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FOR A C~46 CARGO AIRPILANE
IV — RESULTS OF FLIGHT TESTS IN DRY-AIR
ATD NATURAL—ICING CONDITIOY

By James Selna, Carr B. ¥eel, Jr., and E. Lewis Zeiller
SUMMARY

As part of a comprehensive investigation of a thermal.
ice—prevention system for 'a C(-46 cargo airplane, flight
tests in dry-air and natural-—icing conditions have been con-—
ducted by the Ames Aeronautical Laboratory at Moffett Field,
G51if,, and at the Air Technical Service Command Ice KResearch
Base, Minneapolis, Minn. The research wvas undertaken to de—
termine the effectiveness of the 0-46 airplane ice—prevention
system and to continue the development of thermal ice-
prevention equipnment.

Zxtensive thermal data were recorded during all flight
tests and numerous photographs were taken during, and subsec-
quent to, flight in natural-icing conditions. The results of
these flight—tests indicated that the ice protecction afforded
the airplane by the thermal jce-prevention system prevented
the loss of aerodynamic efficiency of the wings and the
empennage and naintained visibility through the windshields
during flight in all natural-icing conditions cncountered.
The =kin tenperaturc risc over the wing and empennpage heated
leading vdges exceeded the temperature rise calculated in
the design analysis, which indicates that the method of
analysis utilized is either inaccurate or incomplete. It
can bo concluded from the results of the flight tests that
o thermal ice-prevention system affording protection for
the wings, the ﬂmpcnnnge, and the windshields of the C—46 -

airplane can bte constructed that will enatle the planning
of safe flight operations into known icing conditions with-
out the loss of acrodynanic or fu nctional efflclencv.
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INTRODUCT ION

This report 1s the fourth of a series which describes
a comprehensive investigntion of a thermal ice-prevention
system for a C—46 cargo airplane. The first three reports
of the series (references 1, 2, and &) describe,respectively,
the design analysis of the thermal ice—prevention systen,
the design and construction of the heat exchangers employed,
and the construction and instrumentation of the complete
system, This report presents the results of cxtensive Tlight
tests of the C—46 airplane equipped with the thermal ice-
prevention system in both dry-air and natural-—-icing condi-
tions, ‘

The research described in this series of reports coﬁ—
stitutes o part of a general research program designed to
investigate the »racticadility of wutilizing the waste heat
of airplane—engine exhaust gases to heat those surfaces of
an airplane that require protection from the formation of
ice in order to provide safe and efficient operation of the
airplane in natural-icing conditions. The development of
effective equinment under this program has been demonstrated
by the flight testing, in ratural-icing conditions, of thermal
ice—prevention systems in a Lockheed 124 airplane (refercnce
4), in a Consolidated B-:24 airplanc (reference 5), and in a
Boeing B—17 airplane (refercnce 6). Adequate protection was
realized by these systems and their use permitted the safe
operation of the respective airplanes in many icing condi-—-
tions.

The thermal ice—prevention system for the C-46 nirplane
was designad to permit extensive and safe flights in natural-
icins conditions without the loss of operaticnal efficiency
associated with the formation of ice upon an airplanc's
wings, empoennage, and windshield. This systoem represcnts a
refincmnant of earlier equipment and has been designed to
facilitate modifications to the production version of the
airplane. The purpose of the investigation reported herein
wes to determine the effectiveness of the thermal ice-preven-—
tion system in preventing the formation of ice upon the pro-—
tocted surfaces of the airvlane during flight in natural-
icing conditions., The investigation includes flight tosts
in dry air to establish the thermal characteristics of the
cystem and to determine the variation of thoese characteristics
with changa in altitude and engine power conditions, as well
t

28
as flights in natural-icing coanditions to obtain observational,
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photographic, and thermal data, in as many differecnt types
of icing conditions as posgible., Data obtained frowm such
flights provicde criteria for future designs, test the
validity of the design nethod utilized, and provide exper-
imental evidence of the nrotection afforded in natural-
icing conditicns by the thermal ice—prevention system of
the C—46 airplane.

This rescarch was conducted at the request of the Air
Tochnical Service Command of the U. S, Aruy Air Forces.
The flight tests were nade at Ames Laboratory, Moffett
Field, Calif., and at the Air Technical Service Command
Ice Research Base, Minneapolis, Minn,, with the cocperaticn
of the U. S. Weatnor Bureau and the Curtiss-Wright Corpora-—
tion.

DESCRIPTICH OF EQUIPHENT

The thermal ice— ~prevention eguipment 1nstall @ in the
C—46 airplanc (Army nunber *—13 93) shown in figure 1 is
conpletoly 6eucr3boh in references 1, 2, and 3. Detailed

'inform"t1 on the @esign ﬁnqlv51s of the thermal ice-—
prevontlun equipnent, the general arrangement of which is
shown in figure 2, is presented in refercnce 1, Reference
2 ccnpletely describes tho design and construction details
of the cxhaust—-gas—tc—nir heat exchangers employed in the
system. Details of the construction of the thermal icoe-—
prevention system and of the ingtrumentation previded to
evaluate the merformance of the system are contained in
reforence 3. Typical thermccouple and pressure—crifice in-
stallations are shewn in figure 3, and an index to the in-—
strumentation is presented in figure 4.

The fcllowing adéitions and changes were nacde tc the
thermal ice—prevention system described in reference 3 prior
to, or during, the flight tests reported herein:

1, The secondary air inlst at the nose of the airplane
was closed and holes were made in the sides of the secondary
heat—exchanger air—inlet duct to enable cabin air to enter
the secondary exchanger. '

2. All secondary heat—exchanger air outlets were closed
with the exception of the outlet directing air to the pilot!s
and copilot's windshields,
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3. The total—-vressure heads installed in the air—inlet
scoops were removed after flight 5 since they would collect
ice when the airplane was subjected to operation in natural-
icing conditions.

4, The wvalves controlling the distribution of heated
air in the fuselage ducts were set and wired in place.

5, The copilot's and observer's airspeed indicators
were connected to fuselage static vents. This installation
was nade after flight 28.

6._A zlass—stem thermometer for the measurement of
ambient-air temperature was installed outside the left win-
dow vanel at station 286 after flight 30.

7. The service—type antennas were replaced after flight
30 by 1/16—inch rubber—~covered steel-cable antennas.
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During all flight tests, the airplane was flown at a
gross weight of 40,000 pounds under operating conditions
specified by the C-46 aircraft manual of Northwest Airlines,
Inc. These operating conditions are listed in table I.

Preliminary flight tests under dry-air conditions were
conducted at Ameeg Laboratory to assure that the equipment
would operate safely and satisfactorily. During thesc pre-
liminary flights, total-pressure measurements were made in
the heat—oxchanger air—inlet scoops.

3
&

] the equipment, during which most of the fl
data weor an, were conducted at the Air Technical Ser
Command Ice Research Base, Minneapolis, Minn. Complete dry-—
air thermal éata were taken at altitudes to 18,000 feet at
the climb, the descent, and the 1900-rpum cruise power condi-
tiong. Limited dry-air thermal data were also taken at the
maxinmum-range cruise and the 2050-rpm cruise power conditions
at several altitudes to cstablish the eifecs of enginec power
on the nerformance of the thermal ice—prevention systemn,
Equilibrium conditions were established for the various tests
by holding the enginc power conditions constant for a suffi-
cient time previous to recording data.
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Flights were made in natural-icing conditions whenever
such conditions were availadble during the period from Jan-
“uary 10 to April 1, 1944, in the 500-mile-radius area sur-—
rounding HMinncapolis, Hinn, Flight data in natural-icing
conditions were taken at the 1900-rpm cruise condition and,
to a limited extent, at the maximum—range cruise condition.
The thermal ice—prevention system was operated at full
capacity and reduced-heatecd-air—-flow rates. Flight tests
in natural—icing conditions were conducted in the regions
and at the altitudes of maxiwmum icing. Data were taken
when conditions were of sufficient extent and intencsity to
obtain a compnlete set of readings and observations. During
these flights, poriocdic inspections of the ice accretions on
surfacecs of the airplane were made, and the entire airplane
was inspected for ice formations after cach flight. Some
photographic data were taken during flight and after landing.

The extent to wihich frost was removed from the heated
surfsces when the airplane was at rest on the ground was
observed, The extent to which ice was removed during the
take—cff operation was also observed. For these tests,
artificial—icing conc¢itions which simulated a freezing rain
were provided by the use of a water spray. The artificial
ice was avnplied in 2-foot strips 1/16 inch thick to stations
159 of the outboard wing nanels. The tests were conducted
on an overcast day to reduce the solar—radiation effects.

Surface—-thermocouple data werc taken at the 1900-rpn
eruise condition at various altitudes in natural-icing con-
ditions and in éry air, The indications of the surface
thermocounles installed at station 159 of the left wing
outer paunel and thosc of the corresponding washer thermo—
couples were observed on a Erown potentiometer.

The heated windshields werc operated with only external
primary heated-air flow directed to the pilot's and copilot'!s
s the flights. Lirited data were
taken with the wuse of both the externsl primary heated air
a the internal secondary air directed to the windshields.
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The heat exchangers employed by the thermal ice-—
prevention system were removed, sandblasted, and inspeccted
ror ‘deteriorastion after a total of 100 hours and 173 hours
of flight testing, '
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RESULTS ANWD DISCUSSIO¥

The performance of the C-46 airplane thermal ice-—
prevention system is presented in tabdles Iz, 111, IV, V,
and VI. Table II presents the dry-air test results for
the level-—flight conditions and table III presents the
dry—air climb and descent test results. The test results
obtained in natural—icing conditions are presented in
tables IV and V for full- and reduced—-heated-air-—ilow
rates, respectively. The thermal results of the secondary
heat exchanger and the pilot's and copilot's windshield
tests are presented in table VI, Tables II, III, IV, and
V are each arranged in 17 similar parts. The general
flight data and calculated heat—flow results are in the
first three parts. The remaining parts present the tem-
perature and heated-air—flow-rate data together with
sketches of the instrumented sections of the C—46 thermal
ice—prevention system., The ambient—air temperature is
provided for each test throughout the parts of each table
in order that temperature-rise data may be readily evaluated.
The ambient—air temperaturces given are not corrected for
the sffects of kinetic heating.

The severity of icing (light, moderate, and heavy)
noted in mart 1 of tabdles IV and V was arbitrarily chosen
to nrovide a means for comparing flights., The light-~icing

conditions would probvably permit flight without any means

of ice protection., The heavy-icing conditions would
probadbly cause an unprotected airplane to descend in a short
time. The intermedistc natural—-icing ceonditions are those
Gesignated as moderate.

Measuroments of the total pressures in the air-—inlet
scoops of the left nacelle heat—oxchanger installations were
made in flight. The airplane was flown at an indicated air-
spced of 155 milos per hour at 6000 fecet pressure altitude
with the engines operating at 2000 rpm. The pressure distri-
bution in the inlet scoops was uniform, The average total
pressurecs werc 2.2 and 1,5 inches of water above free—sirean
total pressure for the outboard and inboard heat-—cxchanger
inlet scoops, respectively,

Teble VII presents typical comparisons of the surface-—
thermocouple and washer—~theraocccuple data taken for the left
wing outer—pancl station 159. Ho data are mnresented for the
region aft of 7-percent chord where the surface thermocouples
and washer thermocouples indicated the samc temperaturec,
within the accuracy of neasurenent.
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The thermal ice-prevention system was operated 173
hours in flight, 30 hours of which were in natural-icing
conditions. The system offered satisfactory ice protcction
to the wings, the empennage, and the windshields in all the
natural-icing conditions encountered. The ice accumulations
on the heated surfaces were slight and did not noticeadly
affect the operational performance of the airplane. The
skin-temperature rises of the hecated surfaces realized in
natural—icing conditions werec lower than those obtained in
comparable dry-air flight conditions. A comparison of the
moderate— and heavy—icing conditions of tabdle IV with com-
parable dry-air dnta of table Il indicates that the wing
outer—panel temperature at the O-percent—chord points real-
jzod in these icing conditions average approximately 65
pc"cpnt of those obtained in dry air for comparable flight
conditions. The experimental skin-temperature rises during
tests at npprom1matoly the design conditiong (flight 61,
run 5) greatly exceed those specified in the design analysis
(reference l)

Wing Outer Panel

The thermal ice—prevention system essentially prevented
the formation of ice on the wing outer panels when operated
with full—heated-nir—flow rates (table IV, pts. 5 to 10).
The full-heatcd-air—flow rates, in natural-icing conditions,
provided average heat flows through the left-wing leading

edge (tabdble IV, pt, 3) of npnro vimately 1100 to aporoximately

1800 Btu per hour per square foot of double—skin leading-—
edge surface, and the average O-percent—chord temperatures
abvove ambient (tadle IV, pt. 3) ranged from 66° to 113° F.
The lowest O-percent—choré temperature recordcd was 82° 7
at station 380. Slight runback, defined as the freeczing of
water which runs back from the leading edges, was noted on

flight 34 in the 30—~ to 35-percent-—chord region of the right-

wing outer panel, These accreticns were intermittently re-
noved with constant wing outer—pancel heating

During flight 49, a scvere inclement-weather condition
was encountered over the Sierra FWevada Mcuntains between
Sacremento, Calif., and 521t Lake City, Utah. This condi-
tion can best be described as a very heavy snow combined
with a heavy natural—icing condition. Snow and ice formed
in the stagnaticn-—pressurc region along the entire wing span
and remained for approximately 10 minutes, The thermal data

of flight 49, run 1, were taken during this period and indicate

that the left-wing outer—panel O-percent-—chord skin temperature
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was approximately 1000 F., Evidently, the rate at which the
snow and ice formed and the low ambient—air temperature

(6° F) werc factors that permitted the snow and ice to
accumulate.

The reduccd—hecat tests (table V, pts. 5 to 10) define
the effects of decrcasing the heat flow to the wing outer
pancl. The average heat flows through the 19ft—wihg lead~
ing cdge (tadle V, pt. 3) during these tests ranged from
240 to 830 Btu per hour per squarc foot of double—skin
leading~edge surface, and the average O-percent—chord tem-—
peraturcs above ambient (tadble V, pt. 3) ranged from about
40° to avout 95° F. The lowest O—percent—chdrd temperature
recorded was 50° F at station Z80. i

Run 3 of flight 29 was taken after the left-wing outer—
panel leading edge had been allowed to collect a band of
iecn throughout the span, similar to that chown in figure 5,
and the heated—air—flow rate was slowly increased until the
ice was removed with runback taking place, After the test,
the heatcd-air—flow rate was increased to full and the run-
“back was removed. The average heat flow through the wing
leading edge during this test was 250 Btu per hour per square
foot of double—skin leading-edge surface, and the resulting
average O-percent—chord temperaturc above ambient was 40° F.
The lowest O—percent—chord temperature recorded was 58° F at
station 380, During flight 41, run 3 was taken after the
heatod—air—flow rate to the left-wing outer panel was de-
croased until the protection was considered marginal. The
average heat flow through the wing leading edge was 440 Btu
per hour per square foot of double-sicin leading—edge surface,
and the resulting Q-percent—chord leading—edge temperature
above ambient was 489 F, The lowest O-—percent—chord temper-
ature recorded was 50° F at station 380. Small accretions
of ice had collected on the left—wing cuter panel 2 or &
inches forwarda of the front spar from midspan outboard.
The thermal ice—prevention system during the other reduced—
heated—air-flow—rate tests presented in tadle IV, parts 5
to 10 apparently supplied the same protection to the wing
outer mpanels as did the full-heated—air—-flow—rate tests
taken in the sanme natural-—-icing conditions,

Surface—thermocouple and washer—thermocouple data taken
for station 159 of the left—wing outer panel differed con-—
siderably (table VII). The temperatures indicated by washer—
thermocounle installations $§19, $20, and $23 were approxi-—
mately 230, 30°, and 21° F higher, respectively, than the
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corresponding surface—~thermocouple installations SCl, S5C2,
and SC3. The construction of the thermal ice-prevention
system at station 159 is shown in figure 6. The heated air
is directed by the nose-ridb liner along the inner Surface
of the skin where the washer thermocouples were installed.
Thus the washer thermocouples in the region forward of the
baffle plate were subject to considerable fin heat-transfer
effect from the heated air and arc evidently in error by’
the temperature differences indicated. These given values
of temperature error apply strictly to the undersurface of
the skin at station 159 of the left-wing outer panel. In
general, however, a similar washer—thermocouple error would
exist inr the tempcrature measurements for both the upper
and lower surfaces throughout the wing outer panel to sta-
tion 292 where the nose-~rib liner ends. The remeaining
leading edges of the thermal ice-prevention system contain
noc nose-rib lincrs; nevertheless the washer thermocouples
throughout the heated surfaces forward of the baffle plates
are also probably in considerable error. The given values
of temmerature differences apply only for the full-heated-
air—flow rates. The reduced—heated-air-flow~rate data,
however , would probably not be subject to as great a temper-
ature difference between the corresponding washer— and
surface—thermocouple iandications.

The temperatures of the primary structure of the
left-wing onter panel were measurcd on the front spar, t he
stringers, and the nose ribs at stations 24 and 159 (pts.
6 and 8, tables II, III, IV, and V.) The indicated tem—
peraturcs of the front spar and the stringers were never
over 111° P. The highest nose-rib temperature measured
was 2940 F which is considered high but not excessive at
this region of the wing structure.

A comparison of the experimental tost results and the
anslytical calculations of refercnce 1 introduces the oppor-
tunity for considering the heat—transfer relationships dis—
cussed in the analysis (reference 1) and the indications of
actual hoat—transfer phenomena resulting during the tests.
A zraphical comparison of ecxperimental and aanclytical air
and skin temperaturcs above ambicnt-air temperature is
presented, for the four wing outer—pancl staticns analyzed,
in figures 7, 8, 9, and 10. The test results are taken
from data recorded during flight 61, run 5 (table II), which
aporoximated the analytical design conditicns, During this
run the total heated-air—-flow rate was 4015 pounds per hour
to the left—wing outer panel, as compared with an analytic
flow rate of 4130 pounds per hour, and the temperatures of



NACA ARR No. 5A03c . 10

the air entering the corrugations agreed closely with the
assumed air temperatures., The alr—temperature rise through
the exchanger was 369° F (690 F above the temperatudre rise
of the analysis), resulting in a thermal output of 362,000
Btu per hour. This is 20 percent higher than the antici-
pated value of 301,000 Btu per hour. UNevertheless, the air-
temperaturs change from the exchanger outlet to the corru-
gation inlets was sufficient to give approximately the cor-
rugation air-inlet temperatures of the analysis at all but
one station (380). TFurthermore, the temperature of the air
entering the corrugation at station 380 was higher than at
any other station. These two facts, together with an in-
spection of the leading—edge construction (fig. 6), indi-
cate that some of the heat was transferred from the air in
passing between the nose—rib liner and the corrugations to
the corrugation inner surfaces, and ultimately to the outer
skin, causing a decrease in heated-air temperature from the
leading—cdge duct to the corrugation inlets. Since the
nose—rib liner ends at station 292, this effect would not
prevail at station 380, and the tempcrature of the air at
the corrugation entrance would be substantially the same

as in the leading-edge duct at this point.

The indicated air—temperature drops through the cor-
rugations at stations 84, 159, and 290 recorded during
the test flight were in fairly close agreement with the
calculated values from the analysis, bdbut the air—-temperature
change through the corrugations at station 380 was consid-—
erably greater than calculated. These results substantiate
the previous conclusions that a consideratle amount of heat
was transferred from the air prior to entering the corru-
gations in the region of the nose—-rid liner., Thus, at all
points the total heat transferred from the heated air to
the skin was higher than calculated. It should be realized,
then, that the average hecat flow through the heated surface,
shown in table II and calculated from the air—temperature
change through the corrugations, is not the total heat flow
through the surface. Further evidence of these facts 1is
exemplified in the results of the skin-temperature indica-—
tions from the tests. As previously stated, the indicated
skin temveratures forward of the baffle plate are believed
to read 200 to 300 F high on the basis of a comparison of
the temperatures indicated by the standard washer-therccouple
installation and the assumed correct surface thermocouples
at station 15¢, Therefore the indicated 'skin-temperature
rises shown in figures 7, 8, 9, and 10 were corrected by
approximately 259 F in the region forward of the baffle
plate., The average corrected skin~temperature rises obtained
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from the flight—test data wers approximately 60° F higher
than calculated, indicating that a greater amount of heat
had been transferred from the heated air to the skin than
had been calculated in the analysis. Conduction and radi-
ation effects from the corrugation walls to the heated
surfaces were conservatively neglected in the analysis,
and this fact probably accounts in part for the lower cal-
culated skin temperatures, Laboratory experiments have
shown the conduction effect to be a substantial part of
the resultant heat transfer within a corrugation (refer-—
ence 7).

The rapnid decrease in skin-temperature rise shown in
figures 7, 8, 9, and 10 in the region immediately aft of
the baffle plate is probadly a result of two effects. The
first and most important effect is the location of the
transition region. In the analysis, the point of transi~
tion from laminar to turbulent flow was calculated to be
wvell aft of the heated region. This was for an aerodynam—
ically smooth wing, It is indicated from the decrease in
skin~temperature rise in the region from about 5 to 10-
percent chord that transition actually occurred in this
area. Such a condition could conceivably prevail in view
of the relatively rough surface and waviness of the wing.

The second effect is the location of the baffle plate.
Aft of this voint, the skin received noc heat from the air
in the D-duct before entering the corrugations. For this
reason, the surface temperature would tend to decrease
aft of about 5 percent chord.

The effect of the vropeller slipstream on the transi-
tion point is believed to be represented by the skin tem—
peratures given in table II, part 6 for wing outer—panel
station 24 which is located just aft of the left propeller.
The recorded temperatures presented in table II, part 6,
show a sharp decrease in skin tempervature aft of the stag-
nation region, from about 1609 F (corrected) at the lead-
ing edge to 120° F (corrected) at 3-percent chord, indi-
cating that transitiorn probably occurred just aft of the
stagnation point.

Wing Tips
The protection relized at the wing tips was not suf-

ficient to prevent ice in the heavy-icing condition and in
several of the moderate—icing conditions encountered. The
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most common ice formations in this region were on the ex—
treme wing-tip leading edges. During the heavy-icing con-
dition, flight 50, and during the reduced-heat tests in
the “heavy-icing, and in some of the moderate-icing condi-
tions, the formation of ice was continuous along the lead-
ing edge from the wing tips to the wing—tip splices. No
photographic data were taken of these ice accumulations,
since they could not be adeaquately photographed in flight,
and since they never remained on the surface after landing.
The temperature data given in part 11 of tables II, III,
IV, and V indicate that the wing-{ip leading edges were
not adequately heated. The internal structure does not
provide a sufficiently high heat-transfer cocfficient at
the leading edges of the wing tips.

Wing Center Panel

The wing center panels were for the most part ade-
guately protected., A very small patch of ice was noted to
sccunuiate on the flange c¢f the heat—exchanger outlet-duct
fairing where the ducting enters the center—panel wing
leading edge. It was also noted that snow would pack on
this flange. During some of the more severe icing cordi-
tions, slight accumiulations of runback were noted to form
on the upper surface of the wing center panel. The condi-
tions of the wing center panels were the same 2¢ those of
the wing outer panels during flight 49. Temperature data
given in part 12 of tadles II, III, IV, and V indicate that
the protection was sufficient at all times. The temperature
in natural—icing conditions at the O-—percent—chord leading
edge, indicated at station 90, never dropped below 1040 ¥,
even Auring the reduced-heated—air-flow-rate tests. It is’
believed that » better design could be rcalized, however,
by revising the heated-—air corrugations so that the heated
asir enters the corrugations at the leading edge of the wing
jnstead of at the underside end of the corrugaticns. No
heated—air—flow rates to the instrumeénted center panel are
given in the tables. The system was designed to provide
this flow rate by subtracting the summation of venturi 7
and venturi 4 flow rates from the summaticn of venturi 2
and venturi 3 flow rates. The nir leakage in the system,
however , renders this method unreliable.

Horigzontal Stabilizers

With the thermal ice—prevention system directing full-
heatod—air—flow rates to the horigzontal stabilizers, ice
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formed ¢on the leading cdges of the stabilizer tips. The
ice nccumulations on the stabilizer tips were similar to
those observed on the wing tips, and, in general, formed

in the same manner in the same icing conditiens. During
flight 34 at the time danta were taken, slight runback was
noted on the underside.of the right stabilizer panel at
about 10 mercent chord. No cbservations of the stabilizers
werc made during flight 49, The thermal data for the hori-
zontal stabilizer (pts. 13, 14, and 15 of tables II, III,
IV, and V) indicate that the temperatures realized were
sufficient to prevent ice., UNc temperature measurements
were made on the extreme stabiliger-—tip leading edges where
the formation of ice, previously noted, accumulated. The
average heat flow through the stabilizer leading edge in
‘natural—icing conditions ranged from about 1250 to about
2150 Btu per hour per square foot of double-skin leading-—
edge surface during the full-heated-air-~flow-rate tests
(table IV, pt. 2), and from =bout 700 to about 1400 Btu

per hour per square foot of double—skin leading—edge sur-
face during the reduced-heated-air—flow-rate tests (tableV,
pt. 2). The lowest O-percent—chord temperature recorded
for the stabilizer, exclusive of the tip, was 51°9 F at
station 69 during the reduced-heatcd-air-flow-rate tests,

Vertical Fin

The ontire surface of the vertical fin including the
tip was clear of ice during both the full- and reduced-
heated-air—flow—rate operaticns of the thermal ice-preven-—
tion sysitem. The temperatures of the skin surfaces pre-—
sented in paris 16 and 17 of tabdbles II, III, IV, and V
indicate that the guantity of heat supplied was more than
adeguate for complete protection in the test icing condi-—
tions. The average heat flows through the vertical—fin
leading edge, in natural-icing conditions ranged from
approximately 2700 to approximately 4600 Btu ner hour per
square foot of double—skin leading—cdge surface during
the full-heated—air-flow-rate tests (table IV, pt. 3),
and from approximately 160C to approximately 290C Btu per
nour per sgauare foot of double—skin leading—edge surface
during the reduced—~heated-sir—flow-rate tests (tadle V,
pt. 3). The lowest O—percent—chord tempermture recorded
was 810 F gt station 205 during the rcduced-heated-air-—
flow—rate tests.
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Windshields

The pilot'!s and copilot's windshields were prdtected
from ice accumulations in all the test natural-icing condi-
ticns. The external heating system offered thorough wind-
shield ice prevention in all the natural-icing conditions
except the heavy~icing condition encountered during flight
50. During this flight with only the external heating
system in operation, the pilot's and copilot'!s windshields
collected ice at a fast rate and the ice almost completely
covered the windshields. After the windshields had col-
lected ice, as shown in figure 11, the internal secondary
air-heating system was placed in operation without insert-—
ing the double—panel windshields. Figure 12 shows the
‘partial ice removal effrcted after 15 minutes, It was ‘
noted that whern the double-panel windshields were inserted,
the rate of ice removal was increased. The values given
in table VI were taken during later flights and provide
the thermal data for maximum protection which was never
required to remove or prevent ice in any of the natural-
icing conditions encountered, :

These teste indicate that windshield ice prevention
may be realized by the passagc of heated air over the
outer surface of tHe windshields, Before any design
criteria can be established, however, investigations must
be made of the relationships of the following: temperature
and flow rate cf the heated air delivered, temperature rise
above ambient—air temperature of the outer surface of the
windshield; pressure and temperature distridution of the
heated air flowing in the windshield boundary lsyer, and .
area and shape of the windshicld, An investigation of these
relationships has been undertaken by Ames laboratory.

Ice-Removal Tests

In order to establish the effectiveness of the system
in removing ice on the heated surfaces prior to take-off,
tests were conducted in which artificial ice was applied
to stations 159 of the wing outer panels as shown in fig-
ure 13. The tests were conducted at a ground ambient-alir
temperature of 6% F. After the engines had been started
and normal engine warm-up had taken place for 5 minutes,
water drovns started forming on the left-side ice applica-
‘tion. While the airplanc was taxied out to the runway for
take—off, water drops were forming on both the strips of
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ice, but no substantial change in over—all appearance was
evident. Take-~off was conducted 14 minutes after the engines
had been started and ice removal immediately began to take
place. The leading edges of stations 158 were clear of ice,
as shown in figure 14, before the airplane left the ground.

Watural frost was removed from the wings, the empennage,.
and the windshields c¢f the airplane cn cold mornings (-10° to
15° F) while the airplane was warmed-up for flight. The
frost on these heated surfaces could be almost completely
removed after conducting engine warm-up for not more than
1/2 heur.

During flight, in many of the natural-icing cenditions,
the leading edge of the left-wing outer panel was allowed
to collect icce similar to that shown in figure 5, The out-
board panel was always cleared of the ice accumulations in
less than 1 minute after full-~heated-air—flow rate to the
left outer wing was cmployed,

The frost—removal and artificial-ice-removal tests
indicate that frost or ground ice collections can be re—
moved sufficiently for flight by the thermal ice-prevention
system, The flight—test removal of natural ice indicates
that protection is realized almost immediately in flight
upon placing the heating equipment in operation.

Unprotected Surfaces

The unnrotected surfaces which accumulated ice in
nearly all the natural—icing conditions encountered were
the engine cowling, the carburetor air inlets, the heat-
exchanger air scoops, the-stabilizer splices, the sta-
bilizer and wing-tip splices, the antennas, the antenna
masts, the airspeed masts, the free-air thermometer, and
the dome on top of the fuselage. After flight 60, inspec-
tion of the airplane revealed slight rime-—ice accretions
on the underside of the ailerons near the hinge region and
on the underside inboard ends of the elevators. These ice
aceretions were evidently caused by air flow through the
aileron gan and through the gap betwcen the inboard ends of
the elevators and the fuselage fairing., Ice formations on
some of the unprotected surfaces are shown in figures 15 to
22. The heaviest ice formations were realized during flight
50 in heavy—icing conditions, Figures 19, 20, and 21 are
photographs taken after landing of some of the ice accumula-
tions resulting from this flight. These ice formations were
much ‘larger in flight, The temperature of the ambient air
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before landing in Minneapolis was 28° F and the ice was
melting and falling off at the time the picture was taken,
During flight, the icc on the cowling (fig. 19) had ex—
tended 2 to 3 fect rearward 2leong the nacelle sides and
the ice on the nose of the airplane (fig. 20) had cxtended
rearward over the windshields.

The ice formations on the carbdburetor air inlets and
the heat—cxchanger air scoops were never sufficient to
greatly restrict air flow, If the airnlane were operatcd
for a sufficient length of time in & heavy~icing condi-
tion, however, the ice accunulations on the cardburetor
air inlets could probably cause cngine failure, and those
on the exchanger scoops could probadbly cause failure of
the thermal ice—prevention equipment. The pilot's free—
air thermomecter and the standard airspeed installations
were frequently renderecd useless due to ice formation.
The ice on the antennas at times caused them to fail and
rendered the radio ecquipnent useless.

Heat Exchangers

The heat exchangers employed, completely described in
reference 3, were recmoved from the airplane, sandblasted,
and inspected after 100 hours and 173 hours of total flight
testing. The 10C-hour inspection indicated some deforma—
tion of the heat—exchanger plates and cracks as pictured
in figurcs 23 and 24. The cracks were welded and the heat
exchangers were reinstalled in the nncclles of the C-46
airvlane for further flight testing. After 73 additicnal
hours of tessting, marked deformation of the heat—exchanger
plates was cvident, as well as more cracking as shown in
figures 25 and 26. This deformation of the heat-exchanger
platas probably changed the characteristics of the heat
exchangers during the flight-testing period.

General

The handling and performance of the C-46 airplane in
paturnl—icing conditions were only slightly affected during
61l the flights except flight 49. Upcn encountering the
severe inclement weather conditions of flizht 49, during
which snow and ice formed on the leading edges of the wings,

“the incdicatod airspeed of the airplanc dropped from 140 to
120 miles per hour while operating at the same flight con—
ditions, Viewed through a strobosccpe, the prepellers had
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sccunulated ccntinucus ice formations from the tips of the
propeller anti-icing feed shoes to the ends of the propeller
blades on the leading edges and thrust faces c¢f the blades, -
The ice on the propellers and on the unprotected surfaccs
was evidently.rasponsiblo for the decreasc in airspeed.
During the cther flights in moderate— and heavy-icing condi-
tions, the indicated airspeeds were ncted to drop cff very
slightly with time as ice accumulatcd on the unprotected
surfaces of the anirplane and on the promellers.

CONCLUS IONS

1. The thermal ice—prevention system as applied to
the =46 airplanc permitted operation in all natural-icing
conditions encountered without the loss of functional
efficiency of the heated surfaces.

2. A comparison of  the experimental flight data with
the dosign analysis indicates that the a alytical methed
employed, while providing a conservative basis for the
design of a thermal ice—prevention svetem, 1s nct precise
and requires further refinement.

3. Icc may be prevented from forming on a windshield
vy the passage of heated air over the outer surface of the
windshield; however, aéditionnl data are required to es-—
teblish design ceriteria fcer such an installation.

Ames Aoronauticml Labvoratory,
iational Adviscry Ccmmittee for Acronautics
Moffett Field, Calif,
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Pressure | Standard car-| Operating 2050 1900 Maximum Climb at {Descent at
altitude | buretor air condition rpm rem range 400 feet | 400 feet
(ft) temperature cruise cruise cruise per per
°c) , minute ninvte
Percent b 55 55 coew weon 5%
hp 880 880 | ece- ceee _880
Sea leve! 5 M P in. Hg 31.9 . 32,7 28.7 30.7 32.6
loeAe & mph 189 189 147 180 241
rpm ' 2050 1800 1600 __2050 1900
2,000 i M. P. in. Ng 30.4 32.1 acee 30.0 32.0
le Ae So mph 187 . 187 cves 130 208
. ,| rom 2050 1900 cece 2050 1900
4, 000 7 M.P. in. Hg 29.8 3.4 cnae 29.1 31.3
T A lehe Ss mph 184 8y ceee - 130 205
rps 2050 {800 el 2060 1900
5,000 5 MW P. in. Ng evee —eoe 26,8 | eeee owee |
leAsSe ®ph weve wece w7 - i
rpm cous eeee 1600 | eeee sece
6, 000 ) M.P. ine Hg 29.1 30.8 e 28.4 30.7
’ tebe Sa mph 182 182 . sece 130 203 ;
. . rpm 2050 1800 | eee- 2050 1900
8'000 -{ *P- in. "9 28.5 3002 ecws 27.7 30.0
le he S« ®wPh i79 t79 coow 130 200
rpm 2050 1900 ceee 2050 1900
40, 000 -5 “neP. la. Mg 27.8 28.5 25.6 27.0 29,4
Jahe S« mph 176 i76 147 180 i98
m 2060 . 1900 1700 2050 1800
'2.000 -8 Mo Pe ‘ﬂ- g 27.5 28.8 b anband 26.8 27.3
I.A.S- m '7“ '7“ eses .30 ‘95
rom 2060 - 1900 w—ee 2050 20860
iy, 000 “13 § WP in, Ng 26.9 . 342 e 25.8 26.9
leAeS. mph i 7 wece 190 ; 193
. rpm 2050 1900 eees | 2080 i 2080
18,000 -8 WP, in. e ccas eeve || 23,8 meme 1 eeee |
lehe 8 mph oo ceww . 187 oone esca §
rpm avve vese {800 e ccve {
16,000 -7 WP In. Hg | 20:8 | 0.7 || =ee= | 25.2 26,8 |
lehe $¢ mph 168 168 avee 130 190
rem 2050 1900 Rt 2050 2050
18,000 =2 M Ps dn. Hg 28.8 evae cvoe 24,8 conw
, lehe$e mph 165 e cane 180 ceee
ne 2060 cone sove 2200 cnne

fote: |. Gross weight of airptane, 40,000 pounds.
" 2. Reduce WP, by § In, Hg for each 12°C below standard carburetor air temperature.
Incresse M.P. by § in. Mg for eech 12°C above standard carbyretor air tonnenture.
% lo'u dosble line, use high dlower.,

TABLE T
C-46. AIRPLANE OPERATING CONDITIONS
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88 NACA ARR No. 5A03c

FLIGHT NUMBER 61 64 64 &5

RUN NUMBER 4 I a4 3
PRESSURE ALTITUDE (FT) 18, 000| 5, 300| 5 co0| 4. 500

CORRECTED INDICATED AIRSPEEDMPH) 143 | 165 | 164 | 159
AIRPLANE QOPERATING CONDITIONS 1900 R-P.M: CRUIS F

METEROLOGICAL CONDITIONS |DRY AIR |LIGHT ICE|LIGHT ICE|LIGHT ICE

AMBIENT AR TEMPERATURES CE)| <12 | 21 | 21 | 29

lPrRIMARY AR FLOW AT VENTURI Ne7(iB)) 725 | 716 | 1,088 | 1049
A83 (°F) 383 | 271 328 | 336
AB4. (°F) 233 | 153 | 196 | 218

HEAT TRANSFERRED FROM PRIMARY AIR (B#]pg, 400 | 20, 400| 34,700 30,000

SECONDARY AIR FLOW, VENTURI Ne9( () 386 | 650 | 604 | 589

5107 (°F) | 38 |48 54 | 63
A 85 (°F) - 210 126 | 165 | 187
A86 (°F) 214 | 130 | 166 | 187
A8! (°F) 2o2 | 132 | 170 | 191
T BECTEEp 0 WNOSHIELDE |15, 500 |17, 400 21,600] 22,900

A 93 (°F) 151 19 146 | 164
A87 (°F) 127 | 115 130 | 148
A 88 (°F) 160 | 129 | 153 | 182
A 89 (°F) 196 130 158 187
A 90 (°F) - 85 94 105 | 109

A9) (°F) 100 | 101 118 113
A92 (°F) ’ - 93 93 | 1t | 120

NOTE: SKETCH ON FOLLOWING PAGE

PART I.- TEMPERATURES AND HEATED-AIR-
FLOW- RATES

TABLE ¥YI

PERFORMANCE OF SECONDARY HEAT- EXCHANGER AND
WINDSHIELD THERMAL ICE-PREVENTION SYSTEM



NACA ARR No. 5A03c¢

89

- AB5-4
7 28-2

_ . ‘o~ HB . n
___WINDSHIELD SUPPLY-

A87-4

: ’ LEGEND
PLAN OF WINDS JIELD

SKIN THERMOCOUPLE
AIR THERMOCOUPLE
PRESSURE ORIFICE (STATIC).
DASH NUMBER AFTER
ru;nmocaoﬂm.e. OR_PRESSURE.
ORIFICE NUMBER DENOTES
TYPE OF MOUNTING.

FOR MOUNTING TYPE DETAILS
SEE FIGURE. 3.

Wb

" PART 2.- INSTRUMENTATION
TABLE ¥I-(CONCLUDED)
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WACA ARR ¥o. 5A03c

NASHER

Fig. 3a
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- NATIONAL ADVISORY COMMITTEE
FOR AERONAUTIOS

Yoot en rc wiescrs
LENLLRPCEY DET S /L O A STHERL

RV E T
h)

/ddffi S SN

27

T I

JO 7.C. SUYNILE
TyreLE 7

Ssﬁff§ i:uawéw.x(nv

HASEL

AOKESIVE T4 E
ISR, TO LRELENT
SHORTS

A
v

An
b4

ﬂ’L

aza‘ -2/ ST LLE < L/p

AONESIVE 7 H4PE

AR OUNG DL/ C 7

SECT/ON -4

LYLE T

Figure 3(a foc).-
Types of
thermocouples and
pressure orifice
installations used
to determine per-
formance of Ice-
prevention equip -
ment of the
C-46 airplane.
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NACA ARR No. 5A03¢c Fig

Figure 5.~ Ice allowed to accumulate on left wing
outer panel and ice on cowl and car-
buretor air inlet, C-46 airplane. Flight 41. Pho-

tograph taken in flight.
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NACA ARR No. 5A03c Figs. 11, 13

Figure 11.— Ice accumulation on pilot's and copilot’s wind-

shields after 45 minutes in heavy-icing condi-
tions with only primary heated air directed over outside
gsurfaces of windshields, C-46 airplane. Photograph taken in.
flight.

Figure 12.- Partial ice removal from pilot’s and copilot’s

windshields with secondary heated air directed
over the inside of the windshields without inserting double
panels, C-46 airplane. Photograph taken in flight.



NACA ARR No. 5A03c ; Fig. 13

Figure 13.~ Views showing the strip of ice applied
to station 159 of the left wing outer
panel for the simulated icing tests, C-46 airplane.



NACA ARR No. 5A03c Figs. 14, 15

Figure 14.- Ice removed by engine warm-up and
take-off in simulated icing tests,
C-46 airplane.

Figure 15.- Ice accumulation on the left stabilizer
splice and fairing of the C-46 airplane.
Flight 60. Photograph taken after landing.



NACA ARR No. 5A03c Figs. 16,

Figure 16.— Ice accumulations on the right airspeed
mast and loop antenna of the C-46 airplane.
Flight 29. Photograph taken after landing.

Figure 17. Ice accumulation on pilot’s free air
thermometer, C-46 airplane. Flight 28.
Photograph taken after landing.

17



NACA ARR No. 5A03c Figs. 18, 19, 30

Figure 18.~ Ice formations on the Figure 20.— Ice accumulation

right airspeed mast on the nose. Fur-
and loop antenna and on the left ther extension of ice rear-
airspeed mast of the C-46 air ward had fallen off, C-46
plane. Flight 41. Photograph airplane. Flight 50. Photo-
taken after landing. graph taken after landing.
iR

Figure 19.— Ice accumulation on the left engine cowl. Exten-
sion of ice around nacelle had fallen off, C-46
airplane. Flight 50. Photograph taken after landing.



NACA ARR No. 5A03c Figs. 21, 32

Figure 21.- Ice accumulatiom on the loop antenna, C-46
airplane. Flight 50. Photograph taken

after landing.

Figure 23.~ Ice formation on the left-hand thermometer
support, C-46 airplane. Flight 51. Photo
graph taken in flight.
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5A03¢ Fig. 34
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5A03¢c Fig. 35
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NACA ARR No. 5A03c .
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Figure 26.~ Views showing exhaust-gas side of right inboard
heat exchanger after 173 hours of flight test-

ing, C-46 airplane.
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