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AN INVESTIGATION OF A THERMAL ICE-PREVENTION SYSTEM
FOR A C-46 CARGO AIRPLANE
I - ANALYSIS OF TEE THERMAL DESIGN
FOR WINGS, EMPENNAGE, AND WINDSHIELD .

By Carr B. Neel, Jr.
SUMMARY

This report, the first of a series on an investigation
to develop a thermal ice-prevention system for the C-46 cargo
airplane and to provide fundamental information concerning
the performance ané cperation of the system, presents an
analysis of the design ¢f the thermal anti-icing equipment
for the wings, the empennage, and the windshield. The pur-
pose of the analyvsis was to establish the thermal require-
ments for the C-46 ice-prevention equipment on the basis of
a certain temperature rise for all points on the heated sur-~
faces of the wings and the empennage, and of a specified heat
flow through the outer panel of the windshield. The rate of
heat transfer from the wing and empennage surfaces was calcu-
lated by utilizing the airfoil pressure distributions for
these surfaces measured in flight.

The design analysis showed that the thermal requirements
for the anti-icing systems of the wings, the emvennage, and
the windshield were within the limits of practicability, al-
though complete protection cf the windshield might not be re-
alized in the specific application when utilizing a secondary
heat exchanger,

INTRODUCTION

For several years the NACA has been engaged in a re-
search program to investigate the feasibility of utilizing
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the waste heat of airplane engine exhaust gases to heat those
parts of an airplane that require protection from the forma-
tiocn of ice in order to provide safe and efficient operation
of the airplane in icing conditions., In this thermal anti-
jcing method, the heat of the exhaust gases is transmitted to
air in sultadle heat exchangers located ad jacent to the
engines, and the heated air is then circulated through the
airplane so that it passes along the inner surfaces of af-
fected parts. The method has been dcmonstrated to be sound
in successful applications to a Lockheed 124 airplane, a
Consolidated B-24D airplane, and a Boeing B-17F airplane
(references 1, 2, and 3, respectively). These applications
were made at the Committee's Ames Aeronautical Laboratory,
Moffett Field, Calif.

As a continuation of this general research program on
aircraft ice prevention, the laboratory has undsrtaken a com-
prehensive investigation to develop a thermal ice-prevention
syvstem for a Curtiss-Wright C-46 cargo airplane. The inves-
tigation consists of a design analysis of the heat anti-icing
system, design and construction of the exhaust-gas-to-air
heat exchangers, fabrication and instrumentation of the com-
plete system, and performance tests of the C-4€ airplane
equipped with the thermal ice-prevention system under dry air
and natural icing conditions.

This report is the first of a series describing the in-
vestigation,and presents the design analysis of the thermal
ice-prevention system for the wings, the empennage, and the
windshield. ZEmphasis was placed on this phase of the inves-
tigation because it was believed necessary to establish a
satisfactory theoretical basis for the design of the system
tefore extensive application of the system could be accom-
plished. The investigation has been undertaken at the re-
quest and with the cooperation of the Air Technical Service
Command of the U, S. Army Air Forces and with the asslistance
of the Curtiss-Wright Corporation.

TENTATIVE DESIGN OF THE TEERMAL ICE-PREVENTION SYSTEM

A standard 0-~-46 cargo airplane, shown in figure 1, was
provided for the investigation. The tentative design of the
thermal ice-prevention system, on which the subsequent anal-
vsis was made, was based on previous experience (references
1, 2, and 3). The important elements of the design are shown
in figures 2, 3, 4, 5, and 6. The existing structure of the
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airplane and other practical considerations limited various
factors of the design.
In this design the required supply of heated air for

the ice-prevention system was provided by four exhaust-gas-
to-air heat exchangers, two in each engine nacelle. The
heat exchangers were located on the inboard and outboard
sides of the nacelles so that the two exhaust-gas pipes from
the collector rings on the engines lcd to the cxhaust-gas
entrances of the heat exchangers. On the basis of the design
the outside air was passed through the exchangers and thence
circulated through ducts to the wings, the empennage, and the
windeshield. The exchangers on the outboard sides of the na-
celles supplied heated air to the wing outer panels, and the
two inboard exchangers supplied heated air to the wi ng inboard
pancls, the empennage, and the windshield. The disposition
of the heated air as considered in the analysis is shown ir
figure 2.

The proposed construction of the outboard wing leading-
edge regions, .which in this report include the airfoil sec-
tions forward of the 10-percent chord points, is illustrated
in figure 3. Available dies made the corrugation-type passage
shown in figure 3 most expedient for the internal circulation
of heated air over the surfaces to vs protected. The upper
and lower corrugations were divided by 'a continuous spanwise
slot at the O-percent reference chord point in order to allow
the entrance of heated alr, which flowed chordwise betwean
the corrugations and the outer wing skin. The location of
essential wing structure at 10-percent chord required that
the corrugations be terminated at that point. The baffle
plate, which was located between the 5- and 6-percent chord
points (because this location was most advantageous from the
standpoint of fabrication) formed, with the leading-edge
inner surface, the spanwise duct to distribute heated air to
the corrugations.

.

r

Structural considerations required that most of the nose
ribs be retained. However, the installation of a corrugated
inner skin is known to add a certain amount of rigidity to
wing and empennage structures, and accordingly the nose ridbs
outboard of station 292 (fig. 2) were omitted. A liner was
inetalled along the inner edges of the nose rids in order to
give a smoother contour to the wing leading-e edge duct than
would be possible if the nose ribs were exposed to offer re-
sistance to the flow of heated air. The liner was terminated
at station 292 because the design called for omission of the
nose ribs outboard of that point. Holes were cut in the nose-
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rid iiner as shown in figure 3 to allow tke passage of heated
air from the leading-edge duct to the corrugation entrances,
Thus the heated air passed along the leading-edge duct (re-
gion 1 of fig. 3), through the corrugation gaps (region 2)
into the space vbetween the baffle and front spar (region 3).
through the holes in the spars, and from the afterbody of the
wing (region 4) out through exit holes in the aileron and
flap-hinge regions (region 5).

The distribution of heated alr for the empennage and de-
tails of the leading-edge region construction of these sur-
faces, as considercd in the analysis, ars shown in figures 4
and 5, respectively. The proposed norizontal-stabvilizer and
vertical-fin thermal systems are similar to that of the wing
outer panels. However, the nose ribs were eliminated entirely
and the leading-edge ducts were formed by the corrugations and
the baffle plate.

The tentative windshield thermal system design is illus-
trated in figure 6, which shows the pilot's windshield only.
This design consists of two glass panels spaced with a con-
stant gap between them. The existing windshield outer panels
are made up of two layers of semi-tempered plate glass sepa-
rated by a layer of vinyl plastic. In the tentative anti-
jcing-system design the heated air entered the plenum chamber
at the base of the windshield panels, passed upward through
the gap between the outer and inner glass panes, and exited
at the top into the cabin, thus heating the pilot's compart-
ment as well as protecting the windshield from icing. 3Because
of this svecial design feature, however, it was necessary to
include in the windshield anti-icing system a secondary heat
exchanger in order to prevent carbon monoxide from entering
the cabin in the event of a failure of the exhaust-gas-to-air
heat exchanger. The secondary heat exchanger transferred -
heat from the primary heating air, supovlied bdv the inboard
exhaust-gas-to-air heat exchangers, to the secondary air from
the ambient stream. The windshield ice-prevention system in-
cluded valves by means of which the secondary heated air could
be discharged directly into the pilot's compartment during
veriods when windshield heating is not necessary.

TEST PROCEDURE

The airfoll pressure distributions over the wings and
the empennage were obtained exverimentally in flight in order
to vrovide a basis in the analysis for calculating the heat
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transfer from the heated surfaces of the airplane to the out-
side air. This method of analysis is believed to be a more
rational procedure for obtaining the heat requirements of
these surfaces than the methods used in previous designs of
aircraft thermal ice-prevention systems.

Trhe pressure distributions were measured by means of
pressure belts, as described in reference 4, Data were ob-
tained for stations 82, 157, 292, and 382 on the outer panel
of the right wing; stations 72, 127, and 172 on the right
stabilizer; and stations 122 and 172 on the fin. The airfoil
sections of the wing consist of an NACA 23017 section of 16.5-
foot chord at station O, tapering to an NACA 4410.5 section
of 7.1-foot chord at station 393, which is 19 inches inboard
of the wing tip joint (station 412). The wing at station 393
has three degrees of washout with respect to station O. The
horizontal stabilizer and the vertical fin both have NACA (0010
airfoil sections throughout.

The pressure belts were wrapped around the leading edges
of the wing and empennage surfaces and extended back approxi-
mately to the 20-percent chord point. Typical installations
are shown in figures 7 and 8, and the water manometer used
for indicating pressures at the empennage pressure belts is
shown in figure 9.

Previous experience with similar thermal ice-prevention
installations has indicated that a satisfactory assumed de-
sign flight condition is cruising engine power for maximum
range at a pressure altitude of 18,000 feet. The first two
flights were made at a oressure altitude of 18,000 feet with
engine-power setting to approximate maximum range of the air-
plane, and the pressure distributions for the two outboard
stations of the wing and the horizontal stabilizer were obd-
tained. The indicated airspeed was established at 155 miles
per hour under level-flight conditions. The required indi-
cated airspeed having been determined, the remaining pressure
distributions were secured at 5000 feet vressure altitude and
approximately 155 miles per hour indicated airspeed. It was
assumed that at the same indicated airspeed the angle of at-
tack of the airvlane and the airfoil pressure distribution
are unchanged with variations in altitude for level flight at
a constant load condition., The gross weight of the airplane
and crew, in flight, for all the pressure-belt tests was ap-
proximately 39,000 pounds. During the flights, the water
manometers indicating the pressures at the pressure belts
were allowed to reach equilidbrium, and the mancometers were
photographed to record the readings. Adter each flight, the
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pressure belts were moved to the next station and the pro-
cedure was repeated.

SYMBOLS

For the purpose of analysis, the following symbols were

used:

A cross-sectional area, square feet

c length of airfoil chord, feet

Cy specific heat of air, British therpal units per pound,
i degree Fahrenheit

De equivalent diameter of a duct, equal to 4m, feet

f friction factor for air flow in ducts

g gravitational acceleration, taken as 32.2 feet per sec-

ond, second

o

weight rate of air flow per unit of cross-sectional area,
pounds per second, square foot

h surface heat-transfer coefficient, British thermal units
ver hour, square foot, degree Fahrenheit

k thermal conductivity of air, British thermal units per
hour, square foot, degree Fahrenheit per foot

L distance around airfoil surface, measured chordwise from
O-percent-chord point, feet

m hydraulic radius, or ratio of cross-sectional area to
wetted perimeter in a duct, feet

N length of air duct or corrugation, feet

Nu  Nusselt numbder, equal to hD,/k

P calculated static pressure, pounds per square foot or
inches of water

P measured pressure differential from free-stream static
pressure, inches of water
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P, freé-stream static pressure, pounds per square foot

P pressure coefficient, equal to ps/a,

a4 free~-stream dynamiec pressure, 1lnches of water

Q rate of heat flow, British thermal units per hour

R gas constant for air, taken as 53.3 feet per degree
Fahrenheit

R, ©body Revnolds number, equal to cV,/v

Re Reynolds number, equal to GD./w

s distance around airfoil surface, measured chordwise
from stagnation point, feet

S surface area, square feet

t temperature, degrees Fahrenheit

T temperature, degrees Fahrenheit absolute
v specific volume, cubic feet per pound

v local ambient-air velccity outside the boundar# layer,

feet per second

Vi airplane indicated airspged, miles per hour

v, free~stream velocity, feet per second

w welight rate of air flow per corrugation, pounds per hour

W, weight rate of air flow, pounds per hour

x distance along chord line, measured from O-percent-chord
point

Y density of air, pounds per cubic foot

] boundary-layer thickness, feet

A constant dependent on shape of boundary-layer velocity

profile
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W absolute viscosity of air, pounds per second, feet

v kinematic viscosity of air, equal to u/Y, square feet
per second

For the sake of clarity, other symbols, not presented
here,will be defined when introduced.

The values of Cp: M, and k for air, subsequently

used in the calculations, were taken from figure 10, which
contains plots of data obtained from reference 5.

Use of Subscripts
The temperature, pressure, and specific volume subscript

numbers refer to the temperature, the pressure, or the spe-
cific volume of the region to which the numbers apply (figs.

3 and 5). Thus, the temperature of the air in a corrugation,
region 2, will be designated as t;, the static pressure as
Pz, and the specific volume as v,.

Two subscript numbers refer to the flow of heat from one
region to another, Thus, the heat-transfer coefficient for
the air in a corrugation to the wing surface will be desig-
nated as h__ .

The subscript av refers to average conditions,
ANALYSIS OF WING AND EMPENNAGE THERMAL SYSTEMS

Past experience has indicated that a satisfactory design
specification to insure ice prevention is the maintenance of
the heated surfaces at approximately 100° F above ambient-air
temperature during flight in dry air (no visible moisture) at
a opressure altitude of 18,000 feet with cruising engine power
for maximum range. Therefore, for the purpose of this anal-
ysis, the requirement of a minimum temperature rise of approx-
imately 100° F for all points on the surface of the wing and the
empennage between the O~ and 10-percent-chord points was
established for the design flight conditions of 0° F ambient-
air temperature, 18,000 feet pressure altitude, and 155 miles
per hour indicated airspeed. )

Preliminary investigation of the structure in which the
system was to be installed indicated that essential wing
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structure precluded freedom of design. An analysls indicated,
however, that a satisfactory thermal design could be obtained
without altering this essential primary structure, and use
could be made of existing die equipment for fadbricating the
inner skin. As a result, certain design factors were consid-
ered fixed at the start of the analysis, such as the extent
of the heated region or the length of the corrugations, which
was fixed by the location of essential structure at the 10~
percent-chord point, and the corrugation size, which was de-
termined by available dies, With these factors fixed, the
analysis resolved itself into the adjustment of such variable
factors as the heated~air flow rate and the pressure drop to
satisfy the design specification. The analysis therefore
consisted of the determination of (1) the boundary-layer
characteristics from which the external heat-transfer coeffi-
cients could be calculated, (2) the adjustment of the heatcd-
air flow rate to obtain the required surface temperature
rise, and (3) the calculation of the resulting air-pressure
drops to ascertain that equilibrium had been established.
These phases are discussed hereinafter under appropriate scc-
tions of the report.

A trial-and-error process was employed in the calculation
of the thermal and pressure values. A more elegant analyvsis
was precluded by the great number of variables involved and
the complicated relationships resulting when expressed in
analytic form,

The analysis was made for the wing outer panel from sta-
tion 11 to station 412, for the horizontal stabilizer from
station 47 to station 190, and for the vertical fin from sta-
tion 112 to station 192. The analytical study did not in-
clude consideration of the wing inboard panel or the tips of
the wing, the stabilizer, or the fin.

Boundary-Layer Characteristics

The determination of the external heat-transfer coeffi-
cients is dependent upon knowledge of the characteristics of
the boundary layer surrounding the heated surfaces. The
pressure-belt data recorded during flight tests were used to
calculate the coefficients of heat transfer from the airfoil
surface to the boundary layer at each belt location. The
differences between the measured static pressures at the belt
orifices and the free-stream static pressure were determined
and are designated as pf. Table I presents all calculated

values of (1 - P) where P = pg/qy. A plot of (1 --P) as a
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function of the chord in percent for wing station 82 is
given in figure 11. Similar plots of airfoil pressure dis-
tribution were msde for each set of pressure~belt data, dut
are not presented in this report. Values of (1 - P) were
taken from these curvesg for convenient chord stations and
corresponding values of the velocity ratio, V/Vo, were

calculated by the equation

V/Vy =4/1 - P (1)

which is derived from Bernoulli's equafion for fluid flow.
Figure 12 gives a curve of the velocity ratio thus obtained
for flow over the wing at station 82.

The location of the laminar-separation point was deter-
mined as a function of the slopes of the velocity profile.
The curves of velocity ratio were replaced by two straight
lines (referred to as double-roof profiles in reference 6)
the slopes of which closely approximated the slopes of the
actual velocity profile. The ratios of the sloves of the
double-roof profiles were calculated, and the ratios of the
local velocity at separation to the maximum local velocity
were obtained from figuvre 13, where b 1is the slope of in-
ereasing velocity and B8 1is the slope of decreasing veloc-
ity. TFigure 13 is a plot of the following equation which
was obtained from footnote 1 on page 21 of reference 6,

g—j=«/l—r(es—l) (2)
where
Ug local velocity at laminar separation
U, maximum local velocity
r ratio of B to b
B¢ a funcﬁion of r

For the upper surface at wing station 82,

0.278

w
1

b = 6,00
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Then
T - §_ = 0.278 = O 0463
b 6.00
and from figure 13,
U
—= = 0.906
U,
From figure 12,
v U
max _ 2 - 1,52
Vo 0
then
U, =1.52 7V,
and
U
—£ = 0.906 x 1.52 = 1.378
Vo
Thus, by extending the decreasing velocity curve beyond the

limits of the graph shown in figure 12, it was found that

separation occurred at sf/c x 100 = 27.

Transition from laminar to turbulent flow over the air-
foil surfaces was considered to take place at the laminar-

separation point. 1In all cases,

established well aft of the region to be heated.
the boundary layer was found by the calculaticns to be lam-

inar over the heated areas,
7 was used to determine the boundary-layer thickness.

the separation point was

Since

the method presented in reference

The

equation for boundary-layer thickness § in the laminar-flow
region, as given in reference 7, is
- s,]c 7
8.17
v /g
2 -/P (“\ d\-\
2 5.3c¢ s,/c “o . Vo/ c/
& = itVAL (3)
R 1/%o v1>e.17 751\
VO \C
L -

where the subscript 1 denotes the point on the airfoil sur-
face at which the boundary-layer thickness is being computed.
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si/c
. v 8.17
The evaluation of \7—> d (%) was made graphically in
: )
o -

each case, using curves of the functions of velocity ratio
similar to %hose shown in figure 14. The values of the con~
stant - 5.3¢“/R, were determined from the true airspeed and

the chord length.
For wing station 82,
¢c = 14,051 feet

The indicated airspeed deviated slightly from the desired
value of 155 miles per hour during each flight when the pres-
sure-belt data were recorded. The indicated airspeed was 151
miles per hour during the flight when belt data were obtained
for station 82. Correcting the indicated airspeed to free-
stream velocity, using the reciprocal square root of density
ratio at 18,000 feet pressure altitude, gives

v

o = 1.325°Vy = 1,325 x 151 200 miles per hour

293.5 feet per second:

At 18,000 feet pressure altitude and 0° P free-air tempera-
ture, '

= —— = = 0,0431 pounds per cubic foot
RT 53.3 x 460 P P

From figure 10,

b= 1.}04 x 10 ° pound per second, feet at 0° F

Then
¥ 1.104 x 10
V = — = -
Y 0.0431 0.000256 square foot per second
cV 14.51 x 293.5
Re = —2 = = 16.64 x 10°
v 0.000256
and

5.3¢® _ 5.3 x 14.51°

d 0.0000671
Re 16.64 x 10°
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Since the value of & is indeterminate at the stagna-
tion point, the following approximation recommended in refer-
ence 7 was used:

-

" (4)

2 c
stag 5R

alxi

where r is the radius of curvature at the stagnation point.
FPor wing station 82,

r = 5.26 inches

and

2
14.51 5.26 -
2 = X = 7.65 X 10
stag

5 %X 16.64 x 10° 14.51 x 12

8

_ ' -4
Sstag = 2.76 x 10 feet

The values of r were approximated from the airfecil-section
loft lines. A curve of the calculated boundary-layer thick-

- i ot S S e ah ot 1
ness for wing station 82 is shown in figure 12.

Calculation sf Heat-Transfer Coefficients

The coefficient of convective heat transfer from a
heated surface to the laminar boundary air layer can be ex-
pressed as a function of the boundary-layer thickness by the
equation

h6_7 =—'6-“ | (5)

The value of A was considered to be a constant (0.765)
from the stagnation region to the minimum pressure point,
and then was considered to decrease linearly from 0.765 to O
at the laminar-separation point. (See reference 7.)

Since the indicated airspeed varied slightly for each
flight when pressure-belt data were obtained, the calculated
values of h__ . were corrscted to give corresponding values
at the design airspeed, 155 miles per hour, by the equation
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155
h = h —_— 6
( 6"'7)corr 5‘7J/r;i (6)

A tavbulation of the results of intermediate steps taken to
calculate the boundary-layer thickness and the external heat-
transfer coefficient for wing station 82 is presented in
table II. The curves of calculated values of corrected ex-
ternal heat-transfer coefficients from the pressure-helt data
are presented for all wing and empennage stations investi-
gated in figures 16 to 23. Because the flow was assumed to
be symmetrical over the vertical fin, the heat-transfer coef-
ficients were calculated for one side only, as shown in fig-
ures 22 and 23, The curves show that in all cases the exter-
nal heat-transfer coefficient increases as the chord and the
leading-edge radius decrease, with the exception of station
127 of the horizontal stabiligzer, at which point the calcu~
lated heat-transfer coefficient is highest for the stabilizer,
It is believed that this increased heat-transfer coefficient
for station 127 of the stabilizer is due to the effect of the
higher air velocities in this region caused by the propeller
slipstrean.

Air-Tlow and Heat-Flow Calculations

The weight of air required to produce the desired skin-
temperature rise was evalnated on the basis of tentatively
fixed dimensions and coverage of the corrugations and the
allowable inlet-air temperature. The conditions, which must
exist for the establishment of a satisfactory flow distribu-
tion through the system, are that the pressure losses along
all streamlines must be equal and that the skin-temperature
rise must provide ice protection. Pressure equilibrium for
the system was established by calculating the losses in the
corrugations at the wing-root and wing-tip sections and ad-
justing the baffle position to provide spanwise duct loss
equal to the difference between the two chordwise corrugation
losses. '

For the calculations to determine the required heated-
air flow to produce a desired temperature rise, the leading-
edge region was divided into three segments as follows: O~
to 3-percent chord, 3- to 7-percent chord, and 7- to 10-per-
cent chord. Since the corrugation passages were of constant
cross section, the exact value of the design skin-temperature
rise (100° F) could not be established at all points on the
leading edge - that is, some variation was unavoidable. The



NACA ARR No. 5403 : 15

procedure followed was to assume 100° F rise for the skin

from O- to 3-percent chord, calculate the required heated-
air flow, and then determine the temperature rise aft of 3-
percent chord produced by that air flow. After satisfactory
air flows were established for the corrugation passages at
the wind root and tip, the baffle location was determined.
The establishment of pressure equilidbriuvm, which was accom-
plished by a trial-and-error method, required slight changes
in the heated-air distribution which, in turn, produced
changes in the skin-temverature distribution. These changes,
however, were not cxcessive and the final skin temperatures
all were approximately equal to the design requirement. The
detailed application of the general procedure outlined above
for the wing outer-panel and empennage leading-edge systems
is presented in sufficient detail to illustrate the process;
the remainder of the analysis is presented in tabular form.

First approximation of required heated-air distribution.-
The first calculation consisted in establishing the heated-
air flow required at two stations, one at the wing root and
one at the wing tip, to produce a skin-temperature rise of
100° F from O- to 3-percent chord. Considering the flow in a
passage formed by a single corrugation on the upper surface
at station 82, the heat flow from a l-inch strip of skin to
the ambient air must bs balanced by an egual flow of heat
from the air in the passage to the skin, or

S(tg - t,) = hog S(t, = tg) (7)

>

hG‘-'?

On the basis of previous experience, it is believed that the
maximum safe operating temverature for air in contact with
aluminum-alloy structures is between 300° and 400° F. Con-
sequently, the air-temperature rise above ambient air from
the heated-air source was assumed to be 300° F. If a 10°
air-temperature drop is assumed between the heated-air source
and station 82, the temperature of the air at the corrugation
entrance will be 290° F. The air-temperature drop through
the upper corrugation from O- to 3-percent chord was found by
rial and error to be 87% F. Therefore, the average tempera-
ture of the air in the corrugation will be

(t

,) =290 - %} = 2460 F

av

Since the design free-air temperature t, 1is 0% F, the re-
quired skin temperature tg will be 100° F. The average
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external heat-transfer coefficient h._, ‘for the O- to 3-

percent-chord upper surface, obtained by graphical integra-
tion from figure 15, is 15.1 Btu per hour per square foot,
degree Fahrenheit. The required internal heat-transfer coef-
ficient, as obtained from equation (7), is as follows:

h = 657 8 7 (8)

Substituting the above values into equation (8) gives

h,_g = 15,1 x (100 - 0) _ 10.34 Btu per hour, square
246 - 100 ~foot, degree Fahrenheit

The equivalent diameter for a corrugation is 0.0192 foot.
Using the value of thermal conductivity for air at 246° F
obtained from figure 10, the Nusselt number is

h D
Ny = -2 e _ 10.34 x 0.0192 _ 10.30

-6
k 0.0193

The corresponding Reynolds number 1s taken from figure 24,
which gives the Reynolds and Nusselt number relationship ob-
tained from figure 76, page 171, of reference 8 for the flow
of air inside pipes.

Re = —2 = 2,50 x 10°

Using the'value of absolute viscosity for air at 246° F as
obtained from figure 10 gives

-5 .
1.51 x 10 = 1,965 pounds vper second,
0.01¢92 square foot

G = 2.50 x 10° x

The cross-sectional area of a single corrugation is 0,000651
square foot. The weight-rate flow of heated air required to
raise the temperature of the strip of skin analyzed 100° F,
then, is

w=06 X A =1,965 x 3600 x 0.000651 = 4.61 pounds per hour
per corrugation

"
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To check the heat balance, the total heat transferred from
the strip of skin to the ambient air is assumed to be equal
to the total heat removed from the heated air in passing
through the corrugation from O- to 3-percent chord:

/ hgs S(ts" t,) = wep At, (9)

where S = L/12 for a single corrugation. The value of L
is obtained from figure 25. Then

h L

-7 15 (g - t,) = 15.1 x

O'Z;4 X 100 =-97.4 Btu per hour

and

wey At, = 4.61 x 0,242 X 87 = 97.0 Btu per hour

Similar calculations were made for the wing upper surface
at station 382, The air-temperature drop from stations 82 to
382 was assumed to be 30° F, which on the basis of flight data
from similar designs appeared to be a reasonable value. Based
on this assumption, the temperature 60f the air entering the
corrugation then will be 260%° P, The air flow necessary to
raise the skin temperature 100% P for the O- to 3-percent-

chord section was found to be 7.0l pounds per hour per corru-
gation. The analysis was completed for the upper corrugations
of wing stations 82 and 382, using the previously established
air-flow rates to determine the temperature rise of the skin
aft of the 3-~-percent-chord point.

The air-pressure drops through the upper corrugations at
stations 82 and 382 were calculated for these air-flow rates,
using the equation

2 2

G (v, - v,) f NG v

P, - Py = e 14 2T &z (10)
g 2gm

which is a form of equation (22¢c), page 128 of reference 8,
where the subscripts 1 and 3 represent the regions shown
in figures 3 and 5. The values of the friction factor f_

were obtained from figure 26, which is taken from figure 51,
page 118 of reference 8. It was found that the pressure loss
through the corrugation at station 382 was greater than that
at station 82, and therefore this air distribution never
could be obtained with the same size of corrugations at the
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two stations. Consequently, the surface temperature for the
section from O~ to 3-percent chord could not be raised ex-
actly 100° ¥ simultaneously at the two stations. Previous

experience has shown that after an approximate required value
of air-flow rate has been found, based on the design skin-
temperature rise, the actual air-~flow rate which will give
pressure equilibrium is most readily established by assuming
air-flow rates, checking pressure drops by an approximate
method, and then calculating the skin-temperature rises.

This procedure, therefore, was followed for the remaining
wing-outer-panel calculations.

Recalculation of heated-air distribution.- The approxi-
mate method of determining the pressure loss in the corruga-
tion passages consisted in using the second term only of equa-
tion (10), since the first term is of minor importance and
can be introduced as a refinement of the final calculations
without affecting the results to any appreciable extent.

For the upper corrugation at wing station B2 an air-flow
rate, based on the preliminary calculations, of 5.00 pounds
per hour was assumed. Then

¢c = ¥ _ 5.00 = 2.13 pounds per second, square foot
A 0.000651 x 3600

Baged on this air-flow rate, the air-temperature drop in the
corrugation from O- to 3-percent chord was found by trial to

be 848 F. Then the average air temperature is

A A
(6,) = 290 - 22 = 248° ¥
av 2

Using the value of absolute viscosity for air at 248° F, ob-
tained from figure 10, the Reynolds number is

GDe _ 2.13 x 0.0192

Re = = = = 9, 3
€ m 1.52 x 10°5 2.69 x 10
and from figure 24
h D
Nu = 276 "€ - 310.9

k

Using the value of thermal conductivity at 248° P, obtained
from figure 10, the available internal heat-transfer coeffi-
cient is
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“h = 10.9 X 0.0133 _ 10.96 Btu per hour, square foot,

a=é 0.0192 degree Fahrenheit

From figure 15,

h = 15.1 Btu per hour, square foot, degree Fahrenheit

67

The average skin-temperature rise is calculated from the fol-
lowing equation:

h t
ts - 2—6 2 (11)
ha—s + he oy
which is reduced from equation (7) when t7 = Oo F. Thus,

b= 10.96 x 248 - 104° T

®  10.96 + 15.1

To check the heat balance, the total heat transferred from
the l-inch strip of skin to the ambient air is assumed to be
egual to the heat transferred from the heated air in travel-
ing from O- to 3-percent chord (equation (2)). Substituting
appropriate values gives

L

Bor 13 (bg - t,) = 15.1 x

9;%53 X 104 = 101.4 Btu per hour

and

wep Atp = 5.00 X 0.242 x 84 = 101.6 Btu per hour

which show that thermal equilibrium has been established for
this section.

Repeating the calculations for the sections aft ¢f 3-
percent chord, using the values of external heat-transfer
coefficient from figure 15, the skin-temperature rises shown
in table III for the upper surface at station 82 were ob-
tained.

For an upper corrugation at gtation 382 the entering air
temperature was assumed to be 260° 7 and the air-flow rate to
be 6.20 pounds per hour per corrugation, The resulting skin-
temperature rises were calculated and are presented in table
ITI.
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Pressure-loss calculations were made for the upper cor-
rugations at stations 82 and 382 to determine if the pressure
drop at station 382 was sufficiently less than the pressure
drop at station 82 to allow a reasonable pressure drop
through the leading-edge duct. In the succeeding pressurs-~
drop calculations it will be shown that the required pressure
equilibrium is attained with these established air-flow rates.

Before final pressure-loss calculations could be made,
1t was necessary to determine the air-flow rates throuzh the
lower corrugations at stations 82 and 382 and through the
corrugations at the intermediate stations. The lower-corru-
gation air-flow rates are dependent upon the upper-corrugation
flow rates, since the air-pressure drops through the upper
and lower corrugations must be equal. After determining the
necessary lower-corrugation air-flow rates by the process of
trial and error, the resulting skin-temperature rises were
calculated by the method previously outlined, using the val-
ues of L obtained from figure 27.

Arbitrary curves of heated-air-flow distridbution, the
general shape of which was based on experience, were then
drawn through the points representing the flow rates estab-~
lished for stations 82 and 382, The assumed curves of the
flow distribution through the wing leading-edge corrugations
are shown in figure 28. The correct shape of these curves is
governed by the interdependency of the flow of heated air
through the leading-edge duct and corrugations and the air-
pressure dropos through the leading-edge duct and corrugations,
and will be discussed later. On the basis of these curves,
skin-temperature rises were calculated for stations 157 and
292, using the values of heat-transfer coefficients from fig-
ures 16 and 17. The calculated wing skin-temperature rises
for all four wing stations are given in table III. By inte-
grating the areas under the heated-air-flow distribution
curves, the total required flow of heated air was obtained.
In determining the total heated-air-flow rate the fact that
nose ribs would be spaced 15 inches apart in the wing, therebdy
eliminating a corrugation every 15 inches, was taken into
consideration. There are approximately 370 corrugations in
the wing outer panel from station 11 to station 412.

Calculate from figure 28 the weight rate of air flow

(wy) = 4130 pounds per hour

total
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Using the assumed air-temperature rise through the heat ex-
changer (300° F), the required exchanger thermal output can
be established as follows:

Qsxen = Wa ®p

At = 4130 x 0,243 x 300 = 301,000 Btu per hour
Curves of the total heat removed from the wing leading-

edge surface, obtained by plotting summations of the heat re-

meved from each corrugation analyzed, are shown in figure 28,

The total heat removed, obtained Py integrating the areas

under the curves, was found to be 115,500 Btu per hour, or

38 percent of the total heat supplied.

Air-pressure drops in corrugation passages.- The follow-
ing air-pressure-drop calculations are the results of a trial-
and-error development which was made in conjunction with the
previous air-flow and heat-flow calculations.

The air-pressure drops in the corrugations were calcu-
lated, using equation (10). The air-pressure drop through
the upper corrugation at wing station 82 was found as follows:

The air-flow rate for the upper corrugation at station
82, as determined previously, is 5.00 pounds per hour and
G = 2.13 pounds per second, square foot. The air temperature
at the corrugation inlet was assumed to be 290° . The air
temperature at the corrugation outlet was computed in the
heat-flow calculations for the O- to l0-percent-chord section
and was found to be 147° F. Thus

= t, + 460 = 290 + 460 = 750° F absolute

T,
and
T, =ty + 460 = 147 + 460 = 607° F absolute
RT
v, = 1 _ 98.3 X 750 _ 37.8 cuvic feet per pound
P, 1058
and
RT , 53.3 x 607 .
V. = = = 30.6 cubic feet per pound
P, 1058
Then
vV, o+ Vv, 37.8 + 30.6
Vav = = = 34 .2 cudic feet per

2 pound
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. 5 . .
The value of <E—§> for the upper corrugation at station
b Zav

GD
82 was assumed equal to the value of <—Eﬁ for the central

region,.S percent to 7 percent, which from table III is

6D
( e) = 2.88 x 10°
av

» and is taken from figure 25. For a single corrugation

= 0.0048 foot. Then the pressurc drop from region 1 to
g%on 3, neglecting entrance and exit losses, from equation
0

2 A '
2.13" (30.6 - 37.8) _ 0.0114 x 1.893 x 2.13° x 34.5
32.2 - 2 x 32.2 X 0.0048

Py = Py =

~1,015 + 10.85

2.84 pounds per square foot or 1.89 inches of water

Similar calculations were made for the lower corrugation
at station 82 with a flow rate of 5.20 pounds per hour per
corrugation. The air-pressure drop tarocugh the corrugation
was found to be 1.90 inches of water, which is substantially
the same as the value for the upper corrugation, indicating
that pressure equilibrium for the upper and lower corrugations
has been established.

Repeating the calculations for wing station 382, the .
pressure drop through the upver corrugation was found to be
1.32 inches of water with a flow rate of 6.20 pounds per hour,
and 1.35 inches of water through the lower corrugation with a
flow rate of 6.70 pounds per hour. A tabulation of the pres-
sure-drop calculations for the four wing stations analyzed is
presented in table IV, '

Air-pressure dropo through wing leading-edge duct.- The

air-pressure-drop calculations for the wing and empennage
leading edges were based on the assumption that the air trav-
eled through a smooth duct formed by the baffle plate and the
leading-edge corrugations. In the case of the wirg, the

=5
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leading-edge duct was considered to be formed by the baffle
plate and the nose-rid liner for the section of span inboard
of station 292,

Using figure 28, the average air-flow rate from station
11 to station 82 for the wing is 5.00 pounds per hour per cor-
rugation for the upper surface and 5.15 pounds per hour per
corrugation for the lower surface, or a total average of
10.15 pounds per hour per corrugation. Since there are five
nose ribs between stations. ]l and 82, the total air lost
through the corrugations from station 11 to station 82 is

10.15 x [(82 - 11) - 5] = 670 pounds per hour

Then the air-flow rate in ths leading-edge duct at station 82
is

Wgq = 4130 -~ 670 = 3460 pounds per hour

The wing leading-edge-duct dimensions are given in figure 29,
At station 82, -

A = 0.458 square foot
m = 0.166 square. foot
Then
G = Eﬁ = £460 = 2;10 pounﬁs per second,
A 3600 x 0.458 square foot
Do = 4m = 0.64 foot
When
ty = 290° F, u = 1.59 x 10" ° pound per second, foot
and
Re = Gie = f;gi S;’: = 8.50 x 10*
From figure 26,
f = 0.00483
(vy) I _ 533 x 750 = 37.8 cubic feet per pound

av Py 1058
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To calculate the air-pressure drop, equation (10) was used.
Since the alr-temperature change is small through the incre-
ments of duct analyzed, the first term may be neglected. )
Then the pressure drop at station 82 for 1 foot of span is

2 2
Ap, = ING™ v, - 0.00483 x 1 x 2.10° x 37.8

2gnm 2 x 32.2 x 0.160

0.0781 pound per square foot per foot or 0,01501
inch of water per foot

Repeating the calculations for several other stations, as
shown in table IV, plotting the results (fig. 30), and inte-
grating the area under the curve from stations 82 to 382 re-
sults in a total air-pressure drop through the leading-edge
duct between these stations of 0.52 inch of water. For equi-
librium conditions, the air-pressure drop through the corru-
gations at station 82 must bte equal to the air-pressure drop
through the leading-edge duct from stations82 to 382 plus the
air-pressure drop through the corrugations at station 382.
= (ap,)

(p, -2,

(pl—p:”) 3" a2

+
82 gz to 3ze:2

Prom the calculations,

(p1 - p3)8ﬂ = 1,90 inches of water

o

+ (py - p3) = 0.52 + 1,34 = 1.86 inches of

(apy) 382
water

ez to zez

which show that pressure-equilibrium conditions have been
adequately established. Since (p; = ps),, 1is slightly

greater than (Apl)82 to zsa T (py = p3)3aa’ a slightly

greater air flow through the corrugations near station 382
might be expected, with a corresponding slight increase in
skin-temperature rise in the region near the wing tip which,
as seen from table III, is desirabdle.

4 comparison of the pressure-drop difference of the air
passing through the corrugations at the four winz stations
with the air-opressure drop through the lecading-edge duct, with
station 82 as reference, is shown in figure 31, The shape of
the air-flow~distribution curves (fig. 28) depends on these
two curves. When pressure-drop equilibrium has been estabdb-
lished, the two curves of figure 31 should coincide, since
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the air-pressure-droy difference of any two corrugations must
equal the air-oressure drop through the leading-edge duct be-
tween those two points. From the curves shown in figure 31, it
is evident that the air-flow-distridbution curves should be
slightly less concave in order to establish equilibrium,

The method of calculating the air and heat flows and
pressure drops for the horizontal stabilizer and vertical fin
was the same as for the wing. A leading-edge-duct air tem-
perature of 270° F was assumed at horizontal-stabilizer sta-—
tion 72 and at vertical-fin station 122, The general dimen-
sions of the horizontal-stabilizer leading-edge thermal sys-
tem as uwsed in the calculations are given in figures 32 and
33. The stabilizer air and heat flows and skin-temperature
rises are presented in table V and figure 34, and the air-
pressure drops are presented in tabdble VI and figure 35. The
general dimensionhs of the vertical fin as used in the calcu-
lations are given in figures 36 and 37. The fin air and heat
flows and skin-temperature rises are presented in table VII
and figure 38, =2nd the air-pressure drops are presented in
table VII and figure 39,

AIR-HEATED-WINDSHIELD DESIGN

The approach to the air-hrated-windshield design was dif-
ferant froem that used in the analysis of the airfoil sections.
Since the value of the external heat-transfer coefficient for .
the windshield surface was not known, the method outlined in
reference 9 was used and a specified heat flow through the
windshield outer panel was established as the heat requirement
for ice preveniion,

As in the analysis of the wings and empennage, certain
factors were fixed and an attempt was made to vary tre remain-
ing factors to satisfy the design requirements. The fixed
factors consisted of the windshield area and shape, while the
variable factors consisted ¢f the heated-air teuperature, the
flow rate, and the gap thickness. Consideration of the
strength of the glass and the comfort of the pilots limited
"‘the heated-air temperature to a maximum value of about 200° F.

The necessary heat flow through the windshield outer
panel was taken as 1C00 Btu per hour per square foot, as rec-
ommended in reference 9. The cuter panel consists of two
layers of semi-tecmpered plate glass 0.1095 inch thieck each,
separated by a layer of vinyl plastic 0.125 inch thick. The
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thermal conductivity of the glass was taken as 6.67 Btu per
hour, square foot, degree Fahrenheit per inch and the thermal
conductivity of the plastic was assumed to be 1.25 Btu per
hour, square foot, degrees Fahrenheit per inch, although this
value is not considered accurately estadlished. The thermal
conductance C for the outer vanel was calculated from equa-
tion (3) of reference 9;

¢ =3 1,1 1 (12)
L2 B
K, K, K,

where 1 designates the thickness and K the thermal con-
ductivity of each of the thrsee layers. Then

1

C = = 7.54 Btu per hour, square foot,
0.109§'x 2 + G.125 dezree Fahrenheit
6.67 1.25

In order to obtain the required heat flow through the outer
panel at the outer—gurface temperature of 50° P, as specified
in reference 9, the inner-surface temperature must be

- 1000 + 50? (13)

i c

%

which for the subject windshield is 183° F. As was stated
previously, the heated-windshield design included a secondary
heat exchanger which would transmit the heat of primary heat-
ing air from the exhaust exchangers to secondary air for
windshield and cockpit heating., Calculations using the method
of reference 9 indicated that no practical double-panel design
which would give the required heat flow was possible with the
heat available from a sécondary heat-exchanger installation
that used the remaining heated air from the inboard exchangers
after supplying the empennage system. The secondary exchanger
installation was necessary, however, in order to supply cock-
pit heated air free from carbon-monoxide contamination in the
event of leakages in the exhaust exchangers. The windshield
installation finally adopted consisted of (1) tre double-panel
arrangement which would provide the optimum heating for the
allowable pressure drop through the gap, and (2) a means of
discharging the primary air from the secondary exchanger over
the outer surface of the windshield. In crder to provide for
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circulation of air through the secondary exchanger and wind-
snield system by the dvnamic pressure of the free stream,

the allowable pressure drop through the windshield gap was 4
inches of water. Based on the equations of reference 9, it
was indicated that the optimum heating of the windshield

outer panel with a 4-irch pressure drop in the gap would De
provided with an air-gap thickness of approximately 3/16 inch.

The reason for the difficulty in obtaining the necessary
heat flow through the outer panel was due in part to the lack
of heat avallable and in part to the low thermal conductance
of the panel. This low conductance was caused by the rela-
tively thick plastic layer of low thermal conductivity.
Therefore, it is apparent that in the design of air-heated
windshields attention should be directed to securing an outer
panel of high thermal conductivity.

RESULTS AND ERRORS

A general summary of the calculated heated-air flows,
skin-temperature rises, and air-pressure drops for the wing,
horizontal stabilizer, and vertical-fin thermal systems is
presented in figures 40, 41, and 42. Table VIII gives a sum-
mary of the calculated heat flows.

Aside from experimental errors involved in the determi-
nation of airfoil pressure distribution, the foregoing treat-
ment of the analytical problem has introduced several errors
which should be acknowledged.

An error was introduced in the use of the arithmetic
average for obtaining (ta)av, the average air temperature

A

in a corrugation between two points. A calculation of the,
air-temperature change through the upper corrugation at wing
station 82 was made using small increments of corrugation
length. This more exact calculation of t, is compared in

figure 43 with the straight-line temperature gradient assumed
in the analysis. The maximum deviation between the two
curves was found to be 1.24 percent. A tabulation of the
calculations made to obtain the more exact curve of the air-
temperature change is presented in table IX.

The effects of radiation and conduction from the corru-
gation walls to the leading-edge skin were also neglected.
Hewever, since the corrugation ducts are 3/4 inch wide and
are required to heat a l-inch strip of skin, these errors
tend to compensate each other.
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In the air-pressure-drop calculations, the corrugation
entrance and exit losses were neglected. In the case of the
wing, the pressure drop of the air traveling from the nose-
rib-liner duct to the corrugation entrances was neglected as
well, Since the purpose of the pressure-loss calculations
was to determine the air-flow distribution which would result
during flight, neglecting the entrance and exit losses would
change the air- and heat-flow calculations only slightly.

The air velocities in the corrugations at the tip regions are
higher than in the corrugations at the root regions; conse-~
quently the entrance and exit losses would be higher in the
tip regions than at the root sections. The air-flow rates
through these corrugations, therefore, would probadly be less
than calculated. The curve of friction factor f as used in
the calculations of pressure drop is intended for isothermal
flow, as stated in reference 8, but was assumed to be suita-
vle for the polytropic flows of the analysis.

BLOWER TESTS OF WING LEADING-EDGE THERMAL SYSTEM

Upon completion of the right-wing leading-edge thermal
system, blower tests of the leading edge were conducted to
ottain isothermal air-flow data to detoriine the desirability
of installing a noze<«rib liner.

A blower was connected to the leading-edge duct with a
venturi meter installed to obtain the air-flow rate. With
avproximately the required air-flow rate of the analysis sup-
plied to the lealding-edge system by the blower, the total
pressure of the air out of representative uprver and lower
corrugations between each nose~-rib bay was measured by means
of a survey tube connected to an open-end manometer. From
these total pressureg, the air-flow rates in the corrugations
were calculated.

A blower test was first made without the nose-=rid liner
installed in order to determine if a liner would be necessary.
It was found that the pressure drop along the leading-edge
duet was excessive and prevented the desired flow of air
through the corrugations in the region of station 382. The
nose=rib liner was then instailed and holes were cut in the
liner to give avproximately the same area as the corrugations
they supvlied. Tests wers made and the air-flow-distribution
curve then compared favorably with the calculated distribu-
tion curve. A comparison of the curves of the two tests with
the calculated curves is shown in figure 2%4.
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Although the experimental distribution curve is for iso-
thermal air flow and the calculated distribution is for a
polytropic flow, the tests indicate that the desired air-flow
distribution will be approximated at the design flight condi-
tions.

DISCUSSION

The analytic procedure involved the employment of
assumed atmospheric and flight conditions previously estab-
lished as criteria in former design calculations of thermal
ice-prevention systems. Tests of the equipment for the C-46
airplane will help to determine the completeness of the de-
sign criteria and the accuracy of the analytic methods, and
possibly will permit their extension and refinement. The
calculation of heat transfer from the airfoil surfaces to dry
air was an expedient necessitated by a paucity of data on the
water content and drop sigzes in the atmosphere at various
temperatures. Efforts are being made to determine from sta-
tistical researches of the atmosphere values of temperature,
pressure, water content, drop size, and humidity, which may
be used to establish the optimum design criteria for thermal
ice prevention. When such data have been established, the
heat required can be based on the combined transfer due to
air convection and water-drop impingement on the airfoil sur--
faces.

The use of the method of utilizing the airfcil pressure
distribution to obtain the required heat for thermal ice
prevention appears entirely feasible in the design of future
thermal ice-prevention systems. The pressure distribution
for any airfoil may be calculated as well as determined exper-
imentally. Methods of calculating the external heat-transfer
coefficients in a turbulent boundary layer are available
(references 10 and 11) in the event that the transition point
from laminar to turbulent flow occurs within the heated region
of the airfoil. Once the required heat flows based on a given
surface-temperature rise are established, rough calculations
can be made for various thermal-system designs to determine
the optimum required heated-air flows. After the design has
been decided upon, a comnlete analysis can be made.

Summarizing, the general procedure for analvsis is as
foldows: :

1. Determine the external heat-transfer coefficients
from airfoil pressure distributions.
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2. Determine the required heat flows through the air-
foil leading edges for a given surface-temperature
rise.

3. Determine the necessary heated-air flows and required
heat-exchanger output, and correlate the air flowvs
with the resulting air-pressure drops for a given
thermal-syster design.

Ames Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif.
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TABLE I.- EXPERIMENTAL AIRFOIL PRESSURE DATA OBTAINED BY MEARS
OF PRESSURE BELTS FROM FLIGHT TESTS_OF THE C-46 AIRPLANE
{1-P = 1-p;/q,]
Station 82 Station 157 Station 292 Station 382
Qo = 11.3 in. H20 Qo = 11.6 in. H20 go = 12.2 in. HR0 qo = 12.4 in. H20
pressure altitude, presaure altitude, ’ pressure altitude, pressure altitude,
5000 ft 5000 £t 18,000 ft 18,000 £t
Wing
Fercent _ Percent _ Percent R Percent -
chord 1-Pypper coora | ‘~Pupper chord 1-Pypper chord 1-Pypper
2.37 14.1 2.33 14.2 2.07 19.3 1.70
2.31 9.1 2.41 9.5 2.08 13.1 1.73
2.34 5.9 2.36 6.3 2.00 8.8 1.66
2.08 ‘4.3 2.25 4.3 1.85 6.0 1.57
1.64 2.3 1.88 2.7 1.67 3.9 1.43
1.46 1.5 1.62 1.6 1.47 2.4 1.24
1.02 7 1.29 .9 1.13 1.3 1.00
.58 .3 .90 .4 .79 .6 .75
1-Prower | -——==- 1-Prower .2 .55 .3 .49
.08 .04 .08 0 .14 0 .06
.27 .5 .29 -—— 1-PLower ——- 1-Prower
.47 1.3 .54 .2 .26 R .90
.68 2.4 .83 .6 .87 1.4 1.23
.85 3.8 .83 1.4 .89 2.6 -1.13
.98 5.6 1.03 2.5 1.22 4.0 1.19
1.03 7.7 1.10 3.9 1.16 6.2 1.21
1.08 10.6 1.15 6.0 1.25 8.6 1.11
1.18 15.0 1.21 8.4 1.23 11.8 1.15
-———— ———— —————— 12.0 1.24 16.5 1.04
P S ——— 17.0 1.20 23.0 1.01
Station 73 Station 1237 Station 172 Station 122 Station 1723

Qo = 9.6 in. H20

pressure altitude,

G = 12.2 in. Hz0

preeeure altitude,

% = 12.4 in. Hz0

pressure altitude,

Q = 11.3 in. HzO

pressure altitude,

Qo = 11.6 in. H20

pressure altitude,

5000 ft 18,000 £t 18,000 ft 5000 ft 5000 ft
Horizontal stabilizer Vertical fin
Percent | 1-p Percent | 1-p, Percent | 1-p Percent | 1. + |Percent { 1.p
chord Upper| ~ Chord UppPer| " opord UPPeT | " ihord PLett |"01ora Left
13.8 1.32 18.4 1.39 22.5 1.32 7.11 1.29 11.10 1.35
10.0 1.30 13.7 1.42 17.0 1.10 4.78 1.239 7.49 1.44
6.3 1.29 9.1 1.39 11.4 1.33 3.34 1.24 5.29 1.43
4.0 1.33 6.3 1.37 8.1 1.29 2.38 1.18 3.82 1.36
2.5 1.08 4.4 1.32 5.8 1.23 1.46 1.04 2.41 1.27
1.1 .92 2.6 1.198 3.6 1.12 1.03 .96 1.69 1.15
.4 .58 1.7 1.03 2.4 .99 .81 .90 1.36 1.03
.2 .25 1.3 .93 1.9 .93 .81 .82 1.04 .93
.01 .02 .8 .76 1.3 .82 .41 .72 .64 .74
----- 1-Piower .4 .44 .7 .61 .11 .40 .14 .38
.01 .14 o 0 .03 -.06 o 31 | eeeee 1-PRignt
] .90 ——-- 1-Prower | ----- 1-Prower -—— I‘PRight .02 .58
1.2 1.13 .5 1.03 .4 1.06 .03 .40 .17 .78
1.6 1.14 1.0 1.17 1.0 1.22 .11 .53 .42 .88
2.0 1.17 1.4 1.32 1.5 1.36 .23 .69 .69 .97
2.4 1.18 1.9 1.33 2.1 1.39 .61 .94 1.36 1.15
3.2 1.35 2.8 1.40 , 3.2 1.43 1.46 1.10 2.74 1.18
4.7 1.30 4.6 1.51 5.8 1.50 2.38 1.20 4.16 1.25
6.3 1.34 6.6 1.80 7.8 1.50 3.79 1.27 6.30 -———-
7.9 1.34 9.3 1.57 11.1 1.45 6.10 1.33 9.89 1.27
12.4 1.31 12.7 1.51 16.7 1.43 ——— ———— | =e-- ———
16.2 1.30 17.4 .1.55 22.2 1.41 —— ———— | me—ea ————
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TABLE 1I.- DETERMINATION OF EXTRRNAL HEAT-TRANSFER COEFFICIENTS
FROM AIRFOIL PRESSURE-DISTRIBUTION MEASUREMENTS AT

WING STATION 82 OF THE C-46 AIRPLANE

© ’; ~— :

1 |~ = =

—| o o o

x o™ ~— -

o o I [ : m“» : H:

(o] o L . ~ | n %) oy
- ~ fe ° ‘:r: €A . 2,\ . o 8 o

o N B IS B e N el I A

) o - L ~ Slo - ~ a ~ [

> I~ S 2ol 5 a a

o > - joes

[} ~ ~ ey

o o ) 3 =]

I I e ] @

o @ O — —

-
Upper surface
18.88 [ 15.0] 2.196 | 1.48 8.5501 0.839 | 2.675 | 0.412 2.00 2.03
13.77 | 10.0] 2.303 | 1.52 6.070 .598 | 1.903 .674 4.80 4.65
11.69 8.0 2.312 | 1.52 5.155 .511 | 1.822 .785| 6.13 6.20
9.54 6.0 2.291 | 1.51 4,240 .423 1 1.338 .765 7.44 7.54
7.29 4.0(2.185| 1.48 3.310 .324 | 1.033 . 765 9.82 9.75
5.11 3.0 2.030 | 1.43 2.880 .317 .955 .765| 10.41 | 10.55
5.47 2.5(11.930 | 1.33 2.640 .293 .880 .765 | 11.30 4 11.44
4.83 2.01.802]1.34 2.415 .885 .829 .765| 12.00{ 12.15
4.12 1.511.650] 1.29 2.155 . 280 . 748 .765 | 13.30 | 13.47
3.37 1.0 1.4501{1.20 1.875 .241 .672 .765 | 14.80 | 15.00
2.51 .5]11.140 1 1.07 1.570 233 805 .765( 16.43 | 16.64
.80 0 .e50 B0 | memem | mmmme | e LT85 | mmmee | mmma-
[*] .110 ~eem | weace] e 276 .765 | 36.00 | 36.50
Lower surface ’
0.99 0.5] 0.230} 0.48 1.390 | -=-e~| meen- 0.765 | ~m=-= | ~====
1,75 1.0 .425 .65 1.806 . 375 .822 .765| 12.10 | 12.27
2.41 1.5 .560 .75 2.165 L 311 .819 L7651 12.14 | 12.31
3.02 2.0 .661 .81 2.500 . 251 .792 L7651 12.55| 12.71
3.58 2.5 . 743 .88 2.792 .2373 .874 L7651 11.39 | 11.53
4.14 3.0 .813 .90 3.084 .380 .925 .765110.75| 10.90
5.21 4.0 .921 .96 3.640 .395)1.036 .765| 9.60 8.73
7.31 6.0 1.024 | 1.01 4.850 L3891 11.378 .765 7.22 7.31
9.38 8.0 1.0851.03 6.070 .455 | 1.662 .765 5.97 6.05
11.39 [10.0] 1.077 | 1.04 7.36 .538 | 1.980 .765 5.00 5.06
16.45 |15.0| 1,160} 1.08 | 10.27 .533 | 2.335 .765 4.26 4,31
TABLE III.- HEAT-FLOW AND SKIN-TEMPERATURE~RISE ANALYSIS FOR THE WING

OUTER PANEL LEADING-EDGE THERMAL SYSTEM OF THE C-48 AIRPLANE

— - |
& s =2 2| 8
bt} - < [ f o
o [ 2 ~ T, -3 [+] =3
™ - b0 4 —~ o ~ ~ <]
o 3 o n ~ —~ —~ [ )
= sﬂ - o “~ ] — o rel FeNC]
o [¢] o ] > 0~ [e] LM +» G 4 MA
- L] [o] ~ od~ SA - [=] e ° o . o 05'-'(&
K 3'3 g c’?: /;é" 3 x o MO [ f @ + o0
L 44 © - 1] P~ x 0 1 @ A~ 0 @ M
2] O o © -~ ~ Sla| & = |9% a -~ 05
Ex] o < 38 H q 4 &0
0. - 0 =] a - -~ o
Q - - ~ ~ ~ [
&) 2 > 3 2 >
A et m ) <
N m o d
—J
82 8]/ 0-3 |5.00(2.13 248 1.52| 2.69|10.9{0.0193 | 10.96 | 15.10 104
2| 3-7 {5.00( 2.13 186 1.42( 2.88 ( 11.5; .0179 | 10.71 8.55 104
D] 7-1015.00 ] 2,13 156 1.38] 2.96 | 11.8{ .0171 | 10.50 5.75 101
%1 0-3 15.20]2.22 250 1.52| 2.8011.3{0.0194 | 11.41| 15.60 106
2| 3=-7 {5.20 | 2.22 192 1.43 ] 2.98 | 11.8] .0180 | 11.07 8.53 108
=1 7-10(5.20 | 2.22 164 1,39 3.06 | 12.1| .0173 |10.90 5.70 108
157 4 0-3 |5.0512.18 242 1.5112.75(11.110.0182 | 11.10| 18.60 91
) 3-7 15.05]2.186 185 1.42] 2.92 |11.8| .0178 | 10.74 9.52 98
o[ 7-10|5.05 1 2.18 157 1.381 3.00111.9] .0172 |{10.67 6.55 97
) 0-3 |56.30 | 2.26 246 1.51) 2.87|11.5/0.0183 | 11.57| 16.80 101
2 3-7 156.30}2.26 196 1.44) 3.02|12.0| .0181 {11.31 8.80 110
Al 7-10|5.30 1} 2.26 170 1.40| 3.10|12.2( .0175{11.11 6.42 108
282 s 0-3 [5.50|2.35 | 243 1.561| 2.9911.9(0.0192 { 11.90| 19.10 93
gl 3-7 |5.50]2.35 202 1.45| 3.11 | 12.2| .0182 | 11.58| 10.43 108
©| 7-10|5.50 | 2.35 178 1.41] 3.20)12.5( .0177 [11.51 7.78 107
41 0-3 |5.85( 2.50 246 1.51( 3.18 | 12.4(0.0193 | 12.48 ] 21.60 90
2 3-7 |5.85(2.50 209 1.46| 3.29|12.7| .0184 | 12.17 8.75 118
" 7-10|5.85| 2.50 189 1.43| 3.36|13.0] .0179 | 12.11 6.61 122
382 81 0-3 [6.20 | 2.65 241 1.51( 3.37113.010.0192 | 13.00| 20.50 94
& 3-7 |6.20| 2.65 211 1.46| 3.48 ) 13.4| .0184 | 12.83 | 11.84 110
o1 7-10|6.20 | 2.65 192 1.43| 3.56 | 13.6| .0189 [12.74 8.70 114
% 0-3 [6.70( 2.86 244 1.51| 3.64}13.9]0.0192 | 13.80| 23.00 92
21 3-7 {6.70 ] 2.86 218 1.47| 3.74 | 14.2]| .0186 | 13.75 9.98 126
3 7-1016.70 | 2.86 203 1.45| 3.78 | 14.3| .0183 [ 13.62 5.10 148
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EDGE THERMAL SYSTEM OF THE C-46 AIRPLANE

TABLE VII.— HEAT-FLOW AND SKIN-TEMPERATURE-RISE ANALYSIS AND HEATED-AIR PRESSURE-DROP
ANALYSIS FOR VERTICAL FIN LEADING-
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TABLE VIII.- SUMMARY OF HEAT-FLOW CALCULATIONS FOR THE
WING, HORIZONTAL STABILIZER, AND VERTICAL FIN
THERMAL SYSTEMS OF THE C-46 AIRPLANE

Tot iQh t QR
At ota ea
Leading- W air tem- | seupplied to | Total beat
| edge a perature | leading-edge leadi d
surface (1b/nr) rise thermal eystem e ﬁ?'e ge
(°F) above O° F suriace
(Btu/hr) (Btu/nr)
Wing 4130 300 301,000 115,500
Stabilizer 2514 275 167,000 32,640
Fin 1120 270 73,000 19,860
%R x 100 S %/S
1 Leading-~ Q X Total heated | sverage heat removed
edge Percent heat | teading-edge| from leading-edge
surface removed from surface surface
Wing 38 94.5 1220
Stabilizer 20 18.9 1730
Fin 27 14.7 1350

TABLE IX.- CALCULATION OF HEATED-AIR TEMPERATURE CHANGE
THROUGH UPPER CORRUGATION AT WING STATION 82
OF THE C-46 AIRPLANE

w = 5.0 pounds per hour per corrugation .
G = 2.13 pounds per second, square foot
c = 14.51 feet
~
"~
N P - '
= 3 &= H
< | 2| | &
~—~ o~ P =]
5 ols% | o8 | 23
= - 5 @ o
+ M T ~ O —~ G 2 H
G4 @ © W ~ W O 4 fey
. - " ~ |~ I~ [+ Moo
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S

Figure 7.- Pressure pelt mounted on the C-46 wing for
measuring the pressure distribution over the leading
edge,
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1 MNP0

Figure 9.~ The water manometer used for indicating pressures
at the empennage pressure belts, with a typical pressure
it

indication, C- airplane.
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Figure 15.- Calculated external heat-transfer coefficient from preseure-belt
data for wing station 82, C-46 airplane,
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Figure 43.- A comparison of the straight-line interpolation of the

heated-air-temperature change as used in the analysis with
a more exact calculation for air in the upper corrugation at wing sta--
tion- 82, C-46 airplane.



Fig. 44

NACA ARR No. 5403

souetdate

ot

9%-0. *ISUTY pﬂumnod JNOUITiA PUB Y3Ta Wogshs pemaoys o9po-Juipes] Sura Jo 83597 JaMOTq
TeULI9Y30ST Y} T4 SUOTEE3NII0D USNOIU) UOTINQIIISTP JITe-pejesy TBo1}Lreue Jo uosiJedwo) -y dIndtg
uot14e}s Jurpy
00% . 09¢ o2e 082 ove 002 091 074 08 oy AW
M
|
!
t A7
! a
I9uty Qg i et -
-880U JNOYITH Tnuuu“nuuﬁuuun., . o 9
T =1 ! o
i \\\\ | | /
" aeury | ! A//17////
- | _qiIesou y3 g . N 8
Sy
N
SOILAVNOHEV ¥pJI
HEILIMO0 | KHOSTAQY [TVNOTIVN
, 4
smotyednazoo xeddy
SUOT3BINIIO0D JOMOTT
|
+ 14
_
e e s e s | ;
~ 41 . .

By ‘aoury

QTI9S0U JNOUYTA PUB UITM §9889

‘M
JOMOTQ WOJJ UOTINQIIISTP MOTI~ITY

‘ay/qt

Iu/qT 002%

uo;qe?nmaoé

Iq/QT OSTH = °h ‘sysdyeuwe
WOIJ WOTINQIIISTR MOTF-ITY

T0713830II09 ‘Iy/qY ‘Q



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85



