi· 
mately 54° F . At a shorter cycl e time and a lower air temperature, 
ap::9roximately the same peak temperatures were obtained . Tho short 
cycle ( 96 seconds) did not, however , allow the blade to cool completely 
as was the case with the 180 second cycle . In botb cases the initial 
rate of cooling was similar and at tbe end. of the beating ~er~od the 
surface temperatures quickly dropped below 320 F and a nevT ice forma­
tion was allowed to form . The surface temperature sbould eventually 
return to a value equal to tbe ambient temperature p2.us the local 
kinetic tem::?erature rise . 'l'he average rate o:t blade temperat~e rise 
did not vary greatly with tbe i cing or operating conditions nor ~-ri tb 
the radial or chordal position . An average rate of tem:;.)erature rise 
of approximately 1 . 10° ]!.., per second vras obtained for tbe conditions 
investigated . This rate of rise determ~nes the heating time required 
for any particular condition . The average rate of cooling was such 
that blade temper~tures dropped from 70 to 90 percent of the dif­
ference bet1veen tho peak and. minimum V3.lues in a period approximately 
equal to tho heating period . Thereafter the rate of cooling decreased 
quickly, the minimum tem::9erature being reached in a period two to four 
times the heating period . The heat-off period required is determined 
by tbis rate of cooling and by the amount of ice that can be allowed 
to form on the blades . 
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Figure 8 sbov!S .Jbotog:raphs of ty-_p:i.cal residual ice !.'emaining on 
the blades after cyclical de-icing wi tll the exter.no.l beater . IH tb 
tbe exce;_;tion of investiga-liions ruade at alr cemperatures greater 
than 20° F , a beating time of 12 seconds 1vas insuff~_cient for effective 
de-icing . At tbo lovrer teror;.eratures both a longer beating time 
( 24 seconds) and c,reater power input were required . In general, a 
ratio of the beating time to total cycle time of 1:4 gave tbe best 
results through the J:ange of contiitions investigated. As a result 
of investigations made ~Yith varions chord•tTise beat d.istr-ibutions , 
the roost effective beat di.stribution was found to oe one ap~.roacbing 
Utljfol~ity . At 200 to 25° F, a uower density of a~proximatcly 5 
to 6 watts :per square i.nch 1vas satisfactory . At 100 to 15° F , ~Jower 
densities of 7 to 8 •·ratts :?er square inch vre~'e required and it is 
estimated that a})proximately 10 watts per square inch wculcl be required 
at 0° F . The residual ice for:matj_ons shown in figure 8 are in most 
cases causec1 by ice forming on unheated areas and briclc;ing over to the 
heated region . For effective de - icing it is considered necessary 
to heat all the area where ice forms especially in the outer 60 percent 
of the blade vrhero most of the thrust of' tbe propeller is developed . 

Internal Blade Heater. - With continuous beating of the blades 
tbe power requirements vere found, as in tbe case of the external 
beater , to be a f1mction of tbe icing and operating conditions . At 
a speed of 1000 rpm and an ambient -air temperature of 20° to 25° F, 
marginal ice ~rotection in tbo heated area ~Vas obtained ~Yitb a po~Yer 

input as low as 500 vratts :per blade . Full protection in the heated 
a!·ea at these condi tiona was obtaj_ned vi tb an input of 750 watts :_:Jer blade. 
At tbo same propeller s:peecl ( lCOO rpm ) and ambient-air temperatures 
of 5° to 10° F, 1000 ~Yatts per blade wore required for full ice 
:protect i on . At the eame tomporatures (50 to 10° F ) but ~Vltb a lo~Yer 
pro:pelle::..· speed of 800 rpm, a power input of 1000 ~Yatts per blade 
gave only marginal protection, ~Vitb 1250 watts required for complete 
protection. 

Figure 9 sho~Ys typical curves of tho blade tem1)erature rise 
above ambient temperature lvi tl1 the i.nternal heater·. These curves 
present some of' the thermal characteristics of tlle blade boater and 
are of value in dete1~ining the heating time and pmvor requirements. 
For both propeller speeds tbo temperatures sbovred an initial rate of 
rise of approximately 0 . 5°:por second, \vj_th a rise to 32° requiring 
a;_;proximately 30 seconds for tbe heating povrer (fig . 9) . At a 
propel l er speed of 1000 rpm t;Je temperatures reacl1ed a stable value 
of 51° F above ambient tem:;;erature · n a;J:proximately 3 minutes. At 
a lmmr speed ( 800 rpm ) a stable value of 62° F above ambient tem­
perature was attained in approximately 4 minutes . The rise of tbe tem~el~ 
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ature increment for the unl:eated blade can be attr:i.buted in part to 
release of the heat of fusion as well as changes in the ambient­
air tem~erature. 

Figure 10 shmrs typical va:;.·iation of tho blade surface tem:verature 
with time during cyc1 ical de-j cing vri th the internal heater. These 
curves are in general similar to the curves obtained with the external 
heater. The dash-dot lines represent the freezing isothel~ 32° F. 
The :i.ni tial temperature rJse at -60 sec:onds was caused by tbo start 
of tlle icing sprays. The heating and cooling rates were rnucl1 lower 
than tho values obta:inoo. for the external boater . For the conditions 
shown the average rate of temperature rise was approximately 0. 6° F per 
second. Because of tl1e thermal ca!Jacity of the blacle3, a rather long 
cooling period follm-ring heating was required . This delayed cooling 
ag,sravated runback and re:':reezing at several conditions, causing 
ridges of ice to fo:rrn at the rear edges of the heated area . A 
minimum cooling period of at least three times the beating period 
was required for the blade temperatures to return to the initial 
value. Because of tbe lmr rate of beating, a minimum heating time 
of 25 to 30 s econds was requ.ired . Tem)erature rise rates of from 
0.25° to 0. 75° F per second ·,rere obtai;_ed depending upon the ambient­
air temperature. 

Figure 11 shows photograph s of tY:)ical results of cyclical de­
icing with the internal beatel~ . At 200 F for batt povrer in:_::Juts 
shown, marginal do-icing was obtai.c.ed 1-rith tho results at 1250 watts 
per blade being only slightly better than those at 1000 watts per 
blade. At 5° F poor de-icing was obtained particularly at tlJO lower 
input . The rather large formations at the sbaclc of tho blades should 
be noted. These formations were anchored to the unheated area at 
tho shank and were extremely difficult, and, in some en 8os im:possi ble 
to r emove . The results sbovm in thGse photographs jndicate tbe need 
for longer beating periods and increased power inputs e.s vrell as the 
necessity of proper heat distribution to prevent ice bridging over 
from an unl1ea ted area . 

CONCLUSIONS 

The results of the investigation of electrical blade beaters 
indicate that several im:::,ortant conclusions can be made as to the 
requirements for the design and operation of such systems of pro­
peller ice nrotection. 

The maximum heated areas should be at least equal to the mnximum 
ice-covered area. For the propeller with the exterr~l beaters this 
maxim1~ are extended a distance of 4 inches on botb faces at the 
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shank, t a pering to approxirr.atoly l inch at the tip. Simi.lar although 
sli ghtly gr eater areas were ind i_catcd for tho internally he3ted blade . 
The minimum heated area depends upon the effect of residual ic·e forma ­
tions on propeller perfo:rwance and the a'2-lo•rablo tolerance of sncb 
perfor mance losses . 

For cyclical de - icing a pmver distribution ap::_:Jroaching chord­
wise uniformity j_s j_ndicatE:.d . :B'or ice prevei tion , however , a con­
centration of heat at the leading eO.ge is requil'ed . The radial extent 
and distribution of heat 11ill dope:1d chiefly upon tho propeller 
operating conditions. 'l'he pmrer dens..i. ty is a function of tho ambient­
ai r temperature and hoatine:; tj.me . For heating times of less than 
40 seconds , power der"si ties of 5 to 10 watts por square inch are 
requiired :Lor corresponding ambient temperatures of 250 to 0° F'. 

For the external heater , hoat:Lng ti::nes of 12 to 30 seconds, 
depending upon power input anc1 ·C;om:per ature are required . A cycle 
time four times tho lenGth of t!1e ncatj ng period. gn.ve the best 1·csul ts 
for both beaters. Wi tb t he inte::.'na~ hoator a minimum heating time 
of 25 to 30 seconds is required . 

By comparing the two tY?es of heater, it can be soon that each 
bas certain advantages and disadYantages . Tho external boater can be 
applied to all tnes of blades , botb :Oollow and solid. Compared vrith 
the internal heater, the external boater bas less tl1ermal lag which 
results in a quicke::.· ice removal vri tb loss danger of runback . Tbc 
main disadvantage of the external boater is its susceptibility to 
wear and damage from abrasion . Experience has indicate d that this 
abrasion damage may limit the radia~. coverage to approximately 65 percent 
of tl1e blade radius . An installation -vri tb an internal boater suffers 
no aerod;ynamic penalties resulting from an external shoe and in addition 
is free from abrasion trouble . l<ii tb tbe internal ~1eator care must 
be taken in the disposition of the heater elements to obtain tho corre ct 
boat distribution on tbe extorml surface, and in this respect j.t 
r esembles tho gas - heated blade. Compared with tbc hot-gas system , 
electrical de-icing bas less thermal lag requiring little warm up 
and in general requires a less com~licated heat supply system . 
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ELECTRO-THERMAL METHODS OF PROPELLER ICE PROTECTION 

II - SERVICE EXPERIENCE WITH ELECTRICAL BLADE 

HEATERS IN NACA FLIGHT OPERATIONS 

By Gerard J. Pesman 

Flight Propulsion Research Laboratory 

INTRODUCTION 

Information concerning the service performance of electrical 
propeller anti-icing systems is not plentiful; accordingly, a review 
of the service experience of NACA flight groups with such e~uipment 
during the winter of 1946-1947 is presented . The information was 
taken from service records of airplanes used for icing research and 
from interviews with service personnel and personnel who actually 
participated in the research flights. During these flights the 
airplanes were deliberately flown into the worst icing conditions 
that could be found. 

The data presented are not the results of research programs and 
should therefore be considered as only qualitative indications of 
the service to be expected from such equipment in commercial service. 

EQUIPMENI' 

Two different types of power system were used. One system 
consisted of propeller-hub generators excited by the standard air­
plane power supply. The other system utilized an auxiliary-aircraft 
power plant as a power source . Both wire-insert-rubber and conductive­
rubber blade shoes were used. 

The general configuration of the propeller-hub generator anti­
icing system is shown in figure l. The armature is fastened to the 
rear of the propeller hub. Separate leads run from the armature to 
each blade shoe. The field is attached to the front section of the 
crankcase and is excited by the 28-volt , direct-current, electrical 
system of the airplane . Inasmuch as the field is stationary and the 
armature rotates with the propeller, no slip rings are required. 

The general details of the slip-ring system are illustrated in 
figure 2. Power is supplied by a standard commercial 110-volt, 
400-cycle-per-second , auxiliary-aircraft power plant. The brush­
holder slip-ring assembly of a reversible-pitch propeller was 



138 88UJ?ii3iiiliFIAiEs • 

substituted for the standard unit and the extra brushes were utilized 
for transferring the power to the propeller blade shoes . 

Cross sections of the two types of blade shoe are shown in 
figure 3 . The wire-insert blade shoes consist of rubber with wire­
heating elements molded in place. The heating elements run parallel 
to the length of the blade. The high-heat section on the leading 
edge of the blade was designed to provide either 1.5 or 2 t .imes the 
heating intensity of that on the cambered faces and extends farther 
toward the trailing edge of the blade on the forward face than on 
the rear face. 

The conductive-rubber blade shoe is composed of an insulating 
layer, a conductive-rubber layer, and an abrasion-resistant layer 
on the outside. Copper braid is laid along each side of the shoe 
and the current flows across the bJade through the conductive rubber. 
The center 32 percent of the shoe carries 1.5 times the heat 
intensity of the remaining section. The high-heat section is centered 
on the leading edge. 

INDICA'riON OF REAT H<l'TENSITY REQUIRED 

The various blade-shoe configurations provided four different 
heat intensities that could be compared for effectivennss . These 
heat intensities ranged from 4.8 to 7.5 watts per square inch on the 
leading edge and 2.4 to 3.8 watts per square inch on the cambered 
surfaces. A heat concentration of 4.8 watts per square inch on the 
leading edge and 2.4 watts on the r emainder of the blade shoe did 
not provide adequate protection, although the maximum liquid-water 
content encountered during theicing season was only 0.42 gram per 
cubic meter. The pilots reported continual ice throw-off and fig­
ure 4 also indicates that the anti-icing was not complete. 

A heat concentration of 5 .25 watts per square inch on the 
leading edge and 3 . 50 watts per square inch on the cambered faces 
provided satisfactory protection up to 0 .415 gram of liquid water 
per cubic meter, the maximum encountered with this configuration 
during the icing season . Figure 5 is a synchronized-flash photograph 
of one blade taken during flight and shows that the propeller 
remained free of ice. 

Apparently the heat requirement to adequately protect the 
propeller for the general meteorological and operational conditions 
encountered is fairly critical. Changing the power input from 4,8 
to 5 .25 watts per square inch resulted in a change from unsatisfactory 
to satisfactory operation. It should be noted however, that the two 

cmWIJHE!ti±C. 
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types of blade shoe are not directly comparable inasmuch as the 
ratio of leading-edge to camber -face heat intensity is not the same 
and more rapid heat conduction away from the leading edge takes 
place on the low- input blade shoe. 

SERVICE DIFFICULTIES 

Blade Shoes 

Difficulties and failures encountered in the use of the wire­
insert and conductive-r ubber blade shoes were poor adhesion, short 
circuits, protruding heat elements , and erosion. Figure 6 shows 
the case histories of 10 sets of wire-insert blade shoes and one 
set of conductive-rubber blade shoes plotted against flight time 
and grouped according to difficulties. No definite cause was 
ascertainable for the broken leads of sets 1 and 2. Figure 7 shows 
a hole burned in one shoe of set 3 when an overheated or broken 
section of wire set fire to the rubber. 

Difficulties with obtaining or maintaining proper adhesion of 
the blade shoes to the propeller were frequent . Part of the difficulty 
could be traced to poor room conditions during initial installation. 
It is recommended that blade shoes be installed by experienced men 
in rooms free from drafts and at the proper temperature. 

The trouble experienced in obtaining proper adherence of the 
conductive-rubber blade shoes at installation (set 5, fig. 6) may 
have been associated with the curing process . This process requires 
that the blade shoe be brought to a prescr ibed temperature by passing 
electricity through it and then held at this temperature for a 
specified length of time. Unless the temperature is slowly raised 
and the entire surface temperature che cked periodically at intervals 
of 1 or 2 minutes during the process, local overheating can occur 
and cause deterioration of the adhesive cement . 

Some trouble was also experienced in maintaining the prescribed 
curing temperature because of varying room conditions. It is 
recommended that the curing be done in a room free from drafts and 
wide fluctuations in temperature . 

The set of conductive - rubber shoes in current use has 60 
hours o~ flight time and is apparently in good condition. 

Figure 8 shows the photographs of the leading-edge erosion that 
occurred on one shoe of a set that had been in service for 123 hours 
and indicate that erosion may be a problem. The left photograph 
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shows the general extent of the erosion and the right photograph is 
a close up of the lower end of the shoe where the erosion was most 
severe. Another shoe in this set also had the broken end of a 
heating-element wire extending through a slit in the leading edge, 
as shown in figure 9 . 

Another indicat ion of possible future trouble with the wire­
insert blade shoes is indicated in figure 10. The blade shoes are 
not molded to the shape of the propeller blade and consequently must 
be stretched in some places and compressed in others to make them 
fit. The protrusions usually appear in the compressed sections and 
inspection shows that a buckled wire causes the protrusion . 
Gradually the top of these protrusions will erode and expose the 
wire. 

Figure ll shows the damage to a blade shoe caused by flying 
into a hail storm. 

Gradual breakage of the heating-element wires during the life 
of the blade shoes may also be expected, as tndicated by figure 12 . 
The resistance of two of the shoes remained practically constant 
while the resistance of the other shoe increased during a two week 
period and then stabilized at a higher value . This indicates that 
one of the heating-element wires had broken and r esults in a 
decreased effectiveness of the blade shoe. 

Power Supply 

Propeller-hub separator. - The main difficulties encountered 
with the propeller-hub generators were insufficient capacity, 
problems associated with general mechanical design and fabrication, 
and one open circuit . The present generators have insufficient 
power output to anti-ice the propellers to which they are attached . 
This fault must be corrected before the generators can be considered 
satisfactory. 

Improper seating of the armatures on the propeller-hub barrel 
necessitated modification of some of the generators by grinding or 
shimming to obtain proper seating. The Army also indicates that 
cracking of the stiffening ribs on the armature case has occurred 
after approximately 400 hours of operation. Such difficulties can 
be expected with developmental units and can be eliminated by 
redesigning . 

CUM IMNilAL 
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SLIP RINGS 

No difficulties were expe~ienced with the slip- ring setup and 
brush wear was nor.ma.l as compared to the other brushes in the 
propeller control assembly. 

SUMMARY OF RESULTS 

A study of the service records and service performance of 
electro-thermal anti-i cing systems for propellers installed on NACA 
icing research airplanes during the winter of 1946-1947 gave the 
followiug quali+'itive results : 

l. A heat concentration of 4.8 watts per square inch on the 
leading edge and 2.4 on the camber faces of the propeller blades 
was insufficient for satisfactory anti - icing at an atmospherj_c liquid­
water content of 0.42 gram per cubic meter. 

2. A heat concentration of 5 . 25 watts per square inch on the 
leading edge and 3 . 50 watts on the camber faces of the propeller 
blades was satisfactory in atmospheric liquid-water content to 
0.415 gram per cubic meter . 

3. Service troubles with the blade shoes included open or short 
circuits in the leads, breakage of heating- element wires, and poor 
adhesion of the shoes to the propeller blades . 

4. Possible future trouble with blade shoes may be leading-edge 
erosion and eroding of protrusions caused by buckling of resistance 
wires leading to exposure of these wires . 

5. The propeller -hub generator s have insufficient capacity to 
take care of their present load and have design faults that must be 
corrected . 

' 
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HEATING-ELEMENT WIRE BREAKAGE 
FIGURE 9. 
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