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A FLIGHT INVESTIGATION OF THE THERMAL PROPERTIES
OF AN EXHAUST HEATED WING DE-ICING SYSTEN
ON A LOCKHEED 12-A AIRFLANE

By Lewis A. Rodert and Lawrence 4. Clousing
SUMMARY

The thermal properties are presented for the exhaust
heated wing de-icing system of a Lockheed 12-4 airplane
wiich has successfully prevented wing icing in 25 hours
of flying in various icing conditions. The guantities of
heat supplied for de-icing of the wings under various con-
ditions were measured and are presented. The distribution
of temperatures above the ambient air temperature for the
wing surface under various operating conditions are given.
The design and coanstruction of the wing heating system
are described and design factors relative to the weight,
maintenance, and the applicability to exhaust heating on
other airplanes are discussed.

INTRODUCTION

In a recent confidential report (reference 1), an in-
vestigation was described in which a Lockheed 12-4 air-~
plane equipped with exhsust-heated wings was flown in icing
conditions to determine the extent of ice protection which
could be afforded by the thermal method. As noted in ref-
erence 1, and further substantiated in more recent flights,
the heating system employed on the test airplane provided
adequate protection against ice formations on the wing sur-
faces. In the present investigation, the quantity of heat
employed in the ice-prevention system and the manner in
which the heat was distributed over the wing surface were
determined. Information on additional topics which will
be of interest to designers such as added weight, corro-
sion data, thermal-expansion and structure-temperature
data, maintenance problems, effects on performance, and
notes on the operation of the system, have been obtained
and are reported.

The tests were made in flight in the vieinity of
Moffett Field, California, from the Ames Aeronautical Lab-
oratory of the National Advisory Committee for Aeromnautics.
The observations relative to the maintenance and overhaul
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6f %he ice prevention system have been made with the bene-
fit of the experience obtained from 131 hours' flight time,
of which approximately 25 hours have been in icing comdd=
tions.

The heat-exzchange system employed for the prevention
of ice oan the airplane wing was designed from data taken
from references 2, 3, and 4. Informaetion from reference 2
indicated the guantity of heat which would be required
for raising the surface temperature of the wing a given
amount, and reference 3 suggested approximately to what
temperature the surface should be raised in dry air in
order to de-ice the wing during icing conditions. Refer-
ence 4 gives the basis for calculating the transfer of
heat from the exhaust gas to the exhaust tube, from the
tube to the air in %the leading edge, from the air to the
wing skin, and from the tube to the wing surface by radi-
ation. In the investigation reported in reference 5, the
validity of the calculations for the design was eXperi-
mentally examined by model tests in simulated icing con-
ditions, Preliminary to undertaking the alterations to
the test airplane, consultations were had with represen-
tatives of the Army Air Corps, the Navy Bureau of Aeron-
nautics, air transport companies, airplane manufacturers,
and other technical experts in order to obtazin a complete
coverage of competent opinion on the design.

BQUIPMENT

A description of the equipment employed in the in-
vestigation was given in reference 1, but is repeated and
somewhat expanded ir the present report."The'test,airQ
plane, shown in figure 1, is a Lockheed 12-A commercial
transport airplene, equipped with two Pratt & VWhitney,
450-horsepower, Wasp Junior engines, and 8-foot, lO-inch
diameter, .constant~speed propellers. -The'wings are heated

v the passage-of all or part of the engine exhaust gas
through wing exhaust tubes which are installed along the
wing leading-edge interior. The .degree of heating and,
to some degree, the digstribution of the hHeat are controlled
from the pilot's cockpit. The principal elements which
comprise the wing heating system are shown in figure 2.
Heat from the ‘eXhaust gas which flows along the wing tube
is transmitted to the tube wall and thence to the wing
structure as a result of (l)-cdnvectionland conduction
through the air in the leading edge, and (2) radiation
from the tube wall. The circulation of air through the




wing interior, the path of which is shown in figure 2,48
controllesd by a valve at the air inlet. A baffle plate,
extending from the wing root to tip, directs the flow of
air along the leading edge. TFigure 3 shows the heated
wing in section, with the important structural components
noted. The baffle plate serves also as a froat shear
web,and, in effect, a fire wall in the event that any leak-
age developes in the exhaust tube. The circulation of
air through the wing serves other purposes in addition to
the heat-transfer function. The passage of air along the
wing leading edge is intended to prevent structural parts
near the exhaust tube from being overheated, and to pre-
vent the accumulation of corrosive, explosive, or poisoan-
ous gas in the wing interior.

The pilot's controls for the wing heating system are
shown in figure 4. The exhaust tail pipe and exhaustit con-
trol valves are shown in figure 5. A clapper-type valve
over the normal discharge of the exhaust closes simultane-
ously with the opening of a butterfly valve in the wing
heating tube elbow. A& choice of eleven positions of this
valve system is provided. When the control is in the
"off" position, all of the exhaust is discharged directly
to the atmosphere; and when in the "full-ou" position, all
of the exhaust is passed throughk the wing. Surface ori-
fices and thermocourles are provided in the exhaust tsail
pipe and exhaust collector, by which pressure and tempera-
ture measurements are made. The exhaust tail pipe is

.constructed from 0.050-inch-thick stainless steel. &

double-ball universal joint between the teil pipe and the
wing exhaust tube is employed to allow for motion due to
vibration and thermal expansion.

Figure 6 shows the center~-section wing leading edge,
looking inboard toward the engine nccelle with the leading
edge veyond the wing Jjoint removed. The inboard end of
the wing leading edge is shown in figure 7. The wing tude
is unrestrained from spanwise movement within the wing
except at the inboard end ball joint, Chordwise restraint
and support are provided at several rib stations along the
span. The types of construction of the tube supports at
rib stations are shown in figures 8 and 9. The coil
springs and mounting rings are made of inconel; most ribs
and leading-edge skin are of aluminum. The ribs in the
leading edge at the tip stations are made of inconel; the
support clips are of stainless steel., At all points along
the wing exhaust tube where restraint is provided, the
tube is reinforced to prevent abrasion at these points
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from ceusiung a ruptnre in the tnbe wall and subsequent gas
leakage.

Le discharge end of the wing exhaust tube is shown
in figure 10. It will be noted from a comparison of fig-
tvres 7 and 10 that the wing exhaust tube is tapered from
the wing root to the wing tip. At the wing root, the
tube is circular with a 5-inch diameter; and at the tip,
the tube is elliptical, the major and the minor axis being
4,75 and 2 inches, respectively., The tip end of the tube
protrudes through the wing-tip ridb and is free to expand
linearly when heated. Ths discharge of exhaust gas from
the wing tube is into the tip shroud, shown in figure 11,
The shroud. is construncted from inconel. The tip skin
near the shroud and the forward shear web to which the
shroud is attached are made of stainless steel. No pro-
vision was made for thermal expansion in the wing-tip
construetion.

The parts of the exhaust tube are assembled in such
a manner that each part can be removed independently of '
the remaining system. The tail pipe and the wing tube
elbow are removable without removing the wing or the wing
leading edge, and the wing leading edge and the wing tube
are removable without disturbing the inboard end of the
exhaust system. The wing tube is removable from the
leading~edge structure,

Drain holes are made in the lower wing surface to
provide for the removal of water taken in with the circu-
lating air. The interior surface of the wing leading edge
is treated with zinc chromate primer,; a corrosion-resist-
ant paint. Although it was noted in the analysis of tha
heating system that the transfer of heat by radiation
would be increased by treating the exterior of the wing
exhaust tube and the interior of tle wing leading edge
with a black paint, no spec1al treatment was applied to
these surfaces. Futuore tests will be made to investigate
the effect of black surfaces on the leat transfer in the
wing.

) The exterior of the wing surface along the leading
edge was made as smooth as possiblea It ' was also noted
in the analysis of the heating systen that the cuantity
of heat required for a given surface temperature rise
was reduced by preserving laminar flow.,  To this -end,
flush rivets were used and skin joints avoided over the
leading~edge surface. :



The weight of the wing heating system was found %o
be about 100 pounds, which is about 1.1 percent of the
airplane weight,

The temperatures of the heated wing skin, ecritical
structural parts, circulated air, and the engine exhaust
gas were recorded by the use of thermocouples, The posi-~
tion of the thermocouples and the object of temperature
measurement are given in figure 12. f1he engine exhaust-
gas temperature was measured at three points in the col-
lector ring, in the tail pipe, in the eatrance to wing
heating tube, and in the discharge of the exhaust at the
wing tip., The temperature of the airplane structure was
measured at two points in the main wing beam, at a typical
rib in the leading edge, at two points in the wing baffle,
and at one point in a protective shroud near the wing-
center section joint. The circulating air temperature was
measured at five points. The temperature of the upper and
lower wing covering was measured at 13 points, ten on the
upper and three on the lower surface., The thermopotentials
were recorded by the use of two millivoltmeters and a
photorecorder, Recorded simultaneously with the potentials
of the thermocouples were the altitude, air speed, air
temperature, and time.

A water-filled U~tube manometer was used to measure
the back pressure in the exhaust manifold which resulted
from passing the exhaust gas through the wing duct. The
flight instruments normally used in the Lockheed 12-A air-
rlane were employed to record observed flight and engine
data.

TESTS

The flights during which the heat-exchange data were
taken followed the investigation in inclement weather, the
results of which are reported in reference 1., As described
in reference 1, ice was prevented from forming on the wing
surfaces by the use of the heating system. Figure 13
demonstrates the protection afforded by the heating sys-
tem, showing the leading edge of the wing after a flight
in severe icing conditions. The small tell-tale strut
mounted above the wing shows the ice formation which re-
mained on this part after the flight,

With the knowledge that ice prevention was effective,
the heat-exchange tests herein described were made to de-



termine the amount of heat supplied to the wing surface
by the exhaust gas under various operating conditions,
and the variations in the temperature of the wing duvue to
variations in engine power and air speed, air-fuel ratio,
air circulation through the wing, and atmospheric condi-
tions. Most of the flights were made in dry air - that
is, air free from clouds. The object in conducting the
thermal investigations in dry air is to provide data on
a proven ice-prevention system, comparisons to which can
be made by airplane manufacturers without recourse to in-
clement weather tests., One flight was made in an alto-
stratus cloud during which icing conditions were encoun-
tered.

RESULTS AND DISCUSSION

Thermal design.~ The numerical data obtained in the
present investigation are given in tables I and II., Table
I gives the pertinent flight data and the distribution of
the heat from one engine. The purpose in presenting these
data is to reveal avproximately the thermal values involved
in the exhaust heating system, The difficulty of measuring’
the exhaust-gas temperature and calculating the rate of
flow is recognized and the possibility of errors in the
order of 10 percent is acknowledged. Table II gives the’
temperatures measured in the wing heating system. Actual
temperatures are given; but in the design of a wing heat-
ing system it should be noted that the difference between
the air temperature and the heated wing temperature, which
can be computed from the table, is important. Attention
is directed to the index notes in table II which give the
variations in the heating conditions.

Figure 14 shows graphically the results of one test
which is given numerically in table I, Figure 15 shows
gravhically the temperature rise over the wing surface at
three chord stations and for three flight conditions. The
temperature-rise curves in figure 15 are faired from thermo-
counle data in the vicinity of the wing stations shown.

The data in figures 1Y and 15 are typical test results,

The heat supplied to the wing was influenced only
slightly by changes in fuel-air ratio. Whils the tempera-
ture of the exhaust gases is greater for lean mixtures,
the transfer of heat to the wing surface was greater dur-
ing flights with rich mixtures, other factors remaining the
same. The circulation of air through the wing increases
the quantity of heat delivered to the wing surface but



disrupts the temperature uniformity, as will be noted
below. The heat delivered to the wing surface increases
with increase in power, and therefore normally increases
with speed. It is of interest to note that, with in-
creasing speed, the loss of heat from the wing does not
increase as fast as does the heat supply.from the engine,
as demonstrated by the higher surface temperatures at the
highest test speeds. The full power of the engines was
never reached during the tests, although the maximum al-
lowable cruising power, of 300 horsepower, was approached
in tests 11 and 12 during which 288 horsepower was em-
ployed.

As a generaligation from the test results, it may
be stated that the temperature of the forward 20 percent
of the heated wing surface is reised approximately 70° F
above the air-stream temperature. The temperature rise
of the wing surface between the 20-percent and 76-percent
chord points varies from about 70° F at the forward sta-
tion to less than 10° F. at and in rear of the rear sta-
tion. The temperatures along the span are highest at the
wing tip. The temperature of the leading-edge skin near
the air inlet (see fig. 2 ) approaches the air tempera-
ture when circulating air is admitted. W¥hen the air valve
is closed, the temperature of the leading edge is uniform
along the span. A change in the air circulation system
is planned whereby circulation may be provided and the
temperature along the span maintained uniform. This will
be done by taking the circulating air into the wing at a
point on the lower surface of the wing and nearer to the
engine nacelle,

The small temperature rise along the trailing edge
results in temperatures slightly below freezing for this
region when air temperatures in the vicinity of 20° F are
encountered. During flights in icing conditions.(reported
in reference 1) and at air temperatures below 20° F, thin
films of ice were observed to form at scattered points on

he wing surface near the trailing edge. These formations
have never exceeded 1/8-inch in thickness and are not con-
sidered serious. . Protrusions or surface roughness of small
dimensions in the region of the trailing edge cannot Pro-

duce a serious effect upon either the 1ift or drag of the
wing.,.

The danger of ice forming on the =after portion of
the wing is small,because, during conditions when a large
quantity of condensed moisture is present in the air, the



air temperature is high; and it has been observed that
even a small surface temperature rise will prevent ice.
aceretion., When the air temmerature is low in the icing
range, the gquantity of condensed moisture is small; the
drop sizes are very small; and little water makes contact
with the wing at the leading edge, less near the trailing
edge.

The ‘rate of ice formation and the frequency of icing
storms are greatest at air temperatures in the vicinity
of 26° F; under these conditions the temperature rise re-
quired for ice protection is small as shown by icing
tests. During one icing flight the heat control was
placed in the "off!" position for a period to determine if,
when turned on again, ice could be removed. With the con-
trol: in the "off" position, sufficient gas leaked past
the -exhaust valve to. prevent the formation of ice, The air
temperature during this test was 27° F. The temperature
rise of the wing surface with the heat turned off was about
200 F as shown by test 6, table I. It is suggested that,
when greater experience has. been obtained in the omeration

of aircraft in icing conditions, the temperature rise pos-

sible with the heating systewm tested will be considered
greater than necessary for. protection in ice storms within
the United States region., :

The temverature rise which is required for ice pro-
tection is determined by the temperature range of icing
storms in which operations are anticivated. As the air
temperature decreases the total. amount of water in the air,
the quantity of condensed water in the air, and the drop
size become smaller. In consideration of small water con-

.tent, a calculation.of the heat reculred for ice nrotec-

tion at very:low temperatures may be made on the basis of
dry-air heat-transfer data. . It will be noted by way of
il1lustration that tests 13 and 14 (see table II), which
were made in icinz conditionsg; gave substantially the same
temperature-rise of the surface as was obtained during dry-
air tests. Also during an:-ice prevention test in moderate
icing conditions, the results of which are shown in figure
21 of reference 1, the wing'surfaceé temperatures along the
wing leading edge were found to'be over 60° F above the
air-stream temperature, which was et 0% F when the measure-
ments were recorded. Reference 5, table II, however, in-
dicates that the presence of water in the atmosphere,

in large quantities such as may bée found at temperatures

in the wicinity of 322 F, alters the -hest transfer coeffi-
cient by about 25 percent of the dry-air-coefficient. Thus
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while the larger quantities of water present in the air
at temperatures near 32° F will prevent the same temper-
ature rise as obtained in dry air, this is unimportant
for design considerations inasmuch as the design' condi-
tions will be the provision of protection at air tem-
peratures below 0° F, the heat for which may be calcu-
lated on the basis of dry air transfer coefficients.

The protected wing area of one heated wing panel is
approximately 100 sguare feet, and the total heated area
per semispan is 200 square feet since both upper and
lower surfaces must be considered.. The quantity of heat
per square foot supplied to the wing as obtained by divid-
ing the total values given in table I by 200 is found to
vary from 664 Btu/sq ft, hr at 118.miles per hour to 1280
Btu/sq ft, hr at 170 miles per hour, indicated air speeds.

The values of heat supplied thus are found to be in close-

agreement with the thermal data given in table III, ref-
erence 5., The value of 1300 Btuisq.ft, hr as given in
table II, reference 5 is probably a safe and conservative
figure to use, bdbut it should be noted that the velocity
and scale of the airpiane must be considered, as will be
discussed later. Since successful ice prevention was ob-
tained on several flights during which only a part of the
full heating capacity of the wing was employed, it is be-
lieved that future experience will demonstrate that de-
icing is possible with 1000 Btu/sq ft, hr.

Structural considerations.~ The temperatures in the

wing struecture which result from the use 6f the exhaust
heating system as shown in table II are not excessive.
The structures on which thermocouples at 1B, 2B, and 3B
were located were made of heat- and corrosion-resistant
steel, as it was anticipated that these would be the hot-
test structural members. . Since the strexrgth of aluminum
alloys is not seriously affected by temperatures under
300° F, all of the wing structure could have been made
of aluminum with the exzception of the baffles and shrouds
near the nacelle end of the exhaust tube. The tempera-
ture of the exhaust tube near the tip is low (under 400°
F), and therefore aluminum parts are not in danger of
overheating if a small air gap is provided ‘between all
parts and the tube. The temperature of the main beamn,
rib flanges, stringers, and all other primary structural
parts did not exceed 150° F. The materials used for the
heated wing structure and the duct system is believed to
be satisfactory for practical application. Owing to the
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need for corrosion resistance, the use of stainless steel
will be fourd justified at some points not having a large
temperature rise. In the vicinity of the wing tip, ex-
haust gas leakage resulted in excessive corrosion of the
sluminum skin after 120 hours' service. The defective
plates were replaced with stainless steel. A change that
is to be made in the design of the tip shrovd will elimi-
nate the gas lesakage. For the main wing structure, any
material that is satisfactory at temperatures resulting
from exposure to a bright summer sun will be suitable for
2 heated wing.,

The dovble-ball Jjoint between the wing tube and tail
pipe has been found satisfactory. The double flanged
elbow in the tail pipe {see fig. 5) allows a slight ex-
haust gas leakage, and when first put in service, several
Lolts were broken due to expansion. The gas leskage in
the region of the elbow was counteracted by sihrouding
this section of the exhaust tube and venting the shrouvd %o
the air stream. The treaking of bolts is believed to have
beon due, in part, %o initisl tension, since, by not draw-
ing the flange bolts down tignht, further breakage has been
avoided., ' '

.Vibrations in the semi-elliptical tip~shroud (see

-figs 11) caused a crack along the leading edge at the dis-

charge end. Three stiffeners, which appear as vanes in
the end of the shroud, were installed which prevented re-
occurrence of this failure,

Some gas leakage into the wing leading ‘edge at the
wing tip has also been observed, A scheme for the solu-

‘tion of this problem has been in operation for an insuf-

ficient time to determine whether the method "is satis-

. factory. Continued attention is being given all main-

tenance problems related to the heated wingo

Performance.- The back pressure in the exhaust col-

lector ring due to the passage of the gas through the wing’

tube was found to be insufficient to produce any measura-
ble effect on the performance of the engines, The great-
est back pressure measured was 7Y/, inches of water, as
given. in table I. It seems probable that even this amount

..could be reduced by permitting the exhaust to follow a

more direct path from the engine collector ring to.-the

-wing tube. Since the present installation was the result

of alterations to an airplane already built, the most
direct path was very difficult to obtain, and.the present
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structure was chosen as a compromise. The installation
and operation of the heating system has had no effect
upon the performance, control, or stability of the air-
plane. ' '

It may be of interest ‘to note that the efficiency of
a heated wing de-icing system should be greater when ap-
plied to a low-drag wing inasmuch as the heat transfer
coefficient decreases with the decreased skin friction

coefficient, as discussed in reference 7, and consequently,

there is legs heat loss to the outside air.

Applicability of exhaust heating.- The series of in-
vestigations conducted by the National Advisory Committee
for Aeronautics have demonstrated that heat from the en-
g€ine exhaust gas can be delivered to the airplane. wing
surface in sufficient quantity and with sufficient uni-
formity to provide reliable ice protection. The investi-
gation has indicated the magnitudes of the thermal values
involved in the design o6f one full-gscale heating system.
The provision of wing heating in the design of an air-
plane obviously involves some penalties the magnitude of
which, evaluated in relation to the protection to be ob-
tained, should determine the type of installation.

If it has been decided that an airplane is to operate
extensively in inclement weather and is to be exposed of-
ten, and during long flights, to icing conditions then in
consideration of the need for high aerodynamic efficiency
the costs of wing heating appear to be small compared to
the protection and other advantages which are obtained.
The aerodynamic effects of other de-icing means are re-
ported in reference 6.

An expression containing the factors which are in-
volved in the design of the exhaust wing heating system
has been developed by equating the power required in level
flight to the heat dissipation, and is given as follows:

pV3 (cD + KGC ~) 2
AT = 1,16 R —— + -
Am g, <l‘_’.9_‘ir£> 2 g0y
l Mo

where
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AT practicable wing surface temperature rise,
degrees T
B. ratio of wing heafing to thrust power
p air density, lb-sec®/ft%
v velocity,‘ft/sec

Cp profile drag coefficient of complete airplane
Cy, 1lift coefficient

¥ a function of aspect ratio

J mechanical equivalent of heat,
ft-1bs/Btu

g acceleration of gravity, ft/sec”

specific heat of air at constant pressure

P Btu/1b, degrees F
The function Am s Wo PN, . )
T Y| e TS defined in refercnce

v Mm
2, and repressnts tire heat transfer coefficient .

The expression for AT indicates that, in generasl,
for modern commercial and nilitery afrplanes, the tempera-
ture rise varics as follows:

(a) AT increases with velocity.
(b) AT 1increases with size.
The cffect of aerodynamic heating is expressed in the

function = which was developed from reference 8 and

investigated in reference 9. 4Increasing the velocity in-~
creases the capacity to heat because the thrust power in-
creases wore rapidly than the surface heat loss, and de~-
creases the need for heating because of the effect of
aerodynamic heating.



Inereasing the size of the protected body not only
reduces the heat transfer coefficient, but also reduces
the ratio of the number of water drops which meke contact
with the wing to the number of drops in the swept air
volume (reference 10).

In summary, the disadvantages in the apnllcatlon of
exhaust heating are not great., The welght increase, based
on- the experimental. installation in the Lockheed 12-A air-
plane, will probably vary between 1/2 and 1% percent of
‘the total airplane weight.  The diversion of exhaust gas
from supercharging or ejector stacks may ve avoided by
the use of other heat sources, or a compromise made by
u31ng only a part of the engine exhaust gas heat for ice
protection, the remainder for avgmenting the thrust. The
complication in maintenance and cost of maintenance will
probably be less than that in other widely used -ice-
protecting devices. e

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif.



14

(9]

10.

REFERENCES

Rodert, Lewis A., McAvoy, William H., and Clousing,
Lawrence A.: Preliminary Report on Flight Tests
of an Airplane Having Exhavst-Heated Wings. NACA
confidential report, 1941.

Theodorsen, Theodore, and Clay, William C.: Ice Fre-
vent ion on Aircraft by Means of Engine Exhaust
Heat and a Techunical Study of Heat Transmission
from a Clark Y Airfoil. Rep. No. 403, NACA, 1931.

Rodert, Lewis A.: A Preliminary Study of the Preven-
tion of Ice on Aircraft by the Use of Engine-
Exhaust Heat. - T.N. No. 712, NACA, 1939,

Mcidams, William H.,: Heat Transmission. McGraw-Hill
Bo ok iCole, tLac 1333,

_ Rodert, Lewis A., and Jones, Alun R.: A Flight Inves-

tigation of Exhaust-Eeat De-icing. T.N. No. 78Z,
NACA, 1940. ‘

Rodert, Lewis A., and Jones, Alun R.: Profile-Drag
Investigation of an Airplane Wing Bquipped with
Rubber: Inflatable De-icer. NACA confidential
veporti, 1939,

von Karman, Th.: The Analogy Between Fluid Friction
and Heat Transfer, Trans. A.5.M.E., vol. 61, no. 8,
Nov. 1939, pp. 705-10.

Brun, Bdmond: Distridbution of Temperature Over an
Airplane Ving with Reference to the Fhenomena of
Ice Formation. T.M. No. 883, NACA, 1938,

Rodert, Lewis A.: The Effects of Aerodynamic Heating
on Ice Formations on Airplane Propellers. T.N. No.
799, NACA, 1941,

Kantrowitz, Arthur; Aerodynamic Heating and the De-
flection of Drops by an Obstacle in an Air Stream
in Relation to Aircraft Icing. T.N. No. 779, NACA,
1940,



NACA
TABLE I

Engine data and calculations of heat distribution.

THE CALCULATIONS ARE FOR ONE ENGINE

Table 1

AND ONE WING.
b ffest[AIrspeed] Alt.,[AIT temp.] Man. Fuel-alr|Englne [ Ingine | Exhaust gas,
e No.| ¥ph feet OF Press.,| ratio |speed, | Bhp 1b/hr
b (indica ted ) in. Hg Rpm
] al 113 6400 18.0 0,076 | 2000 252 16
2 1108 0 18.0 0,076 | 2000 125
165 o 0,076 | 2000 0 2260
i 165 57700 5.0 0,079 | 2000 | 250 2260 |
% 2160 0,080 2000 156
40 196 0,077 | 2000 180
150 600 40 105 0,083 | 2000 pé 2L
2 '500 _!L% 195 0,071 [ 2000 b WS,
155 600 204.0 0,072 [ 1900 251 2050
157 /500 ) § 2060 0,095 | 1900 igeh 2100
1 400 20e( 0095 1900 2008 2
(500 200 0,08 1900 200 2595
150 127790 g% 23,0 0607 2000 240 2100
125 13150 20 178 0,072 | 2100 181 1700
Test | Heat through | Heat lost in | Heat out |Heat to wing | Exhaust | Index
No. tail pipe, nacelle, wing tip, surface, back=- Noe
btu,/{r b btu/hr b pressure,
in. Hy0
1 616,000 186,000 290,000 140,000 2.0
2 olly, 00 203,000 5,000 133,000 260
L1 796,0 1%, 000 iy 000 209,000 Leb 2
| __ 826,000 113,000 41t9, 000 231,000 oH 5
(55,000 225,000 262,000 226,000 o0
) 677,000 - -——— -—— o0 F
,000 92,000 310,000 220,000 340
‘ 680,000 186,000 356,000 125,000 %e0
\‘ 820,000 176,000 150,000 212,000 LLeb
_ 694,000 146,000 354,000 194,000 5e0
22,000 92,000 374,000 256,000 LeHu
0,000 == == == (o9 ——t
2,000 119,000 419,000 250,000 5e5 T A
BL 654,000 102,000 337,000 215,000 4.0
Indices: 1. Refer to figure 1l for graphic illustration.
2e Refer to figure 15 (a) for wing surface temperature rise.
3. Refer to figure 15 (b) for wing surface temperature rise.
Refer to figure 15 (c¢) for wing surface temperature rise.
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Exhaust discharged through normal port, none through wing.



NACA Table 3

TABLE II. Temperatures observed in wing heating system.
(The test numbers correspond to those used in table I.)

112 |3 |4 | 5|6 71| 8 9 a0 |12 |22 |33 |
(1rﬂjcated)1
eed, mph. 113) 118] 165] 165] 140 134 | 130| 123| 155] 153 270| 170| 150
» erggcouple 4m >
ocatlion: T ergtures F
{ ‘.*' Exhaust gas: %q 4
< 1A -~ |ILOT T3 2 T3y 3 [T 25 [T300 [1360 [T (159 [T21L [T085 [T387T276 [ TN
‘ 2A T [1372]1322 [1323 (1375|1360 1210 [1L1T [136] 12%‘ 10 26711 _L:Z'G 1300
24 E 1122[1572 1137511025 [ 1410|1360 | 1361 [1059 (136711215 Lb2 11471 [1Lo4
LA 361162 Ezz 1323 111,0 1.%%5_ 112511158 [1311, 71109 [1130 [1317 11,26 [11.26]
DA 00110021137 1005 0] 9901103611291 99L | 995[1132 /1196]11C6
bA g@'&' B12] T73| 585]| 3601 660 761| 76L| 66L| 6165] ~- | 7761 751
Structure:
—= SYETIEL 2151 R0l 23L 100 301 2%;" 5t 2”*%3 SRt 25
B n 3 250] 2 09 201[ 2 2 2 2 - 74
3B ZU6| 316| 3((] 120]| 295] L _28% ~ | 30
‘ TIT| B2 B0| 125] 126] b5L] 10%| 1i0]| I2h] TI8[ 97| -- 38 | 92
‘ B 100 BO| BL| I156] 118| 63| 106| 1I0] ILh[ 108 108 -- | Ii1] 10
90| IOX| I78] ®h| 75| L5 76| 99| oL 58] 68| -= | 62| B1
Circulating
air
10 1061 1501 231371 106] 126] 921 1501 1581 15971 14271 14571 I5L1 791 186
2C —- | 236] 287] 268 251 118 23| 25k | 272 | 242 | 2L3| 26l [ 268 | 266
3C 681 -- [ 17L| 2781 1L0[ 128 -- | I55] 295] 2bb| I16| 289 302 | --
4uc 70] 74l 96] 761 61 L1 2 3 = 1 [ 31 s €
C 7L 7716 69 o] 69] 3 ol] bo| K9] o2
Wing surface:
1D 10| I07] I00| 99| 97] 60| BY] 102] 96| B89l 92| 99! B8LI 9
. 2D 06| I0I] 97| 112| 110| 60| I0I| T07| I13| o9 11| I 1011 106
3D d1h] -- ] 115 6] BO| b3 -- E3] 1197 o] -~ | 133 -
87 O b6 =en == N [ 891 80| 97| 102[ 7 73
oD 100 82| 9k 1%3 T16] 60 o] 691 1181 107] TILT I2%1 7 92
©D 62| 52| ©H o 69| L&l 8L 8L 50 60l == [ lal LI
gn L% I 14 LB ? ol 11 ]’77 —ool Lol o] -= Evi "
D ol 0] 751 67 5 6 7 W65] - 50l ©
lgn 1%? lgg 182 83 fgg gl T i 70! 79| -- 79 7
D 12 2| 11 1,0 129] 121| -- [ 157
TIDY 8Ll 70 wﬂg 1550 LT $0] 1314 7‘8“"7’% - g %g'
12D! 956 SO0 L9 50 58] LO[ IB[ 551 531 L] LB -= n
1,0t 53] L7l L3] 67 66] L6] s57| SB| 67] 58] 62| -- 56 I8
Temperature
of aip: ha| | L2] 43| 51 Lo/ Lol ba| 431 k2] h2] )b 2] 20
dex rmumber
In 1| 2 2 1 1| 3 3 L | 4 5 5 | 1 6 |6

Indices: 1l. Normal fuel-air ratio, heat and circulating air 'full-on',
2¢ Normal fuel-air ratio, heat 'full-on', circulating air off.
3. Wing heat off.
4e Lean fuel-air ratio, heat and circulating air 'full-on',
5¢ Rich fuel-air ratio, heat and circulating air 'full-on!',

6. Lean fuel-air ratio, heat and circulating air !full-on',
in icing conditions.
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Figure 1.~ The Ice Research airplane. A Lockheed 12A commercial transport airplene which has been
altered to provide exhaust heating for the wings.
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NACA Fig. 2

Tip Shroud

Exhaust 0u7"/e7_"»_

Alr Outlet ngivres

Main W}ng Spar
i o : g & S

Figure 2.~ Exhaust heated wing showing the exhaust tube in the wing lead-
ing edge and the path of the circulated air through the wing

interior.
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Figure 3.~ Section view along a rib of the exhaust heated wing showing the intern
the wing and heating system.
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NACA : Figs. 4,5

Figure 4.~ A view looking downward in the pilots' cockpit showing the

heeting controls, The control handle marked No.l is used to
vary the quantity of the engines' exhaust passed through the wings, and
the handle No.2 varies the quantity of air circulated through the wing
interior.

WNACA AAL ~ 118/

Figure 5.~ The exhaust tail pipe and exhaust valve system of the left
engine., As the butterfly velve in the elbow opens, the
clapper valve over the normal exhaust port closes.




NACA Figs. 6,7

Figure 6.- A view of the wing section at the leading edge and joint
between the main wing and center-section. The end of the
exhaust tail pipe, to which is attached the wing exhaust tube, is shown.

NACA
AAL-1197

Figure 7.- Heated leading edge of wing showing the inboard end
of the wing exhaust tube.
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NACA Figs. 8,9

AAL- 1209

Figure 8.- An interior view of the wing leading edge, the exhaust tube
removed, showing the coil spring type of support used at
most wing staticns where restraint wes provided.

Figure 9.— An interior view of the tip end of the wing leading edge,

the exhaust tube removed, showing the clip type support
for the tube employed at the tip rib stations where restraint was
provided.
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NACA Figs. 10,11

Figure 10.~ The heated wing at the tip station showing the discharge end
of the exhaust tube. The tube expands through the wing rib
when heated.

BRS AAL-1356

Figure 1l.- Exhaust heated wing tip. The exhaust gas is discharged from
the wing tube into the leading edge shroud from which it
passes to the atmosphere through the opening shown,
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NACA Fig. 12
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Thermocouple Data /C /D
Exhaust gas: /A to 6A 130’
Wing structure: /B +o 68
Circulating air: IC #05C 2C
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Ypper wing skirn: /1D to /00D
Lower wing skin: 11D 1o 130" -
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Figure 12,- Thermocouples for measuring the temperature of exhaust
gas, structural members, circulating air, and the metal
skin of the heated wing.




Figure 13.~ The leading edge of the test air-
plane after a flight in icing con-
ditions. Ice was prevented on the
wing surface by the use of exhaust
heating. The ice on the tell-tale
strut mounted above the wing indi-
cates the type of ice which would
have formed on the wing had not
protection been provided,
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NACA Fig.14

419,000 Btu/hr, exhaust gas
heat at wing tip discharge

O

==

254,000 Bty hr,
heat applied 1o
ice prevention

673,000 Btu/hr, exhaust
gas heat entering wing

792,000 Btu/br, engine
exhaust heat in
collector ring

118,000 Btu, hr exhaust heat
/ost before exhaust gas enters
wing duct

Pigure 14, The heat distribution of the wing heating system. The figure
illustrates the distribution for the case in which all of the exhaust gas
is discherged at the wing tip. Sece table 1, test No. 13.




Temperature plotted
perpendicular to
surface in °F

Figure 15.
wing surface, showing the results of three typical flight conditions.
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(b) (c)

Data (a) (5)
Air speed, mph /65 /65
Fuel-air ratio 0.078 0.079
Circulating air orrF on
Atrmosphere No cloud's No clouds
Altituade, 1 6900 7000
Air temperature,°F 42 43
Test nro. 3 4

The temperature rise above air stream temperature of the heated

(c)
150
0.072
Or
/lcin
1279
24
13
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