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THZ IFFSCTS OF ARRODYNAMIC HEATING ON ICE
FORMATIONS ON AIRPLANE PROPELLERS

By Lowis A. Rodert
SUMMARY

An investigoation haos been made of the cffect of
acrodynamic hcating on propeller-blade temperatures. The
blade temperature rise rcsulting from acrodynamic hecatiang
was nmecasurcd and the relation between the resulting blade
temperatures and the outer limit of the iced~over region
was examined, It was found that the outermost station at
which ice formed on a propeller blade was determined by
the blade temperature rise resulting from the aerodynamic
heating at that point, -

IZJTTRODUCTION

The FHational Advisory Committece for Acronautiecs has
conducted an investigation of acrodynamic hecating of pro-
peller blades to dotermince if a relation exists betwecn
the reosulting blade temperatures and the outermost blade
gstation on which ice will forn.

Such data, it is belicved, will permit o satisfac-
torily anccurate definition of the region over which ice
forms on the propesller blade and facilitate the develop-
nent of dependable ico-prevention equipment for the air-
plane propeller.

Pilots have reported that the formation of ice may
be minimized on propellers by operating the engine at
maximun speed. It hos been anticipated that the results
of the present investigation would dctermine whether this
method of obtoining partial ice protection depended upon
the effecct of centrifugzal force or acrodynamic heating.

The temporature rise of an pirfoil was measured by
Brun {(rcfercnce 1) but, owing to the velocity gradient
along the propeller dlade and the d1331m11ar1ty of the
shape and size of blade sectlons %long the radius, calcu-
lations of the tempcérature rise of a propeller from the



ajirfoil data are laborious and probably not dependabdble.
The tempecrature gradient along the radius results in a
hoet flow ia the same direction, the prediction of which

“is highly involved, An ottcempt was moade in the present

investigation to cstablish .o comparatively simple rela-
tion oetweon the atmospheric conditions ond the velocity
of the outermost propecller blade station on which ice will
form. Attention is directed to the formula

vz

(1)

2chp

which can be developed for the region of zero wvelocity or
stognation pressure region from roference 1. In this
ecquation, AT is the temperature risec in ©F, V the
veloclity in feet per sccond, J the mechanical eqguivalent

of heat, g the acccleration of gravity, and cp the
specific heat at constant pressurc. When the constants

-

arc put in numerical form, cquation (1) becomes

s L% (2)

At . the lecading edge of an airfoil the aerodynamic
ating is duec solely to adiabatic compression, while
rearward from this point friction heating becomes the
major contributing factor. The investigation reportcd in
reference 1 shows that the temperature rise of the air-
foll rearword from the leading edge will be less than the

quantity given by equation (1). It was anticipated,

thercforec, thot sincc the tests of the prescent investiga-
tiol were to be conducted on o solid aluminum blade, the
mowsurcd blade temporature rise at the leading edge would
be leoss than the calculated adiabatic rise, due not only
to the flow of hoat along the radius, referred to above,
but also to a chordwlse heat transmission..

Iﬁ as. WCknOW¢Od ed that still anothcer factor mlght
nfluedco the propeller—ala temporature rise, Inasmuch
as the blodes are known to be subject to vibrational

stresses and the absorption of the vibrational cncrgy by
internal friet ion precducces hecoting, some tempcrature rise
from this .causoc ‘2t model points might de obscrved. The
inte r“wl fric tlod ﬂowtlﬂg, although probably small in

'mctwl propellors, might be considerable wherc plastic com-

positioas or wood are omnployed.



In ordcr to obtain dota on the regions over which
ice forms on propeller blades, an icing invostigation was
made in coajunction with the blade temperature measurc-
ment testse.

PROCEDURE

The preliminary icing %tests were conducted on the
Lockheed 12A airplane, which ig shown during a test in
figure 1. The airplane was equipped with constant-spced,
hydraulic, two-blade, 8-foot 10-inch propellers. The icec
tests were made with the airplanc on the ground. The ic-
"ing conditions werc sinulated by discharging very small
water drops from a nunber of spray nozgles located in
front of the rotating propeller. Satisfactory ice forma=-
tiong were obtained when the air temperature was between

15° and 22¢ F and when the relative hunidity was high,
With these conditions a rine type of ice was obtained, as
is seen in figure 2. Data were recorded on propcller
speced, out rnost radius station at which ice formed, and
the anbicnt air temperaturc. Observations werc nmade on
the naturc of the outer cnd of the ice forrmation in order
to detcrnine hpther the cxtent of ice in the radial di-
rection was limited by centrifugal forece or by acrodynanic
heating. S

The blade tomperature ncasurencnts vwere also nade on
the ground but with the use of the engine propeller test
stand, which is shown in figure 3. 'The propeller which
was enployed is identified as having a fixed pitch, 10~
foot . é6-inch diameter, and enploying an R.A.F. & section,.

Thernocouples constructed from No. 40 B.&S. copper and
constantin wire were used in naking the tenmporature~risc
neasurcncnts. The propeller blade on which the measure-
nents were made is shown in figvva 4(a). The thernocouple
nounting at which the adiabatic tenperature risc of the
air was observed was located at the 60-inch radius station
and is shown in figure 4(b). The junction of the thermo-
couple shown in figurce 4(b) was suspended in air by the
thernocouple wires at the open end of o snall balsa-wood
box. Blade-tenperaturc-risc mcasurcnecats werc nade at
the 60-, 48~, 36—, and 24-inch stations.

The cold Jjunctions for the thermocouplos wore locoted
on a balsa-wood block which ecxtecnded forward a2bout 6 inches
from the propeller hub, A view of the cold-Jjunction dlock

€

a4



and the propeller hub are shown in figurc 5(a). Because
the cold junctions rotated with the thornocouples, all
the collector circuits could be of the same metal. Inas-
nuchk as copper-constantin thermocouples were enployed,
the collector rings were coppcr and the brushes were a
copper~carbon conpound, the thermoelectric power of which
is sinilar %o copper. The circuit was shown to be accu~
rate to within £0.1° 7.

RESULTS AWD DISCUSSION

The results of the icing tests are given in table I,
The end of the icc formations at the outermost station
was o snooth,clcar glaze. VWhen ice was thrown off the
blade at nore centrally located radial statioans, the end
¢f the remaining fernation was o rough, granular rime . ice,
The presence of glaze ice at the outermost end of the for-
netion indicates that the tenperature there had becn
raised and that at points radially beyond this point ice
was probably prevented by the effecct of aerodynamic heatw-
ing. .o

Because the outer linit of the ice formation appcars
to have been determined by oerodynamic heating, the as-
sunption has been nade that the temperature of the outere
nost station on which ice forned was 32° F. In this way
a comparison was possible between the blade temperature
and the calculated air tcenperature based on the adiabatic
tenperature rise as given by equation (2). It ig noted
that the difference between the blade temperaturc and the
-enlculated temperature was between 89 and 13° F during
icing tests. These results indicate thot the outermost
point at which ice will forn on a propeller blade is de-
teruined by the acrodynamic heating, but that the point
.cannot be deternined precisely on a basis of the adiabatic
cquation. : :

The results from the temperature rise measurements
are shown in table II, In figure 6 the blade temperature
rise of the various poinis along the blade is plotted
against propeller speed. 'he temperature rise as calcu~
lated from eguation (2) and the measured air temperature
rise at the 60«inch blade station were also plotted in
figure 6.

The data indicate that the aerodynamic heating re-
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sults in a temperature rise which is about 10° F less
than the rise given by )

- 2
AT o= N
Bchp

The similarity betwcen the results obtained in the
icing tests and in the temperaturc measurements is noted,
and it is comncludcd that thc observed cffeccts will be
nanifest on other propellers when operated in flight.
Inasmuch as internal friction apparently did not contrib-
ute in a measurable degrece to the blade heatiang, it has
been concluded that the temperaturc of blades which are
made from stecel oy other metals having low internal fric-
tion losses and high thermal conductivity will have about
the sanc temperature rise as that which was obscerved on
the alumiaun blade.

The enpirical cguation

V = 2780y (42 - T) (3
p

cxpresses the reletion bestween the maxinum velocity in
foet per sccond of o propeller-blade clemeant on which ice
will form and the teupceraturc in 9F of the ambicnt air.
The blode=-clement velocity to be used in equation (3) is
the wveetor sum of the propeller element rotational speed
and the oairplanc air gpeed.

It is Delicved that the results of the present in-
vestigation will be useful in designing iceo-protcction
cguipnment more accurately than is now possible. It will
bo noted, furthermore, that the numerous reports of pilots
haviang removed or prevented ice on the propeller blade by
increasing tho propeller speced have been given a fundow-
nental bosis,.

CONCLUSIONS

1., The temperature risc of airplane-propecller blades
resulting from acrodynonic hoating hes a dircet effect
upon thc extont to which ice will form on the bladc.

2..The outcrnost bladg clement at which ice will forn



at an air temperature T (°F) will have a velocity of

v =q/2chp (42 -~ T) fps

Langley Memorial Aeronautical Laboratory,
Hational Advisory Committee for Aeronautics,
Langley Field, Va., July 29, 1940.
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TABLZ I.- OBSIRV.ATIONS OF THE FORMATION OF ICE ON PROPELLER BLADES

Outermost iVelocity Calculated

Adr Propellor|blade station|of blade| adiabatic | Tp |Tp - 38
temperature! cpeed at which radius ftomperature| (s) (1)
ice formed | station jrise, 4T
of (3)

(°F) (zpm) (in.) (gps) | (°¥) | (°m| (°®)
18 1400 42,0 514 21,9 3949 79
18 1500 41.4 541 24.2 4242 1042
18 1600 375 523 2247 40,71 847
17.5 1800 38eH 537 23,9 41 o 9.4
175 17700 38,8 575 74 4149 1249
15.0 1400 48,0 586 28,5 43,5 1l.5
15.5 1800 42,0 586 i 28¢5 44,0 12.0

() 1, 1is the observed air temperature+ AT, and represents the
calculated air temperature at the leading edge of the propeller
blode.

(b) Difference between calculated air temperature at the leading edge
and the freezing point of water.



TABLE II.- DATA RELATED TO THE TEMPERATURE RISE OF PROPELLER BLADES DUE TO AERODYNAMIC HEATIXG

Velocity of falculated | Observed
Propeller|60-inch radius| adisbatic |temperature |Cbserved temperaturs rise of blade at station
rotation | blade station | temperature irise of air (°m)
I in ¥V rise of air due %o
at 60-inch | adiabatic | R = 60 in.. R= 48 in.{R= 36 in. R = 24 in.
radius blade| heating
station 4 Tp
(rpm) (fps) (°F) (°F)
1044 547 2448 T 24,0 20.0 13.5 ——— —
1208 633 3342 3165 2645 17.8 —— ———
1423 745 46,0 45,5 3748 24,5 ——— ———
1604 840 58.5 58.5 50.2 31.0|  -—-- ——-
1785 935 7245 7203 6345 39.7 ———— ————
1069 560 26.0 23.0 17.2 —— 5.5 1.5
1227 642 34,2 1.5 2643 ———— 7.5 3.0
1422 745 46,0 44,0 36.0 ——— 11.0 4,5
1804 944 74.0 70.0 63.0 —— 18.5 7.7
1966 1030 88.0 86,0 78.8 —— 20.5 8.5




HlAOC.AO Figo 1

Figure 1.~ Two views of Lockheed 12A airplane, Ice was formed on the
rotating propellers of the airplane while on the ground.



N.A.C.A. Fig. 2

Pigure 2.- Two views of ice formation during ground run. The rime type
ice may be sesn on the propeller spinner,



NtAn CaAo Eig. 3

Figure 3.~ Propeller test stand. (The temperature of the blade and sir
at the dlade leading edge wers measured with this eguipment.



Figure 4a,~ Propeller blade on which blade temperatures were measured. The light strips
are insulating and binding material for the thermocouple wires.

Pigure 4b.. The thermocouple mounting at the 60-inch radius stetion by which the ailr
temperature rise was measured, The box-like mounting was made of balma,
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Pigure 5e.~ The hub of the propeller on which the temperatures were measured, showing
the thermocouple cold junctions at the center,
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Figure 5b.- The thermocouple commutator rings and brush assembly. Two brushes
wers used on sach collector ring.




N.A.C.A. Fig. 6
(1) Calculated air temperature rise R = 60 inches
(2) Observed air temperature rise R =80 "
(3) Observed blade temperature rise R = 60 U
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Figure 6.~ The relation of propeller-blade temperature rise to propel-
ler speed for a 10-feet A-inch aluminum R.A.F. 6 section

propeller,
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