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(Atl investigation baa been conducted in the NACA Cleveland 
icing researoh tunnel to determine the ioing protection provided by 
external rubber-clad blade heaters at several Ming, heating, and 
propeller operating conditioq eta me presented to show the 
effect of propeller speed, ambient-air temperature, liquid-water 
concentration, heating-power density, duration of heating, and total 
cycle times on the power requirements and ae-icing performance of 
the blade heater&,! $CL comparison is made of the results of the 
icing-tunnel investigation with the results obtained during a flight 
investigation in natural ioing oonditions> The maximun ice-covered 
area on the blade was determined and also the maxirmrm heated area 
required. 

Power densities of 4; to 10 watts per square inch were required 
for effective cyclic ae-icing with the best chordwise power distri- 
bution approaching uniformity. Cyclio heating times of approxi- 
mately 24 seconds were required for effective de-icing at the oon- 
ditions investigated with a ratio of heat-on to total cycle time 
of 1:4 giving the best performance. A mean rate of rise of the 
heater-surface temperature of approdmately l.l" F per second was 
obtained. 

INTRODUXION 

An investigation of the icing protectian provided. by(electri- 
tally heated, external, rubber-clad propeller-blase heater? has. \ 
been con&ucte& in the NACA Cleveland icing research t-1. The 
objectives of the investigation were to determine the iciq pro- 
tection provided by the blade heaters and the effeot of several 
icing, heating, and propeller operating oonditions on the heater 

. perfomance . Several methods of obtaining icing protection for 
propellers have been propo&L, including the use of alcohol or 

'. 
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other freezing-point depressants, internal electric blade heaters, 
ani hot-gas de-icing. Flight investigations and theoretical analy- 
sea (referenoes 1 a& 2) have indicated that eleotric power require- 
mente for ice prevention using continuously heated blade heaters 
exceed-that which is readily available on current aircraft. The 
present investigation was primarily concerned with cyclic or inter- 
mittent blade heating as a practical system for use with current 
aircraft generators providing possible power and weight economies. 

Data are presented to show the effect of propeller speed, air 
temperature, liquid-water concentration, heating-power distribution, 
and the duration of heat-on aM heat-off time on the blade-heater 
power requiremejnts and performanoe. The evaluation of the icing 
protection of the blade heaters In terms of the propeller aerodynamic 
performance was planned as part of.the program. The performance 
measurements, however, were inconclusive because of critical a-+ 
undetermined -variations of the tunnel air velocity +x3 the variations 
of thrust and torque measurements were of the same order of magnitude 
as the accuraoy of the instrumentation. 

A comparison is made of the results of the tunnel investigation 
with the performance of similar blade heaters during a.fllght lwes- 
tigation in natural icing conditions. 

The oond.itions of the tunnel Investigation were as follows: 
propeller speeds, 675 and 925 rpm at blade angles of 35' and 25O, 
respectively; air temperature, 2O, ll", and 21' F, with oorre- 
spending liquid-water conoentration of 0.2, 0.4, and 0.9 gram per 
cubic meter, respectively; total power per blade, 675 to 2110 watts; 
power density, 3.5 to 9 watts per square inch; heat-on time, 12 to 
24 seconds, with ratios of heat-on time to total cyole time, 1:4 
iand 1:8. 

APPARATUS AND INSTRWTION 

The propeller on whioh the investigation was oorducted was 
mounted on a modified airplane fuselage louated in the diffuser 
section of the ioing research tunnel. The location of the installa- 
tion and of the water sprays, together with details of the setup, 
are shown in figure 1. The propeller, whloh was driven by an alr- 
oraft engine Moated in the airplane fuselage, was a lo-foot, 5-inoh 
diameter, three-blade, hollow steel propeller havilag 614-101.5-21 
blades. The blade-form oharaoteristios are given in figure 2. 
Eleotric parer for the blade heaters was supplied through auto- 
transformers and an electrotic timer and was conducted to the pro- 
peller through five oirouits and a slip-ring assembly mounted at 
the rear of the propeller hub. 
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Propeller-blade heaters. - The blade heaters consisted of a 
series of parallel chrome1 ribbon heating elements laid radially 
over t%b layers of neoprene and covered with an outer layer of 
abrasion-resisting neoprene, the ribbons being separated by fabric 
insulation. Details of the heater construction are shown in fig- 
ure 3. A view of the heaters before application of the outer layer 
is shown in figure 4(a) and the completed heater installation is 
shown in figure 4(b). The heated area was 45 inches long extending 
to 88 percent of the radius. The chmdwise coverage extended to 
38 and 46 percent of the chord on the camber and the thrust faces, 
respectively, at the 75-percent radius station. 

The chrome1 ribbons were arranged in nine heating elements per 
blade; the two elements at the leading edge and a single element at 
the rear of the thrust face were l/2 inch-wide and the remaining 
six elements were 1 inch wide. The nominal resistances tire 24 and 
12 ohms for the narrow and wide elements, respectively. Power 
leads from the nine elements of each blade wsre connected at a ter- 
minal ring in a series-parallel arrangement to the five power supply 
circuits, thus permitting various combinations of the heating ele- 
ments and power distributions. A diagram of the circuit for a 
typical power distribution is shown in figure 5. 

Instrumentation. - Instrumentation was provided to measure the 
propeller rotational speed, ambient-air temperature, tunnel air 
velocity, blade-surface temperatures, 'power to the heating elements, 
and heat-on and cycle times. 

The velocity distribution at the plane of the propeller was 
determined from a survey of the total and static pressures with the 
propeller removed. The average velocity at the 75-percent propeller 
radius station was based on the static-pressure drop through the 
contractian section of the tunnel, which was then used as an indi- 
cation of the tunnel air velocity. The tunnel air temperature was 
iadlcated by two thermocouples mounted on the tunnel turning vanes 
on each side of the fuselage approximately 15 feet downstream of 
the propeller. The propeller speed was measured by a standard air- 
craft tachometer with an accuracy of f3 percent. 

Surface temperatures were measured by temperature-sensitive 
electric resistance gages that were similar to strain gages. The 
gages were constructed of 1.2 ml1 nickel tire and covered an area 
3/8 by 7/16 inch. The gages were directly cemented to both the 
heated and unheated areas, in such a manner as to minimize strains 
due to propeller operation and were then covered with a thin coat 
of rubber cement as a protection against abrasion. A total of : 
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40 gages was installed on two of the three blades. The installed 
gages axe indicated in figure 4(b). A multiple-bridge circuit was 
used that was compensated by the method described in reference 3 to 
minimize slip-ring snd contact-resistance errors. (See fig. 6.) 
Both indicating and film-recording galvanometers were provided to 

' indicate bridge unbalance. Manual selector switches permitted the 
continuous recording of three temperatures and, in addition, a 
motor-driven aeleotor switch provided successive records of all 
blade temperatures. The temperature gages were statically cali- 
brated before and after installation on the blades. The accuracy 
of the gages before installation, and independent of the circuit, 
was approximately *lo l? but, because of the bridge circuit, the 
method of installation, and the nature of the calibration, the total 
accuracy of the system is estimated to be within So F. 

Observations of the rotating propeller were m&e by using a 
stroboscopic lighting system consisting of a battery of four flash 
lamps synchronized with the propeller. Photographs of the propeller 
ioe formations were also made during rotation using this lighting 
system. As these photographs were unsuitable for reproduction, they 
were used only in the analysis of the heater performance. The 
locations of the flash lamps and the camera are shown in figure l(o). 

Water spray system. - Icing conditions were simulated by spray- 
ing water into the refrigerated tunnel air stream. A battery of 
46 standard air-atomizing nozzles enolosed in a steam-heated fairing 
were located around the periphery of the tunnel immediately ahead of 
the contraction section. The spray water discharged perpendicularly 
to the air stream and was refrigerated to approximately 38' F before 
discharge to assist in obtaining supercooled droplets. 

Icing conditions in the tunnel were determtied by the rotating 
cylinder method (referenoe 4). A survey of the liquid-water distri- 
bution was made using a grid consisting of six vertical cylinders 
spaced 23 inches apart. The cylinders were 2 inches in diameter 
and rotated about their axes at 12 rpm. The ice acoretions on the 
cylinders at 48 points were measured by special tne calipers. 
Droplet size was measured by two double rotating cylinder assemblies. 
The icing-survey equipment is shcwn In figure 7. 

CONDITIONS AND PROCEMTRF: 

The physical parameters used in this investigation oan be 
divided into three main groups: (1) propeller operating oonditions, 
(2) Ming oonditions, and (3) blade-heating conditions. e 
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Operating conditions. - From the velocity survey at the plane 
of the propeller, it was found that the highest velocity at 75 per- 
cent of the propeller radius and full tunnel airspeed was 150 miles 
perhour. The velocity distribution across the tunnel was fairly 
uniform for the first 50 percent of the propeller radius but the 
velocity then decreased sharply with a value at the propeller tip 
approximately 70 percent of that at the center. As most of the 
thrust of this propeller is developed in the portion of the blade 
beyond the 30-percent radius, the average velocity at the 75-percent 
radius was used as the test velocity. A nominal value of 120 miles 
per hour was held during the entire investigation. This velocity 
allowed a tunnel power reserve to oompensate for tunnel icing and 
also allowed operation at advance diameter ratios of 1.1 and 1.4 
for blade angles of 25O and 35O and propeller speeds of 925 and 
675 rm, respectively. The higher speed corresponds to a cruising 
condition for this propeller. The speed of 675 rpm, although 
rather low for this propeller, is representative of the law-speed 
range for large propellers on installations using a large speed- 
reduction ratio. In addition, the differential in speed and blade 
angle was expected to be great enough to show any significant 
changes in icing or heating requirements with these variables. 
Because of the nature of the velocity distribution, the shank end 
of the blades operated at small negative angles of attack; however, 
as the blade section at this region becomes nearly cylindrical, 
such negative angles would have a very slight effect on the pro- 
peller performance and the heat requirements and therefore would 
affect only the region over which heat is required. Icing of the 
tunnel is known to alter the velocity distribution and result in 
an increase in the velocity at the center of the propeller and 
further reduce the tip velocities. All investigations were made 
in fixed propeller pitch with manual throttle speed control. 

Icing conditions. - The investigation was made at three dif- 
ferent icing conditions that were defined by the ambient-air tem- 
perature, liquid-water concentration, and droplet size. The con- 
ditions used were at nominal air temperatures of 2O, ll", and 21° F 
with corresponding liquid-water concentrations of 0.2, 0.4, and 
0.9 gram per cubic meter, respectively. The indicated temperature 
of the tunnel air was maintained within *lo F at operating condi- 
tion3. The thermocouples used to measure the tunnel air temperature 
were incompletely shieldea from the impinging water and the ice; 
hence, they did not give an accurate reading at all conditions. 
From a recent calibration of these unshielded thermocouples against 
completely shielded and isolated thermocouples, a correction was 
obtained that was applied to the data presented. The calibration 
also indicated the accuracy of the air-temperature measurements 
during icing conditione to be approximately So F for temperatures 
below 25O F. 
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The variation of the liquid-water ooncentration with air tem- 
perature is shown in figure 8(a) and the radial distrdbution of 
liquid-water concentration is shown in figure 8(b). The values of 
Liquid-water concentration recommended at the Mount Washington 
Observatory-Weather Bureau meeting of June 1945 and an envelope of 
values from numerous ground and flight observations are also shown 
in figure 8(a). The marked decrease in 11 uid-water concentration 
with decreasing air temperature (fig. 8(a) f for a constant input 
of spray water indioates that--the amount of frozen-water particles 
increased with decreasing temperature. As shown in figure 8(b), 
the liquid-water concentration deoreased toward the propeller tip, 
particularly at temperatures below loo F. 

An average volume maximum droplet size of 55 microns was found 
but no consistent variation with temperature was obtained For the 
range of air temperatures from 0 o to 32O F, droplet sizes of.15 to 
30 microns were reoonimended at the Mount Washington Observatory- 
Weather Bureau meeting.of June 1945. This difference between the 
recommended and the tunnel droplet size was, however, oonsidered 
unimportant as the propeller airfoil se&ion has a leading edge of 
very small radius. As indicated in reference 3, the blaaes would 
have a collection efficienOy very 01088 to 100 percent for all 
droplet sizes larger than those recommended. Collection efficiency 
is aefinea as the ratio of the cloud intercepted to the cloud avail- 
able. Small variations in collection efficiency near 100 percent 
would, however, have an important effect in determining the ohord- 
wise extent of icing. 

Although the liquid-water concentrations used in the tunnel 
were less than those recommended, they were oonsidered to be rep- 
resentative of the moderate-to-light icing conditions normally 
encountered.. The limited data given in reference 4, bowever, 
showed the greatest frequency occurring in the range of 0.1 to 
0.6 gram per cubic meter. Time limitations prevented repeating 
the tunnel oalibrstion of liquid-water concentration and distri- 
bution during or after the investigation. Visual observations of 
the spray cloud and the ioing of the setup and the tunnel, together 
with readings of the water flow and the spray pressures, indibated, 
however, that the icing oonditions remained reasonably constant 
throughout the research program. 

. 

Blade-heating conditions. - The heating-power distribution of 
the beaters is shown in figure 9. Not all configurations were 
investigated at all iolng and operating oonditions. Thgextent of 
investigation of each configuration was determined by t?Ie degree 
of icing protection obtained. Power densities greater than those 
used were prevented by the electrical limitations of the beaters 
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and the power circuit. Pattern 1 is an approximation of the heating 
power used in previous flight investigations. The other configura- 
tions were obtained by increasing both the chordwise coverage and 
the power densities. The powers listed in figure 9 are for a single 
blade only. It was desired to obtain controlled de-icing with cyclic 
heating by sufficiently melting the inner face of the ice during 
each cycle to allow the centrifugal forces to throw off the ice form- 
ations before they became large enough to shed automatically and 
cause damage or unbalance. The heating patteMls were selected to 
obtain this result with maximum ice removal for minimum expenditure 
of energy and also to minimize the rutiback and refreezing of melted 
ice on the unheated areas. The radial variation of the heater cover- 
age on the blade in percentage of chord is presented in figure 10. 
The location of the heater elements is also shown. 

The duration of the heat-on and total cycle time was varied to 
obtain the following four combinations: 

Ratio of Heat- Total 
heat-on on cycle 
to total time time 
cycle time (set) (set) 

1:4 12 48 
24 96 

1:8 12 96 
23 184 

These times and cycles were selected on the basis of previous inves- 
tigations, the estimated rate of temperature rise, and the estimated 
icing rate. 

RDSULTSADDDI5CU55ION 

Ice formations on unheated blades, the results of oyclio de-icing, 
and a comparison of the results of the tunnel investigation with those 
obtained in flight are aiscuaaea. 

Ice formation'on unheated blade. - Typical ice-covered areas on 
both the thrust and canber face for the $wo propeller speeds at each 
of the three ambient-air temperatures are shown in figures 11 to 13. 
The maximum percentage of ice-covered element area on each of the 
nine heating elements during the unheated condition for the speed 
and the temperature conditions studied is presented in table I. 
These iced areas were determined from observations and photographs 
made during the unheated part of the heat cycle and during a few 
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icing studies. Observations indioated that the extent of the ice- 
covered areas aid not change materially for ioing periods greater 
than approximately 30 seconds, exoept at air temperatures of 21° and 
20 F. At a temperature of 21° F, a large proportion of the droplets 
impinging onthe blade didnotfreeze beoause ofthehighblade- 
surface temperature and an emding effect was noticed on the small 
ice formations present. At the low temperature (2O F), the large 
percentage of frozen droplets in the spray aloud caused the initial 
ice formations to erode inward from the tip to approximately 50 per- 
cent of the blade radius within a period of about 3 to 5 minutes. 

The data given in figures 11 to 13 and. table I refer to the 
ioe-covered element areae only and do not indicate the thiokness of 
the ice formations. No direct measurements of the ice thickness 
were made for all oonditions, but from visual observations and rough 
measurements a maximum ice thickness of approximately 3/8 inch after 
3 minutes of Ming was obtained at the leading edge of the shank 
end of the blade ana gradually decreased towards the ice-free areas 
at the tip and trailing edge. 

No great variation in the iced area was obtained for the con- 
ditions investigated. The effect of propeller speed on the iced 
area for the aoriditione of this investigation was negligible in 
most cases. A greater variation was due to the icing conditions 
(ambient-air temperature and liquid-water concentration). At the 
highest temperature and water ooncentration (21° F and 0.9 gram/cu m), 
a rough and irregular formation of glaze ioe was obtained. At these 
oonditions, the greatest variation in ioed area with propeller speed 
was observed. The large variation was probably caused by the neces- 
sity of a smaller foroe to throw off the heavy wet ice formations 
and also by a suffioient difference in the kinetic temperature rise 
to cause a larger portion of the blade to be above a temperature of 
32O F at the higher speed. At ll" F and 0.4 gram per cubic meter, 
the iced area on the camber face was only slightly less than at 
21° F but the ice was harder, being more of a rime formation, and 
adhered strongly to the blade heater and the metal. On the thrust 
face, a decrease in the iced area was obtained with the greatest 
difference occurring at the lower speed. Lowering the temperature 
from ll" to 2' F again slightly decreased the ice-covered area on 
both faoes. This ice was extrmely bard and smooth. 

It should be noted that the iced areas referred to in fig- 
ures 11 to 13 and table I are the heater-element areas and do not 
inolude the unprotected area of the blade. Ice occurred as small 
deposits on the leading edge beyond the heater area and at the 
rearward edge of the heater at approximately 50-percent radius 
although very little was notea on the unprotected portion of the 

. . 
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blade. As previously indicated, the ertent of the blade icing was 
determined from the area ioea during the unheated part of the heat 
oycles and during a few icing studies and henoe is not fully repre- 
sentative of a complete study of blade icing. In addition, the ice 
formations are typical for only this blade and would probably differ 
for other blade designs. From a consideration of the ioe formations 
and the kinetic temperature rises obtained at the conditions inves- 
tigated, there is a possibility that the ioe formations whioh would 
be obtained at higher rotational speeds would be of a less serious 
nature both as to the area covered and the type of ioe. Inoreasing 
the water ooncentration with the other conditions remaining the 
same would probably result in a thioker and different type of ioe 
formation with very small ohange in the iced area. 

The results given in figures 11 to 13 and table I show that 
the maximum chordwise extent of icing was found to cover a surface 
width on both faces of the blase varying from 6; inches at the 
shank to 3 inohes at the tip end of the heater. The radial cover- 
age varied from 85 to 100 peroent of the blade radius. 

Cyclic de-icing - The results of a preliminary study of the 
power and the de-i&g times required for an initial ice removal 
are shown in figure 14. Heat was applied after the blades had been 
allowed to ice for 3 minutes and the time to remove ice m the 
vaxious areas was noted. Although there was not a close degree of 
consistency in the time for ice removal, the results do indioate 
limits for power density and de-icing times. For the oonditions 
indicated on figure 14, a maximum de-ioing time of approximately 
40 seconds would be required at a power density of 3.5 watts per 
square inch. An upper limit for power density of approximately 
8 to 9 watts per square inch is indicated with a corresponding 
.de-ioing time of 2 to 8 seconds. Raising the ambient-air tempera- 
ture from ll" to 20° F reduoed the heat-on time about one-half at 
the same power density. The data indioate a greater power or time 
requirement at 925 rpm than at 675 rpm for the same ambient-air 
temperwture. 

The results of the investigation of cyclio de-ioing are pre- 
sented in table II as the peroentage of the heater area that was 
ioe-oovered for the different conditions. The data given in table II 
indicate the relative amount of de-ioing obtained with each power- 
distribution pattern for each set of conditions averaged over the 
entire heated area. 

When the heating oyale was changed frcm 12-96 to 24-96 with 
pattern 5 at 2O F, considerably better de-icing ooourred on both 
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faces. At the 23-184 cycle, which bad the same energy input as the 
12-96 cycle, the de-icing with pattern 5 showed a considerable 
increase on the thrust face and very little change on the camber 
face. Pattern 5 gave better de-icing than pattern 9 under the ssme 
conditions at 2O F. ‘ 

At an ambient-air temperature of Ilo F and corresponding 
liquid-water content of 0.4 gram per cubic meter, the smallest ioe- 
covered area was obtained tith the 24-96 heating cycle, pattern 4 
giving slightly better performance than patterns 8 and 9. At the 
23-184 cycle, pattern 5 gave the best performance, particularly on 
the camber faoe. At both the 12-48 and 12-96 cycles, extremely 
poor results were obtained for all the patterns, particularly on 
the camber face. At 21° F, good de-Ming was obtained for all 
distributions with the exception of pattern 2 at 675 rpm and the 
12-96 cycle. I 

The de-icing effectiveness of each of the heater elements for 
several different oondltions of propeller speed, ambient-air temper- 
ature, power aamy, heat-on time, and cycle ttie are presented 

in figure 15. The de-icing effectiveness was defined as 600 - 2) 

where Al is the percentage of ioe-covered element area following 
heating and A2 is the percentage of ice-covered element area 
previous to heating. These percentages were obtafned from a close 
study of photographs taken during and after de-icing together with 
visual observations of the de-icing obtained. No general relation 
of de-ioing effectiveness was obtained with any of the variables of 
propeller speed, ambient-air temperature, power density,and heat-on 
and. cycle times. The maximum over-all effect-lveness for all condi- 
tions was obtained with pattern 9 (fig. 15(i)). ELgh effectiveness. 
was also obtained with patterns 1 and 2 (patterns are the same as 
those shown in fig. 9) for a 12-96 cycle at an ambient-air temper- 
ature of 21° F (figs. 15(a) and (b)) and also with pattern 5 for 
the 23-184 cycle at 11' F (fig. 15(e)). In pralbtically every case, 
the effectiveness on the camber face was considerably less than 
that-obtained at the leading edge and the thrust face. Neither 
raising the puwer density at the rear ofthe heater and thus 
approaching a uniform distribution as in patterns 5 and 9 nor the 
use of an unsymmetrical distribution (pattern 5) gave complete ice 
removal on the camber face for all icing and speed conditious. 

Photographs of typical residual ice formations are shown in 
figures 16 to 23. The chordtise limit of the heated area is 
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i 
indicated on each photograph. The residual formations in some cases 
include ice fomnations formed after the final heating period. Suc- 
cessive layers of ice oan be seen on many of the photographs 
resulting from the intermittent removal and rebuilding of ice. (See 
figs. 22(b) snd 22(a).) 

With optimum heating power density, heat-on time, and cycle 
time the following results were observed (table I and figs. 16 to 23): 
At an ambient-air temperature of 21' F, effective de-icing was 
obtained at the leading edge with power densities as low as 48 watts 
per square inch; both the 12-48 and 12-96 cycles gave effective 
de-icing. At 110 F, a power density of 7 to 9 watts per square 
inch was required for effective de-icing. Both the 24-96 and the 
23-184 cycles gave good results at these power densities although 
slightly more efficient de-icing was obtained with the 96-second 
cycle time. Power densities of 7 to 9 watts per square inch were 
not completely effective at 2' F but it is estimated that a density 
of 10 watts per square inch would be satisfactory at this tempera- 
ture . The best results at 2O F were obtained with the 24-96 and 
23-184 cycles. 

Typical curves of the time variation of blade temperature for 
several patterns, propeller speeds, heat-on times, cycle times, and 
icing conditions are shown in figures 24 to 31. The shape of the 
heating and cooling curves are very similar for the various radial 
and chordal positions, speed, heating, and ioing conditions. As 
might be expected, the presence of ice formations precludes any 
correlation between the blade temperatures at various chordal 
positions except as affected by differences in local heating power 
densities. . 

A greater divergenoe in the shape of the cooling curves than 
in the heating curves was obtained for Practically all oonditions, 
possibly because new ice aejjosits were forming during the cooling 
period. From the time of heat cut-off, the temperatures dropped 
sharply for approximately 75 to 90 percent of the difference 
between the peak and the minimum temperature in a period approxi- 
mately equal to the heat-on time. Thereafter the rate of cooling 
reduced quickly, the minimum temperatures being reached in a period 
two to three times the heating period. The rate of cooling increased 
as the surface temperature increased. In general, the temperatures 
at all points approached their minimum values in about the same 
period of ttie for each oombination of heat-on and cycle time. In 
addition, the temperature at practically every point returned after 
each heat application to the value at the start of the cycle with 
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the exception of the curves in figure 31(a), which were initial 
cycles in which the initial injection of water disturbed the sta- 
bllized conditions by momentarily raising the ambient-air temperature. 

The chordtise variation of the blade-surface-temperature inore- 
ment during oyolic de-icing at four radial stations for the various 
conditions is pesented in figure 32, The temperature increment is 
defined as the rise in blade-sLUf8Ce temperature from the applica- 
tion of heat at the start of the cycle to the maximum temperature 
obtained at the tFme af heat cut-off. Only a few values of tempera- 
ture increment at the leading edge are presented because the gages 
at this position were quickly d8maged by water erosion. Little 
ch8nge appears in the tem-perature fnorement at the four radial 
St8tionS. This effect Is probably due to the presence of ice, which 
would obscure most of the effects of kinetic heating or convective 
cooling and thus the local power density would have the dominant 
effect. Aa shown in figures 32(a) and 32(b), the increment for 
pattern 5 w&s fairly constant on the heated area and decreased 
sharply on the unheated area of the thrust face. For patterns 8 
and 9, which had a nearly uniform power density over 811 the are8, 
the increment was practio8lly constant over the entire heater area. 
(See figs. 32(c), 32(d), and 32(e).) The inaccuracy of the air- 
and blade-temperature measurements preclude making any further 
correlation of the blsde-temperature increment with icing or oper- 
ating conditions. 

Y 

Rates of blade-temperature rise wore obtained by dividing the 
temperature inorement by the heat- time. Rates of rise of 0.50 
to 2.4O F per second were obtained with 8 mean value of approxI- 
mately l.l" F per second occurring over 8 chordwise distance of 
3 inches of heated area on e8ch face of the blade. For the range 
of conditions invest;igated, the average rate of rise appeared 
independent of the air temperature. 

Comparison of tunnel and flight results. - In order to establish 
the validity of the icing-tunnel data, a comparison was made between 
typical resuLta Obt8ined from a flight investig8tion in natural 
icing conditions and those obtained in the tunnel. Photographs of 
icing and de-icing obtained in flight are shown in figures 33 and 34. 

The propeller used in the flight-investigation was a three- 
blade, hollow, steel propeller of'l2.$-foot diameter.- The blades 
had extended trailing edges giving a maximum chord of 15 inches. 
The blade airfoil section and leading-edge radtia were similar to 
those of the propeller used In the tunnel investigation. An external 
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rubber-clad electrioal blase hester of the tire-inserted type ~8s 
used. The heater was 49 Inches long and 5% inohes wide extending 
to 80 percent of the radius and to 19 peroent3& the maximum ohord 
on both faces. A GonCentr8ted heating 8re8 Q inches wide 8t 
7.5 watts per square inoh was centered on the leading edge and, the 
remainder of the heater was at 3$ watts per square inoh. These 
densities were obtained by spacing the heating wires at l/16- and 
l/8-inch intervals, respeotively. The hester was desiepled to 
operate at a power input of 1470 watts per blade at 110 volts. 

. The results shown in figure 33 were Obtained st a true air- 
speed of 190 miles per hour; propeller speed, 955 rpm; ambient-air 
temperature, -10' F; liquid-water oonoentration, 0.1 gr8m per cubio 
meter; blade angle, 35O; droplet size, llmicrons. The formation 
shown In figure 33(a) was obtsined after 8 minutes of IO-. The 
ice appeared smooth and hard and ~8s confined to the leading-edge 
area and extended to 8pproxLmately the 75-percent-radius station. 
Aslmilartype of ice, although covering a greater area, was 
ObtgliIIed in the tunnel at 2' F and-O.2 gram per cubic meter. (see 
figs. 20(a) snd 20(b).) Fairly good de-icbg was Obt8iU?d, 8s 
shown in figure 33(b). Small residual formations and 8 slight 
amount of runback st the sh8nk end of the blade are evident. 

Figure 34(a) shows the ice formation obtained after 16 minutes 
at the following conditione: true eirspeed, 213 miles per hour; 
propeller speeU, 1070 rm; ambient-air temperature, 25O F; liquid- 
water concentrstion, 0.2 gram per cubic meter; blade angle, 34O; 
droplet size, 18 microns. A rough, irregular formation of semi- 
glaze ice was obtained. The formation was 8gain oonfined fairly 
well to the leading edge although it covered 8 greater ohordwise 
diSt8nCe than 8t -10' F. Asome&& similar type oficewas 
obtained in the tunnel (figs. 17(a) to 17(d)). Complete de-icing 
was obtained upon the applioation of heat (fig. 34(b)). 

In oomparing the flight results with the tunnel data, several 
factors mu& be considered. Because the propeller Used in flight 
had 8 greater diameter and 0perate.d at higher speeds, grester kinetic 
t#mpeZ?atI,U?e rises were obtained than in the tI.InIIel investigation. 
Hence the heating requireanents may be lees at similar icing condi- 
tions. The w8ter concentration at the lower flight temperature 
(-loo F) was approximately equal to 8n extr8polation of the curve 
of tunnel conditions, but is oonsiderably lower th8n either the 
envelope curve or values recently obtained at the s8me temperature. 
At the higher flight temperature (250 F), the liquid-wster 
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conoentration was approximately one-fifth that obtained in the tunnel. 
The droplet Sizes enoountered In flight were small enough to give a 
collection efficiency of 90 to 95 percent. Hence the impingement 
area was aonfined to a small region on the leading edge. The large 
droplets obtained in the tunnel resulted in praotically lOO-peroent 
oollection effioienoy, whioh-caused icing over a greater area. 
TheSe oonsiderations, together with the fact that small positive and 
negative angles of attsck were obtained in the tunnel (resulting 
from the nonuniform velocity distribution), help to explain fairly 
8deqU8tely the differences in the extent and the location of the 
iced. areas. Because the ice formations in flight-were confined to 
the leadIng edge, the power den&ty 8t' this locstion (7.5 watts/ 
sq in.) must be used in ccmmring the flight and the tunnel data. 
ApproxUately this same value was used in the tunnel investigations 
on the leading edge with the exoeption of patterns 1 and 9. In 
figure 14, it oan be seen that iae removal at 20° F and 7.5 watts 
per square inoh was Obt8imd in 2 to 8 88COIldS. 

The frequency With which any combination of liquid-water con- 
centration, droplet Size, and air temperature occurs in natural 
icing conditions is not fully knrrwn. The lImited data in refer- 
enoe 2, however, indicate that the tunnel conditions azw on the 
high side of the maximum frequency, whereas those oited from typical 
flight results are Slightly low. The power and the heated ar8a 
requirements shown by the tunnel data may therefore be Slightly con- 
SerV8tiVe; whereas thOS8 from flight may prove marginal in some 
aS88. 

The results of this investigation of extemal rubber-clad 
blade heater5 am 6niZed 88 follows: 

1. The experimental heater area included the maximum ice- 
oOVer8d area for all tbe conditione investigated except for small 
areas at the blade tip and at the 50-percent radius on the camber 
face. 

2. Heating pattern 9 gave th8 mOSt effective Over-811 de-icing, 
Where86 J+tt8I?n 5 was only slightly 1865 effective. &i.l the pat- 
terns investigated 18ft r8SidU%l ice formations on the Camber faoe 
at the rear margin of the heated ar8a. 

3. At an ambient-air temperature of 21° F, a power density af 
4; watts per square inoh gave satisfactory de-ioing. Lowering the 
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ambient-air temperature to 11' F required an inorease in Rower den- 
sity of 7 to 9 watts per square inch. No effective de-ioing was 
obtained at 2' F for the Rower densities investigated. 

4. Cyclic heat-on times of 23 and 24 seconds gave th8 best 
de-ioing through the range of conditions investigated. The 
12-88COnd heat-on time was effective only 8t ambient-air tempera- 
tures greater than 21° F. Total cycle times of 96 and 183 seconds 
were satisfactory. In most cases the best performance was obtained 
with 8 ratio of heat-on to total cycle time of 1:4. 

CORCLUSIONS 

IWxn this investigation, several eignifioant oonolusions C(UI 
b8 drawn oonaerning the requirements for the design and the apera- 
tion of an external rubber-clad eleotrio blade heater. Due con- 
sideration must be given to the differenoe between the simulated 
and the natural icing conditions and to the speoial oonstruction of 
the experimental heating element. 

1. The maximum heated are8 should be at 18aet equal to the 
m8xbum ice-covered area. The minimum required heated area oannot 
be exactly defined in the abS8nC8 of more complete data ooncerning 
the frequenoy of icing conditions and the effects of residual ice 
formations on propeller performance. The radial extent 0s heating 
depends upon the kinetic temperature rise and, therefore, is a 
function of the propeller diameter, rotational speed, and forward 
velocity. 

2. All the results showed a need for more heat on the rear 
margin of the heated area of the camber face indicating the optimum 
distribution to be one approaching chordwise uniformity. 

3. The estimation is made that power densiti8s of 4i to 
10 watts per square inch are required for the temperature range of 
21° to 2O F. 

Flight Fropulsion Research Laboratory, 
National Adtisory Ccaranittee for Aeronautics, 

Cleveland, Ohio, September.3, 1947. 
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TABIEI-M.AXDKM EERXKTAGEOFELXMENT 

ARIU COVEKED BY ICE ON UNBEMXD BLADE 

Ambient- Pro- Area covered by ice 
air peller (percent) 
temper- apeed Blade-heater element 
ature 

(W 
bd Camber face Thrust face 

413 1211 5)6(7(819, 1 I I I I I I 
l-3 675 97 70 50 35 92 37 15 5 0 
1 -3 925 97 80 60 45 93 38 20 5 0 
9 - 13 675 100 97 85 72 100 42 3 0 0 
9- 13 925 97 92 87 75 92 23 3 0 0 

19 - 22 675 100 100 95 83 100 100 65.48 10 
19 - 22 925 100 100 95 80 100 92 0 0 0 

National Advisory Committee 
for Aeronautice 



TABLE II- RFSUL-TS OF CYCLIC JS-XCINO MATIOIIAL AOVI~RY 
COYYI TTEE FOR AEROWAUTI CS 

12 96 1 675 21 0.9 7 
x 775 800 T:. .9 .4 4 0 

ii :: : 17 
16 23 48 0 44 a 

: 1846 1450 112 .4 .2 -- - -- - - 0 zi 10 2 - 

i 1955 1810 2 .4 .4 -r - 9 - 3g- ---- 5 ii - 

. , , 
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Figure 1. - Propeller-icing instal tat ion in icing research tunnel. 
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NATIONAL ADVISORY 
COMMI TTEE FOR AERON ALIT I CS 

1.2 .12 60 Hea ted 
length 

45 inches 
I I -Bare blade 

1 \\I ---Blade and haate II 
I I I I I 

0 0.2 0.4 0.6 0.8 1,O 
Propeller-radius ratio, P R / 

Figure 2. - 01 ade- form character1 sti cs for p rope1 I er bl ade with exter- 
nal rubber-clad blade heater. 
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Blade - 
- Flrnt ply - 0.024 in. 

SecDnd ply - 0.024 In. 

0.005 x 1116 heater ribbons 

- 1116 fabric 

1Cut.r ply - 0.024 in. 

IATIOWAL ADVISORY 
COYUITTEE FOR AEROWAUTI CS 

Figure 3. - Detail5 of construction of electrlcal,external, rubber-clad propeller-blade heaters. 
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( al Before instal I ation of 
outer I ayer. 

lb) Completed blade 
heater. 

Fi gure 4. - Views of propeller blade with electric, extema’l, rubber- 
cl ad p rope1 I er-bl ade heaters. 
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N ATI ONAL ADV I SORY 
COMMITTEE FOR AERONAUT1 CS 

power power oontlrol- Electronio wattmeters* 
SWPl 

3 
ling auto- cgole tlmlng 

208 vo t transrorraers controller 

Element 
1 

Figure 5. - Typical blade-heating circuit. 
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-40 electric resistance gages on 
blades 

-Slip rings 

Electrical 

Bridge Elements connected galvanometer 

A l- 40 Indicating an9 
recording 

: On film NATIONAL ADVI’SORY 

D recorder COYMI TTEE FOR AERONAUTICS 

l- 40 On motor switch 

aJ 
R 

'ctor 

Figure 6. - Schematic diagram of blade-surface temperature-measuring 
system. 
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Figure 7. - I ci ng-survey equ i pment for I iquid-water concentrations and 
droplet-size measurements. 
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N ATI ONAL ADV I MRY 
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s3.2 
I I I I I 

Envelope of values 

-lo 0 10 20 30 40 

fi Alr temperature, OF 

7 

s 

(a) Varlatlon of liquid-water concentration with air 
temperature. 

a I I I I I I I I 1 . * I I I 
2 t 

I I I I I I I 
I I I I I I I t 0 3 i t 

0 .2 .4 .6 .8 1.0 
Propeller-radius ratio, r/R 

(b) Radial dIstrlbutlon of liquid-water concentration. 

Figure 8. - Icing conditions for propel la-icing research. 
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NATIONAL ADVI SORY 

10 - COMMITTEE FOR AERONAUTICS 
Leading edge I 
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Pattern 1 
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Figure 9. - Chordal-heating power distribution. 
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NATIONAL ADVISORY 

0 
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Figure IO. - Radial variation of chordwise-location heater elements and 
temperature gages. 



34 NACA TN No. 1520 

NATIONAL AWL SORY 
COWI TTEE FOR AERONAUTICS 

Camber taco 

Thrust face 

(al Propel ler speed, 675 rpm. 

Camber face 

Thrust face 

(bJ Propeller speed, 925 rpm. 

Figure II. - Typical ice coverage obtained on unheated blade at am- 
bient-air temperature of 21 o F and I Iquid-water concentration of 0.9 
gram per cubic meter. 
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Camber face 

Thrust face 

(a) Propel ler speed, 675 rpm. 

I 

Camber face 

_ , 
J 

Thrust face 

(b) Propeller speed, 925 rpm. 

Figure 12. - Typical ice coverage obtained on unheated blade at ambient- 
ai r temperature of i I o F and liquid-watqr concentration of 0.4 gram 
per cubic meter. 
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Camber face 

Thrust face 

(aJ Propel ler speed, 675 rpm. 

Camber face 

Thrust face 

Lb) Propel ler speed, 925 rpm. 

Figure 13. _ Typical Ice coverage obtained on unheated bfade at ambient- 
air temperature of 2’ 
cubic meter. 

F and I iquid-water concentration of 0.2 gram per 
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NATIONAL ADVI SORY 
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I I I 

Ambient-air Liquid-water Propeller 
temperature concentration 

(OFI (gradcu m) 
speed 
( rpm) 

0 11 0.4 925 
.8 925 
.8 675 

Power density, watts/sq In. 

Figure 14. - Variation of de-icing time with power density at several 
icing ano propel lef-speeo condi tions. 
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Figure 15. - Variation of de-icing effectiveness at various conditions. 
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(c) Heating pattern 2. 

Figure 15. - Continued. variation of de-lcirig effectiveness at various 
conditions. 
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(d) Heating pattern 4. 

Figure 15. - Continued. Variation of de-icing effectiveness at Various 

condi ti ons. 
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(e) Heating pattern 5. 
Figure 15. - Continued. Variation of de-icing effectiveness at various 

conditions. 
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Figure 15. - Continued. Variation of de-icing effectiveness at various 
conditions. 
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Figure 15. - Continued. Variation of de-icing effectiveness at various 

conditions. 
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Limits 
of heated Camber face 

Thrust face 

(al Propel ler speed, 675 rpm. 

Limits 
of heateo Camber face 

area 

NACA 
Thrust face CA9377 

8.2i.47 

Ib) Propel ler speed, 925 rpm. 

Figure 16. - Views of residual ice after cyclic de-icing with heating* 
pattern I. Amblent-ai r temperature, 21’ F; heat-on time, 12 seconds; 
cycle time, 96 seconds. 
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Limits of 
heated area 

Camber face 

Thrust face 

(a) Propel ier speed, 675 rpm; ambient-air temperature, 21’ F; heat-on 
t ime, 12 seconds; cycle time, 48 seconds. 

Llml ts of 
heated area 

Camber face 

NKA 

Thrust face 
.-. 

c 19378 
8-21-47 

. (b) Propel ler speed, 925 rpm; ambient-al r temperature, I lo F; heat-on 
time, 12 seconds; cycle time, 48 seconds. 

Figure 17. - Views of residual ice after cyclic de-icing with heating 
pattern 2. 
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Limit8 of 
heated area 

Camber face 

Thrust face 

(cJ Propeller speed, 675 rpm; ambient-air temperature, 21° F; heat-on 
time, 12 seconds; cycle time, 96 seconds. 

Limits 
of heated 

Camber Face 

area-( 

Thrust face 
NACA 

c 19379 
8.21.47 

IdI Propel ler speed, 925 rpm; ambient-air temperature, 21’ F; heat-on 
time, I2 seconds; cycle time, 96 seconds. 

Figure 17. - Continued, Views of residual ice after cyclic de-icing 
with heating pattern 2. 
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Limits of 
heated area Camber face 

NACA 
c. 19330 

.8.21.47 

Th rust face 

(el Propeller speed, 675 rpm; ambient-al r temperature, 2’ F; heat-on 
time, 24 seconds; cycle time, 96 seconds. 

Figure 17. - Concluded. Views of residuai ice after cyclic de-icing 
with heating pattern 2. 
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Llmlts 
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(al Propel ler speed, 675 rpm. 

Liml t6 
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53 

Thrust face 
NACA 

c-19381 
8-21-47 

(bl Propel ler speed, 925 tpm. 

Figure 18. - Vie& of residual ice after cyclic de-icing with hgating 
pattern 3. Ambient-air temperature, I lo F; heat-on time, I2 seconds; 
cycle time, 96 seconds. 
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Limit5 of 
heated are 

Th rust face 

[a) Ambient-al r temperature, 2’ F; heat-on time, 24 seconds; cycle 
time, 96 seconds. 

Limlta of 
heated area Camber face 

Th r&t face 

(b) Ambient-air temperature, I to F; heat-on t Ime, 24 seconds; cycl e 
time, 96 seconds. 

Figure 19. - Views of residual ice after cyclic de-icing with heating 
pattern 4. Propel I er speed, 925 rpm. 
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Camber face 

Thrust face 
NACA 

c. I9383 
8.21.47 

(cl Ambient-air temperature, I lo F; heat-on time, 23 seconds; cycle 
time, 184 seconds. 

Figure 19. - Concluded. Views of residual Ice after cyclic de-icing 
.with heating pattern 4. Propel I er speed, 925 rpm. 
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(al Ambient-air temperature, 2O F; heat-on time, I2 seconds; cycle 
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(bl Ambient-air temperature, 2’ F; heat-on t irne, 24 seconds; cycle 
time, 96 seconds. 

. 

Figure 20. - Views of resiaual ice after cyslic de-icing with heating 
pattern 5. Prope I I er speed, 925 rpm. 
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Limits 
of heated ~- / 
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Thrust face 

(cl Ambient-al r temperature, 2’ F; heat-on time, 23 seconds; cyc I e 
time, 184 seconds. 

Llmite 
of heated Camber face 

Thrust face 

(dl Ambient-air temperature, I lo F; heat-on t Ime, 23 seconds; cyc I e 
t Ime, 184 seconds. 

Figure 20.. - Concluded. Views of residual ice after cyclic de-Icing 
with heating pattern 5. Propeller speed, 925 rpm. 
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Lfmits of 
heated area Camber face 

Thrust face 

a (al Heating pattern 6. 

Limits of heated area Camber face 

Thrust face 

63 

I bl Heating pattern 7. 

Figure 21. - Views of residual ice after cyclic de-icing. Propel ler 
speed, 925 rpm; ambient-air temperature, I lo F; heat-on time, 12 
seconds; cycle time, 96 seconds. 
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(aI Propeller speed, 675 rpm; heat-on time, 12 seconds; cycle time, 
96 seconds. 
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of h 
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_ __-_. 
Thrust face 8.21.47 

(bl Propel ler speed, 675 rpm; heation time, 24 seconds; cycle time, 96 
seconds. 

Figure 22. - Views of residual Ice after cycltc de-icing with heating 
pattern a. Ambient-al r temperature, I lo Pa 
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Thrust face 

- 
(cl Propeller speed, 925 rpm; heat-on time, 24 seconds; cycle time, 96 

seconds. 

Limits of 
heated area 

Camber face 

Thrust face 

(d) Propeller speed, 675 rpm; heat-on time, 23 seconds; cycle time, 
la4 seconds. 

Fi gure 22. - Continued. Views of residual ice after cyclic de-icing 
wi th heating pattern 8. Ambl ent-ai r temperature, I lo F. 
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Thrust face 

(e) Propel I er speed, 925 rpm; heat-on t Ime, 23 seconds; cyc I e time, 
I84 seconds. 

Figure 22. - Concluded. Views of residual ice after cyclic de-icing 
with heating pattern 8. Ambient-al r temperature, I lo F. 
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(a) Propeller speed, 675 rpm; ambient-air temperature, 2’ F; heat-on 
time, 24 seconds; cycle time, 96 seconds. 
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Limits of 
heated area 

Camber face 

Thrust face 

(cl Propel ier speed, 675 rpm; ambi ent-ai r temperature, 2’ F; heat-on 
time, 23 seconds; cycle time, I84 seconds. 
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Limits of / Camber face 
heated area 

c.N& 1 
8.21.47 

Thrust face 

(d) Propel ler speed, 925 rpm; ambient-al r temperhture, 2’ F; heat-on 
t Ime, 23 sec6nds; cyc I e time, I84 seconds. 

Figure 23. - Continued. Views of residual ice after cyclic de-icing 
with heat I ng pattern 9. 
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Figure 23. - Cont i nued. Views of residual ice after cyclic de-icing 
with heating pattern 9. 
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(b) Heat-on time, 24 seconds. 

Figure 24. - Variation of blade-surface temperature with time on thrust 
face auring cyclic de-icing. Heating pattern 5; propel I er speed, 925 
‘pm; ambient-ai r temperature, 2’ F; cycle time, 96 seconds. 
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(b) Heating pattern 5; propeller*8peed, 925 rpm; heat-on 
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Figure 25. - Variation of blade-surface temperature with time on thrust 
face during cycl ic de-icing for two heating patterns. Ambl ent-al r 
temperature, 1 lo F. 
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Figure 26. - Variation of blade-surface temperature with time on thrust 
face during cyclic de-icing. Heating patte’rn 8; ambi ent-ai r tempera- 

ture, Ilo F; heat-on time, 74 seconds; cycle time, 96 seconds. 
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gure 27. - Variation of blade-surface mperature-with .time on thrust 
face during cyclic de-icing. Heating pattern 8; ambi ent-ai r tempera- 
ture, II0 F; heat-on time, 23 seconds; cycle time, 184 seconds. 
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gure 28. - Variation of blade-surface temperature with time on thrust 
face during cyclic de-icing. Heating pattern 9; ambi ent-ai r tempera- 
ture, 2’ F’; heat-on time, 24 seconds; cycle time, 96 seconds. 
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Fi gu re 30. - Variation of blade-surface temperature with time on thrust 
face during cyclic deicing. Heating pattern 9; ambi ent-ai r tempera- 
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gure 3t. - Variation of bladesurface temperature with time on thrust 
face during cyclic de-icing. Heating pattern 9; smbi ent-ai r tempera- 
ture, 11O F; heat-on time, 23 seconds; cycle time, 184 seconds. 
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(b) Heating pattern 6; ambient-air temperature, ll” F. 
Figure 32. - Continued. Variation of blade-surface t-emperature incre- 

ment wi th chordwi se surface distance. 
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Figure 32. - Continued. Vari at*i.on of bl ade-su rface temperature i ncre- 
ment with chordwise surface distance. 
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(d) Heating pattorn 91 ambient-air temperature, 20 F. 
Figure 32. - Contlnued. Variation of bIad&surface temperature incre- e 

ment wi th chordwise surface distance. 
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I al I ce fo rmat ion obtai ned 
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(b) De-icing obtained at 1470 
watts per blade. 
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Figure 33. - Icing and de-icing obtained in flight at true airspeed of 
190 miles per hour. Propel ter speed, 955 rpm; ambient-air tempera- 
ture, -IO0 F; I iquid-water concentration, 0. I gram per cubic meter; 
blade angle, 35’; droplet size, II microns. 
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Figure 34. - Icing and de-icing obtained in flight at true airspeed of 
213 miles per hour. Propel ler speed, 1070 rpm; amb i ent-ai r tempera- 
ture, 25’ F; liquid-water concentration, 0.2 gram per cubic meter; 
blade angle, 34’; droplet size, I8 microns. 


