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SUMMARY 

As part of a comprehensive investigation of a thermal 
ice—prevention system for a 0-46 cargo airplane, flight 
tests in dry—air and. natural—icing conditions have been con-
ducted by the Ames Aeronautical Laboratory at Moffett Field, 
Calif. , and at the 20.r Technical Service Command Ice Research 
Base , Minneapolis, Minn. The research was undertaken to de- 
termine the effectiveness of the 0-46 airplane ice—prevention 
system and. to continue the development of thermal ice'—
prevent ion equipment. 

Extensive therml data wore recorded during all flight 
tests and numerous photoraDhs wore taken during, and subso-
auent to, flight in natural—icing conditions. The results of 
these flight—tots indicated that the ice protection afforded 
the airplane by the thermal ice—prevention system prevented 
the loss of aerodynamic efficiency of the wings and the 
empennaçC and maintained visibility through the windshields 
during flight in all natural—icing conditions encountered. 
The skin temperature r iso over the wing and empennage heated 
loading Ldgos exceeded the temperature rise calculated in 
the design analysis, which indicates that the method of 
analysis utilized is either inaccurate or incomplete.	 It 
can be concluded from the results of the flight tests that 
a thermal ice— prevention s y stem affording protection for 
the wings, the empennage , and the windshields of the C-46 
airplane can he constructed that will enable the planning 
of safe flight operations into known icing conditions with-
out the loss of aerodynamic or functional efficiency. 

RESTR ICTED
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INTRODUCT I ON 

This report Is the fourth of a series which describes 
a comprehensive investigation of a thermal ice—prevention 
system for a C-46 cargo airplane. The first three reports 
of the series (references 1, 2,, and 3) describe,respectively, 
the design analysis of the thermal ice—prevention system, 
the design and construction of the heat exchangers employed, 
and the construction and instrumentation of the complete 
system. This report presents the results of extensive flight 
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 con-
stitutes a part of a general research program designed to 
investigate the nracticability of utilizing 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 equipment under this program has beon demonstrated 
by the flight testing, in natural—icing conditions, of thermal 
ice—prevention systems :tn a Lockheed 12A airplane (reference 
4), in a Consolidated B24 airplane (reference 5), and in a 
Boeing 3-17 airplane (reference 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 0-46 airplane 
was designed to permit extensive and safe flights in natural—
icing conditions without the loss of operational efficiency 
associated- with the formation of ice upon an airplane's 
wings , empennage , and windshield. This system rpresonts a 
refinement of earlier equipment and has been designed. to 
facilitate modifications to the production version of the 
airplane. The purpose of the investigation reported herein 
was to determine tho effectiveness of the thermal ice—preven-
tion system in nreventing the formation of ice upon the pro-
tected surfaces of the airplane during flight in natural—
icing conditions. The investigation includes flight tosts 
in dry air to establish the thermal characteristics of the 
system and to determine the var iat ion of these characteristics 
with change in altitude and engine power conditions, as well 
as flights in natural—icing conditions to obtain observational,
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photographic, and thermal data, in as many different typos 
of icing conditions -as possible. Data obtained from such 
flights provide criteria for future designs, test the 
validity of the design method utilized, and provIde exper-
imental evidence of the nrotection afforded in natural—
icing conditions by the thermal ice—prevention system of 
the C46 airplane. 

This research was conducted at the reaucst of the Air 
Technical Service Command of the U. S. Army A'ir Forces 
The flight tests were made at Amos Laboratory, Moffett 
Field, Calif., and at the Air Technical Service Command 
Ice Research Base, Minneapolis, Minn., with the cooperation 
of the U. S. Weather Bureau and the Curtiss—Wright Corpora-
tion.

DESCRIPTION OF EQUIPMENT 

The thermal ice—prevent ion eauipment installed in the 
0-46 airplan (Army number -11 3 -122 3) shown in figure . is 
completely described in references 1, 2, and 3. Detailed 
information on the design analysis of the thermal ice—
prevent ion eoup m e nt , the general arrangement of which is 

shown in figure 2, is presented in referonce. 1. Reference 
2 completely describes the design and construction details 
Of the oxhaust—gas—t cair heat exchangers emDloyed in the 
system. Details of the const r uct ion of the thermal ice—
prevent ion stem and of the instrumentation provided to 
evaluate the Derfcrmance of' the system are contained in 
reference 3. Typical thermocouple and pressure—orifice in- 
stallat ions are shown in figure 3, and an index to the in-
strumentation is presented in figure 4. 

The fcllowixg additions and changes were made to the 
thermal ice—prevention system described in reference 3 prior 
to, or during, the flight tests reoorted herein: 

1. The secondary air inlet 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 heatexchanger air outlets were closed 

with the exc e pt io n of the outlet directing air to the pilot's 

and copilot's windshields.
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3. The total—oressure heads installed in the air—Inlet 

scoops were removed after flight 5 since they would collect 
ice when the oirpine was subjected to operation in natural—
icing conditions. 

4. The valves 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 made after flight 28. 

6. A glass—stern thermometer for the measurement of 
ambient—air ter:perature was installed outside the left win-

dow panel 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. 

TESTS 

During all flight tests, the airplane was flown at a 

gross weight of 40,000 pounds under operating conditions 
specified by the 0-46 aircraft manual of Northwest Airlines 
Inc. These operating conditions are listed in table I. 

Preliminary flight tests under dry—air conditions were 

conducted at Ames Laboratory to assure that the equipment 
would operate safely and satisfactorily. During these pro— 
liminary flights, totalprossuro measurements were made in 
the heat—exchanger air—inlet scoops. 

Tests of the equipment, during which most of the flight 
data wore taken, wore conducted at the Air Technical Service 
Command Ice Research Base, Minneapolis, Minn. Complete dry—
air thermal data were taken at altitudes to 18,000 feet at 
the climb, the descent , and the 1900—rpm cruise power condi-
tions. Limited dry—air thermal data were also taken at the 
rnximurn—raflSC cruise and the 2050—rpm cruise power conditions 
at several altitudes to establish the effect of engine power 

on the perforrnancc of the thermal ice—prevention system. 
Equilibrium conditions were established, for the various tests 
by holding the engine power conditions constant for a suffi-

cient time previous to recording data.
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Flights were mode in natural—icing conditions whenever 
such conditions wore available during the period from Jan-
uary 10 to April 1, 1944, in the 500—mile—radius area sur-
rounding Minneapolis, Minn. 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—heated—air—flow rates. Flight tests 
in natural—icing conditions were conducted in the regions 
and at the altitudes of maximum icing. Data wore taken 
when conditions were of sufficient extent and intensity to 
obtain a complete set of readings and observations. During 
these flights, periodic ins p ections of the ice accretions on 
surfaces of the irp1ano were made, and the ont ie airplane 
was ins pected for ice formations after each flight. Some 
photograihip data were taken during flight and after landing. 

The extent to which frost was removed from the heated 
surfaces when the airplane was at rest on the grount was 
observed. The extent to which ice was removed during the 
take—off operation was also observed. For these tests, 
artificibi—icing conditions which simulated a freezing rain 
were provided by the use of a water spray. The -artificial 
ice was applied in 2—foot strips 1/16 inch thick to stations 
159 of the outboard wing ane1s. The tests were conducted 
on an overcast clay to reduce the solar—radiation effects. 

Surface—thermocouple data were taken at the 1900—rpm 
cruise condition at various alt itudes in natural—icing con-
d.it ions and in dry air • The indications of the surface 
thermocouples installed at station 159 of the left wing 
outer panel and those of the corresponding washer thermo-
couples were observed on a Brown potentiometer. 

The heated windshields were operated with only external 
primary heated—air flow directed to the pilot's and copilot's 
windshields during most of the flights. Limited data were 
taken with the use of both the external primary heated. air 
and the internal secondary air directed to the windshields. 

The heat exchangers erployed by the thermal ice— 
prevention system wore removed, sandblasted, and inspected 
for deterioration after a total of 100 hours and 173 hours 
of flight testing,
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RESULTS AND DISCUSSION 

The performance of the C-46 airplane thermal ice- 
prevention system is presented in tables II, III, 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-flow 
rates, respectively. The thermal results of the secondary 
heat exchanger and the pilot t s and copilot Is 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-prevent ion 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 temperatures given are not corrected for 
the effects of kinetic heating. 

The severity of icing (light , moderate, and heavy) 
noted in eart 1 of tables IV and V was pir'oitrar ily chosen 

to rovido a means for cornarin,g flights. The light-icing 
conditions would probably permit flight without any means 
of ice protection. The heavy-icing conditions would 
probably cause an unprotected airplane to descend in a short 
time. The intermediate natural-icing conditions are those 
designated as moderate. 

asurements of the total pressures in the air-inlet 
scOopS of the left nacelle hcat_oxchaflger installations were 
made in flight. The airplane was flown at an indicated air- 
speed of 155 miles par hour at 6000 feet pressure altitude 
with the engines operat ing at 2000 rpm. The pressure distr i- 
but ion in the inlet scoops was uiijform, The average total 
pressures were 2.2 and. 1.5 inches of water above free-stream 
total pressure for the outboard and inboard heat-exchanger 
inlet scoops, respectively, 

Table VII presents typical comparisons of the surface- 
thermocouple and washer_t'hOrraoCOuPle data taken for the left 
wing outer-panel station 159. No data are :2resent ed for the 

region aft of 7-percent chord where the surface thermocouples 
and washer thermocouples indicated the same temperature, 
within the accuracy of r.easuroraent.
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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 protection 
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 noticeably 
affect the operational performatice of the airplane. The 
skin-temperature rises of the heated surfaces realized in 
natural-icing conditions were lower than those obtained in 
comparable dry-air flight conditions. J com parison of the 
moderate- and heavy-icing conditions of table IV with com-
parable dry-air data of table II indicates that the wing 
outer-panel temperature at the 0-percent-chord points real-
izc3d in these icing conditions average approximately 65 
percent of those obtained in dry air for comparable flight 
conditions. The experimental skin-temperature rises during 
tests at aproxiraatcly the design conditions (flight 61, 
run 5) greatly exceed tho ,se specified in the design analysis 
(reference 1).

Wing Outer Panel 

The thermal ice-prevention system essentially prevented 
the formation of ice on the wing outer panels when operated 
with full-hoatodair--flow rates (table IV, pts. 5 to 10). 
The full-hcated-airf1ow rates, in natural-icing conditions, 
provided, aver-age heat flows through the left-wing leading 
edge (table IV, pt. 3) of approximately 1100 to approximately 
1800 Btu per hour per square foot of doubleskin leading-
edge surface, and the average 0percent-chord temperatures 
above ambient (table IV, pt. 3) ranged from 66 0 to 1130 F. 
The lowest 0-percent-chord temperature recorded was 820 F 
at station 380. Slight runback, defined as the freezing of 
water which runs back from the leading edges, we. s noted on 
flight 34 in the 30- to 35-percent-chord region of the right-
wing outer panel. These accretions were intermittently re-
moved; with constant wing outer-panel heating. 

During flight 49, a severe inciementweather condition 
was encountered over the Sierra Nevada Mountains between 
Sacremonto, Calif., and Salt 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 stagnation-pressure 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 loft-wing outer-panel 0-percent-chord skin temperature
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was approximately 100 0 P. Evidently, the rate at whic"h the 
snow and ice formed and the low ambient—air temperature 
(6 0 P) were factors that permitted the snow and ice to 
accumulate 

The reduced—heat tests (table V, pts. 5 to 10) define 
the effects of decreasing the heat flow to the wing outer 
panel. The average heat flows through the left—wing lead-
ing edge (table IT, pt. 3) during these tests ranged from 
240 to 830 Btu per hour per square foot of double—skin 
leading—edge surface, and the average 0—percent—chord tem-
peratures above ambient (table V, pt. 3) ranged from about 
400 t6 about 950 P. The lowest 0—percent—chord temperature 
recorded was 50 0 P at station 380. 

Run 3 of flight 29 was taken after the left—wing outer—
panel leading edge had been allowed to collect a band of 
ice throughout the span, similar to that shown 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 heated—air—flow rate was increased, to full and the run-
back was removed. The average heat flow through the wing 
leading edgc during this test was 250 Btu per hour per square 
foot of double—skin leading—edge surface, and the resulting 
average 0—percent—ch	 a	 w- ord temperture above ambient ws 40 0 P. 

The lowest 0—per cent—chord temperature recorded was 58 0 F at 
station 380. During flight 41, run 3 was taken after the 
heated—air—flow rate to' the loft—wing outer panel was de-
creased, 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—skin leading—edge surface, 
and the resulting 0—percent—chord leading—edge temperature 
above ambient was 48 0 P. The lowest 0—percent—chord temper-

ature recorded was 50 0 Fat station 380. Small accretions 
of ice had collected on the left—wing outer panel 2 or 3 
inches forward of the front spar from midspan outboard,. 
The thermal iceprevention systeP during the other reduced-
heated—air—flow—r ate tests presented in table IV, parts 5 
to 10 apparently supplied the same protection to the wing 
outer panels as did the full_heated_air—flow —r a te tests 

taken in the same 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—
thermocouple installations $19, $20, and S23 were npproxi-
mately 236, 300, and 21 0 P higher, respectively, than the
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corresponding surface-thermocouple installations S01, SC2, 
and S03. The construction of the thermal ice-prevention 
system at station 159 is shown in figure 6. The heated air 
is directed by the nose-rib liner along the inner surface 
of the skin whore 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 are evidently in error by 
the temperature differences indicated. These given values 
of temperature error apply strictly to the under surf ace of 
the skin at station 159 of the left-wing outer panel. In 
general, however, a similar washer-thermocouple error would 
exist in the temperature measurements for both the upper 
and lower surfaces thr9ughout the wing outer panel to sta-
tion 292 where the nose-rib liner ends. The remaining 
leading edges of the thermal ice-prevention system contain 
no nose-rib liners; nevertheless the washer thermocouples 
throughout the heated surfaces forward o.f the baffle plates 
are also probably in considerable error. The given values 
of tem:erature differences apply only for the full-heated.-
airflow rates. The reduced-heated-air-flow-rate data, 
however, would prqhably not be subject to as great a temper-
ature difference between the corresponding washer- and 
surface-thermocouple indications. 

The teniperatures of the primary structure of the 
left-wing outer panel were measured on the front spar, the 
stringers, and the nose ribs at stations 24 and 159 (pts, 
6 and 8, tables II, III, IV, and V.) The indicated tem- 
peratures of the front spar and the stringers were never 
over 111 0 P. The highest nose-rib temperature measured 
was 294 0 F which is considered high but not excessive at 
this region of the wing structure. 

A comparison of the experimental test results and the 
analytical calculations of reference 1 introduces the oppor-
tunity for considering the heat-transfer relationships dis-
cussed in the analysis (reference 1) and the indications of 
actual heat-transfer phenomena result ing during the tests.. 
A raphica1 comparison of experimental and analytical air 
and skin temperaturc's above ambient-air temperature is 
presented, for the four wing outer-panel stations analyzed, 
in figures 7, 8, 9, and 10. The test results are taken 
from data recorded during flight 61, run 5 (table II), which 
approximated the analytical design conditions. 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
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the air entering the corrugations agreed closely with the 
assumed air temperatures. The air—temperature rise through 
the exchanger was 369 0 F (69 F above the temperature rise 
of the analysis), resulting in a thermal output of 362,000 
Btu per h,ur. This is 20 percent higher than the antici-
pated value of 301,000 Btu per hour. Nevertheless, the air—
temperature 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). Furthermore, 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 •leadingedge 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—edge duct to the corrugation inlets. Since the 
nose—rib liner ends at station 22 , this effect would not 
prevail at station 380, and the temperature of the air at 
the corrugation entrance	 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, but the air—temperature 
change through the corrugations at station 380 was consid-
erably greater than calculated. These results substantiate 
the previous conclusions that a considerable amount of heat 
was transferred from the air prior to entering the corru-
gations in the region of the nose—rib 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 heat flow through the heated surface, 
shown ih table fl and calculated from the air—temperature 
change through the corrugations, is not the total heat flow 
through the surface. Further evidence of these facts is 
exemplified in the results of the skin—temp e r a t ure indica- 
tions from the tests. As previously stated, the indicated 
skin temperatures forward of the baffle plate are believed 
to read 20 0 to 300 F high on the basis of a comparison of 

the temperatures indicated by the standard washer-therOcOUPle 
installation and the assumed correct surface thermocouples 
at station 159. Therefore the ind.icated'skin_te1flPertUre 
rises shown in figures 7,, 8, 9, and 10 were corrected by 
approximately 25 0 Pin the region forward of the baffle 
plate. The averegé corrected skin-temperature rises obtained
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from the flight-test data were approximately 600 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 analy,sis. 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 rand decrease in skin-temperature rise shown in 
figures 7, 8, 9, and 10 in the region immediately aft of 
the baffle plate is probably a result of two effects. The 
first and most imnortant 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 
well aft of the heated region. This was for an aerodynam-
ically smooth wing	 It is indicated. Trom 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 noint, the skin received no 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 Dropeller 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 temperature ',aft of the stag-
nation region, from about 160 0 F (corrected) at the lead-
ing edge to 120 0 F (corrected) at 3-percent chord, indi-
cating that transition 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 heav y 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 ade q uatel y photographed in flight, 
and since they never remained on the surface after landing. 
The tem perature data given in part 11 of tables II, III, 
IV, and "" V indicate that the wing-tip leading edges were 
not adequately heated. The internal structure does not 
provide a sufficiently high heat-transfer coefficient at 
the leading edges of the wIng tips. 

Wing Center Panel 

The wing center panels were for the most part ade-
quately protected	 A very small patch of ice was noted to 
accumulate on the flange of 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 condi-
tions, sli ght accumulations 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 as those of 
the wing outer panels during flight 49. Temperature data 
given in rart 12 of tables II, III, IV, and V indicate that 
the protection was sufficient at all times. The temperature 
in natural-icing conditions at the 0-percent-chord leading 
edge, indicated at station 90, never dropped. below 104 0 F, 
even during the reduced_heatedair-flOW-rate tests. It is 
believed that a better design could be realized, however, 
by revising the heated-air corrugations so that the heated 
air enters the corrugations at the leading edge of the wing 
instead of at the underside end of the corrugations. No 
heatedair-flow rates to the instrumented center panel are 
given in the tables. The system was designed to provide 
this flow rate by subtract in,- the summat ion of venturi 7 
and. venturi 4 flow rates from the summat ion of venturi 2 
and. venturi 3 flow rates. The air leakage in the system, 
however, renders this method unreliable, 

Horizontal Stabilizers 

With the thermal ice-prevention system directing full-
heated-air-flow rates to the horizontal stabilizers, ice
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formed on the leading edges of the stabilizer tips. The 
ice accumulations 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 conditions. During 
flight 34 at the time data were taken, slight runback was 
noted on the underside of the right stabilizer panel at 
about 10 Dercont chord. No observations of the stabilizers 
were made during flight 49, The thermal data for the hori-
zontal stabilizer (pts. 13, 14, and 15 of tables II, III, 
IV, and IT) in-dicate that the temperatures realized were 
,sufficient to prevent ice	 No temperature measurements 
were made on the extreme stabilizer-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, p t. 3), and from F..bout 700 to about 1400 Btu 
per hour per square foot of double-skin leading-edge sur-
face during the reduce d.heated-airf low-rat O tests (tableV, 
pt. 3). The lowest 0-percent-chord temperature recorded 
for the stabilizer,, exclusive of the ti p , was 51 0 F at 
station 69 during the reduced-heatcd-air-flOwrate tests. 

Vertical Fin 

The entire surface of the vertical fin including the 
tip was clear of ice during both the full- and reduced-
heated-air-f1OW-rate operations of the thermal ice-preven-
tion system. The temperatures of the skin surfaces pre-
sented in parts 16 and 17 of tables II, III, IV, and V 
indicate that the quantity of heat supplied was more than 
ade q uate for complete protection in the test icing condi-
tions. The average heat flows through the vertical-fin 
leading edge, in natural-icing conditior4s ranged from 
approximately 2700 to approximately 4600 Btu :2er hour per 
square foot of double-skin leading-edge surface during 
the ful1heated-air-flOw-ratO tests (table IV, pt. 3), 
a. . nd from approximately 1600 to approximately 2900 Btu per 
hour per sauare foot of double-skin leading-edge surface 
during the reduced_heated_air-flOW-ra te tests (table IT, 
pt. 5). The lowest 0-percent-chord temperature recorded. 
was 81 0 F at station 205 during the reduced-heated-air-
flow-rate tests.
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Windshields 

The pilot's and copilot's windshields were protected 
from ice accumulations in all the test natural—icing condi-
tions. 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 p ilot'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 doublepanei windshields. Figure 12 shows the 
partial ice removal effected. after 15 minutes, 	 It was 
noted that when 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 encountore'd, 

These tests indicate that windshield ice prevention 
may be realized by the assagc 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 of the heated air delivered, temperature rise 
above ambient—air temperature of the outer surface of the 
windshield; pressure and temperature distribution of the 
heated air flowing in the windshield boundary layer, and 
area and shape of the windshield.. 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—air 
temperature of 6 0 F. After the engines had been started 
and normal engine war mup had taken place for 5 minutes 
water drops started forming on the left—side ice applica-
tion. While the airplane 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 159 wore clear of ice, 
as shown in figure 14, before the airplane left the ground. 

Natural frost was removed from the wings, the empennage, 
and the windshields of the airplane on ::old mornings (_100 to 
15 0 F) while the airplane was warmed—up for flight. The 
frost on these heatcd surfaces could be almost completely 
removed after conducting engine warm—up for not more than 
1/2 hour. 

During f1iht, in many of the natural—icing conditions, 
the leading edge of the left—wing outer panel was allowed 
to collect ice 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 
loft outer wing was employed, 

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 unprotected surfaces which accumulated ice in 
nearly all the naturaiicing 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 
accretions were evidently caused by air flow through the 
aileron gap and through the gap between 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 f1 .ight	 The tenmorature of the ambient air
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before landing in Minneapolis was 38° P and the ice was 
melting and falling off at the time the picture was taken. 
During flight, the ice on the cowling (fig. 19) had ex-
tended 2 to 3 feet rearward along the nacelle sides and 
the ice on the nose of the airplane (fig. 20) had extended 
rearward over the windshields. 

The ice formations on the carburetor air inlets and 
the heat—exchanger air scoops were never sufficient to 
greatly restrict air flow. 	 If the airplane were operated 
for a sufficient length of time in a heavyicing condi-
tion, however, the ice accumulations on the carburetor 
air inlets could probably cause engine failure, and those 
on the exchanger scoops could probably cause failure of 
the thermal ice—prevention equipment. The pilot's free—
air thermometer and the standard airspeed. installations 
were frequently rendered useless due to ice formation. 
The ice on the antenras at times caused them to fail and 
rendered the radio cquip:tent useless. 

Heat Zxchangcrs 

The heat exchangers employed, completely described in 
reference 2, wore removed from the airplane, sandblasted, 
and inspected after 100 hours and 173 hours of total flight 
testing. The 100—hour inspection indicated some deforma-
tion of the heat—exchanger plates and cracks as , pictured 
in figures 23 and 24. The cracks were welded and. the heat 
exchangers were reinstalled in the uaccllos of the 0-46 
air p lane for further flight testing. After 73 additional 
hours of testing, marked deformation of the heat—exchanger 
plates was evident, as well as more cracking as shown in 
figures 25 and 26. This deformation of the heat—exchanger 
plates probably changed the characteristics of the, heat 
exchangers during the flight—testing period. 

General 

The handling and performance of the 0-46 airplane in 
natural—icing conditions were only slightly affected during 
D.11 the flights except flight 49. Upon encountering the 
severe inclement weather conditions of flight 49, during 
which snow and ice formed on the loading edges of the wings, 
the indicated airspeed of the airp1aio dropped from 140 to 

120 m'iles per hour while oporat ing at the same flight con-
ditions.. Viewed through a stroboscope, the propellers had
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accumulated ccntinuous 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 of the blades. 
The ice on the propellers and on the unprotected surfaces 
was evidently responsible for the decrease in airspeed. 
During the other flights in moderate— and heavy—icing condi-
tions, the indicated, airspeeds were noted to drop off very 
slightly with time as ice accumulated on the unprotected 
surfaces of the nir p lane and on the propellers. 

CONCLUS IONS 

1. The thermal ice—prevention system as applied to 
the 046 airpl.ne permitted o p eration 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 analytical method 
employed, while providing a conservative basis for the 
design of a thermal ice—proventioi system, is not precise 
and requires further refinement. 

3. Ice may be prevented from forming on a windshield 
by the passage of heated air over the outer surface of the 
windshield; however, additional data are required to es-
tablish design critor,a for such an installation. 

Ames Aeronaut teal Lab orat cry, 
National Advisory Committee for Aeronautics, 

Moffett Field, Calif.
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Pressure r Standard car- Operating 2050 1900 t4exlmum Climb at Descent ati 
altitude buretor air condition rpm rpm range 1400 feet 1400 feet 

(ft) temperature cruise cruise cruise per per 

(°c)  S  minute minute 

Percent hp 65 55 --.. .--. 55 
jhp 880 880 •-.- ---- 880 

See level $5 P. P.	 in. Hg 31.9 .	 32.7 28.7 30.7 32.6 
I.A.S.	 mph 189 $89 $117 $30 21$ 
r. 2050 1900 1500 2050 $900 

2,000 t T K. P.	 In. Hg 30.; 32.1 ---- 30.0 32.0 
l.A.S.	 mph $87 $81 ---- $30 208 
rpm 2050 $900  2050 

4,000 7 H.P.	 In.	 Hg 29.8 31.14 ---. 1	 29.1 31.3 
I.A.S.	 mph $89 1816 - I	 130 205 
rpm 2050 19M ---- 1	 2050 $900 

6,000 5 M. P.	 in. Hg •-.. ---. 26.8 f 1. A. L  mph •.. ---- $147 ---
J rpm .-- 600	 J 

6,000 3 H.P. In. Hg 29.1 30.8 ---- 28.; 30.7 
l..S.	 mph $82 $82 -.- 130 203 
rpm 2050 1900 ---- 2050 4900 

8,000 -i V. P.	 in. Hg 28.5 30.2 ---- 27.7 30.0 
l.A.$. mph $79 179 ---- $30 200 
rpm 2050 $900 --- 2050 1900 

10,000 -5 IL P.	 In.	 Hg 27.8 29.5 25.6 27.0 29.14 
I.A.S.	 mph $76 $76 $147 $30 $98 
rpm 2050 $900 $700 2050 1900 

$2,000 -9 M. P.	 In. Hg 27.5 2108 26.14 27.3 
l.A.S, mp$, sly. $7; ---- $30 $95  
rpm 2050	 ' 1900 --- 2050 2060 

$14,000 -$3	 - H.P. In. Hg 26.9 -	 31.2 -- 25.8 26.9 
l.A.S. mph $7$ 17$ ---- 1$0 $93 
rpm 2050 1900 2050 2050 

56,000 .15 H.P. in. Hg ••. •-.. -23.6 
1. A* L  mph ... •.. $147 
rpm  

30.7
1900 _•_•••• 

$6,000 -17 H. P.	 In. III 29.3 ---- 25.3 28,16 
I.A.S.	 mph $68 $68 ---- 130 $90 
rpm 2050 1900 ---- 2050 2050 

$8,000 -2$ H.P. 4n. Hg 2808 •- •-- 216914 
I.A.36 mph $65 - $30 
rpm 2060 •--- •-- 2200

Note: I. Gross w.Ight of airplane, 140,000 pounds. 

2. Reduce H.P. by in. Mg for each 120C below standard carburetor air temperature. 
Increase H.P. by j In. Mg for each 120C above standard carburetor air temperature. 

3. 9.10w doOle limo, ass high blower. 

TABLE! 

C-46. AIRPLANE OPERATING CQNDJTIQNJS 
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FLIGHT NUMBER 61 64 64- 65 

RUN NUMBER 4 I 2 3 

PRE35UPE ALTITUDE (Fr) :,000 5,300 5,00014.500 

1CORCTED ItsJPICATED AIR5PEEPIMP!I 43 165 164 :59 

AIRPLANE OPERATING CONDITIONS 19 00  R- P.M . CRLJ 35	 - 

ME 'rEPOLOGICAL CONDITlOJ5 DRY AIR 1161ff ICE LIGHT ICE LIGHT ICE 

AMBIENT AIR TEMPERATURE5(°F) -12 21 21 29 
PRIMARY AIR FLOW AT VENTURI t.J27(2) 725 716 1)088 1,04 

A83 ( or) 383 271 328 336 

iA4. (°F) 233 153 196 218 

HEAT 1RA?1SrEPkD FR.O4PIMAl.YAIR. (7 E5 400 20,400 34,700 30,000 

5EtONVAPY4IR FLOW, VENTURI 386 650 604 589 

5 lOT (or) 38 48 54' 63 

485 (°F) 210 126 165- 187 

A86 (°F) 214 130 166 187 

Ad  °r) 2 Oe 132 - ITO 191 

-IEAT DELIVERED TO WINDSHIELDS 
TU,()1EFERREPTOAMS1ENT AIR 19,900 17,400 21,600 22, 00 

A93 (°F) 151 119	 - 146 164 

A87 °r) 127 ItS 130 148 

A68 ( O F) 180 129 153 162 

A89(°F) 196 130 158 187 

A90(°F) 65 94 105 :09 

A91(°F) 100 lOS 118 113 

A92 (°F)	 / 93 93 iii 120
NOTE: SKETCH ON FOLLOWING PAGE 

PART I.- TEMPEPATUR5 AND HEATED-AIR-
FLOW- RAT E,5 

TABLE I 

PERFORMANCE OF 5ECONDARY HEAT- EXCHANGER AND 

WINDSHIELD THERMAL ICE-PREVENTION 5Y5TEM 
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FI5-I -

A93-.3 

A844—i 
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PS 27-ie 

sior., 
(ON SCOOP 
LIP)

A834 
25-2 

2vE:NTuR,

I3I-i 
MTURI 

P3O-1 

A81-.3

A86'4 
A86-

P5 	 & 
p3 29 

$ -

Ps 33-' 

P32-1 

[j—Aa5-4 
Ps 28-2 

I23-1	
ECTI9N .4-Aa. 

A87-4 

A92 -1	 4V ' 
•	

6 
A86-4	

A.90-1  

5ECTiON&-& 

	

8	 WINDSMLELD SUPPL?. DUCT 

	

/487-4	 LEGEND 
PLAN OF WINPSHJELD	 5- SKIN THERrvlOcOUpL..E 

A. AIR THE RMOCOVPtC 
F- PRESSURE ORl p icE (stATIC).. 

DASH NLJMEPAFrER 
T HEAMOCCWPLE OR PRE65UAE. 
oRsncE NUMeER DENOTES 
TYPE Or MOUTING. 
FOR tAcjuNriws.T ypE DETAiLS 
SEE FIGURES. 

PART E.- INSTRUMENTATION 
TABLE L(COPs4CLUOED)
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Fig. 3a 
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Figure 3 (a to 0.- 
Types of 

thermocouples and 
pressure orifice 
installations used 
to determine per- 
formance of ice- 
prevention equip - 
men t of the 
C-46 airplane.
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NACA ARR No. 5AO3o	 Fig. 5 

Figure 5.- Ice allowed to accumulate on left wing 
outer panel and ice on cowl and car-

buretor air inlet, 0-46 airplane. Flight 41. Pho-
tograph taken in flight.
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Figs. 11, 12 

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 
surfaces 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, 0-46 airplane. Photograph taken In flight.
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Fig. 13 
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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.
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Figs. 14, 15 

..
PW

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

0-46 airplane. 

Figure 15.- Ice accumulation on the left stabilizer 
splice and fairing of the C-46 airplane. 

Flight 60. Photograph taken after landing.
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Figs. 16, 17 

I? 

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, C46 airplane. Flight 29. 

Photograph taken after landing.
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Figs. 18, 19, 20 

Figure 18. Ice formations on the 
right airspeed mast 

and loop antenna and on the left 
airspeed mast of the 0-46 air 
plane. Flight 41. Photograph 
taken after landing.

Figure 20.- Ice accumulation 
on the nose. Fur-

ter extension of ice rear-
ward had fallen off, 0-46 
airplane. Flight 50. Photo-
graph taken after landing. 

Figure 19.- Ice accumulation on the left engine cowl. Exten-
sion of ice around nacelle had fallen off, C46 

airplane. Flight 50. Photograph taken after landing.
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Figs. 21, 22 

Figure 21.- Ice acoumulatiom on the loop antenna, 0-46 
airplane. Flight 50. Photograph taken 

after landing. 

Figure 22. Ice formation on the left-hand thermometer 
support, 0-46 airplane. Flight 51. Photo 

graph taken in flight.
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Fig. 23 
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Fig. 24 
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Fig. 25 
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NACA ARR No. 5A03c.	 Fig. 26 

Figure 26. Views showing exhaust-gas aide of right inboard 
heat exchanger after 173 hours of flight test-

ing, C-46 airplane.
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