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NACA ARR No. 5A03 

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

ADVANCE RESTRICTED REPORT


AN INVESTIGATION OF A THERMAL ICE-PREVENTION SYSTEM 

FOR A 0-45 CARGO AIRPLANE 

I - ANALYSIS OF THE THERMAL DESIGN


FOR WINGS, EMPENNAGE, AND WINDSHIELD 

By Carr B. Heel, Jr. 

SUMMARY 

This report, the first of a series on an investigation 
to develop a thermal ice .-prevent ion s;rstem for the C-46 cargo 
airplane and to provide fundamental information concerning 
the performance and operation of the system, presents an 
analysis of the design cf the thermal anti-icing equipment 
for the wings, the ernpennage, and the windshield. The pur-
pose of the analysis was to establish 'the thermal require-
ments for the 0-46 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 ompennage surfaces was calcu-
lated by utilizing the airfoil pressure distributions for 
these surfaces measured in flight. 

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

INTRODUCT ION 

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 air p lane engine exhaust gases to heat those 
iarte of an airplane that reQuire protection from the fornia-
tion of ice in order to provide safe and. efficient operation 
of the airplane in icing conditions. In this thermal anti-
icing method., the heat of the exhaust gases is transmitted to 
air in suitable heat exchangers located adjacent 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 demonstrated to be sound. 
in suc.cessful applications to a Lockheed 12A airplane, a 
Consolidated B-24D airplane, and a Boeing B-17P airplane 
(references 1, 2, and 3, respectively). These applications 
were made at the Committee's Ames Aeronautical Laboratory, 
Moffett Tield, Calif. 

As a contir±uation of this general research program on 
aircraft ice prevention, the laboratory has undertaken a com-
prehensive investigation to develop a thermal ice-prevention 
system for a Curtiss-Wright C-46 argo air p lane. 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 coin-
plete system, and performance tests of' the 0-46 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. Emphasis 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 
before 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 assistance 
of the Curtiss-Wright Corporation. 

TENTATIVE DESIGN OF THE THERMAL ICE-PREVENTION SYSTEM 

A standard C-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-
ysis was made, was based on previous experience (references 
1, 2, and 3). The imp ortant 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 
fators 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 col].ector rings on the engines led to the exhaust-gas 
entrances of the heat exchangers. On the basis of the design 
the outside air was passed. through tli'e exchangers and thence 
circulated through ducts to the wings, the empennage, and the 
windshield. The exchangers on the outboard sides of the na-
celles supplied heated air to th.o wing outer panels, and the 
two inboard exchangers suplied heated air to the wing inboard 
panels, the empennage, and the windshield. The disposition 
of the heated air as considered. in t,he analysis is shown in 
figure .2. 

The proposed construction of the outboard wing leading-
edg3 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 b. protected. The upper 
and lower corrugations were divided by'a continuous spanwise 
slot at the 0-percent reference chord point in order to allow 
the entrance of heated air, which flowed chordwise between 
the corrugations and the outer wing skin. The location of 
essential wing structure at l0-percet 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 s panwise duct to distribute heated atr to 
the corrugations. 

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 ribs 
outboard of station 292 (fig. 2) were omitted. A liner was 
installed along the inner edges of the nose ribs in order to 
give a smoother contour to the wing leading-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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rib liner as shown in figure 3 to allow the 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 between the baffle and front spar (region 3), 
throuh the holes in the s pars, 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 air for the empennage and de-
tails of the leading-edge region construction of these sur-
faces, as considered in the analysis, are shown in figures 4 
and 5, respectively. The proposed horizontal-stabilizer 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-tem pered plate glass sepa-
rated by a layer of vinyl plastic. In the tentative anti-
ic.tng-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 Danes, and exited 
at the top into the cabin, thus heating the p ilot's compart-
ment as well as protecting the windshield from icing. Because 
of this special 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, su pDlied b y 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 
periods when windshield heating is not necessary. 

TEST PROCEDURE 

The airfoIl pressure distributions over the wings and 
the emp ennae were obtained exerimentally in flight in order 
to orovide 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. 

The 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 0, 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 0. 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 tn 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 ob-
tained. The indicated airsoeed 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 pressure altitude and 
approximately 155 miles per hour indicated airs peed. It was 
assumed that at the same indicated airspeed the angle of at-
tack of the airplane 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 p ounds. During the flights, the water 
manometers indicating the pressures at the pressure belts 
were allowed to reach equilibrium, and the manometers were 
photographed to record the readings. Adter each flight, the



}TACA ARR Io. 5A.03 

pressure belts were moved to the next station and the pro-
cedure was repeated.

SYMBOLS 

For the purpose of analysis, the following symbols were 
u s e d: 

A	 cross-sectional area, s q uare feet 

c	 length of airfoil chord, feet 

c D	 specific heat of air, British thermal units per pound, 
degree Fahrenheit 

D e	 equivalent diameter of a duct, equal to 4ni, feet 

f	 friction factor for air flow in ducts 

g	 gravitational acceleration, taken as 32.2 feet per sec-
ond, second 

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

h	 surface heat-transfer coefficient, British thermal units 
per 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 
0-p ercent-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 number, equal to hDefk 

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

P f	 measured pressure differential from free-stream static 
Dressure, inches of water
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p 0 	 free-stream static pressure, pounds per square foot 

P	 pressure coefficient, equal to pf/q0 

free-stream dynamic pressure, inches of water 

rate of heat flow, British thermal units per hour 

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

R	 body Reynolds number, equal to cV0/ 

Re	 Reynolds number, equal to	 De/ 

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 veiccity outside the boundary layer, 
feet per second 

V	 airplane indicated airspeed, miles per hour 

V 0	 free-stream velocity, feet per second 

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

W a weight rate of air flow, pounds per hour

x	 distance along chord line, measured from 0-percent-chord 
point 

density of air s pounds per cubic foot 

8	 boundary-layer thIckness, feet 

constant dependent on shape of boundary-layer velocity 
profile 
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absolute viscosity of air, pounds per seconds feet 

kinematic viscosity of air, equal to p./'Y,	 square fee.t 
per second 

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

The values of Cp: i and Ic for air, subsequently 
used in the calculations, were taken from figure lO 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 2 , the static pressure as 
p 2 , and the specific volume as v2. 

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 2-6 

The subscript av refers to average conditions. 

ANALYSIS OF WI1 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 0 P above ambient-air 
temperature during flight in dry air (no visible moisture) at 
a oressure 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 P for all points on the surface of the wing and. the 
emPennage between the 0- and 10-percent-chord p oints was 
established for the design flight conditions of 0° F ambient-
air temerature, 18,000 feet pressure alt±tude, and. 155 miles 
per hour indicated. airspeed. 

Preliminary investigation of the structure in which the 
system was to be installed indicated. that essential wing



NAGA LRR No. 5A03	 9 

structure precluded freedom of design. An analysis indicated, 
however, that a setlsfactory thermal design could be obtained 
without altering this essential primary structure, and use 
could be made of existing die equipment for fabricating the 
inner skin. A 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 heat ed-air flow rate and the pressure drop to 
satisfy the design s p ecification. 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 heated-
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 sec-
tions of the report. 

A trial-and-error process was employed in the calculation 
of the thermal and pressure values. A more elegant analysis 
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 anel from sta .
-tion 11 to station 412, for the horizontal stabilizer from 

station 4? 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 determjnatjon 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 p. Table I presents all calculated 
values of (1 - P) where P = pf/q 0 . A clot of (1 - - p ) as a
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function of the chord in percent for wine station 82 is 
given in figure 11. Similar plots of airfoil pressure dis-
tribution were made for each set of pressure-belt data, but 
are not :presented in this report. Values of (1 - P) were 
taken froth these curves for convenient chord stations and 
corresp onding values of the velocity ratio, 	 V/V01 were 

calculated by the equation 

V/v 0 -.Ii - P	 (1) 

which is derived from Bernoulli's equation 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 slopes of the 
double-roof profiles were calculated, and the ratios of the 
local velocity at searat1on to the maximum local velocity 
were obtained from figure 13, where b is the slope of in-
creasing velocity and. 	 is the sioe of decreasing veloc-
ity. Figure 13 is a plot of the following equation which 
was obtained from footnote 1 on page 21 of reference 6, 

=/l - r (6 - 1)	 (2) 
U 1	 S 

where 

U 5	 local velocity at laminar separation 

U 1	 maximum local velocity 

r	 ratio of	 to b 

a function of r 

For the uper surface at wing station 82, 

= 0.278 

b = 6.00
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Then

r =	 = 0.278 = 0.0463 
b	 6.00 

and from figure 13,

Us 
- = 0.906 
U1 

Prom figure 12,

Vmax =	 = 1.52 
V 0	 V0 

then

U1 = 1.52 V0 

and

U 
- = 0.906. x 1.52 = 1.378 
V0 

Thus, by extending the decreasing velocity curve beyond the 
limits of the graDh shown in figure 12, it was found that 
separation occurred at s/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. In all cases, the separation point was 
established well aft of the region to be heated. Since 
the boundary layer was found by the calculations to be lam-
inar over the heated areas, the method presented in reference 
7 was used to determine the boundary-layer thickness. The 
equation for boundary-layer thickness 8 in the laminar-.flow 
region, as given in reference 7, is 

r Si/C I f	 8.1.7 

2 ____	 (_!_" 
2	 5.3c ( s1/C\ 

f 

6 - R0	 V1/V0} 
1	 (V187 (si 

[ 

where the subscriot 1 dehotes the point on the airfoil sur-
face at which the boundary-layer thickness is being computed.
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S i / C 

The evaluation of f ()87d () was made graphically in 

each case, using curves of the functions of velocity ratio 
similar to those shown in figure 14. The values of the con 
stant 5.3c 2/R 0 were determined from the true airspeed and 

the chord length. 

For wing station 82, 

c = 14.51 feet 

The indicated airspeed deviated slightly from the desired 
value of 155 miles per hour during each fJ.ight 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 recI procal square root of' density 
ratio at 18,000 feet pressure altitude, gives 

V 0 = l.325V = 1.325 X 151 = 200 miles per hour 

= 293.5 feet per second 

At 18,000 feet pressure altitude and 0	 free-air tem p era-




ture,

=	 = —__1058	
= 0.0431 pound.s per cubic foot 

RT	 53.3 X 460 

From figure 10, 

= 1.104 X l0	 pound p er second, feet at 0° F 

Then

V	 1.104x iO = -	 0.000256 square foot per second 'V	 0.0431	 - 

R - cV
0 - 14.51 X 293.5 

C - V -	 0.000256	
= 16.64 x 106 

and

5.3c2 = 5.3 x 14.51
= 0.0000671 

R c	 16.64 x 106
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Since the value of 6 is indeterminate at the stagna-
tion point, the following approximation recommended in refer-
ence 7 was used:

2	 c2 ;:	 (4)

6 stag = giç •• 

where r is the radius of curvature at the stagnation point. 

For wing station 82, 

F = 5.26 inches 

and.
2 

14,51	 5.26	 - 8 2	 =	 x	 =7.65x10 
stag	 16.64	 l0	 14.51 X 12 

8stag = 2.76 x	 feet 

The values of	 " were approximated from the airfoil-section 

loft lines. A curve of the calculated boundary-layer thick-
ness for wing station 82 is shown ifl figure 12. 

Calculation ,f 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 = -g-	 (5) 

The value of X 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 0 
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 h6.7 were corrected to give corresponding values 

at the design airspeed, 155 miles per hour, by the equation
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(h6_7)corr = h 6_ 7	 (6) 

A tabulation 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-belt data 
are presented for all wing and empennago stations investi-
gated in figures 15 t.o 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 
leadingedge radius decrease, with the exception of station 
127 of the horizontal stabilizer, at which point the calcu-
lated heat-transfer coefficient is hi ghest 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 
slipstream.

Air-Flow and Heat-Flow Calculations 

The weight of air required to produce the desired skin-
temp erature rise was evaluated 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 cho'rdwise 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: 	 0-
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
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p rocedure followed was to assume 100 0 F rise for the skin 

from 0- 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 estab1shed for the corrugation passages at 
the wind root and tip, the baffle location was determined. 
The establishment of pressure equilibrium, 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-temp erature distribution. These changes, 
however, were not excessive 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 empénnage 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 0 F from 0- 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 1-inch strip of skin to 
the ambient air must be balanced by an equal flow of heat 
from the air in the passage to the skin, or 

h 6_7 s(t 5 - t 7 ) = h2_ 6 s(t 2 - t 5 )	 ( 7) 

On the basis of previous experience, it is believed that the 
maximum safe operating temoerature for air in contact with 
aluminum-alloy structures Is between 3000 and 400 0 F. Con-
sequently, the air-temperature rise above ambient air from 
the heated-air source was assumed to be 300 0 F. If a 100 
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 0- to 3-percent chord was found by 
trial and error to be 87 0 F. Therefore, the average temp era-
ture of the air in the corrugation will be 

(t )	 = 290 -	 = 246° F 
2 av	 2 

Since the design free-air temperature	 7 is 0° F, the re-
quired skin temDerature t 6 will be 100 0 F. The average
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external heat-transfer coefficient h67 for the 0- 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 reauired internal heat-transfer coef-
ficient, as obtained from eQuation (7), is as follows: 

h 6_7 (t 6 - 'c7) 

h 2_ 6 =	 ( 8) 
t a - te 

Subotituting the above values into equation (8) gives 

15.1 x (ioo - 0)	 10.34 Btu per hour, square h2_5 =
	 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° P 
obtained from figure 10, the usse1t number is 

Nu = h
26 D e = 10.34 x 0.0192 = 10.30 

Ic	 0.0193 

The corresponding Reynolds number is 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.

GD 
Re =	 2.50 X 10 

s-I. 

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

	

= 2.50 x l0 X 
1.51 x 10	

= 1.965 rounds Der second, 

	

0.0192	 square foot 

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 = G 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 0- to 3-percent chord: 

/	 h6...7 S(t 6 - t 7 ) = WCp Ata	 (9') 

where S = L/l2 for a single corrugation. The value of L 
is btained from figure 2 .5. Then 

h	 2-. (t - t ) = 15.1 x 0.774 x 100 =97.4 Btu per hour 6-7 12	 6	 12 

and

wcp Eta = 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 3Q0 F, which on the basis of flight data 
from similar designs appeared to be a reasonable value. Based 
on this assumption, the temperature of the air entering the 
corrugation then will be 260 0 F. The air flow necessary to 

raise the skin temperature 100 0 P for the 0- to 3-percent-
chord section was found to be 7.01 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 dro p s through the upper corrugations at 
stations 82 and 382 were calculated for these air-flow rates, 
using the equation

2	 2 
G (v 3 - v1)	 'av	 Vav 

-	 =	 +	 (10) 
g	 2gm 

which is a form of equation (22c), page 128 of reference 8, 
where the subscripts 1 and	 represent the regions shown 
in figures 3 and 5. The values of the friction factor 	 'av 
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 0- to 3-percent chord could not be raised ex-
actly 100 0 F 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-fl ow 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 n 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 82 an air-flow 
rate, based on the preliminary calculations, of 5.00 pounds 
per hour was assumed. Then 

G =	 5.00	 = 2.13 pounds er second, square foot 
A	 0.000651 x 3600 

Based on this air-flow rate, the air-temperature drop in the 
corrugation from 0- to 3-percent chord was found by trial to 
be 84 F. Then the average air temperature is 

84 
(t 2 )	 = 290 - - = 248 0 F 

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

Re =	 = 2.13 x 0.0192 = 2.69 x 
1.52 X l0 

and from figure 24

h	 D 
Nu = 2-6 e . l09 

k 

Using the value of thermal conductivity at 248° F, obtained 
from figure 10, the available internal heat-transfer coeffi-
cient is



10.96 x 248 

10.96 + 15.1
= 104° P t6
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10.9 x 0.0193 = 10.96 Btu per hour, square foot, h26	
0.0192	 degree Fahrenheit 

From figure 15, 

h 6_ 7 = 15.1 Bu per hour, square foot, degree Fahrenheit 

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

t6 =
	 h2_5 t2	

(ii)

h2 _ 6 + h5_7 

which is reduced from equatIon (7) when t7 = 00 F. Thus, 

To check the hear balance, the total heat transferred from 
the 1-inch strip of skin to the ambient air is assumed to be 
equal to the heat transferred from the heated air in travel-
ing from 0- to 3-percent chord (equation (9)). Substituting 
appropriate values gives 

L	 0.774 x 104 = 101.4 Btu per hour - (t 6 - t 7 ) = 15.1	
12 

and

WCp	 = 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 of 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 station 382 the entering air 
temperature was assumed to be 260 0 F 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 
III.
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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 pressure-
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, 
it was necessary to determine the air-flow rates through 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-orrugation 
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 outiined using the val.-. 
ues of L obtained from figure 27. 

Arbitrary curves of heated-air-flow distribution, 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 drops 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-tem p erature 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 r1bs would be spaced 15 inches apart in the wing, thereby 
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 

(Wa ) tti = 4130 pounds er hour
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Using the assumed air-temperature rise through the heat ex-
changer (3000 F), the required exchanger thermal output can 
be established as follows: 

exch =	 c	 t = 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-
moved from each corrugation analyzed, are shown in figure 28. 
The total heat removed, obtained by 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 2900 F. The air 
temperature at the corrugation outlet was computed in the 
heat-flow calculations for the 0- to 10-percent-chord section 
and was found to be 147° F. Thus 

T 1 = t 1 + 460 = 290 + 460 = 750° F absolute 

and

T3	 t3 + 460	 147 + 460 = 607° F absolute 

RT 1	 53.3 x 750 
V 1 = - = ________- = 37.8 cubic feet per pound 

p 0	 1058 

and

RT - 
V 3 = - - 

p0 

Then

53.3 x 607


1058
30.6 cubic feet per pound 

+ v 3
 - 37.8 + 30.6 = 34.2 cubic feet per Vav=	 - _____________ 

2	 2	 pound
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The value of	 for the upper corrugation at station 

	

av	 ,GD \ 
82 was assumed equal to the value of (--) for the central 

region, 3 percent to 7 percent, which from table III is 

(GD5
2.88 x iO3 

From figure 26,

= 0.0114 

The value of N in the case of the corrugations Is equal to 
L, and is taken from figure 25. For a single corrugation 
m = 0.0048 foot. Then the pressure drop from region 1 to 
region 3, neglecting entrance and exit losses, from equation 
(10) is

2,132 (30.6 - 37.8)	 0.0114 x 1.893 x 2.132 x 34,2. p I - p =	 + 

	

32.2	 2 x 32.2 X0.Q048 

= -1.015 + 10.85 

= 9.84 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 through 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 upper 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 drop through wing leadingedge 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 wing, the
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leading-edge duct was considered to be formed by the baffle 
plate and the nose-rib 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 stationsil and 82, the total air lost 
through the corrugations from station 11 to station 82 is 

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

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

Wa = 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 = 0.160 square foot 

Then

-	 -	 3460 

- A	 3600 )( 0.458 

D e = 4m = 0.64 foot 

When

= 2.10 pounds per second, 
square foot 

t 1 = 290° F, u = 1.59 x 10	 pound per second, foot 

and

	

Re	
GDe = 2.10 X 

0.64 = 8.50 X 
1.59 x l05 

From figure 26, 

f	 0.00483 

(v 1 )	 =	
=	

3_x 750 = 37.8 cubic feet per pound 
av	 p0	 1058
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To calculate the air- pressure drop, equatIon (10) was used. 
Since the air-temperature change is small through the incre-
ment s of duct analyzed, the first term may be neglected. 
Then the pressure drop at station 82 for 1 foot of span is 

fNG2 Vav = 0.00483 x 1 x 2.102 x 37.8 = -______ __________________________ 

	

2gm	 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 be equal to the air-pressure drop 
through the leading-edge duct from stations 82 to 382 plus the 
air- pressure drop through the corrugations at station 382. 

-	 82	 (.P)	 +	 -	 382
82 to ea 

From the calculations, 

	

(p 1 - p 3 )	 = 1,90 inches of water 

to 382 + (p1	 P3)382 = 0.52 + 1.34 = 1.86 inches of 
water 

which show that pressure-equilibrium conditions have been 
adequately established. Since (p 1 - p 3 ) 82 is slightly 

greater than (p1)82 to 382 + (p
1 - p) 382 , 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 desirable. 

A comparison of the pressure-drop difference of th air 
passing through the corrugations at the four wing stations 
with the air-pressure drop through the lcading-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 ressure-drop equilibrium has been estab-
lished., the two curves of figure 31 should coincide, since
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the air- pressure-droi, difference of any two corrugations must 
euual the air- presiire drop through the leading-edge duct be-
tween these two points. Prom the curves shown in figure 31, it 
is evident that the air-flow-distribution curves should be 
slightly less concave in order to establish equilibrium. 

The method of calculating the air and heat flows and 
Dressure dro p s for the horizontal stabilizer and vertical fin 
was the same as for the wing. A leading-edge-duct air tem-
perature of 2700 F was assumed at horizontal-stabilizer sta-
tion 72 and at vertica-fin station 122. The general dimen-
sions of the horizontal-stabilizer leading-edge thermal sys-
tem as used 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 ad figure 34, and the air-
pressure drops are presented in table VI and figure 35. The 
general dimensions 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-tem p erature rises are presented in table VII 
and figure 38, and the air-pressure drops are presented in 
table VII and figure 39. 

AIR-HEATED...WINDSHIELD DESIGN 

The approach to the airheatedwnö. c hield design as dif-
ferent from 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 p anel was established as the heat requirement 
for ice orevention. 

A in the analysis of the wings and empenn.age, certain 
factors were fixed and an attempt was made to vary the remain-
ing factors to satisfy the design requirements. The fixed 
factors consisted of the windshield area and. shape, h11e the 
variable factors consisted of the heated-air teinperature, the 
flow rate, and the gap thickness. Consideration of the 
strength of the glass and the comfort of the pilots limited 
the heated-air temDerature to a maximum value of about 200 0 p 

The necessary heat flOw through the wIndshield outer 
panel was taken as 1000 Btu per hour per square foot, as rec-
ommended in reference 9. The cuter panel consists of two 
layers of semi-tem pered plate glass 0.1095 inch thick 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, degree Fahrenheit per inch, although this 
value- is not considered. accurately established. The thermal 
conductance C for the outer oanel was calculated from equa-
tion (3) of reference 9; 

	

o = --.	 (12) 

	

K 1	 K2	 K3 

where L designates the thickness and K the thermal con-
ductivity of each of the three layers. Then 

______	 1	 _______ C =	 --	 7.54 Btu per hour, square foot, 
0.1095 x 2 + 2:!.?	 de&ree Fahrenheit 
6.67	 1.25 

In eider to obtain the required heat flow through the outer 
panel at the outer-surface temp erature of 50 0 F, as specified 
in reference 9, the inner-surface temperature must be 

t i =
1000 + 50C


C
(13) 

0 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 secondary 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) the 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 order to provide for
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circulation of air through the secondary exchanger and wind-
shield system by the d ynamic pressure of the free stream, 
the allowable pressure drop through the windshield gap was 4 
inches of water. Eased on the equations of reference 9, it 
was indicated that the optimum heating of the windshield 
outer panel with a 4-inch pressure drop in the gap would be 
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 available and in part to the low thermal conductance 
of the panel. This low conductance was caused by the relä-
tively thick lastic layer of low thermal conductivity. 
Therefore, it is apparent that in the design of air-heated 
win.shields 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-
mentof the analytical problem has introduced sevra1 errors 
which should be acknowledged. 

An error was introduced, in the use of the arithmetic 
average for obtaining ( t 2)av, the average air temperature 

in a corrugation between two points. A calculation of the 
air-temp erature change through the upper corrugation at wing 
station 82 was made using small increments of corrugation 
length. Thts more exact calculation of t 2 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. 
However, since the corrugation ducts are 3/4 inch wide and 
are required to heat a 1-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 Dressure 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 probably 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-
ble for the p olytropic flows of the analysis. 

BLOWER TESTS OF WING LEADING-EDGE THERMAL SYSTEM 

Upon completion of the right-wiflg leading-edge thermal 
system, blower tests of the leading edge were conducted to 
obtain isothermal air-flow data to deter ine th desirability 
of installing an-oserib liner. 

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

A blower test was first made without the nose-rib liner 
installed in order to determine if a liner would be necessary. 
It was found that the pressure drop along the leading-edge 
duct was excessive and prevented the desired flow of air 
through the corrugations in the region of station 382. The 
nose. rib liner was then installed and holes wore cut in the 
liner to give aDDroximately the caine area as the corrugations 
they supolied. Tests were 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 44.
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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 emDloyment of 
assumed atmospheric and flight conditions previously estab-
lished as criteria In former design calculations of thermal 
ice-prevention systems. Tests of the equ!pment for the 0-46 
airplane will help to determine the com pleteness 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 sizes in the atmosphere at various 
temperatures. Efforts are being made to determine from sta-
tistical researches of the atmosphere vaJues 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 airfoil 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 complete analysis can be made. 

Summarizing, the general procedure for analysis is as 
follows: 

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 
r 1. se. 

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

Ames Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Moffett Field, Calif.
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TABLE I - PERIMENTAL AIRFOIL PRES8URE DATA OBTAINED BY MEABS

OF PRESSURE BELTS FROM FLIGHT TESTS OF THE 0-46 AIRPLANE


(i-p = 1-pf/q0] 

Station 82

q0 = 11.3 1. 820 

pressure altitude,

5000 ft

Station 157 
11.6 in. 820 

presaure altitude, 

5000 ft

Station 292 
12.2 in. HO 

pressure altitude, 

18,000 ft

Station 382 
12.4 in. 820 

pressure altitude,

18,000 ft 

Wing 

Percent 1-P Percent Percent 1-PUpper
Percent

Upper chord Upper coord Upper chord chord 

11.8 2.27 14.1 2.33 14.2 2.07 19.3 1.70 
7.4 2.31 9.1 2.41 9.5 2.08 13.1 1.73 
4.7 2.24 5.9 2.36 6.3 2.00 8.8 1.66 
3.3 2.08 4.3 2.25 4.3 1.85 6.0 1.57 
1.6 1.64 2.3 1.88 2.7 1.67 3.9 1.43 
1.0 1.46 1.5 1.62 1.6 1.47 2.4 1.24 
.4 1.02 .7 1.29 .9 1.13 1.3 1.00 
.1 .58 .3 .90 .4 .79 .6 .75 

1'Lower Lower .2 .55 .3 .49 

.03 .08 .04 .08 0 .14 0 .06 

.6 .27 .5 .29 -__ 1Lower 1Lower 
1.1 .47 1.3 .54 .2 .26 .7 .90 
2.1 .68 2.4 .83 .6 .97 1.4 1.23 
3.3 .85 3.8 .93 1.4 .89 ,	 2.6 '1.13 
4.75 .98 5.6 1.03 2.5 1.22 4.0 1.19 
6.6 1.03 7.7 1.10 3.9 1.16 6.2 1.21 
9.1 1.06 10.6 1.15 6.0 1.25 8.6 1.11 
13.0 1.16 15.0 1.21 8.4 1.22 11.8 1.15 

--- ----- 12.0 1.24 16.5 1.04 
---- 17.0 1.20 23.0 1.01 

Station 72	 Station 127	 Station 172	 Station 122	 Station 172 
9.6 in. 820 q0 	 12.2 in. 820 c	 12.4 in. 820 q 0 	 11.3 iO. H0 q0 	 11.6 in. 820 

pressure altitude, pressure altitude, pressure altitude, pressure altitude, pressure altitude, 

5000 ft	 18,000 ft	 18,000 ft	 5000 ft	 5000 ft 

Horizontal stabilizer
	

Vertica1 fin 

Percent 
enord 1-	 r ppe Percent 

chord '- pper Percent 
chord pper Percent 

chord 1 L ft C
Percent 
chord 1-EL ft e 

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 1.29 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 1.23 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 1.19 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 .61 .82 1.04 .93 
.01 .02 .8 .76 1.3 .82 .41 .72 .64 .74 

1"Lower .44 .7 .61 .11 .40 .14 .38 

.01 .14 0 0 .03 - .06 0 .31 1Right 

.5 .90 1Lower 1PRight .02 .58 
1.2 1.13 .5 1.03 

1Lowe--
.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 1.25 2.8 1.40 • 3.2 1.43 1.46 1.10 2.74 1.18 
4.7 1.30 4.6 1.51 5.6 1.50 2.38 1.20 4.16 1.25 
6.3 1.34 6.6 1.60 7.8 1.50 3.79 .1.27 6.30 
7,9 1.34 9.3 1.57 11.1 1.45 6.16 1.33 9.89 1.27 

12.4 1.31 12.7 1.51 16.7 1.43 ---- ----
1.2 1.30 17.4 . 1.55 22.2 1.41 ---- ----
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TABLE II. DETERMINATION 01 EXTERNAL HEAT-TRANSFER COEFFICIENTS 

FROM AIRFOIL. PRESSURE-DISTRIBUTION MEASUREMENTS AT 
WING STATION 82 OF THE C-46 AIRPLANE 

C 0 ., r. 
o '- - - 
,-4 C- .. 

S__C) 0 0 
)( I.•0-. - 

o o o o
4 
..-.

k+' 
-. 

- 

x

-4 

x I

0
Ce .

- p. 
So_._ 

44•,
.<

-	 0.
0 00' 

...CO 
-S o_ 

• x
1W 

C 
C) 0 .-4 -4 '-C. .0"-

'5__ "•5_ C.- :>- .o . C 
Ce I'I CO "-.-O .0 

o. 
o 

o C)
- -S.-

o 4' 
• CO CO 

o '-C 

Upper surface 

18.88 15.0 2.196 1.48 8.550 0.839 2.675 0.412 2.00 2.03 
13.77 10.0 2.303 1.52 6.070 .598 1.903 .674 4.60 4.65 
11.69 8.0 2.312 1.52 5.155 .511 1.622 .765 6.13 6.20 
9.54 6.0 2.291 1.51 4.240 .423 1.338 .765 7.44 7.54 
7.29 4.0 2.185 1.48 3.310 .324 1.033 .765 9.62 9.75 
6.11 3.0 2.030 1.43 2.880 .317 .955 .765 10.41 10.55 
5.47 2.5 1.930 1.39 2.640 .293 .880 .765 11.30 11.44 
4.83 2.0 1.802 1.34 2.415 .285 .829 .765 12.00 12.15 
4.12 1.5 1.650 1.29 2.155 .260 .748 .765 13.30 13.47 
3.37 1.0 1.450 1.20 1.875 .241 .672 .765 14.80 15.00 
2.51 .5 1.140 1.07 1.570 .233 .605 .765 16.43 16.64 
.80 0 .250 .50 .765 

O .1 0 - 
-

.276 .765 36.00 36.50 
Lower surface	 - 

0.99 0.5 0.230 0.48 1.390 0.765 
1.75 1.0 .425 .65 1.806 .375

-
.822 .765 12.10 12.27 

2.41 1.5 .560 .75 2.165 .311 .819 .765 12.14 12.31 
3.02 2.0 .661 .81 2Y00 .251 .792 .765 12.55 12.71 
3.58 2.5 .743 .86 2.792 .273 .874 .765 11.39 11.53 
4.14 3.0 .813 .90 3.084 .280 .925 .765 10.75 10.90 
5.21 4.0 .921 .96 3.640 .295 1.036 .765 9.60 9.73 
7.31 6.0 1.024 1.01 4.850 .391 1.378 .765 7.22 7.31 
9.36 8.0 1.065 1.03 6.070 .455 1.662 .765 5.97 6.05 

11.39 10.0 1.077 1.04 7.36 .538 1.990 .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 4.NALYSIS FOR THE WING 


OUTER PANEL LEADING-EDGE THERMAL SYSTEM OF THE C-46 AIRPLANE 

-o - 
4- '-C

I 

.4 
4,

'' 
- -

- 
14.

- 
14,

14 
Ce 

'0 
'014

d t -C " 14. 0 0 0 P-
110 0 4, 

14 0' 'I-C I - 44 44 +'C 

o 0 
5,

14 
0

Ce 

-

C. 
Cd-.

Ce

0-

0 
.-4

Wi 
ci

4. '.-'
'I-C. 'I.. 

4. 
Cd

C) 4' 
CdO

C) 0 -- 
C)

- 1=. 
u0

,-4 C) 
5) K

I 
I.'4 M0'

0' 
IC

1 0' 
IC

C '.4	 " 
4.4	 dC9_ 

Cl)
'I-Ce, 
140

14 
5)

5) 4._- 
-

KU) 

- I

II 
'i

C 
-

C 
.0-

C'.-.' 
.11-

CII 
0 

COW
Cl. - 

'-.
- 
.0

Q 
0

--- 
II

14 
.11

1.. 
.0 bO 

0. I. 

11
.0 
.-4

.-I 
C-_4

.11 - 
'5-..

-.-
_ I. 

-S.- C_C 0 0 5) 

.0 0 4' 
CO

4.' 
CO

C. 
'4 

'-C C-C 

82 0-3 5.00 2.13 248 .52 2.69 10.9 0.0193 10.96 15.10 104 
3-7 5.00 2.13 186 .42 2.88 11.5 .0179 10.71 8.55 104 
7-10 5.00 2.13 156 .38 2.96 11.8 .0171 10.50 5.75 101 

C 0-3 5.20 2.22 250
-

.52 2.80 11.3 0.0194 11.41 15.60 106 
0 3-7 5.20 2.22 192 1.43 2.98 11.8 .0180 11.07 8.53 108 

7-10 5.20 2.22 164 1.39 3.06 12.1 .0173 10.90 5.70 108 
157 , 0-3 5.05 2.16 242 1.51 2.75 11.1 0.0192 11.10 18.60 91 

3-7 5.05 2.16 185 1.42 2.92 11.6 .0178 10.74 9.52 98 
7-10 5.05 2.16 157 1.38 3.00 11.9 .0172 10.67 6.55 97 

. 0-3 T' 246 1.51 11.5 0.0193 11. 57 16.60 101 
3-7 5.30 2.26 196 1.44 3.02 12.0 .0181 11.31 8.80 110 
7-10 5.30 2.26 170 1.40 3.10 12.2 .0175 11.11 6.42 108 

292 0-3 5.50 2.35 243 1.51 2.99 11.9 0.0192 11.90 19.10 93 
3-? 5.50 2.35 202 1.45 3.11 12.2 .0182 11.58 10.43 106 
7-10 5.50 2.35 179 1.41 3.20 12.5 .0177 11.51 7.78 107 
5 5.85 1.51 3.18 0.0193 12.48 21.60 90 

C 3-7 5.85 2.50 209 1.46 3.29 12.7 .0184 12.17 9.75 116 
7-10 5.85 2.50 189 1.43 3.36 13.0 .0179 12.11 6.61 122 

382 0-3 6.20 2.65 241 1.51 3.3? 13.0 0.0192 13.00 20.50 94 
3-7 6.20 2.65 211 1.46 3.48 13.4 .0184 12.83 11.84 110 

__ 7-10 6.20 2.65 192 1.43 3.56 .0189 12.74 8.70 114 
C ö 1.51 3.64 13.9 0.0192 13.90 23.00 92 
0 3-7 6.70 2.86 218 1.47 3.74 14.2 .0186 13.75 9.98 126 

. 7-10 6.70 2.86 203 1.45 3.78 14.3 .0183 13.62 3.10 148
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TABLE VIII.- SUMMARY OF HEAT-FLOW CALCULPTIONS FOR THE 
WING, HORIZONTAL STABILIZER,< AND VERTICAL FIN 

THERMAL SYSTEMS OF THE C-46 AIRPLANE 

Leading-
At 

air tern-
Total heat 
supplied to Total heat 

removed from edge 
surface (lb/br)

perature 
ri8e

leading-edge 
thermal sv8tem leading-edge 

(°F) above 00 F surface 
(Btu/nr) (Btu/br) 

Wing 4130 300 301,000 115,500 
Stabilizer 2514 275 167,000 32,640 
Fin 1120 270 73,000 19,860 

QR s. QR/'S 
Leading- X 100 Total heated Average heat removed 
edge Percent beat leading-edge from leading-edge 

surface rewoved from surface 
(sq It)

surface 
[Btu/(hr)(sq ft)] ___________ leading edge 

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 0-46 AIRPLANE 

w = 5.0 pounds per hour per corrugation 
G = 2.13 pounds per second, square foot 
c = 14.51 feet 

I-'

II 
_ 
r=.

I 

o
-

0 0 
.-

a) 
p1 

- - r. H 

C4
.4-' 

.C44 pC4.4
a)a) 
4.30 

,d 0 - 0 __ 

- r

0 
-

0 
I I	 -

-4	 I. 
.-'	 .	 a. 

o 
o

0-' 
1-40

I
0

0 i.-..
.cc-4

(0 k ...-
1-4

.
Q) 

xw
r-4

(DI
. a) 4' 

x - x
G_4

- ".'-

C)
4.'

.0 
1-4

(1) 
flu. OJ

4.3 4-) a) 

a) I-, I 

0.80-1 288 1.58 2.59 10.5 0.0202 11.04 2l.?3 97.0 
1-2 276 1.56 2.62 10.7 .0200 11.14 19.57 100.1 
2-3 257.5 1.53 2.67 10.9 .0195 11.08 16.62 103.0 
3-4 241.5 1.51 2.71 11.0 .0192 11.00 14.57 104.0 
4-5 2.27.5 1.49 2.74 11.1 . .0188 10.87 12.90 104.0 
5-6 215 1.47 2.78 11.2 .0185 10.79 11.50 104.0 
6-7 203.5 1.45 2.82 11.4 .0163 10.87 10.28 104.5 
7-8 193 1.43 2.86 11.5 .0180 10.79 9.21 104.0 
8-9 183.5 1.42 2.88 11.6 .0178 10.75 8.31 103.6 
9-10 175 1.40 2.92 11.7 .0176 10.72 7.56 102.8 
10-il 167.5 1.40 2.92 11.7 .0174 10.60 6.91 101.2 
11-12 161 1.38 2.96 11.8 .0173 10.62 6.30 101.1 
12-13 155 1.37 2.98 11.8 .0171 10.50 5.60 101.1 

13-13.7? 150 1.3? 2.98 11.8 .0170 10.44 4.96 101.8
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Figure 9.— The water menoineter ueed tor indicating pressures 
at the epennage preseure belt3, with a typical pressure 
indioation, c_L6 airplane.
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- More exact calculation - - - -

Straight-line interpolation 

- 

- ---- ft--1-

2	 4	 6	 8	 10	 12	 14

s/c x 100 

Figure 43.- A comparison of the straight-line interpolation of the 
heated-air--texaperature change as used. th the ana].yBis with 

a more exact calculation for air in the upper corrugation at wing sta-. 
tion-82, C-46 airplane. 
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