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SUMMARY

An investigation has been conducted in the NACA Cleveland
icing research tunnel to determine the icing protection provided by
external rubber-clad blade heaters at several icing, heating, and
propeller operating conditions. Data are 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 de-icing performance of
the blade heaters. A comparison is made of the results of the
icing-tunnel investigation with the results obtained during a flight
investigation in natural icing conditions. The maximum ice-covered
area on the blade was determined and also the maximum heated area
required.

Power densities of 4% to 10 watts per square inch were required

for effective cyclic de-icing with the best chordwise power distri-
bution approaching uniformity. Cyclic heating times of approxi-
mately 24 seconds were required for effective de-icing at the con-
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 approximately 1.1° F per second was
obtained.

INTRODUCTION

An investigation of the icing protection provided by electri-
cally heated, external, rubber-clad propeller-blade heaters has
been conducted in the NACA Cleveland icing research tunnel. The
objectives of the investigation were to determine the icing pro-
tection provided by the blade heaters and the effect of several
icing, heating, and propeller operating conditions on the heater
performance. Several methods of obtaining icing protection for
propellers have been proposed, including the use of alcohol or
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other freezing-point depressants, internal electric blade heaters,
and hot-gas de-icing., Flight investigations and theoretical analy-
ses (references 1 and 2) have indicated that electric power require-
ments for ice prevention using continuously heated blade heaters
exceed that which 1s readily availlable 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, liguld-water concentration, heating-power distribution,
and the duration of heat-on and heat-off time on the blade-heater
power requirements and performance. 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 and
undetermined variations of the tumnel air velocity and the variations
of thrust and torque measurements were of the same order of magnitude
as the accuracy of the instrumentatiocn.

A comparison is made of the results of the tunnel investigation
wilth the performance of similar blade heaters during a flight inves-
tigation in natural icing conditicns.

The conditicns of the tunnel investigation were as follows:
propeller speeds, 675 and 925 rpm at blade angles of 35° and 25°,
respectively; alr temperature, 2°, 11°, and 21° F, with corre-
sponding liquid-water concentration 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 cycle time, 1:4
and 1:8.

APPARATUS AND INSTRUMENTATION

The propeller on which the investigation was conducted was
mounted on a modified airplane fuselage loccated in the diffuser
section of the icing research tumnel. The location of the installa-
tion and of the water sprays, together with details of the setup,
are shown in figure 1. The propeller, which was driven by an air-
craft engine located in the airplane fuselage, was a 1C-foot, S-inch
diameter, three-blade, hollow steel propeller having 614-101,.5-21
blades, The blade-form characteristics are given in figure 2.
Electric power for the blade heaters was supplied through auto-
transformers and an electronic timer and was conducted to the pro-
peller through five circuits 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
geries of parallel chromel ribbon heating elements laid radially
over ftwo 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 chordwise coverage extended to
38 and 46 percent of the chord on the camber and the thrust faces,
respectively, at the TS5-percent radius station.

The chromel 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 1/2 inch wide and the remaining
six elements were 1 inch wide. The nominal resistances were 24 and
12 ohms for the narrow and wide elements, respectively. FPower
leads from the nine elements of each blade were 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
contraction section of the tunnel, which was then used as an indi-
cation of the tunnel air velocity. The tunnel alir temperature was
indicated 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 +3 percent.

Surface temperatures were measured by temperature-sensitive
electric resistance gages that were similar to strain gages. The
gages were constructed of 1.2 mil nickel wire 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 are 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 and 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 selector 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,
wag approximately #1° F 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 #5° F. ;

cis

Observations of the rotating propeller were made by using a
gtroboscopic lighting system consisting of a battery of four flash
lamps synchronized with the propeller. Photographs of the propeller
ice formations were also made during rotation using this lighting
system. As these photographs were unsultable 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 1(c). C

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

CONDITIONS AND PROCEDURE

The physical parameters used in this investigation can be 2 (
divided into three main groups: (1) propeller operating conditions,
(2) icing conditions, and (3) blade-heating conditions.
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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
per hour. 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 TS5-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 compensate for tunnel icing and
also allowed operation at advance diameter ratios of 1.1 and 1.4
for blade angles of 25° and 35° and propeller speeds of 925 and
675 rpm, 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 low-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 amblent-air tem-
perature, liquid-water concentration, and droplet size. The con-
ditions used were at nominal air temperatures of 2°, 11°, and akad 4
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 +1° F at operating condi-
tions. The thermocouples used to measure the tunnel air temperature
were incompletely shielded 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 conditions to be approximately +3° F for temperatures
below 25° F.
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The variation of the liguld-water concentration with air tem-
perature is shown in figure 8(a) and the radial distribution 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 ligquid-water concentration
with decreasing air temperature (fig. 8(a)) for a constant input
of spray water indicates that the amount of frozen-water particles
increased with decreasing temperature. As shown in figure 8(b),
the liquid-water concentration decreased toward the propeller tip,
particularly at temperatures below 10° 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° to 32° F, droplet sizes of, 15 to
30 microns were recommended at the Mount Washington Observatory-
Weather Bureau meeting of June 1945. This difference between the
recommended and the tunnel droplet size was, however, considered
unimportant as the propeller airfoil section has a leading edge of
very small radius. As indicated in reference 3, the blades would
have a collection efficiency very close to 100 percent for all
droplet sizes larger than those recommended. Collection efficiency

is defined 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 chord-
wise extent of icing.

Although the liquid-water concentrations used in the tunnel
were less than those recommended, they were considered to be rep-
resentative of the moderate-to-light icing conditions normally
encountered. The limited data given in reference 4, however,
showed the greatest frequency occurring in the range of 0.1 to
0.6 gram per cubic meter. Time limitations prevented repeating
the tunnel calibration of liquid-water concentration and distri-
bution during or after the investigation. Visual observations of
the spray cloud and the icing of the setup and the tunnel, together
with readings of the water flow and the spray pressures, 1ndibated,
however, that the icing conditions remained reasonably constant
throughout the research program.

Blade-heating conditions. - The heating-power distribution of
the heaters is shown in figure 9. Not all configurations were
investigated at all icing and operating conditions. The" extent of
investigation of each configuration was determined by the degree
of icing protection obtained. Power densities greater than those
used were prevented by the electrical limitations of the heaters

2l
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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 patterns were selected to
obtain this result with maximum ice removal for minimum expenditure
of energy and also to minimize the runback 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 1n 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| (sec)| (sec)

1:4 12 48
24 96
128 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.

RESULTS AND DISCUSSION

Tce formations on unheated blades, the results of cyclic de-icing,

and a comparison of the results of the tunnel investigation with those

obtained in flight are discussed.

Ice formation on unheated blade. - Typical ice-covered areas on
both the thrust and camber face for the fwo propeller gpeeds at each
of the three embient-air temperatures are shown in figures 110 %o 15,
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 indicated that the extent of the ice-
covered areas did not change materially for icing periods greater
than approximately 30 seconds, except at air temperatures of 21° and
20 F. At a temperature of 21° F, a large proportion of the droplets
impinging on the blade did not freeze because of the high blade-
surface temperature and an eroding effect was noticed on the small
ice formations present. At the low temperature (2° F), the large
percentage of frozen droplets in the spray cloud 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
ice-covered element areas only and do not indicate the thickness of
the ice formations. No direct measurements of the ice thickness
were made for all conditions, but from visual observations and rough
measurements a maximum ice thickness of approximstely 3/8 inch after
3 minutes of icing was obtained at the leading edge of the shank
end of the blade and 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 conditions 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 concentration (21° F and 0.9 gram/cu m),
a rough and irregular formation of glaze ice was obtained. At these
conditions, the greatest variation in iced area with propeller speed
was observed. The large variation was probably caused by the neces-
gity of a smaller force to throw off the heavy wet ice formations
and also by a sufficlent difference in the kinetic temperature rise
to cause a larger portion of the blade to be above a temperature of
320 F at the higher speed. At 11° 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 scrongly 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 11° to 2° F again slightly decreased the ice-covered area on
both faces. This ice was extremely hard 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

‘include 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 noted on the unprotected portion of the
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blade. As previously indicated, the extent of the blade icing was
determined from the area iced during the unheated part of the heat
cycles and during a few icing studies and hence is not fully repre-
gentative 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 ice formations
and the kinetic temperature rises obtained at the conditions inves-
tigated, there is a possibility that the ice formations which would
be obtained at higher rotational speeds would be of a less serious
nature both as to the area covered and the type of ice. Increasing
the water concentration with the other conditions remaining the

same would probably result in a thicker and different type of ice
formation with very small change 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 blade varying from 6% inches at the

shank to 3 inches at the tip end of the heater. The radial cover-
age varied from 85 to 100 percent of the blade radius.

Cyclic de-icing. - The results of a preliminary study of the
power and the de-icing 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 from the
various areas was noted. Although there was not a close degree of
consistency in the time for ice removal, the results do indicate
limits for power density and de-icing times. For the conditions
indicated on figure 14, a maximum de-icing 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-icing time of 2 to 8 seconds. Raising the ambient-air tempera-
ture from 11° to 20° F reduced the heat-on time about one-half at
the same power density. The data indicate a greater power or time
requirement at 925 rpm than at 675 rpm for the same ambient-air
temperature.

The results of the investigation of cyclic de-icing are pre-
gented in table II as the percentage of the heater area that was
ice-covered for the different conditions. The data given in table II
indicate the relative amount of de-icing obtained with each power-
distribution pattern for each set of conditions averaged over the
entire heated area.

When the heating cycle was changed from 12-96 to 24-96 with
pattern 5 at 2° F, considerably better de-icing occurred on both
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faces. At the 23-184 cycle, which had 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 same
conditions at 2° F.

At an ambient-air temperature of 11° F and corresponding
liquid-water content of 0.4 gram per cubic meter, the smallest ice-
covered area was obtained with the 24-96 heating cycle, pattern 4
giving slightly better performence than patterms 8 and 9. At the
23-184 cycle, pattern S5 gave the best performance, particularly on
the camber face. 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-icing was obtained for all
distributions with the exception of pattern 2 at 675 rpm and the
12-96 cycle.

The de-icing effectiveness of each of the heater elements for
geveral different conditions of propeller speed, ambient-air temper-
ature, power density, heat-on time, and cycle time are presented

A
in figure 15. The de-icing effectiveness was defined as <i00 - Kl>
2

where A; 1is the percentage of ice-covered element area following
heating and A, 1is the percentage of ice-covered element area

previous to heating. These percentages were obtained 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-icing effectiveness was obtained with any of the variasbles of
propeller speed, ambient-air temperature, power density,and heat-on
and cycle times. The maximum over-all effectiveness for all condi-
tions was obtained with pattern 9 (fig. 15(i)). High 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 S for
the 23-184 cycle at 11° F (fig. 15(e)). In prattically 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 power density at the rear of the heater and thus
approaching a uniform distribution as in patterns 5 and 9 nor the
use of an unsymmetrical distribution (pattern S) gave complete ice
removal on the camber face for all icing and speed conditions.

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

With optimum heating power density, heat-on time, and cycle

time the following results were observed (table I and figs. 16 to 28):

At an ambient-air temperature of 21° F, effective de-icing was
obtained at the leading edge with power densities as low as 4l watts
per square inch; both the 12-48 and 12-96 cycles gave effective
de-icing. At 11° 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
glightly more efficient de-icing was obtained with the 96-second
cycle time. Power demsitles 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 2° F were obtained with the 24-96 and
23-184 cycles.

Typical curves of the time variation of blade temperature for
gseveral 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 icing 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 divergence in the shape of the cooling curves than
in the heating curves was obtained for practically all conditions,
possibly because new ice deposits 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 time for each combination 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-
bilized conditions by momentarily raising the ambient-air temperature.

c18

The chordwise variation of the blade-surface-temperature incre-
ment during cyclic de-icing at four radial stations for the various
conditions is presented in figure 32, The temperature increment is
defined as the rise in blade-surface temperature from the applica-
tion of heat at the start of the cycle to the maximum temperature
obtained at the time of 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 damaged by water erosion. Little
change appears in the temperature increment at the four radial
stations. 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. As shown in figures 32(a) and 32(b), the increment for
pattern 5 was 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 all the area,
the increment was practically 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 blade-temperature increment with icing or oper-
ating conditions. i

Rates of blade-temperature rise were obtained by dividing the
temperature increment by the heating time. Rates of rise of 0.5°
to 2.4° F per second were obtained with a mean value of approxi-
mately 1.1° F per second occurring over a chordwise distance of
3 inches of heated area on each face of the blade. For the range
of conditions investigated, 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 results obtained from a flight investigation in natural
icing conditions and those obtainesd 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 lZ%-foot diameter. The blades

had extended trailing edges giving a maximum chord of 15 inches.
The blade airfoil section and leading-edge radius were similar to
those of the propeller used in the tunnel investigation. An external
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rubber-clad electrical blade heater of the wire-inserted type was

used. The heater was 49 inches long and 52 inches wide extending

to 80 percent of the radius and to 19 percent of the maximum chord
on both faces. A concentrated heating area Zig inches wide at

7.5 watts per square inch was centered on the leading edge and the
remainder of the heater was at 32 watts per square inch. These

densities were obtained by spacing the heating wires at 1/16- and
1/8-inoh intervals, respectively. The heater was designed to
operate at a power input of 1470 watts per blade at 110 volts.

The results shown in figure 33 were obtained at a true air-
speed of 190 miles per hour; propeller speed, 955 rpm; ambient-air
temperature, -10° F; liquid-water concentration, 0.1 gram per cubic
meter; blade angle, 35°; droplet size, 11 microns. The formation
shown in figure 33(a) was obtained after 8 minutes of icing. The
ice appeared smooth and hard and was confined to the leading-edge
area and extended to approximately the 75-percent-radius station.
A gimilar type of ice, although covering a greater area, was
obtained in the tunnel at 2° F and 0.2 gram per cubic meter. (See
figs. 20(a) and 20(b).) Fairly good de-icing was obtained, as
shown in figure 33(b). Small residual formations and a slight
amount of runback at the shank end of the blade are evident.

Figure 34(a) shows the ice formation obtained after 16 minutes
at the following conditions: true airspeed, 213 miles per hour;
propeller speed, 1070 rpm; ambient-air temperature, 25° F; liquid-
water concentration, 0.2 gram per cubic meter; blade angle, 349;
droplet size, 18 microns. A rough, irregular formation of semi-
glaze ice was obtained. The formation was again confined fairly
well to the leading edge although it covered a greater chordwise
distance than at -10° F. A somewhat similar type of ice was
obtained in the tunnel (figs. 17(a) to 17(d)). Complete de-icing
was obtained upon the application of heat (fig. 34(b)).

In comparing the flight results with the tunnel data, several
factors must be considered. Because the propeller used in flight

had a greater diameter and operated at higher speeds, greater kinetic

temperature rises were obtained than in the tunnel investigation.
Hence the heating requirements may be less at similar icing condi-
tions. The water concentration at the lower flight temperature
(-10° F) was approximately equal to an extrapolation of the curve
of tunnel conditions, but is considerably lower than either the
envelope curve or values recently obtained at the same temperature.
At the higher flight temperature (250 F), the liquid-water
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concentration was approximately one-fifth that obtained in the tunnel,

The droplet sizes encountered in flight were small enough to give a
collection efficiency of 90 to 95 percent. Hence the impingement
ares was confined to a small region on the leading edge. The large
droplets obtained in the tunnel resulted in practically 100-percent
collection efficiency, which caused icing over a greater area.
These considerations, together with the fact that small positive and
negative angles of attack were obtained in the tunnel (resulting
from the nonuniform velocity distribution), help to explain fairly
adequately 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 density at this location (7.5 watts/
sq in.) must be used in comparing the flight and the tunnel data.
Approximately this same value was used in the tunnel investigations
on the leading edge with the exception of patterns 1 and 9. In
figure 14, it can be seen that ice removal at 20° F and 7.5 watts
per square inch was obtained in 2 to 8 seconds.

The frequency with which any combination of liquid-water con-
centration, droplet size, and air temperature occurs in natural
icing conditions is not fully known. The limited data in refer-
ence 2, however, indicate that the tunnel conditions are on the
high side of the maximum frequency, whereas those cited from typical
flight results are slightly low. The power and the heated area
requirements shown by the tunnel data may therefore be slightly con-
gervative; whereas those from flight may prove marginal in some
cases.

SUMMARY OF RESULTS

The results of this investigation of externmal rubber-clad
blade heaters are summarized as follows:

1. The experimental heater area included the maximum ice-
covered area for all the conditions investigated except for small
areas at the blade tip and at the SO0-percent radius on the camber
face.

2. Heating pattern 9 gave the most effective over-all de-icing,
whereas pattern S was only slightly less effective. All the pat-
terns investigated left residual ice formations on the camber face
at the rear margin of the heated area.

3, At an ambient-air temperature of 21° F, a power density of
4% watts per square inch gave satisfactory de-icing. Lowering the
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ambient-air temperature to 11° F required an increase in power den-
gity of 7 to 9 watts per square inch. No effective de-icing was
obtained at 2° F for the power densities investigated.

4, Cyclic heat-on times of 23 and 24 seconds gave the best
de-icing through the range of conditions investigated. The
12-gsecond heat-on time was effective only at ambient-alr tempera-
tures greater than 21° F. Total cycle times of 96 and 183 seconds
were gatisfactory. In most cases the best performance was obtained
with a ratio of heat-on to total cycle time of 1l:4.

CONCLUSIONS

From this investigation, several significant conclusions can
be drawn concerning the requirements for the design and the opera-
tion of an external rubber-clad electric blade heater. Due con-
gideration must be given to the difference between the simulated
and the natural icing conditions and to the speclal construction of
the experimental heating element.

1, The maximum heated area should be at least equal to the
maximum ice-covered area. The minimum required heated area cannot
be exactly defined in the absence of more complete data concerning
the frequency of icing conditions and the effects of residual ice
formations on propeller performance. The radial extent of 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 densities of 4% to

10 watts per square inch are required for the temperature range of
B1¥ 6o 2° F.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, September 3, 1947.
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TABLE I - MAXIMUM PERCENTAGE OF ELEMENT

AREA COVERED BY ICE ON UNHEATED BLADE

Ambient- | Pro- Area covered by'ice
air peller (percent)
temper- |speed Blade-heater element
at?gg) (rm) [ Camber face Thrust face
4 & ZlLNLE 6 i 9
1-3|675 | 97| 70|50|35| 92| 37|15 0
=5 925 97| 80|60|45| 93| 38|20 S| O
gf =S| 615 100| 97185|72|100| 42 0|0
9 - 13| 925 97| 92(87|75| 92| 23 0|0
19 - 22| 675 100|100 |95(83|100 (100 |65 |48 |10
19 - 22| 925 100|100 (|95(80(100| 92| 0| O} O

National Advisory Committee
for Aeronsutics
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TABLE II - RESULTS OF CYCLIC DE-ICING

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Heating cyclelHeating| Power Alr Liquid-waten Heater area covered by ice, percent
Heat-on| Total]pattern| per tempera—| concentra- Propeller speed, 675 rpm Propeller speed, 925 rpm
time time blade ture tion Thrust face Camber face Thrust face Camber face
(sec)| (sec) (watts) (°F) (gram/cu m) [ Unheated|Heated|Heated|Unheated [Unheated|Heated|Heated |Unheated

12 48 2 AT 3L 0.4 —_ - - - 0 26 37 60
2 775 21! 9 24 5 0 15 _— - - -_

12 96 1 675 21 0.9 7 L 0 10 2 8 0 17
2 LAA) 21 o 4 21 26 29 0 3 o} 8

3 900 11 -4 0 16 28 48 0 27 21 44

S 1845 2 o2 - - —— == 0 27 37 —

6 1450 11 o4 - -— - - - 10 44 —_—

7 1810 11 .4 - -— - _ - 5 33 _

8 1935 2L .4 - 9 38 — -— -— - -

24 96 2 715 2 0,2 0 16 24 43 - -— -— -
4 1530 2 o5 - - - -_— 0 4 29 37

4 1530 11 .4 - -— — - 2 2 10 49

) 1845 2 2 - - - - 0 14 23 —

8 1935 11 .4 - 10 18 - -— 14 19 -

9 2110 2 S (o] 1y 35 -— 0 E) 22 —

g 2110 11 .4 0 10 15 - 0 6 12 -

23 184 4 1530 201 0.4 - == -~ - 0 7 28 52
5 1845 2 o2 - - - - 0 3 19 —_—

5 1845 18] .4 - _ - - 0 5 3 -—

8 1935 3bU .4 - 10 30 -— - 12 28 —-—

9 2110 2 o0 0 12 28 - 0 7 24 -—

9 2110 ol .4 0 9 20 -_— 0 8 21 _

8l
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(c) Details of installation.

Figure |. - Concluded. Propeller-icing installation in icing research tunnel.

“ON N1 VOVN

0zZgl

12



22

COMMITTEE FOR AERONAUTICS

NACA TN No. 1520

I — >

NATIONAL ADVISORY

Developed plan form

% c g 60 Heated

= length

J 45 inches
5 are blade

lad d heater
21,0, .20 &0 R e
=
-y
o
o
£
) Lereding-edge radius
% /-
i RIS P e TSN
4 5 . D !
ot ¥eol NS |
% - 0 Nl W
o o L) NS \
s o o J
Lo] 06 :.OG .50 :
o £ a /B Low ppitch
o . - 210 lat 42~ \
- ® — ing stg’tion
0 Fel 80 \ Y
i \ N
o] o
o \\\
o =4 ',3.04 320 \\\
o | o \
+ o — N
o £ m
| g I\
'g =2 \ B \
g N \ Sy
P ) 0 02 10 \\‘\ - SEE
g RS \B ~\\~-\
g \§\~ -
O
E \N\—l
. O 0 O
0 0.2 0.4 0.6 0,8 1%0

Propeller-radius ratio, r/R

Figure 2. - Blade-form characteristics for propeller blade with exter-

nal

rubber-clad blade heater.

2ig



Element
numbers

Blade - 0.095 Steel
First ply - 0.024 in.

Second ply - 0.024 in.

Heater - 0.005 x |/ 16 heater ribbons
Spacer - I/16 fabric

rOuter ply - 0.024 in.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 3. - Details of construction of electrical, external, rubber-clad propeller-blade heaters.
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Figure 4. - Views of propeller blade with electric,
clad propeller-blade heaters.
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P

Thrust face

(a) Propeller speed, 675 rpm.

Thrust face

(b) Propeller speed, 925 rpm.

Figure Il. - Typical ice coverage obtained on unheated blade at am-
bient-air temperature cf 21° F and liquid-water concentration of 0.9
gram per cubic meter.
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Camber face
Thrust face
(a) Propeller speed, 675 rpm.
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o Thrust face

N

(b) Propeller speed, 925 rpm.

Figure 12. - Typical ice coverage obtained on unheated blade at ambient-
air temperature of 11°© F and liquid-water concentration of 0.4 gram

per cubic meter.
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Figure 13. - Typical ice coverage obtained on unheated blade at
air temperature of 2° F and liquid-water concentration of 0.2 gram per

ambient-

cubic meter.
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Limits
of heated Camber face
area

Thrust face

(a) Propeller speed, 675 rpm.

Limits
of heatec Camber face
area

NACA

Thrust face C-19377
8-21.47

(b) Propeller speed, 925 rpm,
Figure 6. - Views of residual ice after cyclic de~icing with heating

pattern |. Ambient-air temperature, 21° F; heat-on time, 12 seconds;
cycle time, 96 seconds.
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Limits of Camber face
heated area

Thrust face

(a) Propeller speed, 675 rpm; ambient-air temperature, 21° F; heat-on
time, 12 seconds; cycle time, 48 seconds.

Limits of Camber face
heated area

NACA

C. 19378
Thrust face 8. 21. 47

(b) Propeller speed, 925 rpm; ambient-air temperature, 11° 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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Limits of Camber face
heated area

Thrust face

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

Limits
of heated
area

Camber Face

NACA
C- 19379
8.21.47

* Thrust face

(d) Propeller speed, 925 rpm; ambient-air temperature, i o F, heat-on
time, 12 seconds; cycle time, 96 seconds.

Figure 17. - Continued. Views of residual ice after cyclic de-icing
with heating pattern 2.
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812

Limits of
1 heated area Camber face

NACA
C. 19380
8.21.47

Thrust face

(e) Propeller speed, 675 rpm; ambient-air temperature, 2° F; heat-on
time, 24 seconds; cycle time, 96 seconds.

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

Thrust face

(a) Propeller speed, 675 rpm.

Limits
of heated
area

NACA
Thrust face C. 19381
8-21. 47

(b) Propeller speed, 925 rpm.

Figure 18. - Views of residual ice after cyclic de-icing with heating
pattern 3. Ambient-air temperature, 11° F; heat-on time, 12 seconds;
cycle time, 96 seconds.
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{a) Ambient-air temperature, 2° F; heat-on time, 24 seconds; cycle
time, 96 seconds.

Limits of
heated area

NACA
19382
Thrust face S: 21_327

(b) Ambient-air temperature, 11° F; heat-on time, 24 seconds; cycle
time, 96 seconds.

Figure 19. - Views of residual ice after cyclic de-icing with heating
pattern 4. Propeller speed, 925 rpm.
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‘ NACA TN No. 1520 57

Limits Camber face
of heated
area

NACA

C. 19383
Thrust face 8.21.47

(c) Ambient-air temperature, 11° 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. Propeller speed, 925 rpm.
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NACA TN No. 1520 R -

Limits of

heated area Camber face

~ |

Thrust face

(a) Ambient-air temperature, 2° F; heat-on time, 12 seconds; cycle
time, 96 seconds.

Limits of
heated area

Camber face

NACA

Thrust face g:;%?i;

(b) Ambient-air temperature, 2° F; heat-on time, 24 seconds; cycle
time, 96 seconds.

Figure 20. ~ Views of resiaual ice after cyslic de-icing with heating
pattern 5. Propeller speed, 925 rpm.
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NACA TN No. 1520

RESEARGH PROJEGT €
TEST NO.2 -
Limits
of heated Camber face

area . .

Thrust face

(c) Ambient-air temperature, 2° F; heat-on time, 23 seconds; cycle
time, 184 seconds.

Limits
of heated Camber face

area

NACA
C. 19385
8.21.47

Thrust face

(d) Ambient-air temperature, 11° F; heat-on time, 23 seconds; cycle
time, 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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NACA TN No. 1520

Limits of

mber f
heated area s e

Thrust face

(a) Heating pattern 6.

Limits of heated area Camber face

A

;

Thrust face C. 19386
8. 21.47

NACA

(b) Heating pattern 7.
Figure 21. - Views of residual ice after cyclic de-icing. Propeller
speed, 925 rpm; ambient-air temperature, 11° F; heat-on time, 12
seconds; cycle time, 96 seconds.

63




Page Intentionally Left Blank




NACA TN No. 1520 65

Limits
of heated
area

Thrust face

(a) Propeller speed, 675 rpm; heat-on time, |2 seconds; cycle time,
96 seconds.

Limits
of heateo
area

Camber face

NACA
C. 19387
8.21.47

Thrust face
(b) Propeller speed, 675 rpm; heat-on time, 24 seconds; cycle time, 96
seconds.
Figure 22. - Views of residual ice after cyclic de-icing with heating
pattern 8. Ambient-air temperature, fYF,
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| NACA TN No. 1520

Limits of
heated area

:
|
|
(c) Propeller speed,

Limits of
heated area

_grga=gana a3

Camber face

Thrust face

925 rpm; heat-on time, 24 seconds; cycle time, 96

seconds.

PROPELLER NO. C63I58H-21
BLADE NO. 614-10L5-21 &
NACA ELEC HEATED SHOES

Camber face

B3155h -2
52
HEATED SHOES

NACA
C. 19388
8.21.47

Thrust face

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

| Figure 22. - Continued.
with heating pattern 8.
|

184 seconds.

Views of residual ice after cyclic de-icing

Anbient-air temperature, 11° F.
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NACA TN No. 1520

Limits Camber face
of heated

area

NACA
C. 19389
8-.21.47

Thrust face

(e) Propeller speed, 925 rpm; heat-on time, 23 seconds; cycle time,
184 seconds.

Figure 22. - Concluded. Views of residual ice after cyclic de-icing
with heating pattern 8. Ambient-air temperature, 11° F.
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NACA TN No. 1520 71

Limits
of heated
area

Camber face

Thrust face

(a) Propeller speed, 675 rpm; ambient-air temperature, 2° F; heat-on
time, 24 seconds; cycle time, 96 seconds.

RESEARCH PROJECT €

Limits
of heated

Camber face

area

NACA
C. 19390
8-21.47

Thrust face

(b) Propeller speed, 925 rpm; ambient-air temperature, 2° F; heat-on
time, 24 seconds; cycle time, 96 seconds.

Figure 23. - Views of residual ice after cyclic de-icing with heating
pattern 9.
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»NACA TN No. 1520

Limits of
heated area

Camber face

Y

Thrust face

(c) Propeller speed, 675 rpm; ambient-air temperature, 2° F; heat-on
time, 23 seconds; cycle time, 184 seconds.

Limits of Camber face
heated area

NACA
C. 19391
8.21.47

Thrust face

(d) Propeller speed, 925 rpm; ambient-air temperature, 2° F; heat-on
time, 23 seconds; cycle time, |84 seconds.

Figure 23. - Continued. Views of residual ice after cyclic de-icing
with heating pattern 9.
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NACA TN No. 1520 75

Limits
of heated
area
Thrust face
(e) Propeller speed, 675 rpm; ambient-air temperature, 11° F; heat-on
time, 24 seconds; cycle time, 96 seconds.
Limits

of heated

area

(f)

Camber face

NACA
C. 19392
8. 21- 47

Thrust face

Propeller speed, 925 rpm; ambient-air temperature, 11° F; heat-on
time, 24 seconds; cycle time, 96 seconds.

Figure 23. - Continued. Views of residual ice after cyclic de-icing

with heating pattern 9.
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NACA TN No. 1520 77

IS

Limits of

heated area Camber face

Thrust face

(g) Propeller speed, 675 rpm; ambient-air temperature, 11° F; heat-on
\ time, 23 seconds; cycle time, 184 seconds.

Limits of
| heated area

NACA
C- 19393
8- 21. 47

Thrust face

(h) Propeller speed, 925 rpm; ambient-air temperature, 11° F; heat-on
- time, 23 seconds; cycle time, 184 seconds.

Figure 23. - Concluded. Views of residual ice after cyclic de-icing
with heating pattern 9.
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rpm; ambient-air temperature, 2° F; cycle time, 96 seconds.
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(b) Heating pattern 5; propeller speed, 925 rpm; heat-on
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Figure 25. - Variation of blade-surface temperature with time on thrust

face during cyclic de-icing for two heating patterns.
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Figure 28. - Variation of blade-surface temperature with time on thrust

face during cyclic de-icing. Heating pattern 9; ambient-air tempera=-
\ ture, 2° F; heat-on time, 24 seconds; cycle time, 96 seconds.
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Figure 29. - Variation of blade-surface temperature with time on thrust

face during cyclic de-icing. Heating pattern 9; ambient-air tempera-
ture, 2° F; heat-on time, 23 seconds; cycle time, |84 seconds.
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face during cyclic de-icing. Heating pattern 9; ambient-air tempera-
I1° F; heat-on time, 24 seconds; cycle time, 96 seconds.
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NACA TN No. 1520
X 50 :
NATIONAL ADVISORY "Heat—on Cycle Propeller
COMMITTEE FOR AERONAUTICS time time speed
i (sec) (sec) (rpm)
& A 24 96 925
30 4.\\ 4 12 96 925
\ v
\\l &
Propeller- ‘\
radius ratio
10 r/R \\
N
0.81 \
30 A
<2 /n
2 - e \
af . W
N
5 i \\
210 /'T B3 A
3 = 47 g
e P 0.58
LY 4 T -}
5 6 0
3 z A‘M\
¢, 30
° 4 N
g n~—<>§;\
) N
=] \\
10 \\
o \ \n
30 ra A
™~
~N
~
\h
L \\‘
N\\\\\\
bl Cajmb B Thryst
er SRS
q’;ce e g fade
- 640 4,0 2.0 0 2.05* *40 640
Surface distance, in,
(a) Heating pattern 5; ambient-air temperature, 2° F.
Figure 32. - Variation of blade-surface temperature increment with

chordwise surface distance.

87




88 NACA TN No. 1520

NATIONAL ADVISORY —
COMMITTEE FOR AERONAUTICS I H:iﬁeon ngi: Prgg:iéer
sec se
50 (sec) (sec) (rpm)
& 23 184 925
H
\
\
30 hck
Propeller-
radius ratio
r/R \
0.81 \
10 N

I

S
s

Temperature incremcnt, °OF
[
N
\A
A
.
_ﬁ_
Tae

N

-
L)
N

L0
he
/"~

. s
0,38 \Ck
10 \\
\H
W D\n
N
N
\\
0.22 X
10 e
Camber b Thrust
ace \\\ faqge
6.0 2.0 2.0 0 A R 8.0

Surface distance, 1in,

(o) Heating pattern 5; amblent-air temperature, 11° F,
Figure 32. - Continued. Variation of blade-surface temperature incre-
ment with chordwise surface distance.



NACA TN No. 1520
NATIONAL ADVISORY Heat-on Cycle Propeller
COMMITTEE FOR AERONAUTICS time time speged
(sec) (sec) (rpm)
0. 23 184 675
0 23 184 925
Propeller- 2 24 96 675
radius ratio A 96 925
r/R v 12 96 675
30
\‘ \
10
0,81
30
‘; / M’_
[ y L 4
g ] ,V’/ \\\
() ’/
5')’ lO L7 y A g
£ 4 lo.58 -
r’ N
()} A'.
5 60 740
2
= 30
2 o A
e MI/ Z
= /,.;9:
10
0,38
30
O B e Sy
Z:g T Do
o ::E ::__,,4,‘==£§ti::9
iﬁ:::;;
10
Camber Thryst
che 0,22 fade
60 4,0 500] ¢} 2.0 4,0 6.0
Surface distance, in.
(c) Heating pattern 8; ambient-air temperature, 11° F.
Figure 32. - Continued. Variation of blade-surface temperature incre-

ment with chordwise surface distance.

89




90 NACA TN No. 1520
NATIONAL ADVI SORY Heat-on Cycle Propeller
COMMI TTEE FOR AERONAUTICS time time speed
(sec) (sec) (rpm)
OR23 184 675
O 23 184 925
Propeller - O 24 96 675
radius ratio A 24 S6 925
r
30 /R -
> '—A\
o =
=3
el
10
& 90 — .=
o 43 N\
\
3 L A— ANNE
o Ly N
g 4// N4
4
g N
=10 AN
Q 4 N
o~ "9 «O08 T
2 l
5 0 e
42
@
£ 30 P
g =
L))
£
38
10
2
10
Camber Thryst
ce fage
6.0 4,0 2.0 0 2.0 4,0 6,0
Surface dlstance, in.
(d) Heating pattern 9; amblent—air tempersture, 2° F.
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NACA TN No. 1520 - 93

ta) 1ce formation obtained (b) De-icing obtained at 1470
after 8 minutes of icing. watts per blade.
NACA
C. 19395
8-21.47

Figure 33. - Icing and de-icing obtained in flight at true airspeed of
190 miles per hour. Propeller speed, 955 rpm; ambient-air tempera-
ture, -10° F; liquid-water concentration, O.| gram per cubic meter;
blade angle, 35°; droplet size, |l microns.
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NACA TN No. 1520 95

{a) lce formation obtained (b) De-icing obtained at 1470
after 16 minutes of icing. watts per square inch.

NACA
C. 19394
8.21. 47

Figure 34. - Icing and de-icing obtained in flight at true airspeed of
213 miles per hour. Propeller speed, 1070 rpm; ambient~air tempera-
ture, 25° F; liquid-water concentration, 0.2 gram per cubic meter;
blade angle, 34%°; droplet size, 18 microns.




