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SUMMARY

Measurements of propeller efficiency loss due to ice formation are
supplemented by an analysis to establish the magnitude of efficiency
losses to be anticipated during flight in icing conditions. The measure—
ments were made during flight in natural icing conditioms; whereas the
analysis consisted of an Investigation of changes in blade-section aero-—
dynamic characteristics caused by ice formation and the resulting pro-—
peller efficiency changes. Agreement in the order of magnitude of effi-—
clency losses to be expected 1s obtained between measured ani analytical
results. The results indicate that, in general, efficiency losses can
be expected to be less than 10 percent; whereas maximm losses, which
will be encountered only rarely, may be as high as 15 or 20 percent.
Reported losses larger than 15 or 20 percent, based on reductions in
airplane performance, probably are due to ice accretions on other parts

of the airplane.

Blade—element theory is used in the analytical treatment, and cal-
culations are made to show the degree to which the aerodynamic charac—
teristics of a blade section must be altered to produce various propeller
efficiency losses. The effects of ice accretions on airfoil-section
characteristics at subcritical speeds and their influence on drag—
divergence Mach number are examined, and the attendant maximum efficiency
losses are computed. The effect of kinetic heating on the radial extent
of ice formation is considered, and its influence on required length of
blade heating shoes is discussed. It is demonstrated how the efficiency
loss resulting from an icing encounter is influenced by the decisions of
the pilot in adJusting the engine and propeller controls.

INTRODUCTION

It bas long been recognized that one of the hazards of flight in
icing conditions is the formation of ice on propellers. The presence
of ice on propeller blades causes a decrease in the operating efficiency
of the propeller and a corresponding decrease in the airplane performance.
There has been much disagreement as to the actual magnitude of efficlency
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losses experienced in icing conditions. Measurements have been made of
propeller efficiency losses with simulated ice formations (references 1
and 2) and in natural icing comditions (reference 3). The measured losses
were low when compared with those generally expected; however, reports

of very large apparent losses, deduced from decrease in airplane perform—
ance, persisted. A review of the awvaileble date (references 1, 2, and 3)
indicated -that further efficlency-loss measurements supplemented by an
analysis of the problem would be required before conclusive statements
could be made regariing the order of magnitude of losses to be anticlipated
in icing conditions. The objectives of the present Investigation, there-—
fore, were to provide-additional measurements of propeller efficiency loss
resulting from ice formation, and to analyze the problem of efficiency
loss in an attempt to provide a means for applying, generally, the exist—
ing data. Thus, additional data to determine efficlency loss were obtained
in flight under naturael icing conditioms as part of a comprehensive Inves—
tigation of aircraft icing by the NACA. Another phase of the program
(reported in reference 4) was the investigation of the meteorological fac—
tors conducive to lcing, therefore providing quantitative data on the
severity of the icing conditions under which propeller—performance meas—
urements were made.

The research was conducted by the Ames Aeronautical Iaboratory. Data
were obtained over most of the United States during the winters of 1946-LT
and 1947-48. Measurements made during the winter of 1946-U7 are included
in reference 3. The results of the 1947-U48 winter season are presented in
this report.

Appreciation is extended to United Air Lines, Imnc., the United States
Weather Bureau, and the Air Materiel Command of the U. S. Air Force for
aid and cooperation in the research.

DESCRIPTION OF EQUIPMENT

The Flight tests were conducted with the twin-engine airplane shown in
figure 1. Modifications had been made to provide thermal ice—prevention
equipment for the wings, tail, and windshield. A description of the ther—
mal system is given in reference 5. The right engine and propeller were
utilized for the purposes of the research, and standard commercial elec—
trically heated blade shoes were installed on the left propeller for ice
protection.

The test propeller consisted of four blades composed of double—camber
Clark Y sections. The diameter was 13.5 feet. Characteristics of the
blade design as supplied .by the manufacturer are given in figure 2. The
symbols used in this figure and throughout the report are listed and
defined in Appendix A. Specially built blade heating shoes, comstructed
at the Ames Iaboratory, were installed for propeller heating tests, which
were made in conjunction with the performance tests. The shoes consisted
of several wrappings of cloth tape  in which the heater elements were
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embedded. Two—inch~wide strips of metal were cemented over the wrappings
along the leading edges of the blades in order to protect the shoes from
abrasion. An enlarged spinner, built for the purpose of housing instru—
mentation related to the heating studies, was moumted on the test propeller,
Figure 3 shows the test propeller complete with heating shoes and spinner.

White marking lines were painted on the blades for ease in noting ice
locations.

A thrustmeter and a torquemeter were installed in the right engine
for measuring thrust and torque absorbed by the test propeller. Both the
thrustmeter and the torquemeter utilized pistons whlch were hydraulically
restrained so that the pressure required to maintain the pistons in a
Ploating condition gave a measure of thrust or torque being absorbed by
the propeller. Pressure gages connected to the hydraulic lines provided
means for observing and recording the values of thrust and torque. A cal—
ibration of the thrustmeter had been made at the engine factory where the
thrustmeter was installed. The calibration was made on a thrust dynamom—
eter rig and gave results to an accuracy of 1 percent through & wide range
of propeller thrusts encompassing the normal opsrating range. The torque—
meter was the standard torquemeter supplied with the engine. No special
calibration of the torquemeter was made for the purpose of these tests.
Since it was not feasible to calibrate the torquemeter or .to recalibrate
the thrustmeter periodically during the tests, it was decided that occa-—
sional checks of the repeatability of the thrustmeter and the torquemeter
would serve as a satisfactory indication of their reliability. Conse~
quently, periodic measurements were made of the efficiency of the test
propeller in clear air., This provided a check of the repeatability of
both the thrustmeter and the torquemeter. The tests gave results of pro—
peller efficiency which repeated within +2 percent. Thus, although no
check of the-absolute values of thrust and torque was made, it is believed
the measurements of propeller efficiency change are accurate to within
+li percent of propeller efficiency.

Equipment was developed to enable photographing the test propeller
blades while rotating so that pictures could be taken during flight in
icing conditions without resort to feathering. The equipment consisted
of two cameras synchronized to high-speed flash lamps and to the propeller.
One camera was mounted to photograph the camber face and one to photo—-
graph the thrust face of the propeller blades. Figure 4 shows one of the
cameras installed. Each camers contained two shutters, one leaf type and
one rotary-disk type. The purpose of the shutters was to provide a means
for eliminating as much of the background light as possible while the
flash lamp illuminated the propeller. The disk shubtter was mounted on a
1/ll-horsepower electric motor which revolved continuously during the pho--
togrephing procedure. The shutters were arranged such that the leaf
shutter opened and allowed the aperture In the disk to pass once before
closing again. During the time that the disk aperture was in front of
the camera lens, the flash lamp was discharged. The duration of exposure
wes governed by the flash lamp, which gave an effective exposure time of
about 1/10,000 second. Two flash lamps were used, one mounted beside
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each camera, as shown in figure 5. The camera shutters, flash lamps, and
propeller were synchronized so that pictures could be taken of any one
selected blade with elither or both cameras. Complete pictures of the pro—
peller, consisting of both sides of all four blades, could be obtained in

gbout 1/2 minute.

A resistance-type pickup wes used to indicate the propeller blade
angle. 0(Iza.lﬂ:;ra:l:io:r:ts showed. the blade—angle indicator to be accurate with—
in #0.2",

A yaw and pitch recorder was used to record the airplane flight atti-—
tude. The yaw and pitch recorder utilized a hemispherical differential-
pressure—type head, as illustrated in figure 6. An electrical heater was
installed inside the head to prevent the formation of ice which might alter
the calibration. The accuracy of this instrument was :I:1/2°.

The meteorological instruments used to measure the liquid-water con—
tent, drop size, and free—air temperature of the icing clouds are described
in detail in references L4, 6, and 7. Briefly, the instruments consisted
of the following: Rotating cylinders were used to obtain short-interval
averages of water content and drop size. Continuous records of water con—
tent were secured by means of a rotating-disk icing-rate meter. Free-eir
temperature was measured with a shielded thermometer consisting of a ther—
mocouple connected to a millivoltmeter.

TEST PROCEDURE

Flight tests were made in clear air to cbtain the datum performance
of the test propeller, and in natural icing conditions to obtain changes
in performance incurred through the formation of ice. The regions of oper—
ation in natural icing coniitions covered most of the northwestern, and
part of the middlewestern, Great Plains, and eastern areas of the United
States. TLocations of the various icing encounters are listed in table I
of reference L.

During flight in icing conditions the test procedure was to collect a
layer of ice on the propeller blades, and at the same time measure the
liquid-water content, drop size, and free-air temperature of the icing
clouds. Heat was applied to the wings, tail, windshield, and left pro—
peller to keep those components free of ice. The test propeller was
maintained in automatic pitch (constant speed) throughout the ice-build—

" up period. At the end of the period of ice build—up, the airplane gener—
ally was climbed above the cloud layer.

Photographs were taken of the propeller blades while measurements
were made of airspeed, altitude, and attitude of the airplane; and blade
angle, rotational speed, thrust, and torque of the test propeller. The
purpose of making the measurements above the cloud layer was to obtain
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stable air conditions, which were more conducive to steady readings than
the turbulent comditions often existing in icing clouds. During each set
of measurements the propeller blades were locked at one blade angle, and
all flight coniitions were maintained as comstant as possible for a time
sufficiently long to allow all instruments to indicate stabilized values.
Due to the viscosity of the hydraulic oil, the pressure gages indicating
thrust and torque took the longest time of any of the instruments to
reach equilibrium, especially during flight at low rtemperatures. When
time and other circumstances permitted, readings were taken over a range
of advance ratio; then the blade angle was changed .to a new position,
locked, and another set of measurements cbtained. In this manner, an
effort wvas made to obtain data through a range of propeller operating con—
ditions, but frequently the ice accretions would not remain on the blades
for the lengthy period required for such measurements. Performance data
were secured at three blade angles, 219, 269, and 31°, approximately,
vhich covered the normal operating range of cruise and climb conditions
for the test airplane.

RESULTS

A tabulation of the meteorological, flight, and propeller operating
conditions under which propeller ice accretions were obtained is presented
in table I. Also included is a summary of the losses in propeller effi-—
clency obtained from each icing encounter. This colum glves the loss in
peak efficlency for cases where sufficient measurements were made to define
the efficiency curve. The value was taken as the difference between the
two curve peaks for the iced and the clean propeller. Where only point
values of efficiency were obtained, the loss at the particular operating
condition is given. All tabulations of conditions given in table I, with
the exception of propeller blade angle, are those which prevailed during
the time of accumlation of ice on the propeller. The values of blade
angle are those maintained during the recording of performance data s after
leaving the icing conditions.

As will be noted in table I, small variations from the desired blade—
angle settings of 210, 26°, and 31° occurred due to inablility to set the
pitch exactly. In all csgses, measurements of, propeller efficlency were
mede at only ome or two blade angles for any ome particular ice formation.

A1l values of liquid-sater content, except for encounters 6, 8, and 10,
were measured with the rotating-disk icing—rate meter described in refer— .
ence 4. The value of water content given for encounter 6 is the average
of three measurements taken with the rotating cylinders during the period
of ice build-up on the propeller. The value for encoumter 8 is a single
measurement obtained with the rotating cylinders during the ice build-up
period; whereas that for encounter 10 is the average of four points
obtained with the cylinders during ice build-up.

c— —~ - S e et e e ey m Al v = e 2 - e e e ——— e —— - ———— e~
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As indicated in table I, the test propeller was unheated except during
two encounters. Cyclic heating was applied to the forward 10 percent of
the blades during the ice build—up period of encounters 10 and 11. As a
consequence of insufficient heat and inadequate chordwise coverage,
"runback” formations collected aft of the heated areas, along with primary
ice accumulations, “but no measurable efficiency loss resulted.

The various ice formations were grouped into different classes,
depending on the thickness and radial extent of the formation. The clas—
sification is based on a study of the photographs taken of the formations
and is outlined in table IT. Such a classification was established on
the assumption that ice formations of equal thickness and extent would
cause about the same performance change. No account was taken of the
shape of formation since the photographs were not of such a character
as to reveal this feature. Grouping by the size of formation alone, how—
ever, proved to be justified, inasmuch as formations in the same class
were found to cause approximately equal performance losses. Notation of
the class of ice formation is made in table I and on all the propeller
efficiency curves.,

To establish the datum performance of the propeller with clean blades
(no ice formations), clear-air data were secured at the three blade .
angles. The thrust— and power—coefficient curves are shown in figure T,
and the resulting efficiency curves are given in figure 8. Comparisons
of the thrust— and power—coefficient curves for the propeller with the
blades clean and with the blades iced under the conditioms of table I are
presented in figures 9(a) to 9(e). Point values of thrust and power
coefficient for the iced propeller are listed in table III for cases
where insufficient measurements were made to define curves.

Curves of efficiency as & function of advance ratio for the propeller
with ice accumulations are compared with efficiency curves for the clean
propeller in figures 10 to 16. These curves were drawn employing values
of thrust and power coefficients from table IIT and from the curves of

figure 9 by using the formula
=CcT
n=2=J (1)
Cp

where
1 propeller efficiency
Cp thrust coefficie.n'b

cP power coefficient

oy

advance ratio
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Figure 10 presents the variation of efficiency loss for one type of
formation at two blade angles, and figure 11 shows the efficiency-loss
variation for another class of formation at approzximately the same blade
angles. A camparison of efficlency losses for two classes of formation
for the same blade angle is given in figure 12, while figure 13 compares
losses for five formations at a higher blade angle, and figure 14 com-
pares losses for two farmations at a still higher blade angle. Figure 15
glves the efficiency loss for a low—tempsrature condition in which the ice
extended nearly to the blade tips. Figure 16 presents a plot of effi—
ciency data for formations which accumulated during two encounters with
propeller-blade heating. Heat was applied cyclically to the forward
10 percent of the blade chord and, as was mentioned previously, primary
ice formations, together with small amounts of rumback, gathered back of
the heated regioms.

It should be noted that, in figures 11, 13, and 16, singular values
of efficiency are shown for the propeller in the iced condition, which
are slightly higher than those for the clean blade. In all cases, this
error is less than tl-percent efficiency, which has been nvted as the
meximum experimental error of the efficlency measurements.

Records of yaw and pitch of the airplane showed that variations of
20 in yaw and 19 in pitch from the clear-air conditions under which the
datum performance curves were obtained occurred during the measurements
of efficiency with the iced propeller. Wind—tunnel tests of the effects
of yaw and pitch variations on propeller efficiency (references 8 and 9)
showed that, for a propeller operating in front of a wing, changes in
efficiency of only 1 percent resulted from yaw variations up to 50, or
from pitch variations up to 1°, Therefore, it is concluded that effi-
ciency variations resulting from deviations in yaw and pitch from the
clear-air detum conditions did not exceed 1 percent.

Photographs of the clean propeller blades with heating shoes
installed are shown in figure 17. These show the leading-edge metallic
abrasion strips installed on the blades and the white—line markings
painted on the shoes to provide a means for identifying the particular
blade photographed and the extent of ice formations. It will be noted
that, in some of the pictures of the thrust face of the blades, the
leading-edge abrasion strips unfortunately give the appearance of ice
formetions and, therefore, should not be confused with the actual forma—
tions. Pictures of the ice accretions for which efficiency data were
obtained are presented in figures 18 to 31. All the pictures shown in
Pigures 17 to 30 were taken with the photographic equipment previously
described and with the propeller rotating. Figure 31 was obtained with
a conventional camera and with the propeller feathered. In all cases in
which pictures were taken with the special equipment, attempts were made
to secure photographs of both sides of all four blades, but in many
instances the equipment failed to function properly and only parts of the
photographs were usable.

e n e ety e e a3 T S A S S e e
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DISCUSSION

In order to generalize the test results that have been presented,
wlth the view in mind of making possible a reasonably accurate evaluation
of propeller efficiency losses likely to be experienced under varlous
icing and operating conditions, the discussion that follows deals with
(a) a consideration of those factors that influence propeller efficiency
and their relative importance under icing conditions, (b) the changes
that ice formations can make in these factors with consideration of the
changes in efficiency that may be expected to result, and (c) the
influence of operating conditions on propeller efficlency losses in icing
conditions. :

Factors Influencing Propeller Efficiency

The factors which affect the efficlency of a propeller may be seen
from the following formula, which is based on blade—element theory:

_ %
o = tananq7+7) @)

where

Neg efficiency of blade element

9 eangle of advance of blade element < tan—?t v )

7 angle, the tangent of which is the blade—element drag-1ift ratilo

(=) -

An examination of equation (2) shows that, for any given operating
condition (9 = constant), the efficiency is dependent on the blade—
element drag-lift ratio. The primary effect of ice accretions on the aero—
dynamic characteristics of a propeller is to increase the blade-element
drag--lift ratio. )

Effect of radial distribution of lce accretions.— The change in
redial distribution of thrust and torque for a propeller with a full-span
ice formation is shown quelitatively in figure 32. The effects of a uni-
form increase in the blade—element drag-lift ratio are illuystrated in
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this figure. It 1s evident that the radial location of ice accumulations
has a significant bearing on the over-all efficiency loss since the radial
loading of thrust and torque is not uniform and the major portion of the
loading is developed by the outer regions of the blades. An indication

of the importance of radial location of ice accretions can be obtained from
data of the present tests. A study of table I shows that the largest loss
(10 percent, encounter 1) was created by a small formation which extended
approximately 75 percent. of the blade radius; whereas & much larger, but
shorter, formtion extending about 55 percent of the distance along the
blade caused only l-percent loss at the same blade angle (encounter 3).
Thus it is evident that, when formations are limited to small radial
extent, large accretions wilth correspondiingly large changes in aerodynamic
characteristics are necessary to cause large efficiency losses. An impor-—
tant factor influencing the radial extent to which ice will form on a pro-—-
peller blade is the kinetic heating of the air passing over the blade.
This effect of kinetic heating is discussed in Appendix B.

Effect of changes in blade—element drag—lift ratio on propeller
efficlency.~ In order to obtain a quantitative Indication of the effect

of changes in the drag-lift ratio (represented in the symbol 7y in squa—
tion (2)) on propeller efficiency, calculations were made for two hypo—
thetical propellers for which the value of the over-all drag—lift ratio -
was adjusted to produce efficiency losses of 5, 10, 15, and 20 percent.
The blade-angle distribution shown in figure 2 was taken for both propel—
lers. The two propellers consisted of conventional sections. The
changes in drag—lift ratio for the entire blade span necessary to induce
the assumed efficiency losses of 5, 10, 15, and 20 percent are shown in
figure 33 as a function of advance ratio for the two propellers operating
at various blade angles. The envelope values of increment in drag—lift
ratio as a function of advance ratio are shown in figure 33 for each of
the assumed efficiency losses. It will be noted that the envelope wvalues
tend to decrease somewhat with increasing advance ratio. Up to advance
ratios of about 2, the decreases in the envelope values are not great and
the changes in drag—lift ratio required to produce the various efficlency
losses are relatively constant. A plot of increase in drag—1ift ratio for
decrease in efficiency was made for both propellers by taking the average
of the values of the envelope curves between advance ratios of 1 and 2.
These data are presented in figure 34. Propellers composed of NACA
l6—series sections should exhibit about the same relation of change in
drag-1ift ratio to change in efficiency as shown in figure 34. °

The data of figure 34 apply to cases of advance ratio up to about 2.
For advance ratios much above this value, the data of figure 34 would no
longer hold, due to the slope of the envelope curves shown in figure 33.
Since the normal operating range of advance ratio for typical present—
day transports is up to about 2, the reminder of this discussion will be
limited to cases of advance ratio of 2 or less.
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EBffect of Ice Accretions on Airfoil-Section Characteristics
and Attendant Efficiency Losses

The following discussion will be divided into two parts covering °
(1) blade—element drag-1ift ratio in the incompressible—flow regime, and
(2) bvlajde-element drag—-1ift ratio in the compressible—flow regimg.

Blade—element drag—lift ra.tio- in incompressible flow.— Three investi-—
gations have been conducted which contain information bearing on this sub—

ject. In reference 10, the effects of a mild simulated ice formation on
the 1ift and drag of an NACA 0012 airfoil were studied. In this investi-
gation, it was shown that the major change in section characteristics arose
from an increase in drag and only a relatively small change came from
decrease in 1lift. Although the accretion did not appear to be severe, the
maximum increase in drag—lift ratio was about 100 percent, corresponding
to a propeller efficiency loss of 8 percent. (See fig. 3fL.)

A second study, reported in reference 2, consisted of tests of a
severe similated ice formation on a propeller with blades composed of
Clark Y sections. The accretion extended about to the blade tips and
was very irregular, even more so for the outer portion of the blades
than any formation observed ‘during the flight investigations in natural
icing conditions conducted by the Ames ILaboratory. The formation is
believed to be at least as severe, insofar as deleterious effects on per—
formance are concerned, as any which would occur under natural conditions.
In reference 2, the basic data from the tests were reduced to mean 1lift—
and drag-coefficient curves. These curves show the change in mean sec—
tion 1ift and drag coefficient for the whole propeller and, from the
standpoint of computing maximum propeller efficiency losses, are belleved
to represent the best data of this type available. The curves show a max—
imum increase in drag-lift ratio of about 200 percent at a normal operat—
ing 1ift coefficient (0.6), due to the presence of the simulated ice.
Approximately llh—percent loss in peak efficiency was measured.

The third investigation consisted of the determination of the effect
of protuberances on the aeroiynamic properties of an NACA 0012 airfoil
(reference 11). The results of these tests, when applied to the case of
a propeller, indicate that only very improbable locations of ice forma-—
tions of the shape tested could cause increases in drag—l1ift ratio
greater than about 150 percent.

The results of these three tests indicate that, for propellers operat—
ing at relatively low speeds with no effects of compressibility, the maxi-—
mum increase in blade—elemsnt drag—lift ratio possible in icing conditions
is about 200 percent. This means, taking figure 34 and the measured loss
of reference 2 as a basis, the maximum efficiency loss to be expected at
low speeds is about 15 percent.
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The largest measurements of efficliency loss of reference 3 are not
in agreement with the conclusion of a maximum loss of 15 percent. A dis—
cussion of these meagurements is given in Appendix C.

Blade—element drag—lift ratio in compressible flow.— The only known
high-speed data pertaining to the influence on section properties of alter—
ations to an airfoil in the leading—edge region are given in reference 12.
In this study, the effects of skin wrinkles on the aerodynamic character—
istics of two NACA airfoils were investigated up to a free—stream Mach
number of 0.73. A low-drag anl a conventional section were studied. The
results showed that only small changes in 1ift resulted within the speed
range tested. However, reductions of the order of 0.05 in drag-divergence
Mach number were measured with both airfoils for the most adverse cases.

In addition, the normal drag increases assoclated with surface irregu—
larities prevailed over the entire speed range. From this information,

it appears that alterations in the leading—edge contour of & propeller .
blade, of the nature that could be expected from accumlations of ice,
could reduce the blade—element drag-divergence Mach number, thereby
reducing the speed range for efficient operation for propellers composed
either of low-drag (16-series) or conventional sections.

An illustration of the variation of drag coefficient with Mach num—
ber such as might be expected from ice accumulations, using the skin—
wrinkle data as a basis, is given in figure 35; this curve is compared
with a similar curve for a clean blade. It is apparent from these data
that reductions in propeller performance, in addition to the performance
losses arising from low-speed drag increases, are possible for propellers
with a portion of {he blades operating in the speed range of drag diver—
gence. The amount of additional efficiency loss resulting from this
cause will be a function of the length of blade affected, which is depend—
ent on the magnitude of reduction of drag-divergence Mach number and the
propeller advance ratio. Obviously, the greater the reduction in drag—
divergence Mach number, the larger will be the length of blade affected.

In order to obtain an indication of the possible magnitude of these
increased losses, comparative calculations were made of the effects of a
gevere ice formation on the performance of a propeller operating at high
speed assuming both e decrease ani no change in drag-divergence Mach num-—
ber. Operating conditions were chosen to be representative of a typical
four—engine transport airplane. The advance ratio was about 2, ani it
was established that the blade tips were operating just at the drag—
divergence Mach number for clean blades. A decrease of 0.05 in the drag-
divergence Mach number below that for the clean-blade case was selected
for the iced condition. The results of the calculations showed that the
additional decrease in efficiency due to adverse compressibility effects
would be less than 1 percent.

Since the tests of reference 12 on the effects of skin wrinkles
were taken as the basis for the assumed decreases in drag-divergence
Maech number in the 'calculations, the above results may not be
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representative of the condlitions prevailing for actual ice accretioms.
It 1s conceivable that larger reductions in drag-divergence Mach number
may arise from the presence of ice than measured for the skin wrinkles,
but, considering the above results, it is not likely that efficiency
losses resulting from such causes would be greater than 5 percent.
Therefore, it appears that for propellers operating under the most
adverse conditions at advance ratios up to 2, with the most severe full-
span ice accretions possible, efficiency losses would not exceed 20 per—
cent.

Normally expected efficiency losses.— In the previous sections, it

was concluded that the maximum efficiency loss to be expected at low
speeds is about 15 percent and, for propellers operating in the critical
speed range, the maximum loss would not exceed 20 percent. For the major—
ity of cases of propeller icing, the losses would be less than these
values since they are representative of extreme conditions in which the
entire length of blade is adversely affected; whereas, in a large number
of instances, ice forms on only part of the blade and usuvally in a much
less detrimental configuration. This is in general agreement with the
measured values given in table I, which displays relatively low losses,
with a maximm value of 10 percent. Also, a review of the measurements
mede during the flights of reference 3 showed that, for about 90 percent
of the icing encounters, efficiency losses were less than 10 perc’ent.u
Thus it appears that,in the vast majority of instences of propeller
icing, efficiency losses can be expected to be less than 10 percent.

Mention was made previously that large efficiency losses have been
reported, based on decreases in airplane performance. In some cases these
reported losses have been as high as 30 percent. Such large wvalues are
in conflict with both calculated and measured losses, and it is believed
that accumulations of ice on other components of the airplanes caused
serious increases in drag with corresponiing decreases in airspeed,
which were falsely attributed to propeller icing. Measurements reported
in reference 3 showed that increases in airplane parasite drag of as
much as 80 percent are possible when all camponents, with the exception
of the propellers, have accumulated ice.

Influence of Operating Conditions on Propeller
Efficiency losses in Icing Conditions

VWhen a propeller accumulates ice, the resulting changes in propeller
performance are reflected in corresponding changes in airplane perform—
ance.- Depending on how the pllot reacts to the changes, various operating
conditions can be established which may have an increased detrimental
effect on the propeller performance. This aspect of propeller icing can
best be explained by reference to a plot of efficiency as a function of
advance ratio (fig. 36). In this figure, curve A represents the envelope—
efficiency curve of a clean propeller; whereas curve B represents the
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equivalent curve for a case where ice accretions would cause an efficiency
loss of a fixed amount. The fact that the two curves would be approxi-—
mately parallel is substantiated by the data of reference 1. If an air—
plane operating at point C on curve A encounters icing and the pilot does
not adjust his controls, the airspeed will decrease and the airplane will
operate at some point ‘such as D, assuming the propeller has a constant
revolution—per-minute pitch control. Upon noting this loss of airspeed, '
‘the pilot may take two courses of action. He may try to retwrn to a
point near the peak of the envelope, such as point E, by adjusting

engine speed and power. If the airframe has accumulated ice, resulting
in higher airplane drag, this would probably call for a reduction in pro-
peller speed and an increase in engine power. The pilot may try to shed
some of the ice on the propeller by increasing propeller speed. The com—
bined action of centrifugal force and kinetic heating (see Appeniix B)
resulting from an increase in propeller rotational speed is often effec—
tive in reducing the extent of the ice accumulation. If he is unsuccess—
ful in this respect, the propeller will dontinue to operate on curve B at
some point such as F. He has thus lost additional efficiency with respect
to the possibility of operating at E, shown as Ay in figure 36, due to
the curvature of the envelope curves. On the other hand, if socme of the
ice is removed, he would operate at some point G, which approaches

curve A as a limit. Then, by resuming the initial engine operating con—
ditions, it may be possible to operate at or near the original point C.

It should be noted that the foregoing discussion applies to an unpro-
tected or an inadequately protected propeller. If the entire airplane is
properly protected, there will be no need for corrective action by the
pilot since the propeller will continue to operate near point C.

Thus it appears that in operation of unprotected or imadequately
protected propellers in icing conditions, periodic attempts should be
made to throw off the accretions by increasing propeller speed. If the
ice cannot be removed, it 1s desirable to operate at or near the peak of
the efficlency-envelope curve for the iced propeller. This peak is
probably located at about the same value of advance ratio as the peak
for clean blades.

CONCLUSIONS

As the result of measurements of propeller performance loss due to
ice formation, made during flight in natural icing coniitions and sup—
plemented by an analysis of the factors contributing to performance loss
(in which all values apply for propeller advance ratios up to about 2),
the following conclusions are rea.ched.°

1. During the vast majority of icing encounters with unprotected
propellers on present-day transports, propeller efficiency losses can be
expected to be less than 10 percent.
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2. The maximm loss to be anticipated for propellers free of adverse
compressibility effects is about 15 percent; whereas, for propellers oper—
ating above the critical speed, the maximmm loss to be expected is about

20 percent.

3. Reported prol;eller efficiency losses larger than about 15 or
20 percent, based on reductions in airplane performance, probably are
actually due to icing of other components.

4., fThe magnitule of efficiency loss resulting from an icing encounter
can be influenced by the decisions of the pilot in adjusting the engine

and propeller controls.

Ames Aeronautical Iaboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif., Jume 15, 1950.
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APPENDIX A
SYMBOLS
chord of blade element, feet
specific heat of air at constant pressure, Btu per pound

blade—element drag coefficient

blade—element 1ift coefficient '

power coefficient ( L )
pn®pS

torque coefficlent <——9—->
pn®p® /

on?p*

thrust coefficient ( T >
propeller diameter, feet
drag of blade elenient » pounds

acceleration of gravity, equal to 32.2 feet per second, second
blade section maximum thickness, feet

mechanical equivalent of heat, equal to 778 foot—pounds per Btu
propeller advance ratio <%)

1lift of blade element, pounds

free—stream Mach number

propeller rotational speed, revolutions per second
input power to propeller, foot—pounds per second
torque of propeller, foot—pounds

redius to blade element, feet

propell_er tip raq.ius , Teet
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t temperature, %
T +thrust of propeller, poundé

U speed of free stream with respect to propeller-blade section, feet
per second

V airplane true alrspeed, feet per second

x fraction of tip radius ( I%)

B blade angle, degrees

L 4 -

B, blade angle at 0.75 radius sté:hion, degrees

v angle between 1ift force and resultent force <ta.n‘l P-I% , degrees

1 propeller efficiency< C—T-> J
Cp
1, efficiency of blade element [ M—]
tan (p+7)
p mass density of air, slugs per ‘cubic foot

@ angle of advance of propeller-blade element at radius x

"'e °
Kta.n_l v ’, degrees
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APPENDIX B

CONSIDERATIONS OF THE REIATION OF KINETIC
HEATING TO PROPELLER ICING

KineticTemperature Rise Experienced by a Propeller
During Flight in Icing Conditions

In clear air the temperature rise at the stagnation point of a blade
section is given by

R
ngcp

At =

(3)

This equation, which is derived from a balance of the thermal and mechani-—
cal energles involved, defines the air—temperature rise, and, provided
there is no thermal conduction in the propeller blade, the surface temper—
ature also will experience the same increase. If, as is true in the prac—
tical case, there is conduction in the blade, the surface temperature rise
will be less than that given by equation (3) by an amount dependent on the
equivalent conductivity of the blade, its shape, and other factors.

In a cloud composed of water drops, the kinetic—temperature rise of
the blade surface is reduced due to cooling by evaporation of the drops
impinging on the surface. Equations for computing thé kinetic—temperature
increase with evaporation prevalent are presented in reference 13. One
difficulty involved in the solution of the equations of reference 13 is
that they must be solved by trial, a laborious procedure. The stagnation—
temperature rise in a cloud may be obtained with considerably less effort
by using a pseudo-adiasbatic diagram, such as shown in figure 37. The
resulting value will be the same as that obtained using the method of ref—

erence 13. The procedure for compubting this temperature rise is outlined
in figure 37 as follows:

Esteblish point A at the pressure altitude and ambient-air temperature
for which the calculation is to be made. Calculate At using

equation (3), add this vaelue to the air temperature, and follow down a
dry adiabatic line to the temperature line obtained from the resulting
sum (point B). This establishes the-pressure in terms of altitude at
the stagnation Toint. Point C is then determined by "the intersection
of the stasnation—pressure line and the line drawn through point A
parallel to the pseudo—adiabatic lines, and this point is the wet
stagnation temperature. It will be noted that the wet kinetic—temper—
ature rise is considerably less than that obtained in dry air.
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There are two limitations to the above method for computing stagnation—
temperature rise in wet air. First, no account is taken of the heat removed
from the stagnation region by water not evaporated which flows aft during
flight in clouds of high water content. This factor likewise is not con—
sidered in the analysis of reference 13. The second limitation is that heat
conduction in the blade is neglected. There is no simple way of including
this factor in the calculations. A fairly complete analysis and discussion
of this aspect of kinetic heating is included in reference 13. "In refer—
ence 13, comparisons are made between the effects of kinetic heating on a
perfectly conducting blade and a completely nonconducting blade in a cloud.
Only conduction in a chordwise direction is considered. It is shown that
the effect of conduction is to red.uce the stagnation temperature from that
for a nonconducting blade.

In order to cbtain a comparison of kinetic—temperature rise calculated
by the above methods with temperature rises prevailing during actual f£flight
in icing conditions, values obtained during the present tests were plotted
in figure 38, together with curves computed using equation (3) and a pseudo-
adiabatic diagram. The atmospheric conditions assumed for the curve com—
puted using the pseudo-adiabatic diagram are 12,000 feet pressure altitude
and 5° F free-air -temperature, which are the average of the conditions for
the flight values of kinetic—temperature rise. The velues obtained during
the tests were computed using propeller photographs from icing encounters
in which the radisl extent of the ice formations apparently was limited by
kinetic heating and in which there was no obvious breakoff. By assuming
that the end of the formation was at freezing temperature and noting the
radiel extent from the photographs, it was possible to plot the kinetic—
temperature rise above ambient as a function of the section velocity at
the end of the formation. For further comparison, experimental data from
reference 14, which were acquired in a manner similar to that employed for
the above points, also were plotted in this figure.

In the case of the values obtained during the present investigation,
it was noted that the points displayed considerable scatter. A study of
the date revealed that the points fell into three groups, depending on the
atmospheric conditions prevailing at the time the photographs were taken
which established the radial extent of the ice formations. The grouping
is given in the following table and the data points of figure 38 were cor—
respondingly divided:

Atmospheric condition existing

Gr
o ‘at time of photograph

1 - Continuous.icing .

2 Icing clouds of very low liquid—
water content or broken clouds with
patches of clear air between

3 Clear air or snow

s e e e e —
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Group 1 covers the points for the condition in which sufficient liquid
vater would be present to insure continuous evaporation at. the blade lead—
ing edge. The points encompassed by group 3 should exhibit close to the
full kinetic-temperature rise for clear air in the absence of evaporative
cooling from water on the surface. In group 2, periodic exposure of the
blade to water clouds, then to clear air, or exposure to very small amounts
of water, would cause a smaller degree of evaporation than created under the
conditions of group 1. Thus, the points of group 2 would be expected to
fall between the points of groups 1 and 3. Such actually proved to be the
case. In figure 38, the points falling in group 1 established a fairly
well-defined curve, those in group 3 were distributed around the curve
determined by equation (3), and the points in group 2 lay in between the
two curves. With one exception, the data points from reference 1l followed
the same general pattern, covering the same range as the other points. The
nonconforming point obtalned at a blade—section velocity of 500 miles per
hour is believed to be in error.

It will be noted that the curve for continuous icing (group 1) is
below that established by the pseudo-adiabatic diagram. This could be due
to a combination of two causes. First, some of the kinetic heat developed
may have been removed by water flowing back from the leading—edge region.
Second, thermal conduction in the blade would tend to lower the experimental
values. Neither of these factors is considered in the procedure for deter—
mining the calculated curve. If conduction were the predaminant cause of
the lower experimental values, this effect also would be prevalent for the
clear-air points (group 3), but such is not the case. The mterial used
in the construction of the test heating shoes appears to have provided
fairly good insulation. It is concluded, therefore, that removal of heat
from the leading-edge region by water flowing aft can have comsiderable
effect in reducing the kinetic—temperature rise of a propeller blade in
icing conditions.

Beneficial Effect of Kinetic Heating in Preventing
Premature Compressibility Effects

With the outer portion of a propeller operating at high velocity, it
is possible that the deleterious action of ice accretioms in reducing the
blade-section drag-divergence Mach number would be prevented through the
beneficial effects of kinetic heating. Thus, if ice is prevented from
forming on the blades in the critical regions, no adverse results from
this cause can occur. The extent to which the beneficial effects will be
menifested is a function of the propeller speed and the free-air tempera—
ture. A plot of the air temperature down to which protection from kinetic
heating will be obtained as a function of the blade—section Mach number is
given in figure 39. Values of kinetic—temperature rise from the con'binuous—
icing curve (group 1) of figure 38 were used in the construction of

figure 39.
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The data of figure 39 may be used to determine the ambient tempera—
ture ebove which adverse compressibility effects due to the presence of
ice will be prevented by kinetic heating. If a drag—divergence Mach
number of 0.75 is assumed (typical of the outer sections of present—day
propellers), kinetic heating will prevent compressibility effects result—
ing from ice accretions down to an ambient temperature of about 2° F.

TLength of Blade Heating Shoes as Influenced
by Kinetic Heating

In most cases at the present time, propeller ice protection is
obtained through the use of rubber heating shoes cemented to the external
surface along the blade leadlng edges. The shoes are subject to erosion
by the ebrasive action of foreign matter in the air, This is especially
true for the outer regions of the blade where velocities are high. The
problem is so critical from a maintenance stendpoint thet most airline
operators have resorted to using relatively short heating shoes to keep
abrasion at a practical minimm. A typical extent of shoe currently in
use on a 1l3-Ffoot-dismeter propeller is to the 60-percent—radius station.
For such a propeller operating at 1000 rpm and 300 miles—per-hour true
alrspeed, complete protection could be anticipated down to free-air
temperatures of sbout 15° F, due to the combined action of the heating
shoes and kinetic heating. Below thls temperature ice could form on the
blades in the region limited on the inmer end by the blade shoes and on
the outer end by kinetic heating. At very low temperatures, of course,
the ice would extend from the oubter end of the blade shoes clear to the
tips. Under these circumstances, it can be shown, using blade—element
theory, that, with an ice formation over the unprotected portion of the
blade of sufficient severity to cause an over-all efficiency loss of 15
percent for a full-span accretion, a loss in efficiency of about 10
percent could result. Thus it is seen that partial-span blade shoes can
reduce congiderably, but by no means entirely, propeller efficlency
losses resulting from the accretion of ice. In a good many instances,
alr tomperatures will be sufficiently high to prevent any ice formation
beyond the blade shoe, and only the negligibly small efflciency losses
resulting from periodic formatlons on the blade shoes through cyclic
heating will be incurred.
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APPENDIX C

CONSIDERATION OF PREVIOUS MEASUREMENTS OF LARGE PROPELIER
EFFICIENCY LOSSES IN ICING CONDITIONS

Three measurements of propeller efficiency loss presented in refer—
ence 3 produced values of 15 percent or greater., The air temperatures
Prevalling at the time of these measurements were relatively high; thus
the action of kinetic heating (s¢ée Appendix B) would have limited the
radial extent of the ice accretions. Under such circumstances, the pre—
sence of adverse compressibility effects is extremely unlikely, and the
maximm efficiency loss to be expected would be about 15 percent, as
concluded in the body of the present report. With only partial—span
formations, 1t would be expected thaet the measured losses should have
been somewhat less than 15 percent. In view of this discrepancy between
the measured losses of reference 3 and the maximum loss as concluded in
this report, it is of interest to investigate the changes in propeller
section properties required to produce the measured losses. Accordingly,
calculations were made to establish the magnitude of asrodynemic changes
necessary to cause the three losses.

The three highest losses recorded in reference 3 are 15, 17, and 19
percent. The alr temperature existing at the time of the measurements
was 25° F, 21° F, and 18° F for the losses of 15, 17, and 19 percent,
respectively. From this information, the radial extent of the formations
Prevalling for these temperatures was computed, using the curve of
kinetlc—temperature rise for continuous icing (group 1) of figure 38.
The airplene operating conditions given in reference 3 were used in the
computations. Results of this calculation established the outer limit
of the ice accretion at 33 percent of the blade radius in the case of the
15-percent loss, at 60-percent radius for the 17-percent loss , and at
69-percent radius for the 19-percent loss. '

The changes in section drag—lift ratio which would be required for
the iced portions of the blades to cause the measured efficiency losses
wore then computed, using clean—blade thrust— and torgque-distribution
curves which were considered representative. For the 15— and 19-percent
efficiency—loss cases, these curves were calculated by the method of
reference 15; and, for the l7-percent loss case » they were approximated
from data of reference 16. Results of the calculations showed thet over
2000-percent increase in drag—1ift ratio would have been required for
the iced part of the blades to cause an efficiency loss of 15 percent
under the existing conditions. Similarly, increases in drag—lift ratio
of 900 and 800 percent for the iced regions were calculeted to have.been
necessary to create the losses of 17 Percent and 19 percent, respectively.

In view of the fact that an increase in drag—1ift ratio of about
200 percent was concluded previously in this report to be.the maximum
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possible in icing conditions, it is difficult to reconcile measurements
producing 4 to 10 times this change. Possibly the formations .encountered
during these particular tests of reference 3 were as deleterious as the
measurements indicate, but the validity of these three values is seriously
questioned. It is not believed that losses of such a magnitude can be
experienced at the relatively high air temperatures of the tests. During
the experiments of the present report it was learned that erroneous meas—
urements of efficiency are very likely if considerable care is not exer—
cised in allowing conditioms to stabilize bufore taking readings. This

is sometimes very difficult to accomplish, in view of the turbulence often
associated with icing conditions, and it is believed that the measurements
of the three efficiency losses under discussion are in error. Validity of
the results of reference 2, from which the meximum value of 200-percent
increase in drag-lift ratio was derived, is not disputed since the tests
were conducted in a wind tummel in which stable conditions generally exlst;
also, there is no reason to believe the data were subject to systematic
error, and a large number of observations were made, which would tend to
reduce random errors. .
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TABLE I

TABUTATION OF PROPELIER EFFICIERCY LOSSES AND METECGROLOGICAI CCRDITIORS OF ICING
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TABLE II

NACA TN 2212

ICE FORMATION CIASSTFICATION SYSTEM USED THROUGHOUT REPCRT

Outer limit of ice

Thickness of ice at

Class Tormation Clasge | leading edge in chord—
(percent tip radius) wise direction (in.)
I 26 to 41 A Tess than 1/k
II k2 to 5b B 1/4 to 1/2
Iz 55 to 68 c 1/2 to 1
v 69 to 81 D Over 1
v 82 to 95 - —_
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TABIE ITI

EXPERTMENTAL VALUES OF THRUST AND POWER COEFFICIENT FOR SEVERAT.
: ICING ENCOUNTERS IN WHICH ONLY SINGULAR VALUES
OF PROPELLER EFFICIENCY WERE MEASURED

Thrust |Power Blade
Encounter |AEV2RC®| coeffi— | coeffi— | angle, | D2ta | Photo
number ra';io, cient, cient, Bo figure | figure
V/oD CT CP (deg) nunber | number
L 1.07 0.066 0.078 |25.8 11 22
' 1.07 .06k 077 |25.8
1.16 .10k% 159 |31.8
1.17 .101 152 |31.8 v v
7 .95 074 .08k 125.8 13 25
i .98 OTh - .08k i
1.03 .0T1 .086
J 1.03 .070 .083 ¥ v v
8 1.07 .073 .088 }25.8 13 26
1.07 .0T3 .088 '
1.07 .073 .089
1.08 .0T3 .088
1.08_ .072 +.088
v 1.09 .0T3 .089 v Y
9 .90 .10% 115 |21.5 12 a7
\[/ .92 .109 121 j21.5 v v
10 1.13 .096 126 126.5 16 |28, 29
‘ 1.1% .090 .118 | | i
v 1.15 .096 .127 v v v
11 1.28 .102 149 {29.5 16 30
v 1.29 .102 149 129.5 v v
12 .98 .115 .139 [28.0 15 31
1.00 | .111 .1%0 \L ; l
v 1.0k .102 .128 v v
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Figure 3.— Test propeller .showlng the specially comnstructed blade heating
shoes and the spinner. .
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Figure 4.— Camera installation for photographing the thrust face of the
test propeller blades.
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Figure 6.— Hemispherical differential-pressure type yaw and pitch head.
Airspeed total-pressure heads are mounted on either side of the yaw
and pitch head.
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Figure 7.- Thrust and power coefficients for the lest propeller with blade heaflng shoes and

with no ice formations.
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Figure 8.~ Efficlency curves for the test propeller with blade heating
shoes and with no ice formations. '
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Figure 9.- The effect of ice formations on the variation of thrust and power

coefficients with advance ratio.
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Figure |1.- Comparison of efficiencies for clean and iced
propeller at two blade angles for ice formation fype
ID+1/f2XA. Encounter 4. Thrust- and power-coefficient

data from ftable III.
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Figure 12— Comparison of efficiencies for clean

and Jiced propeller for two ice formations.

Thrust- and power~coefficient data at [ = 20.7°
from figure 9(b); at A = 21.5° from table III.
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Figure 13.— Comparison of efficiencies for clean and
iced propeller for five ice formations at one
blade angle. £ = 25.8°. Thrust-and power - coef-
ficient data from figures 9(a), 9(c), and 9(d), and

table II.
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Figure |4.— Comparison of efficiencies for clean
and iced propeller for two ice formations at
one blade angle. [ =318° Thrust- and power-
coefficient data from figures 9(a) and 9(e),
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Figure 15.- Comparison of efficiencies for clean and
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from table III .
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resulting from inadequate cyclic heating. Thrust-
and power-coefficient data from table IIT .
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(b) Thrust face of blade.

Figure 17.— Photographs of clean propeller blades.
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Figure 18.—~ Ice formation of encounter 1. Camber face. Peak efficiency
loss, 10 percent.
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A-14939

Figure 19.— Ice formation of encounter 2. Camber face. Peak efficiency
loss, 1 to 2 percent.
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Flgure 20.— Ice formation of encgunter 3. Camber face. Peak efficiency
loss, 4 percent at By = 25.8°%; 6 percent at Bo = 31.8°.
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Figure 21.— Ice formation of encounter 3a.
loss, O to 1 percent.
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(2) Camber face.

Figure 22.— Ice formation of encounter L. Efficiency loss, O percent at
Bo = 25.89; 8 percent at B, = 31.8°. _

- - - e e e e et = e e —— —— ———— ———


http://www.abbottaerospace.com/technical-library



http://www.abbottaerospace.com/technical-library

NACA TN 2212 _ 65

NACA
A

A-14943

(b) Thrust face.

Figure 22.,— Concluded.
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(2) Camber face.

Figure 23.~ Ice formation of encounter 5. Peak efflciency loss,
4 percent.
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A-14945

(b) Thrust face.

Figure 23.— Concluded.
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A-12730

(a) Camber face.

Figure 2k.— Ice formation of encounter 6. Peak efficiency loss,
percent.
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(b) Thrust face.

Figure 24.— Concluded.
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(b) Thrust face.

Figure 25.~ Ice formation of encounter 7. Efficlency loss, 1 to
3 percent.

>



http://www.abbottaerospace.com/technical-library



http://www.abbottaerospace.com/technical-library

TACA TN 2212 7

(b) Thrust face.

Figure 26.— Ice formation of encounter 8. Efficlency loss, O percent.
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(a) Camber face.

Figure 27.— Ice formation of encounter 9. Efficiency loss, 1 to
4 percent.
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(b) Thrust face.

Figure 27.— Concluded.
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Figure 28.— Ice formation of encounter 10. Thrust face. Efficiency loes
0 percent. ?
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Figure 29.— Ice formation of encounter 10. Thrust face. Efficlency loss,
0 percent.
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Figure 30.— Ice formation of encounter 11. Thrust face. Efficiency loss,
0 percent.
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Figure 31.-—' Ice formation of encounter 12. Camber face. Efficiency loss,
5 percent.
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Figure 32.- Qualitative indication of changes
in spanwise distribution of thrust and
forque for a propeller with a full-span
ice formation. '
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