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By Johﬁ F. Darsow and Jemes Selna
| SUMMARY

The thermal performance of an air-heated precpeller, installed on a
test airplene, was evaluated by ovbservations of the ice-prevention prop--
erties of the propeller during flight in natural-icing conditicns snd by
the collection of thermal data on the propeller during flight in clsar
air and in clouds at temperatures above freezing. The test prepeller
was equipped with hollow steel blades of a standard design which were
altered to permit heated air to enter the blade cavities at the propeller
hub and to leave the cavities at the blade tips. No provisions were
made to control the distribution of air flow inside the blades.

The observations in natural-icing conditions together with ths ther-
mal test data indicate that little or no protection to the leading—edge
region of the propeller blades would result during flight in severe
naturel--icing conditione. The observations in natural~icing conditions
were limited in that only light—icing conditions wsre encountered; how—
ever, in these light-icing conditions ice accretions formed on the lead—
ing edges of the blades in the region of blade stations 30 tc 40. The
clear air and cloud tests showed the propeller blades to be inefficient
heat exchangers in that more heat energy was discharged in the air flow
leaving the propeller than was diesipated through the propeller-blads
surfaces. The measured blade—surface temperatures indicated that in—
adequate heating was provided to the leading—edge region of the pro-
peller and show the need of providiug means to increase the heat. flow
through the leading-edge region of the blades. -~

INTRODUCTION

ring the past few years, research has been directed to provide
rrotection for aircraft propellers during flight in natural—icing
conditions by the application of heat to the propeller blades. Ons
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means of applying heat has been through the use of electrically heated,
rubber blade shoes placed over the leading edges cf the propeller bladee
(reference 1), These shoes, however, in their present state of develop-
ment have some effect (although small) on the aerodynamic performance of
the propeller, require frequent servicing, and require the availebility
of a suitable electrical power supply. In an attempt to provide a more
simple system, and make use of the heat content of the airplane engine
exhauet gases, one of the well known propeller manufacturers constructed
an air-heated propeller. This propeller was equipped with hollow steel
blades of a standard design. It had provisions for inducting heated air
into the blade cavities at the prcpeller hub and of disposing of it
through discharge rozzles located at the blade tips. No provisiocns were
made for controlling the distribution of the heated air in the blade
interiors. . :

The purpose of the present inveetigation was to evaluate the thermal
performance of thig air-heated propeller. The investigation consisted
of flighi tests in natural—-icing conditions during which the ice-protec—
tion properties of the propeller were observed and flight tests in clear
alr and in clouds at temperatures above freezing during which thermal
data cn the propeller were obtained. " : '

The investigation was conducted by the Ames Aeronautical Laboratcry
of the National Advisory Committee for Aercnautics. The flights in
natural-icing conditions were conducted frem the Army Air Forces Ice Re—
search Base, Minneapolis, Minn., during the winter 1944-L45; and the re~
mainder cf the tests were conducted at the Ames Aeronautical Laboratory,
Moffett Fleld, Calif., in the summer of 1945,

DESCRIPTION CF EQUIPMENT

The test propeller, a -four-blade, li—~foot-diameter, air-heated pro—
peller was installed on the left engine of a test alrplane. A similar
installation, which was provided on the right engine for subsequent tests,
is skown in figure 1. The operation of the prcpeller heating system 1s
shown in figures 2 and 3. Ram alr, heated by an exhaust-gas—air heat—
exchanger installation (described in reference 2) wae ducted to the
stationary part of the propeller air manifold. The heated air was then
transmitted to the rotating part of the propeller air manifold, admitted
to the blade cavity through holes in the blade shanks, and discharged
through nozzles located at the blade tips. The air particles in the
blade are subject to radial acceleratiocns, due to the rotation of the pro-
peller, which results in a pumping action. This pumping action together
with the ram pressure at the heat exchanger induced the air flow
through the system. In order to reduce the air leakage between the
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stationary and rotating parts of the propeller air manifold, and be-
tween the blade shanks and the rotating part of the propsller air mani—
fold, carbon seals were provided as shown in figure 3. The approximate
propeller-blade sections and a sketch of the propeller—tip discharge
nozzles are given in figures 4 and 5, respectively. s employed herein,
the term "station" denotes the radial distance from the center of rota-
tion in inches. (See fig. L.)

Instrumentation was provided to measure the ambient-air temperature
the rate of air flow to the propeller, the temperature of the heated air
entering and leaving the propeller, and various blade—surface tempera—
tures. The location and designation of this instrumentation is given in
figure 6. The thermocouples installed on the propeller blade surface
were surface type thermocouples having a thickness of .001 inch. They
were inetalled on the propeller blade between two coats of paint.

The instrumented propeller blade and the thermocouple leads at the
blade shank are shown in figure 7. A mercury—in-glass thermcmeter lo-—
cated on the side of the airplane was used to check the ambisnt-air
temperature indicated by the ambient-air thermocouple (TAg3) shown in
figure 6. The electrical circuit by means of which the temperature
indicatione of the thermocouples located on the rotating part of the pro-—
preller installation were conveyed to the temperature recording equip~—
ment is shown diagrammaticelly in figure 8. The leads of these thermo--
couples were attached to a selector switch as shown in the circuit dia-
gram of figure 8. The selector switch was lccated on the nose of the
propeller epinner (fig. 6), and it was of specia) design and operated
similar to a standard recording potentiometer stepping switch. Copper
leads were used to extend the thermocouple circuit from the sslector
switch to the elip rings and from the slip rings to the recording poten—
tiometer. The porcable potentiometer was placed in the circuit to com-—
pencate for any potentials generated in the circuit cther than thcee
produced by the thermccouples, and it was employed as follows (1) The
selector switch shown in figure 8 was actuated to provide a readﬁng of
the ambient—air temperature TAg3 on the recording potentiometer and
(2) the pcrteble potentiometer was then ad justed tc make this reading of
TAg3 on ths recording potentiometer equivaient to the temperature
indiczted Ly the wmsrcury—in—gless thermometer located on the side of the
airviane. Taus all potsutialg in the cirsuit, other than the thermo-—
coupliz potential, were nuillified and all the thermocouples located on tle
rotating part of the proieller installation could be recorded by permit-—
ting the recording potentiometer to actuate the selecuor switch..

The thermOCOIDle 1nstallat10ns on the rotaflng po*tlon cf the pro-
peller aseerb.¥ were not —vallable for the ﬂqthr”'—‘CLng flights. In tle
case ol these fiights, therefore, the instr Umentatﬂon provided only
data on the quantity and temverature of heated alr. supplied to the pro-
peller.
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A standeard sirplane tachometer and sensitive altimeter were
employed to measure the epglne speed and test a]tltude, respectively..

TESTS

For the flights in natural-icing conditicns, the airplane was
operated at the cruiee conditions of §50 to 1000 propeller rpm (1500 to
2000 engine rpm) and indicated airspeeds of 150 to 160 miles per hour..
During these tests measurements were made of . the -temperature and the
rate of air flow delivered to the propeller. At-all times the flow
rate to the proveller was the maximum obtainable for the operating con-
ditions. Visual and photographic observations were. made of the ice-
protection qualities of. the propeller. s :

At the cloae of the period during which natural-icing conditions
prevailed, the instrumentation on the rotating part of. the propeller
installaticn was installed and flight tests were undertaken in clear
air and in clouds above freezing to obtain thermal data on the pro-—
belier. The tests were conducted at 2700 tc 3900 feet pressure alti--
tude, 160 miles per hour indicated airspeed, 950 propeller rpm, with a
meximumn rate of air flow to the propeller. These test conditions were
established as being ccmparable to the operating conditions during the
icing flights. .

Measurements of the instrumented blade surface and tip air temper—
atures, as Wu11 as measurements of the heeted-air-fliow rates arnd the
temperature of . the air entering the propeller vere recordsd for these
tests. One test run was made with the heated-air saple dact dlsccnw
nected frem the heat exchanger, and the propeller pumping ;ree—sureem
air, in order to obta*n an . 1rd*cation of the proneller~olaae surface~
temper&ture rises caused by adiabatic and Fr¢Ct10D “eatxpp reeultlng
from the external’ and 1nterna1 air flows. : : e

 RESULTS AND DISCUSSION

The observaticns made during flight in natural-icing conditions are
presented in table I. - These observations were limited in that only
light-icing conditions were encountered. TLight—icing conditicns are de-
fined as those in which .an unprotected airplane could sustain flight
almcst indefinitely. These results show, however, that even in these
light—-icing conditions, ice accumulated on the leading edge of the pro-
peller blades in the region of stations 30 to 40 as shown in Tigure G.

No ice formation on the blades aft of the leading&euae regions wag ob—
erved during the tests. C S =
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The results of the thermal tests conducted in clear afr and clouds
(above 32° F) are presented in tables II and III. The ambient-air
temperatures and the propeller—tip air temperatures given in tests 3, &,
5, and 7 of table II have been corrected for the effects of kinetic heat-
ing by the relationship

R e
2g J cp'l
where i
T corrected air temperature, Op
Ty indicated air temperature,‘ Op
v velocity of air, feot per second
g acceleration due to gravity, feet per second, second
J mechanical equivalent of heat, 778 foot;poundé.per Btu
Cp gpecific heat of air at constaﬁt pressure, Btu per pound, °F'
X percentage of full adiabatic heating:

The values of propeller—tip air temperature TAs2 given. for the-
test conducted with unheated—air flaw to the propeller (test No. 6) has
not been corrected for the effects of kinetic heating since no air-flow—
rate data were obtained for this test. In correcting the ambient—air
temperature for the cloud test (test No. 7) the value of specific heat
for wet air (reference 3) under the test conditions was employed. In
correcting the propeller—tip air temperature TAS2, an average velocity
in the blade cavity at the station where TAg2 was located was employed.
The value of - K fer all calculations was taken as 0.9, this value having
been previously established for the mercury—in—glass thermometer en the
side of the airplane and considered applicable to the stagnation-type-air
thermocouples used to measure temperatures TAGE and TAg3.

The value of air-flow rate given in table III is an average value
of several measurements at the test conditions. The individual values
did not differ from the value presented by more than* 50 pounds per hour.
The actual air-flow rate through each propeller blade probably differs
from the values presented due to cold air leakage into the heated airflow
at the carbon seals, (fig. 3). This leakage, however, is presumed to be
small., '
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"The heat exchange efficiency of the instrumented blade has been
apprcximated in table ITI. The values calculated are based on the tem—
perature -of the air entering the propeller manifold since no measurement
was made of the temperature of the air entering the blade cavity.. The
calculations also neglected consideration of the kinetic energy imparted
by the prcpeller to the internal airflow which converts to heat.' The
values calculated, haewever, are considered sufficiently accurate to show
that the propeller blade was an mefficient heat exzhangsr. These calcula-
ticns indicate that less than helf of the heat content of the air deliv-
ered to the propeller was removed by the propeller.

It is noted in table II that the propeller—tip air temperature for
the test conducted with unheated-air flow to the propeller (test No. 0)
is indicated to be 40° F higher than the temperature measured in the pro-
peller manifold. As previously mentioned, the tip air temnera»ure for
this test has not been corrected for the effects of kinetic heating, and
also, the kinetic energy wh*ch goes into heat in' the internal fiow is of
xnown magnitude.

| The blade—-surface temperaturss of table II have besn plotted as
temperatiure distributions in figure 10. The temperature distritution
(above embient--air temperature) obtained during the dry-air tests with
keated-air flow to the propeller is shown in figure 10(a). The scatter
of the data for the several tests plotted is accountable to slightly
different test conditions and to inaccuracies of measurement. The tem—
Perature rises above ambient—air temperature given in this figure are
only partially a result of the heat dissipated through the propelier—
blade surfaces;. the balance being due to externalikinetic heating of the
propeller vplades  In:-figure 10(b), the mean. curve of figure 10(a).is com-
pared with the data .obtained during the dry—air *tést with.(free-stream)
vnheated—air flow-to the propeller. -The temperaturs rises for~the un—
heated airflcw are approximately those due to external kinetic heating
of the blade. The curve drawn through the leading edge points wae cal--
culated by the relationship

ve & (2)

P Sa—

~ . o 2g Jop

where AT is the theoretical temperature rise due to external kinetic
heating. The temperature difference hetween these two curves may be
attributed to the heet dissipated through ‘the proveller~blade surfaces.

It is an;ccted by f¢gule 10(b) that the’ tcmperature rise of the blads
1é8ding: edges due to the heated—air f1ow variés arproximately fromv60 F
at station 15 to 10 F at and beyond: Qtatlon LO. The chordr.usc temperaw
tire rise at sta ion 35 dué to heated—air flow is shovn in thls flgv“e

to vary from 15 F at the leading edge to about 50° F at 50 percent chord.
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The higher leading—edge temperatures at the staticns nearer the pro-
peller hub are probably a result of (1) the conduction of heat along the
blade from the propeller menifoléd, (2) a reduction in heat tranefer due
to the low velocity field ehead of the engine cowling and, (3) hlgher
temperatures of the internal eirflow near the hub.

The chordwise temperature distributicn is probably due to three
factors: (1) the ccncentraticn of the heated-air flow along the trail-
ing edges of the blade cavity caused by the Coriolis forces;, (2) the
existence of the largest extermal heat—transfer coefficients at the
blade leading edge, and (3) the fact that the blade material is thickest
(Lowest thermal conductivity) at the leading.-edge. The results show the
necessity of providing means to increase the heat flow to the leading—
edge region of the blades. This could be accomplished by the addition
of a radial baffle within the blade to restrict the heated—air flow to
the leading-edge region of the blade cavity. A second, but more major
medification, would be to reduce the material thickness at the leading
edge of the blade. ‘

In figure 10(c) the mean curve of figure 10(a) is compared with the
data obtained during flight in clouds. In this plot, the cloud data
have been plotted as actual temperatures and the curve of figure 10(a)
hes been placed with respect to the ambient-air temperature of the cloud
test. This method of plotting was used because the factors of wet—air
kinetic heating of the blade surfaces and evaporization of water from
the blade surfaces are dependent on the actual surface temperatures of
the blade. A detailed discussion of these factors is presented for a
wing surface in reference 4. The data obtained in the clouds provided
no temperature date beyond blade station 7. Also included in this
figure is a plot of the theoretical leading edge temperatures due to
kinetic heating based on equation 2 using wet air values of ¢p. This
figure shows that the temperature rise of the blade due to alr heating
diminished to practically zero at station 537. The leading edge temper—
ature rises above ambient air temperature shown in this figure are very
low (less than 10° F from etation 35 to 57). This accounts for the fact
that ice was observed to form on the leading edge regione of the propel-—
ler blades during flight in light natural icing conditions.

Application of the analysis of reference 4 to the present tests in—
dicates that the blade-surface temperature rises gbove ambient-air temper—
ature during the flights in light-icing conditions were probably greater
than those sXperienced during the flight in clouds because the lower
ambient temverature in the former tests would result in increased kinet-
ic heating (lower cp) and a reduction in evaporative cooling.

The test data indicate that the temperature rise of the leading
edges of the propeller blades could be expected to provide only limited
ice prevention in light-natural--icing conditions and therefore it may be
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concluded that little or no protecticn would be provided to the leading—
edge regicns of the blades in severe icing comditions.

CONCLUSICES

The reesults of the thermal performance tests of an alr—heated
propeller indicate the following:

1. The air—heatod—n%opeller installation tested would offer little
or no protection to the leading—~edge regicns of the propeller during
flight in severe natural-icing conditions.

2. The surface-temperature distribubtion is undesirable, and means
should be provided to concentrate the heat in the: 1eaa1ng—edge regions
of the blades.

fmes Aeronautical Laboratory,
National Advisory Committee for fercnantics,
Moffett Field, Calif., Sept. 1Gic,
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TABLE 'I,- OBSERVATIONS OF -AIR-HEATED PROPELLER
DURING FLIGHT IN LIGHT-ICING CONDITIONS

’

(1)

Test number

Pressure
altitude
(ft)

4000

Looo

(3)

Anbient-air
temperature
(OF) -

13.5

(%)

Propeller
sp?ed
rpm)

950

10C0

(5)

Indicated -
alrepeed
' (mph)

160

160

(6)

Temperature of
air entering
propeller,
TAL(PF) =

350

370

Air-flow rate

per propeller

blade
{ib/hr)

350

350

(8)

Heat supplied
per blade
{Btu/hr)

(0.24)€7)(6-3)

28,000

29,300

(9)

Remarks

Ice accumulated
on leading edge
of blades in

region of blade

Ice accumulated
on leading edge
of blades in
region of blade
stations 30 to U0,

stations 30 to 40,
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TABLE II,- TEMPERATURE DATA OBTAINED DURING FLIGHT TESTS
OF AN AIR-HEATED PROPELLER IN CLEAR AIR AND CLOUDS

&

Test number 3 L4 5 ‘ 6 7
: Clear air,| Clear air,| Clear air, |Clsar air,|Clouds,
heated- | heated- heated- ambient- |heated-
Test air flow | air flow | air flow |air flow |air flow
condition || to pro- to pro- to pro- - |to pro- to pro-
. peller peller peller  |peller peller
Pressure
alizit de 3600 3900 3000 - 3900 - 2700
1A?bi%nt— : :
r tem-
gerat e 61 4o 56 61 45
A53, (OF) ; ..
Propeller -
speed 950 950 950 950 950
(rpm). . . : ‘
Indicated ¢ : ‘ 6 '
al&ns%e)ed 160 160 160 160 160
[%]
i ' ‘
© 3 TAl. 350 360 360 66 330
O 40 .
f‘%;ﬁ."’ TAg2 252 . 222 229 106 217
[1h] ) .
e o
TS1 ——— ——= —— ——— ——
TS2 116 92 99 8L —
SR — ——— ——— P
© TSk 106 79 g2 &h S
B TS5 96 74 8l {9 \ 53
S8 TSk 93 66 75 78 (5
4% [ TB7 106 g gh [0 59
@f  [TSE - -1 97 N 67
f4 b= | 1S9 158 12 123 70 88.
2 82 [TS10 116 112 102 71 78
18 [ TS11 J| 123 111 1;% 65 - 19
QP g12 108 . g9 g ' (2 of
£ T813 || 102 {3 {3 o[
Py TS14 &7 (2 {2 e o4
 TS15 106 88 92 67 66
TS16 112 96 96 67 75
TSIT 113 102 95 63 &5

1AT1 values of TAg3 and valuee of TAg2 for tests 3, 4, 5, and
7 corrected for kinetic heating,
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OBTAINED DURING FLIGHT TESTS OF AN AIR-HEATED
' PROPELLER IN CLEAR AIR AND CLOUDS

11

TABLE III.- HEATED-AIR-FLOW RATES AND HEAT-FLOW DATA

(1)

Test number

(2)

Aversge air-

flow rate .

per propeller
blade
(1b/hr)

350

350

350

e

350

(2)

!Temperature

of airentering

propeller
(OF)

283

318

304

085

()

1Temperature
- of air dis-
charged from-
blade
(OoF)

185

180

172

l?é

(5)

Heat supplied
to blade
(Btu/hr)
(0.24)(2)(3)

23,700

26,700

25,500

24,060

(6)

Heat dis-
charged at
blade tip
(Btu/hr)
(0,2h)(2)(4)

15,500

15,100

14,500

14,400

(7)

Heat released
by air in blade
(Btu/hr
(5)-(6) -

g, 200

11, 600

11,000

9, 600

(8)

Blade heat-
exchange
efficiency
(percent)

(7)/(5) x 100

35

39

b3

40

1Above ambient-air temperatureQ
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d on the right engine

Figure 1.- Air-heated propeller installe
of the test airplane.
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(a) Instrumented blade.

NACA
A-7610
: ",.'7-45

=

(b) Thermocouple leads at blade shank.

Figure 7.- View of air-heated propeller blade after
instrumentation.
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Figure 9.~ Ice accretion on leading edge of air-heated pro-
peller after flight in light-icing conditions.



NACA TN No. 1178 Fig. 9

Figure 9.~ Ice accretion on leading edge of air-heated pro-
peller after flight in light-icing conditions.
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