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SU1IIMA.RY 

As a result of a fundamental .investigation of the meteorological 
conditions conducive to the formation of ice on aircraft and a study 
oftheprossof - airfoil- thermal 1-ce-prevention.,---previously--derived 
equations for calculating the rate of heat transfer from airfoils in 
icing conditions were verified. Knowledge of the manner in which 
water is deposited on and evaporated from the surface of a heated 
airfoil was expanded sufficiently to allow reasonably accurate calcu-
lations of airfoil' heat requirements. The research consisted of 
flight teats in natural-icing conditions with two 8-foot-hord heated 
airfoils of different sections. Measurements of the meteorological 
variables conducive to ice formation were made simultaneously with the 
procurement of airfoil thermal data. 

It was concluded that the extent of knowledge on the meteorology 
of icing, the impingement of water drops on airfoil surfaces, and the 
processes of heat transfer and evaporation from a wetted airfoil 
surface has been increased to a point where the design of heated wings. 
on a fundamental, wet-air basis now can be undertaken with reasonable; 
certainty.

ncnucr ON 

For a period of several years, the National Advisory Committee 
for Aeronautics has conducted research on the prevention of ice 
formation on aircraft through the use of heat. During this time, 
research of a fundamental nature on the problem of thermal ice 
prevention was retarded by the more urgent need for development of 
ice-prevention systems for specific airplanes in military service. 
Satisfactory wing- and tail-surface thermal ice-prevention systems 
for a Lockheed 12-A, Consolidated B_24, Boeing B-17, and
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curtiss-Wright C-46 airplanes (references 1, 2, 3, and ii., respectively) 
were designed, fabricated, and tested in natural-icing conditions. 
Windshield thermal ice-prevention systems which proved adequate in 
the icing conditions encountered were provided for the 12-A, B-.211, 
and c-46 airplanes. Each wing- and tail-surface design was based on 
establishing, for flight in-clear-air conditions, a surface-
temperature rise above free-stream temperature which experience in 
simulated- and natural-icing conditions had shown to be adequate for 
ice prevention. This empirical method, while proving satisfactory 
for the airplanes tested, was limited, since it was not established 
on a fundamental basis, and a more basic procedure founded on 
designing for the conditions existing in icing clouds was needed. 

The NACA at present is engaged in an investigation to provide a 
fundamental understanding of the process of thermal ice prevention 
in order (1) to establish a basis for the extrapolation of present 
limited data on beat requirements to meteorological and flight condi-
tions for which test data are not available, (2) to provide data for 
improving the efficiency of thermal ice-prevention equipment, and 
(3) to provide a wet-air, or meteorological, basis for the preparation 
of design specifications for thermal ice-prevention equipment. The 
research consists of an investigation of the meteorological factors 
conducive to icing, and a study of the heat-transfer processes which 
govern the operation of thermal ice-prevention equipment for airfoils 
and for windshield configurations. 

The airfoil heat-transfer phase of this investigation consisted 
of the measurement of the factors affecting the transfer of heat 
from airfoil surfaces during flight in natural-icing conditions. 
These data are correlated with the simultaneous measurements of the 
meteorological parameters which influence the heat-transfer process, 
and are analyzed for the purpose of establishing a wet-air ice-
prevention design basis for airfoils. 

The first approach to the icing heat-transfer problem on a 
fundamental basis was made in England by Hardy and Mann prior to 
1942. In this study, a method for the calculation of heat transfer 
from a heated surface subjected to icing conditions was presented 
and substantiated by measurements in an icing tunnel, later work by 
Hardy in which these heat-transfer equations were modified for 
general application is presented in references 5 and 6. Reference 5 
contains information on the protection of all aircraft components 
against ice accretion. Reference 6, prepared during a period of 
active participation by ?fr. Hardy in the NACA icing research program, 
presents an analysis of the dissipation ofheat in conditions of 
icing from a section of the heated wing of the C.-46 airplane 
(reference 4).
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Other research in the present NACA investigation has been 
reported in references 7, 8, and 9. Reference 7 gives the first 
measurements in this program of the liquid-water concentration in 
clouds. References 8 and 9 deal with the meteorological aspects Of 
icing conditions in stratus clouds and in precipitation areas of the 
warm-front type. 

Research on the problem of heat transfer from airfoils in condi-
tions of ic'ing has also been conducted by other laboratories. In 
reference 10, the transfer of heat from surfaces subjected to icing 
conditions on Mount Washington has been studied. The General Electric 
Research Laboratory has conducted a number of investigations on this 
phase of Icing. A summary of this work and a list of reports is 
presented in reference U. A comprehensive report by the Army Air 
Forces on the development and application of heated wings is contained 
in reference 12. 

In continuation oer 
was equipped with special iteorological and electrically heated test 
apparatus, and flown in natural-icing conditions during the winters 
of 1945_46 and 19116-117. Flight teats were conducted mainly along 
airline routes over most of the United States. The meteorological 
data recorded during the icing conditions encountered in the two 
seasons are presented and discussed in references 13 and 14. 

This report presents an analysis of the data obtained during the 
1945-116 and 1946_117 winter seasons with two electrically heated air-
foil sections. The data were analyzed using the heat-transfer 
equations developed by Hardy. (See references 5 and 6.) A considera-
tion of the area and rate of water impingement on one of the airfoil 
sections based on an analytical study of water-drop trajectories 
(reference 15) is also presented. An attempt is made to further the 
knowledge of the process .of airfoil thermal ice-prevention. 

The appreciation of the NACA is extended to United Air Lines, 
Inc., the United States Weather Bureau, and to the Air Materiel 
Command of the Army Air Forces for aid and cooperation in the research. 
In particular, the services of Major James L. Murray of the Air 
Materiel Command, Army Air Forces, and Captain Carl M. Christenson 
and First Officer Lyle W. Reynolds of United Air Lines, who served as 
pilots of the research airplane, were a valuable aid to the conduct of 
the investigation.
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SYNBCLS 

The following nomenclature is used throughout this report 

a	 radius of water drop,,-feet 

c	 airfoil chord length, feet 

Cp	 specific heat of air at constant pressure, Btu per pound, 
degree Fahrenheit 

c'	 specific heat of water at constant pressure, equal to 1 Btu 
per pound, degree Fahrenheit 

C	 concentration factor, defined in equation (6), dimensionless 

e	 saturation vapor pressure with respect to water, millimeters 
of mercury 

E	 water-drop collection efficiency, defined in equation (10) 

g	 acceleration of gravity, equal to 32.2 feet' per second, second 

h	 convective surface heat-transfer coefficient, Btu per hour, 
square foot, degree Fahrenheit 

H	 total surfac heat-transfer coefficient, Btu per hour, square 
foot, degree Fahrenheit 

J	 mechanical equivalent of heat, equal to 778 foot-pounds per 
Btu 

k	 thermal conductivity, Btu per second, square foot, degree 
Fahrenheit per foot 

K	 dimensionless drop-inertia quantity, defined in equation (5) 

Le	 latent heat of vaporization of water at' surface temperature, 
Btu per pound 

ni	 liquid-water concentration of icing cloud, pounds of water 
per cubic foot of air 

Ma	 weight rate of water-drop impingement per unit of surface 
area, pounds per hour, square foot 

MI)	 weight rate of water flow aft of area of water-drop impinge-
ment per foot of span for one side of airfoil, pounds per 
hour, foot
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me	 weight rate of water-drop impingement per foot of span for one 
side of airfoil, pounds per hour, foot 

n concentration of liquid water contained in drops of each size 
in a drop-size distribution, pounds of water per cubic foot 
of air 

P
	

barometric pressure, millimeters of mercury 

Pr
	

Prandtl number (cii/k), dimensionless 

q	 unit rate of heat flow, Btu per hour, square foot 

Re	 Reynolds number for airfoil (Vcy/), dimensionless 

free-stream Reynolds number of water drop relative to speed of 

S
	

distance measured chordwiee along airfoil surface from stagna-
tion point, feet 

t
	

temperature, degrees Fahrenheit 

U
	

local velocity just outside boundary layer, feet per second 

V	 free-stream velocity, feet per second 

Wa	 weight rate of evaporation of water per unit of surface area, 
pounds per hour, square foot 

we	 weight rate of evaporation of water per foot of span for one 
side of airfoil, pounds per hour, foot 

X	 distance measured chordwise along airfoil chord line from 
zero-percent chord point, feet 

X	 evaporation factor, defined in equation (22), dimensionless 

y	 airfoil ordinate, feet 

Yo	 starting distance of water drop above projected chord line of 
airfoil, feet 

Z	 pressure altitude, feet 

as/ad ratio of saturated to dry adiabatic lapse rates 

exponent of Prandtl number, 1/2 for laminar flow, 1/3 for 
turbulent flow	 /
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specific weight of air, pounds per cubic foot 

specific weight of water, equal to 62. 11 pounds per cubic foot 

viscosity of air, pounds per second, foot 

Subscripts 

1	 refers to conditions at edge of boundary layer 

k	 kinetic 

o	 refers to free—stream conditions 

-	 me	 mean effective 

s	 refers to conditions at airfoil surface 

SL	 sea level

ANALYSIS 

During flight in icing conditions a heated wing is cooled by 
convective heat transfer, by evaporation of the water on he surface, 
and, in the region of droplet Interception, by the water striking 
the wing.' The rate at which heat must be supplied In order to 
maintain the wing surface at a specified temperature is, therefore, a. 
funtIon of the rates of convection, evaporation, and water impingement. 
Equations for expressing this heat requirement are presented in 
references 5 and 6. These equations, with slight modification, are 
used throughout this report. 

Expressed as an equation, the unit heat lose q from a partially 
or completely wetted surface exposed to icing conditions may be stated: 

q=qw qc qe	 (1) 

where 

qw	 heat loss due to warming the intercepted, water 

qc	 heat loss due to forced convection 

qe	 heat loss due to evaporation of the impinging water 

Each of these Individual heat flows will be analyzed. 

The heat loss due to radiation is small and can be neglected.
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Heat Loss Due to Warming the Intercepted Water 

In the region where water droplets strike the wing, the heat 
required per unit area to heat the water to surface temperature is 

q= ; [t8_ (
 
to* + tk)]	 (2) 

The term tkw is the kinetic temperature rise of the water caused 
by stoppage of the droplets as they strike the wing. The value of 
t 1 Is given by

1tkw	
V2	

(3) 
2gJcp 

where VIthèfree—etream velocity In feet per second.. The value 
Of Ltkw Is less than 2 Fahrenheit for airplane speeds up to 200 
miles an hour and., for the ca].çu.latione presented in this report, the 
term has been neglected. Equation (2) thus becomes: 

	

qw = Ma (t5—t0)
	

(it) 

The weight rate of water impingement on the wing, the area of 
impingement, and. the distribution of the water over that area are 
Important factors in the heat—transfer analysis. In addition to the 
effect of the amount of water intercepted on the value of qv In 
equation (It), the evaluation of Ma provides an indication of the 
quantity of water which must be maintained in a liquid state until 
it either evaporates or runs off the trailing edge if the formation 
of ice aft of the area of impingement, normally termed "runback," is 
to be avoided. The area of Impingement influences the extent of 
heated region to be provided at the leading edge, while knowledge of 
the distribution of water, impingement is required in the calculation 
of the heating requirement in areas where water is striking. 

Calculations have been made by G.lauert (reference 16) for the 
trajectories of water drops about cylinders and an airfoil. In this 
work the assumption was made that the drops obeyed Stokes' law of 
resistance • At the speeds of flight, however, Stokes' law no longer 
strictly holds, and Lannuir and Blodgett (referen3e 17) computed a 
series of drop trajectories about cylinders, spheres,' and. ribbons, 
taking into consideration deviations from Stokes' law. These compu-
tations were 'undertaken on the assumption that the trajectories for
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cylinders would apply to airfoils if the airfoil were replaced by an 
"equivalent" cylinder (reference 12).	 .. 

Preliminary calculations based on references 16 and 17 indicated 
that, for large values of drop size and airspeed, the assumption of 
the equivalent cylinder would not hold for airfoils. Therefore, more 
extensive calculations were undertaken to determine the drop trajec-
tories for one of the test airfoils of this research, an NACA 0012 
airfoil at 00 angle of attack. In these calculations, presented in 
detail In reference 15, a Joukowski airfoil (the contour of which 
closely approximates that of the NACA 0012) was used to supply the, 
stream lines since the Joukoweki stream lines and velocity field can 
be computed with relative ease. The basic equations presented in 
'reference 16 were used with modifications for deviation from Stokes' 
law as given in reference 17. The procedure followed was to start a 
given distance forward of the airfoil and calculate the paths of the 
drops using a step-by-step integration process. Results of these 
computations are presented in figure 1. The curves shown establish 
the distance s, measured from the stagnation point, at which a given 
drop will strike the airfoil when starting a distance Yo above 
the projected chord line. Curves are presented for various values 
of K, where

9 7 ( q̂c ) P
(5) . 

]K	 7w 1 (VO-Y) 

It should be noted that the curves of figure 1 apply strictly only 
for a drop Reynolds number Ru of 95.65, that is, only for partic-
ular combinations of drop size, airspeed, altitude, and air tempera-
ture. The value of 95.65 was chosen as being the Reynolds number 
corresponding to average conditions of drop size, airspeed., altitude, 
and air temperature experienced during the tests of this investiga-
tion. However, the curves of figure 1 can be used for a range of 
Reynolds numbers on either side of 95.65 without serious error. Due 
to practical considerations, these curves were used in the analysis 
of the data presented In this report, even though the Reynolds 
number differed somewhat for every case. 

Area of water impingement.- The end points of the curves shown 
in figure 1 denote the extreme location at which drops of a partic-
ular K value will strike the airfoil. Beyond this value of s/c no 
drops of this K value will hit. Thus, the broken line in figure 1 
establishes the area of impingement for all values of K. 

Rate of 'water impingement.- The rate of water impingement at a 
specified point-on an'airfoilis a function of the area of impingement, 
the velocity of flight, the liquid-water concentration of the-air
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stream, and the distribution of the intercepted water over the surface. 
This latter factor, called the concentration factor C is represented 
by the ratio of y0 to a, or: 

For point values,

Yo C 

or more exactly,

(6) 
do 

-The--weight--rate--of--water- Impingement -per --unit-of -surface-area --in 
pounds per hour, square foot, then, is 

	

Ma3600VflIC	 (7) 

It is apparent from equation (6) that C is simply the slope of 
the curves shown in figure 1. A plot of the iaaured slopes of these 
curves as a function of a/c is presented in figure 2. Using values 
of C obtained from figure 2, the weight rate of water impingement 
at any point on the surface can be calcu.late& from equation (7). 

In the case of a cloud, where the water drops are not of uniform 
size, but instead, follow a pattern of size distribution, the rate of 
impingement can be computed if the distribution is known or assumed.
The rate of water impingement at any point is the sum of all the rates 
of Impingement of the volume of water contained, in each drop size. 
Equation (7) then become 

	

M,,,- 3600 VnC
	

(8) 

where n is the concentration Of liquid water contained in drops of 
a particular size and. C is the concentration factor for the K 
value corresponding to that drop size. 

In order to establish the possibility of runback forming aft of 
the heated area of a wing, it is necessary to knov the total quantity 
of water intercepted per unit of wing span. This rate of impingement, 
denoted as No in pounds per hour, foot span, Is given by
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me 

=	
d.s
	

(9) 

A more rapid method for the evaluation of M9 utilizes a curve of 
collection efficiency E as a function of K (fig. 3)9 Collection 
efficiency is defined as

E  Yolimit 
Yxnax
	 (10) 

where yolt is the value of Yo for which drops of a particular 
K value just miss the airfoil, and ymax is the maximum ordinate of 
the airfoil. The equation for computing M0, then, is 

M63600EVD1.ymax	 (U) 

Using figure 3, the rate of water impingement can be computed for 
each of the drop sizes in the assumed or measured drop-size distri-
bution. The total rate of impingement is the summation of these 
individual rates. 

Heat Loss Due to Forced Convection 

The unit heat flow from the surface of a body in an air stream 
resulting from convective heat transfer can be expressed.: 

qc = h (te-tok)
	

(12) 

whore t8 is the surface temperature and tok is the kinetic temper-
ature of the free-stream air at the point for which the heat flow is 
being computed. The factor h i8 the, convective heat-transfer 
coefficient and may be evaluated by measurements in clear air or by 
calculation using the methods presented in references 18 and 19. 
Evaluation of the term tok will now be discussed. 

The surface of an unheated wing moving through the air will 
assumea temperature somewhat higher than that of the free air stream 
because of stoppage of the air particles in the boundary layer next 
to the surface. This temperature rise is of importance in the calcu-. 
lation of heat requirements for ice prevention in that it establishes
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the datum' point from which the temperature of the surface must be 
raised to obtain the desired temperature, t 9 ., The value of the 
temperature rise in clear air, from equations derived in reference 5, 
is, for laminar flow, 

	

Ltk	
V2

1 

29Jc [
, _U2 

V2 (
	 Pr)]	 (13) 

and for turbulent flow, 

	

At 	 2 [l_!(l_Pr)]  
29jc 	

V2 

where  U is the local velocity just outside the boundary layer at the 
point along the. surface where the value of Ltk is being calculated. 

In clouds, the kinetic temperature rise is reduced, due to 
evaporation of water from the surface • Assuming the surface is 
completely wetted with water, the value of the temperature rise for 
laminar flow becomes 

tk	
2	

1

Cp 2gJcp l	
v2 •%l -	 - o.62	

(e0 P-ej' 

	

\	 h	
(i) 

where

P1 
Po (16) 

and eok is the vapor pressure at saturation at the wet kinetic tem-
perature, tok. The value of tOk 

t	 to + 

or



12	 NACA TN No. 1472 

___
	
(eok-.el\ 

= t0 + v2	 1 -	 (i -
	

- o.622	
) (

rj) 
2gJcp L	 V2 

Equation (17) is for ]iminv flow. The equation for turbulent flow 
is the same ., but with the exponent of Pr changed to 1/3. It can be 
seen that this equation must be solved by trial, since the value of 
eok is dependent upon the temperature tok. 

Experiments in clouds, in the process of calibrating a free-air 
thermometer Installation (reference 13), showed that by multiplying 
the clear-air kinetic-temperature rise by the ratio of the saturated 
to the dry adiabatic lapse rates, good agreement between the values 
of kinetic temperature rise calculated In this manner and the measured 
values was obtained. Since use of the ratio of the adiabatic lapse 
rates was substantiated experimentally, and since equation (17) must 
be solved by trial, a somewhat laborious procedure, the following 
equations were used in this report to calculate values of tok: 

For laminar flow,

	

V2	 U2 1	 as
(18) 

and for turbulent flow,

1
1° 

	

tok=to'+ 
y2	 [l_	 (l_P)j	 (19)

2gJc 

Values of as/ad, the ratio of the wet- to the dry-adiabatic lapse 
rates, are obtained from figure ii. The use of the lapse-rate ratio 
in equations (18) and (19) is semi-empirical. The limitations of 
this simplification in the calculation of kinetic-temperature rise of 
airfoil surfaces in clouds are not known. Below speeds of 200 miles 
per hour, however, these equations can be used with sme l l error, since 
the kinetic-temperature rise is low. 

Beat Loss Due to Evaporation of the Water on the Surface 

The amount of heat removed from a wetted surface as a result of 
the evaporation of water on that surface can be expressed: 

Qe Ls Wa	 (go)
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From reference 6 the relation between q and the convective 
heat-transfer coefficient h can be erpreasedf9r a completely 
vetted surface as:

= h (x.- 1) (t$_tok)	 (21) 

where

LB(°8°Ok'\ 0,622	 (22) Xl+jt)	 1 

By substituting average values for L5 and Cp, equation (22) can 
be rewritten

	

X = 1 + 3.75 (ok)PSL	 (23) 

The values chosn for' L8 and Cp are 1100 Btu per pound. and 0.24 
Btu per pound., "Fahrenheit, respectively. The factor PSL/Pi is the 
ratio of the standard sear-level pressure to the local static pressure. 

It should be noted that the evaporation factor X applies only 
when the surface is completely wetted. If only partial wetness 
prevails, the value of X must be modified according to the degree 
of wetness,

Total Heat Loss from a Wetted Surface 

Stmmiirizing the heat losses due to water impingement, convection, 
and evaporation, equation (1) can be written: 

q = Ma (t5.-t0 ) + h (ter tok) + h (x - 1) (t5.tok) 

which reduces to

q. = Ma (to-to) + h X (te-tok)	 (24)
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Aft of the region of water Impingement, Ma = 0 and. equation (24) 
becomes

q = h X (to-tok)	 (25) 

DESCRIPTION OF EQUIPHE1T 

All tests, reported herein were made in the C-46 airplane shown 
In figure 5. The airplane had been modified to provide thermal ice-
prevention equipment for wings, empennage, windshield, and. propellers. 
A description of the thermal system for the wings and empennage Is 
given in reference 20. The windshield system was altered for the 
flights as described In reference 21. Protection for the propellers 
was provided by electrically heated blade shoes. 

• The meteorological equipment used during the tests to measure 
the free-SIr temperature, liquid-water concentration, drop size and 

- drop-size distribution is described in references 13 and hi. 

Two electrically heated test airfoils were used to obtain 
fundamental data on the process of wing thermal ice prevention. Each 
airfoil was mounted vertically on top of the fuselage of the C-46 
airplane, as shown in figure 5. The test airfoil installed during 
the winter of 1945_46 had an NPLCA 0012 section. For the tests in the 
winter of 1946-47 the airfoil had an NACA 65,2-016 section in order 
to provide test data for low-drag sections, as well as conventional 
sections. Both sections are symmetrical, and the models were 
installed with the chord line in the plane of symmetry of the air-
plane; that is, at zero angle of attack for unyawed flight. Ordinates 
for an NACA 0012 airfoil are. given in reference 22, and for an 
NACA- 65,2-016 airfoil, in reference 23. Figure 6(a) shows the 
NACA 0012 airfoil mounted on the fuselage. the NACA 65,2-016 
airfoil was mounted as shown in figure 6(b). A clear plastic 
blister, shown in figures 6(a) and 6(b), 'allowed the airfoils to 
be viewed and photographed In flight. 

Both airfoils had an 8-foot chord and a 4.7-foot 'span, with a 
faired square tip. A heated test section of 1-foot span was located 
2 feet above the top of the fuselage. It had been determined 
previously, by means of a pressure survey, that the test-section 
location was well above the edge of the fuselage boundary layer. 
Electrically heated guard sections were built around the leading-
edge region on both sides of the test section for the purpose of 
prevez.ting any disturbance of the air flowing over the test section 
which might have been caused by ice accretions in the region of the 
guard sections.
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NACA 65,2-016 Airfoil Model 

Construction details 1of the 65,2-016 airfoil model are shown in 
figure 7 . The metal portion of the structure consisted of aluminum 
ribs and skin supported from the fuselage by two spars. The test 
section was made up of a 3/8-inch-thick plastic base and a sheet of 
plastic-impregnated fabric, 1/64-inch-thick, on top .of which 1/2-inch 
wide, 0.002-inch-thick, electrical resistance heating strips were 
cemented in a spanwise direction spaced 1/32 inch apart. A covering 
of the 1/64-inch-thick plastic-impregnated sheet was laid over the 
resistance strips, and on top of this was cemented. a skin of 
0.006-inch--thick aluminum. Each 1/2-Inch-wide beating strip was 
connected to ind:ividual lugs located along the edges of the test 
section. This provided means for chordwise adjustment of the power 
distribution by 1/2-inch Increments. The heated area of the test 
section extended back to 77 percent chord on the left side.a.nd. to 
17 percent chord on the right side.	 - - 

The guard sections were constructed in the same manner as the 
test section, with the exception that the aluminum akin was 0.011 
Inch thick. The heated area of the guard sections extended to 17 
percent chord on both sides of the model. 

asurements of the temperature of the aluminum surface of the 
teat section were obtained by means of thermocouples. 'Fine iron-. 
constantan thermocouple wire was rolled flat to produce a strip 
approximately 0.002 inch thick and 1116 inch wide. These strip 
thermocouples were laid in spanwise grooves about. 3 Inches long cut in 
the aluminum skin. The thermocouple junctions were located In the 
middle of the grooves, and the leads passed through holes at the ends 
of the grooves into the interior of the model. Aluminum was, sprayed 
into the groove over the strip thermocouple for a distance of about 
3/16 inch on either side of the junction. Thus, the thermocouple 
junction was bonded to the aluminum skin, allowing accurate surface-
temperature measurements to be made • The remainder of the groove on 
either side of the aluminum spray was filled with a nonelectrlcally 
conducting material. Thermocouples were located at the center of 
the teat section at 1-inch chordwlae Intervals In the leading-edge 
and calculated transition regions, and. at 1-1/2-Inch chordwise 
Intervals In other regions. Surface temperatures were recorded by 
means of self-balancing automatic-recording potentiometers. 

The flow of beat through the outer surface was calculated from'. 
measurements of the power dissipated in the electrical heating 
strips. This power was determined by measuring the resistance-of 
the strips and the current flowing through them. Thermocouples 
placed on both surfaces of the plastic base at a number of chord.wise 
stations gave an Indication of the heat' flow 1ntc> the mode]. interior.
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These thermocouples were connected to the same recording potenti-
ometers used to record surface temperatures. 

Pressure tape were installed flush in the test-section surface 
about 3 inches down 'from, the top edge of the test section at various 
chordwise points for the purpose of measuring surface pressure dis-
tribution. A standard. NACA 60-cell pressure recorder was used to 
record the pressures. 

A source of 400-cycle, single-phase, alternating current was 
supplied to the test and guard sections for heating these surfaces. 
The heating strips for the test section were grouped Into 30 chord-
wise blocks. Control of the current flowing through each block was 
provided, so that a large variation in the chordwise distribution of 
heat flow was possible during flight. Before the icing operations 
started the heating strips for the guard sections were connected to 
maintain a constant surface-temperature rise during flight in clear 
air. Controls were provided so that the total heat input to the guard 
sections, but not the chordwise distribution, could be varied during 
flight.

NACA 0012 Airfoil Model 

With a few exceptions, the construction of the 0012 airfoil 
model was substantially the same as that of the 65,2-016 model. These 
exceptions will be noted. 

The top layer of plastic-impregnated fabric covering the electri-
cal resistance strips constituted the outer skin of the test and guard 
sections. This was painted and sanded, after the test-section thermo-
couples had been installed. The heated area of the test section 
extended back to 58 percent chord on the left side and to 11 percent 
chord on the right side. The heated area of the guard sections 
extended to 11 percent chord on both sides of the airfoil. 

Strip thermocouples of the same type as installed in the 65,2-016 
model were used to measure surface temperatures of the test section. 
Spanwise grooves were cut in the plastic-impregnated fabric sheet at 
various intervals along the chord. The strip thermocouples were laid 
In the grooves and cemented in place. The surface was then painted 
and sanded so that only a thin layer of paint covered the thermo-
couple junctions. Thermocouples were located at the center of the test 
section at 1-inch chord.wise intervals in the leading-edge and calcula-
ted transition regions, and at 2- to 2-1/2-inch chordwlse intervals in 
other regions • Surface temperatures were recorded by means of an 
automatic-recording potentiometer. 

The flow of heat through the surface of the test section was cal-
culated from measurements of the power dissipated In the electrical
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heating strips, in a manner similar to , that described for the 65,2-016 
airfoil. 

Installation of surface pressure taps for the measurement of 
pressure distribution was the same as for the 65,2-016 model. The 
pressures were recorded by photographing 'a multiple-tube manometer 
to which the pressure taps were connected. 

A source of 400-cycle, single-phase, alternating current was 
supplied to the test and guard sections for heating these surfaces. 
In the test section, provisions were made for obtaining a limited 
number of chordwiee heating distributions as well as for control of 
the total heat input with each distribution. A small degree of varia-
tion of each heat distribution was also provided. During flight it 
was possible to control only the total heat input, and to vary, to a 
ill extent, each distribution. As with the 65,2-016 airfoil, the 
heating-stripsforthe,, guarda	 to give an 
approximately constant surface-temperature rise in clear air. No_ 
control of the heat distribution or the total power input to the guard 
sections was provided.

ST PROCEDURE 

The test airplane was flown into natural-icing conditions over 
most of the northwestern area of the United States during the winter 
of 1945-46. During the winter of 1946147 the area of operations was 
extended to include a few flights in the central and eastern part of 
the United States. The usual test procedure, during flight in icing 
conditions, was to record airfoil data simultaneously with the 
measurement of the meteorological conditions. The rotating cylinders, 
described in. reference 13, which constituted the means of measuring 
liquid.-water concentration, drop size, and drop-size distribution, 
were extended as often as was conveniently possible. Records of 
free-air temperature, airspeed, and altitude we" taken several times 
a. minute • The recording potentiometer used to obtain airfoil tempera-
tures was operated continuously. During this time, the values of 
current flow through the electrical heating strips of the airfoil 
were recorded. Photograph of the test-eection surface and records 
of pressure distribution were taken at frequent intervals. 

RESULTS 

A tabulation of the flight and meteorological conditions for 
which simultaneous airfoil data were obtained is presented in tables I 

and II. Table I contains the flight and icing conditions for which 
corresponding heat-transfer measurements were made with the NACA 0012
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airfoil. Table II gives similar information for the NACA 65,2-016 
airfoil. All measurements were made during flight in natural-icing 
conditions. During most of the flights, large variations in liquid-
water concentration, and occasionally drop size, were experienced. 
The rotating cylinders, used to measure liquid-water content and drop 
size, were extended for about 1 to 2 minutes, thus giving average 
values for 1- to 2.-minute intervals. A complete cycle of the 
recording potentiometers used to record airfoil temperatures required 
4 to 6-minutes., during which time the meteorological conditions may 
have changed considerably. For these reasons, an effort was made to 
select, for analysis and discussion herein, only the airfoil data 
recorded during flight in relatively uniform clouds and./or where 
close correlation existed between the cylinder measurements and the 
airfoil-temperature records. Of these data, only a part, chosen as 
being typical, are presented in this report. These are the thermal 
data for which the flight and icing conditions are given in tables I 
and II.

NACA 0012 Airfoil Data 

Figures 8(a) to 8(g), inclusive, present the measurements of 
surface temperature, surface heat flow, and. resulting heat-transfer 
coefficients obtained with the 0012 airfoil model during flight in 
the conditions presented in table I. The heat-flow distribution 
illustrated in these figures had been found by experiment to give 
an approximately uniform temperature rise over the test-section 
surface during flight in clear air • Variations in the intensity of 
the distribution for the different conditions of table I occurred 
as a result of the heat supply procedure followed during the tests. 
In general, during an icing test the total heat input was reduced 
until the surface temperature was observed to fall close to freezing 
temperature at some point on the test section. Typical values of 
surface temperature, heat flow, and convective heat-transfer coef-
ficient obtained during flight in clear air are shown in figure 8(h). 

The data presented in all figures except figure 8(g) were taken 
with the entire test section heated. Figure S(g) presents data 
secured with only the leading-edge region heated, from U percent 
chord on the right side to 8 percent chord on the left side. At the 
time of this test, insufficient heat was supplied to the leading-
edge area to evaporate all the water striking the surface, and 
streamers of ice formed aft of the heated region, similar to those 
shown in figure -9. - 

The heat-flow values given in figures 8(a) to 8(h), inclusive, 
were calculated from measurements of the total power dissipated in 
the electrical resistance strips and the internal heat loss. The
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measurements of surface temperature, which were obtained with the 
thermocouple installation previously described, were corrected for 
errors incurred by the presence of a layer of paint covering the 
junction. Magnitude of these errors was determined from knowledge 
of the thickness and therma l conductivity of the paint and the amount 
of heat flowing through it. 

The kinetic temperature of the free-stream air tok used in 
computing the heat--transfer coefficients, was calculated for the 0012 
airfoil from equations (18) and (19), using experimentally determined 
values of the expression 

1 -	 (l-Pr) 

----whore---- —is-1/2---f-or-laminar flo and-1./-3--for-turbulentf1oy.Values 	 . -- 
of this expression for various points along the airfoil surface, were 
obtained from figure 10, which presents data obtained during flight 
in clear air. 

A typical record of pressure distribution over the 0012 airfoil 
model test-section surface Is shown in figure 11. 

NACA 65,2-016 Airfoil Data 

Figures 12(a) to 12(j), inclusive, present the measurements of 
surface temperature, surface heat flow, and resulting coefficients 
of heat transfer obtained with the 65,2-016 airfoil model during 
flight in the conditions presented in table II. The distribution 
of heat flow shown In these figures had been experimentally estab-
lished to provide an approximately uniform temperature rise above 
free-air temperature over the test-section surface during flight in 
clear air at an altitude of 11,000 feet and a true airspeed of 175 
miles per hour. This heat-flow profile was used throughout all the 
flight teats. Slight variations in heating intensity are due to 
variations in internal heat flow and chardviae. heat conduction In 
the thin alimthnmi skin. Typical values of surface temperature, 
heat flow, and convective heat-transfer coefficient for flight in 
clear air are given in figure 12(k). 

The results shown in all figures (except figs. 12(h) to 12(j), 
inclusive) were obtained with the test section heated to approximately 
55 percent chord. Heating aft of this point was precluded by a 
malfunctioning of the heating equipment in this area. Figures 12(h) 
to 12(j), inclusive, present data secured with only the leading-edge
region heated, from 17 percent chord on the right side to 17 percent
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chord on the left side. During the time when the measurements of 
figures 12(1) and 12(j) were taken, an Insufficient quantity of heat 
was being supplied to the leading-edge region to evaporate all the 
water striking the surface, and ice accumulated aft of the heated 
area. This is shown in figure 13. 

The heat—flow values given in figures 12(a) to 12(k), inclusive, 
were calculated from measurements of the total power dissipated In 
the electrical resistance strips, in a similar manner to that used 
for establishing the heat flow for the NkCA 0012 airfoil, In 
addition to the determination of the internal heat loss in computing 
the surface heat flow for the NACA 65,2-016 airfoil, the flow of 
heat chord.wlse In the thin aluminum surface was considered. The 
chordwise heat conduction Is a function of the chordwise variation 
In surface temperature. It was assumed that the quantity of heat 
flowing from point to point along the surface, as indicated by the 
difference in surface temperature between the two points, originated 
from the heating átrlp under the higher temperature ' and flowed away 
from the surface into the air stream In the area of sface over the 
heating strip at the lower temperature. This method, although 
Inexact, offered a rapid means of estimating the effect of chordwise 
conduction. A more exact determination of this effect can be 
obtained using the "relaxation" method of reference 10. No correc-
tions were applied to the surface—temperature measurements, since 
it was assumed that the surface thermocouple junctions were at 
surface temperature. 

The kinetic temperature of the free—stream air tok was 
calculated using equations (18) and (19). Values of the expression 
1 - 0/72) (l—Pr) were calculated and are plotted in figure ]A.. 

A picture of the conditions of wetness which existed on the 
airfoil during flight in clouds can be seen in figure 15. This 
figure shows some typical records obtained with strips of blueprint 
paper which had been fastened to a device that could be extended 
Into the air stream up the leading edge of the airfoil model to a 
point just below the test section. Since, In effect, these were 
wrapped around the leading edge of the model, they Illustrate the 
pattern that the water assumes in striking the airfoil and flowing 
aft. The records were obtained, during Icing conditions 11, 13, and 
lii, table II. 

A typical measurement of pressure distribution over the 65,2-016 
airfoil model test--section . surface is shown iL, figure 16.
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DISCUSSION 

The ultimate in performance of a wing thermal ice-prevention 
system is one which will prevent the accretion of ice on any portion 
of the wing. This ideal operation requires that any water on the 
wing surface must be maintained in a liquid state until it evaporates., 
or blows off the wing at the trailing edge • In many wing designs, 
heating of the entire surface is not practicable because of such 
features as integral fuel taflke, and in these instances any water 
flowing aft of the heated region is apt to freeze and form the type 
of ice accretion normally termed runback. In the following die-. 
cue sion the ice-prevention action of a heated wing will be examined 
in detail, and the reliability of the equations and assumptions 
presented in the analysis section for the prediction of surface 
temperature and rate of water evaporation from the our-ace will be 
established. If these equations and analytical methods can be shown - -to -define- correctly- tbeproceasofthermal .ice.prevention, the fundar-
mental design procedure for a heated wing initially conceived in 
reference 6 will be more firmly established. The empirical design 

• method of providing a specified temperature rise in clear air can 
then be replaced by the more fundamental and flexible concept of 
supplying sufficient heat to maintain the surface temperature above 
freezing until the water is either evaporated or carried away. 

An analysis of the action of a heated wing requires the consid-
eration of three factors: namely (1) the meteorological and flight 
conditions for which the wing must provide protection; (2) the area 
of water impingement, and the rate and distribution of impingement 
over that area; and (3) the rate at which the water is evaporated 
from the wing surface. 

Meteorological and Flight Conditions 

The specification of a meteorological condition for the design 
of thermal ice-prevention equipment depends upon the geographical 
areas over which the airplane will fly, the seasons of operation, and 
other factors dictated by the intended service of the aircraft. 
Obviously, the establishment of design conditions for a specific area 
requires a knowledge of the conditions prevailing over the area. If, 
on the other hriti, the ice-prevention system is to provide protection 
for all-weather operation, general specifications of a meteorological 
condition must be established which will encompass all conditions 
likely to be encountered. 

The most recent and extensive information in regard to the 
severity of icing conditions likely to be experienced in all-Weather
operation in the United States is contained in references 13 and ]J.
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In reference 13, estimates of the maxilinmi continuous icing condi-
tions as well as the nadraw probable icing conditions apt to be 
encountered are presented. Since the duration of the maxttmnn 
probable icing condition is quite short (1 to 2 minutes), and, icing 
of this severity is entirely associated with cumulus clouds which 
should be avoided in all operations, the ma .xiflium continuous icing 
cond.ition ia believed to be of greater interest for design purposes. 
Two conditions of maximimi continuous icing are presented based on a 
relationship of drop size and liquid-water content. These conditions 
are given in the following table: 

Liquid-water 2Ian.-effective free-air 
concentration drop diameter temperature 

(gn/m 3) (microns) 

0.8 15 20 

0.5 25 20

It is believed that the conditions in the above table form a good. 
basis for the design of thermal ice-prevention equipment for all-
weather operation. In addition to these values, however, the proposed 
wing thermal system should be analyzed for possible undesirable oper-
ation in other icing conditions. For example, reference 13 points out 
that dropè• of 35 to 50 microns diameter should not be regarded as 
exceptional. Although the amount of liquid water associated with such 
large drops is usually low (about 0.1 grain per cubic mater) the fact 
remains that the area of water impingement would be very large and 
would probably exceed the limits of the heated region if this region 
had been based only on a consideration of the data in the maximum 
continuous table. Finally, the possibility of encountering icing con-
ditions at low temperatures may be a critical condition for heated 
wings on some airplanes. For instance, the estimated conditions 
of niimim continuous icing presented in reference 13 and given 
in the preceding table were extended in reference 11 to air tempera-
tures as low, as -.200 F for the case of 15-iicron drops. The con-. 
ditione of niimnn continuous icing suggested are 0.5 gram per cubic 
mater at 00 F and . 0.25 gram per cubic mater at ..-200 F, both with 
2The mean-effective diameter as defined in reference 13 is the size of 
drop in a cloud sample for which the amount of liquid water existing 
in water drops larger than that drop Is equal to the amount of liquid 
water existing in drops smaller than the drop. 
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a mean-effective drop diameter of 15 microns. Either of these condi-
tions may be more deleterious to the functioning of the wing thermal 
system than those in the table. 

From the foregoing discussion, it Is evident that the RnR1yaIe 
of a heated wing should give consideration to several possibly criti-
cal icing conditions in the same wmiar that aeveral flight condi-
tions are assumed for the wing structural analysis. The data of 
references 13 and ]A, although somewhat limited. In scope, are conaid,-
ered to be sufficiently indicative of icing conditions in the United. 
States to form a meteorological basis for heated-wing design. 

The problem of selecting a flight condition for the design of 
ice-prevention equipment is concerned with the airspeed and. altitude 
at which the airplane will fly. The airspeed will depend upon the 
specific airplane, and., In general, a cruise condition should be 
erected.. -Choosing-an-altitude-for-design -s-dependentuponseal 
factors, which will be discussed later. 

Area, Bate, and Distribution of Water Impingement 

Baying defined the icing conditions for which the heated wing is 
to be designed, the next step Is to determine the region of the 
leading edge in which the water drops will strike the wing, the rate 
of water impact at any specified. point In that region, and the total 
rate of impingement per foot of wing span. This subject was dis-
cussed at .some length for the general case in the analysis section. 
In that discussion, it was shown that the method of reference 15 could 
be used to prepare (for any wing section for which the stream lines 
were known or could be determined) curves similar to those presented 
in figures 1, 2, and 3. The broken line of figure 1 gives an indica-
tion of the area of water impingement, while the rate of impingement 
at a specified point can be obtained from figure 2 and equation (7). 

Two methods are available for the determination of the total 
rate of Impingement per foot of wing span. The calculation of, this 
quantity Is of primary importance, as It determines the amount of 
heat required to disperse the water by evaporation. The first method 
utilizes the concept of collection efficiency E as mentioned In 
the analysis section. This method is preferable when only the value 
of the total rate of impingement is desired., since preparation of 
the curves of figure 2 is not required. For a thorough analysis of 
the heat transfer from the surface, however, knowledge Of the rate 
of Impingement at a point Ma is required.. By employing equation (7) 
and figure 2 a curve of the distribution of water impingement 
(Ma against s/c) caa be plotted. Figure 17 shows such a curve for 
the MCA 0012 airfoil, using equation (8) and. an  "E" type drop-size
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distribution. (See reference 17.) A curve of this type presents an 
interesting picture of the distribution of water impingement and, In 
addition, the area under the curve denotes the total rate of water 
Interception. 

Although the method of reference 15 is considered to provide a 
complete and quite accurate prediction of the distribution of water 
impingement on the leading edge of an airfoil, it does have the die-
advantages of requiring (1) a knowledge of the velocity components 
along a number of the airfoil stream lines, and (2) considerable 
computation. The difficulties associated with the computation of 
the water--drop trajectories for airfoils have encouraged the substi-
tution of a cylinder with radius equal to the airfoil leading-edge 
radius in the determination of water impingement. (See references 5 
and 6.) The curves of reference 17, which have been calculated for 
a large range of drop sizes, airspeeds, altitudes, and cylinder 
diameters, are then used directly to evaluate the anticipated water 
impingement on the airfoil. This substitution procedure Is a useful 
device but should be employed with a full knowledge of its limita-
tions. One of these limitations Is the fact that the curves of 
reference 17 provide 'the area and tatal rate of water impingement, 
but give no direct indication of the distribution of impingement. 

A second restriction of the cylinder-substitution method is 
concerned with the contour and size of the forward portion of the 
airfoil. To obtain an Indication of this effect, the rate and area of 
water impingement on the 0012 airfoil, at 00 angle of attack, and on 
the leading-edge cylinder of that airfoil are compared for the same 
flight conditions and various drop sizes in figure 18. The values for 
the 0012 section were obtained from figures 1 and 2, and those for the 
cylinder from reference 17. At drop diameters up to about 25 microns the 
rates of impingement on the airfoil and on the leading-edge cylinder 
are approximately the same, although above 25 microns as the drop size 
increases, the rate of impingement becomes considerably greater on 
the airfoil than on the cylinder., At drop diameters up to about 18 
microns the area of impingement on the cylinder is roughly equal to 
that on the airfoil. However, at a drop diameter of 25 microns, which 
is not unusual (reference 13), and was presented previously in this 
report as a possible meximum continuous condition, the area of Impinge-
ment on the airfoil Is nearly 50 percent greater than on the cylinder. 
It should be noted that the value of 25 microns for the maximum contin-
uous condition is the mean-effective diameter, and that drops of a 
larger size probably will be present due to the existence of a distri-
bution of sizes. Although these values provide an indication of the 
scale limitation of the cylinder-substitution method, the fact should 
be noted that figure 18 applies to only one airfoil section, with 
an 8.-foot chord, and at one flight condition. The leading-edge radius 
of the NACA 0012 section for an 8-foot chord is small  (1.5 In.)
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and the leading-edge cylinder does not match the section contour for 
any great extent above the chord. line. This is shown graphically in 
figure 19 which presents a comparison' of the forward portions , of 
three airfoil sections and the leading-edge cylinder of the 0012 
section. In the case of airfoil sections with the leading-edge radius 
a greater percent of the chord than the 0012 section, and also for 
airfoils of 0012 section, or similar., with chords greater than 8 feet, 
the cylinder-substitution method will present a better approximation 
than that indicated by figure 18 for the same speed. range. 

For airfoil -sections with a leading-edge radius which represents 
a small percentage of the chord., the substitution of an "equivalent" 
cylinder (reference 12) with a radius larger than the leading-edge 
radius would probably provide a better Indication of the rate and 
area of water impingement on the airfoil than would be obtained for 
the leading-edge cylinder. At the present time there is not suffic-

a basis for selecting the proper cylinder in each instance; therefore, 
the designer met utilize the more complicated, but more accurate, 
method of reference 15 or assume some cylinder diameter based on his 
experience. The possibility that the rate and area of impingement on 
an ellipse would more closely approximate the rate and area of 
impingement on a series of s imil ar airfoils has been suggested and 
Is worthy of future consideration. 

The ability to select a proper drop size for the design of wing 
ice-çrevention equint is a factor of considerable importance to 
the designer, as can be illustrated by figure 20. In this figure the 
rate and area of impingement are presented for the 0012 airfoil as 
a function of drop size. The rate of impingement for each 'drop size, 
was calculated for a liquid.-water content of 1.0 gram per cubic meter. 
Consider, then, a change in design drop diameter from 10 microns to 
20 microns, The resultant increase in rate of water impingement is 
1.75 pounds per hour per foot of span or an increase of 175 'percent, 
although the actual amount of water present per unit volime of cloud 
has not been changed at all. The same increase in drop size will 
cause an increase in. area of impingement from 1.5 to 4 percent a/c. 

In contrst, consider the effect on the rate of water impinge- 
ment produced by an increase in the quantity of liquid water present, 
assiiInitg the drop size to remain constant. The area of impingement 
will remain unchanged., while the rate of impingement will increase 
bnly in direct proportion, to the Increase in water concentration. 
This example clearly illustrates, the fact that the amount of free 
water present in an icing cloud is only one factor influencing the 
quantity of water which will actually strike the wing in a specified. 
time Interval, and that the size of the cloud drops is a factor of 
at least equal importance.
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The problem of distribution of the sizes of drops in an icing 
cloud, also bears careful conideration. For example, if an "E" type 
drop-size distribution exists with a neañ .èffectie drop diater of 
25 microns, the largest diopa will be 68 micrOns in diaiiter. Hence, 
the area of ipinennt will be considerab]j greater then if a 
uniform drop size of 25	 v microns preailed. The data of refereñOó 111. 
irAd.icátó that, in enóx'ál, the distributiOns 0—f'—drop size In 1O1Ii 
clouds are fairly narroW, end. do not usually follow the broad d±stri. 
butions, such as type "E.' Nevertheless, the distribution must be 
considered, since the largest dope in the cloud determine the area 
Of ipingement and- the inihi6ji e±tOxit Of heated 	 r'pilród far 
ice preventii.

Bate of	 Oration Of Wátër 

Having discussed. the problem of area and. rat.e of water intercep- 
tion, the next step J6 to establish the rate at which the interceted 
water is evaporated from the wing surface and the validity of the 
equations presented previously for determining the rate of beat 
dissipation during the prOcess of evapOration. The prOblem Of rate 
Of evaporation is particularly important because all of the water 
intercepted by a wig heated only in the region of the leading edge 
must be dispersed by évapOrät±on if the k6iii6tidii Of ruifbiack Is tO 
be avoided. 

From a superficial study Of the ôhaxiithixi by 'which water is 
deposited on the surface of a wing, it would be expected that In the 
area Of water liupiñgei'eñt 'h éurfacó ió clétely wetted, and that 
equation (211. ) fOr calOiilating the hOat loss from heated wing ± 
valid. Aft of the area of 	 izigemeñt, It wold. be ànticipäted. 
that the surface may not be fully wetted, since water does not reach 
this region directly, but Instead must flow back from the area Of 
impingement. If the surface aft of the area Of impingement is only 
partially wetted, the expression fOi X (equatiOn (23)) must be 
modified for use in equatiOn (25) tO OálOuláte heat réqiints.

- 

ObservatiOns, thade dU11ii4 the àIzfOIl téátB, of the wató± 
pattern on the leading 6d& . 6f the airfoils revealed, that thó above 
suppositions are dorredti At a very 611Ot distance b.Ok Of the 
region of impingement, the film of water was observed to reach a 
state of instability and. break into s'í 11 rivulets • A picture of 
the conditioüa of wetaisas which actually e±ist On a 
flight in	

wing during 
 clouds can be seen In figure 15. This figure, whiOh shows 

typical records obtane th 

	

id wi the et	 Of blueprint pape± plaóed 
around the leading edge of the 65,2-.016 airfoil modO], dung ri flgh it 
in Icing couditions, illusti-ates the pattern formed by the vaier in 
striking the airfoil led.ing edge ella ±'IOwing aft. It i	 Idëit'
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from the patterns that the area of Impingement, which is clearly 
defined, is completely wetted., while back of this area the water 
collects and forms rivulets, creating a partially wetted surface. A 
study of the patterns indicated a variation in the fraction of surface 
area wetted. (aft of the impingement area) with rate of impingement of 
water. Accordingly, the rates of water impingement M6 were calcu-
lated using equation (U) for the conditions existing at time time 
that rivulet patterns were obtained (icing conditions 11 through 15, 
table II). The curves and values presented previously for the 0012 
airfoil were used in the calculations of M5 for the 65,2-016 airfoil. 
Substitution of the calculations for the 0012 section in computing 
values for the 6,2-0l6 section appears to be a good approximation, 
since .the contour of the 65,2-016 section in the leading-edge region 
is very nearly the same as that of the Joukowaki airfoil used in the 
0012 trajectory. calculations. Figure 19 compares the contours of 
the three sections. 

The values of N6 were plotted against the measured areas of 
surface wetted, obtained from the strips of blueprint paper. 
Figure 21 shows the relationship, thus obtained, between the rate of 
flow of water from the impingement region and the fraction of surface 
area wetted. For the data shown in figure 21, values of the rate of 
water flow over the surface aft of impingement Mb were assumed 
to be equal to the rate of water impingement N 8. The scatter of data 
points in the figt'e is believed to be caused by errors in measure-
ment of the liquid-water concentration occurring at the time time 
rivulet patterns were obtained. Table II shows that the free-air 
temperature was high during icing conditions U through 15, when the 
blueprint records were taken. The kinetic temperature was close to 
freezing, and it was observed that the water striking the rotating 
cylinders, used in the measurement of water concentration, was 
running back, and possibly off, the cylinders. Thus, the liquid-
water concentrations measured may have been lower than the actual 
concentrations present. The two data points corresponding to a 
weight rate of water flow of 0.57 pounds per hour per foot of span 
(fig. 21) represent the rivulet data procured at the lowest free. 
air temperature of these tests (icing condition l ii, table II). These 
are probably the most reliable data, since the rotating cylinders 
were subject to smaller losses of water. Therefore, the curve shown 
in figure 21 was weighted toward these points • The ultimate extent 
of this curve in the direction of percent of surface wetted is not 
definitely known. There is evidence, however, indicating that the 
degree of surface wetness aft of the area of impingement reaches a 
mexiimmi which is not exceeded, regardless of the rate at which water 
is intercepted. It was found that a relationship exists between the 
rate of flow of water in the region aft of impingement and the 
surface-temperature rise above free-air temperature, and that the 
temperature rise decreases to a limit as the rate of flow of water
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increase. Figure 22 shows the relationhip between the rate at 
w	 fl ichrater ows back over the heated surface of the 65,2-016 aix'-
foil test section and the average Increase in temperature above 
frees.aji temperature of the surface from 10 to 25 percent chord. The 
values of the rate of water flow were obtained by subtracting from 
the calculated rates of water impingement for one side of the airfoil 
the computed r&tes of evaporation from the re gion of impingement. 
Figure22 illustrate B that as the rat of water fling over thew.l
surface increases, the temperature of the surface . decreaee, but that 
a limit to the decrease in temperature apparently is reached.. This 
indicates that the rate of eporation reacheé a nmximum as the 
limiting surface temperature is approached, since evaporation is 
the only variable in the heat-transfer process in the area of surface 
under consideration. Therefore, if the rate of evaporation attains 
a	 the degree of surface wetness must also approach a limit. 
It can be demonstrated, using equation (25) and the values presented 
in figures a and 22, that the maximum fraction of surface area 
wetted. is about 50 percent. 

Although the data from which the curve of figure 21 was computed 
were obtained with blueprint paper strips wrapped around. the leading 
edge of the 65,2-016 airfoil, the values given in this figure are 
believed to be sufficiently indicative of the conditions of vettability 
existing on all clean wing surfaces not specially treated to be appli- 
cable for general airfoil thermal design. For purposes of design, 
it is suggested that the limit of surface wetness for surfaces not 
specially treated be taken as 14.0 percent. It is of importance to 
note that in using the curve of surface wetness shown in figure 21, 
for a heated wing, the total rate of evaporation of water W 8 in 
the region of waer-drop impingement must  t be subtracted from 
total ate of water impingement M0 in order to obtain the rate of 
flew of water rearward from the area of impingement. The values 
given in figure 21 for degree of surface wetness are believed to be 
accurate only to the nearest 10 percent. 

With the Information gained so far, It should be ppsaib].e to 
anF.].yze the data obtained with the two electrically heated airfoil 
models and establish the validity of e j4pns (24) and (2) for 
calculating heat flow. The curyes of measured heat-flow distribution 
shown infigures 8(a) to 8(g) and 'f.' -igures 12(a) to 12(j) were faired 
to produce a form more suitable for comparison with heat-flow curves 
calculated usin equations (211.) and. (25). Comparisons of the 
measured heat flow and the heat flow calculated to produce the 
measured qurfpyce temperatures, assuming thentire surface to be 
completely wtted, for the two airfoil sections for typical cases are 
BhOWn in figures 23 and 214.. These crves are also compared to the 
calculated. heat loss due to convection only, that is, assuming the 
surface to be completely dry (equation (12)). In the previously
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mentioned calculations ., measured values of convective heat-transfer 
coefficient ., obtained during flight in clear air, were used.. In 
order to calculate the amount of heat dissipated in warming the 
impinging water (equation (11.)) for the calculation of heat flow for 
the completely wetted, case, values of Ma were computed from equa.

-tion (8) using the measured values of liquid-vater concentration, 
drop size, and drop-size distribution (tables I and II). As was 
done previously in the analysis of the blueprint-paper rivulet 
patterns,	 , values of	 were computed for both airfoil sections 
using the curves presented for the 0012 airfoil. 

A study of the measured and calculated heat-flow curves in 
figures 23 and. 211. shows that in the area of water-drop impingement 
good agreement is obtained between measured values and the values 
calculated for a completely wetted surface, indicating, that in the 
region where it is reasonable to assume a fully wetted surface the 
equations for 
impingement, in the region of low heat flow, where it has been shown 
that the surface is only partially wetted, the values calculated, for 
a completely wetted surface are lover than the measured values. Since' 
the surface is only partially wetted, it would be expected that the 
calculated curve, which represents the values of heat flow required 
to produce the measured surface temperatures if the surface were 
completely wetted, would be. considerably higher than the measured 
curve. There appear to be only two possible explanations for this 
discrepancy: (1) equation (25) gives erroneous values and cannot be 
relied upon for calculation, and (2) the values of convective heat-
transfer coefficient used in equation (25) for calculating the heat-
flow values are in error. The first explanation does not appear to 
be likely in view of the fact that the equation was derived on a 
sound. laais. Also, there is no obvious reason why the equation 
should hold in the leading-edge region and fail to hold in the area 
aft of the leading edge. The second explanation,, that erroneous 
values of convective beat-transfer coefficient were used. in the cal-
culations, seems entirely possible. Since the values of convective 
heat-transfer coefficient used in equation (25) are those measured 
during flight in clear air, it seems reasonable to assume that tran-
sition from ].suninR,' to turbulent flow moved forward during flight in 
icing conditions from the position maintained in clear  air. Movement 
of transition to a point near the leading edge would cause the convec-
tive beat-transfer coefficients in the region under consideration to - 
be increased several time above the values existing in clear air, 
since the convective coefficients in turbulent flow generally are 
considerably greater than those in 1Rm1tn,' flow. Such an Increase 
in the convective coefficients would raise the curves 'calculated for 
a completely wetted surface (figed 23 and 211) to a position above the 
measured - curves • 	

/
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It is very likely that disturbance of the boundary layer, caused 
by water drops striking the airfoil surface and rouJiehing the surface 
as they coalesce and flow aft, would effect a forward movement of 
transition. There is further evidence to support the assumption that 
the water-roughened surface caused movement of transition forward. 
Observations of the 65,2-016 airfoil during a flight in clear air 
with the test section heated indicated that transition had shifted 
forward by a considerable amount. This was noted by a lowering of 
the surface temperatures in the region aft of the leading edge. The 
heat distribution had been set previously to produce a constant 
surface temperature in clear air, and only a change in the boundary-
layer characteristics could cause the evident change in heat-transfer 
coefficient. After the flight, a close examination of the leading-. 
edge region of the airfoil revealed mt11 insects stuck to the 
surface where they had hit during the flight. The surface was wiped 
clean and during a subsequent flight in clear air it was noted that 
transition had moved back again, as evidenced by the restoration of 
the surface temperatures to normal. Thus, it appears that very small 
irregularities in the surface, such as are present on the surface of 
an airfoil in icing conditions, are sufficient to cause transition to 
occur prematurely. Teats in wind tunnels also have shown that anl1 
protuberances in the leading-edge region of an Airfoil will cause 
the movement of transition forward. (See reference 211.) 

Most of the curves of heat-transfer coefficient measured during 
flight in icing conditions, shown in figures 8(a) to 8(f) and 12(a) 
to 12(g), display a definite increase in the aft region of high heat 
intensity, suggesting that transition is located at this point. It 
should be noted that the increase in heat-transfer coefficient 
indicated by these curves is believed to be only an apparent increase, 
caused by the rapid change in heating intensity in this region. If 
the coefficient is relatively constant throughout this area, as it Is 
believed to be, a sudden increase in heating intensity will not be 
accompanied by an equally rapid change In the thermal boundary layer, 
and for a short distance aft the indicated, values of heat-transfer 
coefficient viil be erroneously high. 

The exact vIües of the convective heat-transfer coefficient in 
the region aft of the area of impingement in icing conditions are 
unknown, but it is believed the values fluctuate due to changes in 
the location of transition during flight. Ver y probably, the 
disturbance to the boundary layer caused by water on the airfoil 
surface is of such a character as to create Instability in the 
boundary layer, and cause the location of transition to fluctuate. 

In the aft region of high heat flow (figs. 23 and 24), the 
values or convective heat-transfer coefficient are known, since 
turbulent flow existed In this region in clear air, when the values
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were measured, as well as in icing conditions. In this region, the 
measured heat-flow curve and the calculated curve of convective heat 
transfer come together, indicating that at the point where the curves 
coincide all the water on the surface has been evaporated. 

Since the equations for calculating heat flow have been shown to 
be valid In the area where the surface is completely wetted, it is 
reasonable to assume that the equations hold in regions where the 
surface is only partly wetted, provided the correct modifications are 
made to the evaporative factor X. Fairly accurate modifications to 
the factor X are believed to be Dossible by using the curve of 
surface wetness shown in figure 21. By the use of this curve it 
should be possible to calculate the rate of evaporation of water from 
the surface aft of the region of water impingement. In the region of 
impingement the calculation of rate of evaporation Is straightforward, 
-mince -full-evaporationoccurs. If the rates of evaporation from the 
two test airfoils can be demonstrated to be 
water impingement for the test conditions, the method for calcula-
ting rate of evaporation will be substantiated. 

Accordingly, calculations of the rates of evaporation from the 
surfaces of the two test airfoils were made for all the conditions 
of tables I and II for which thermal data were obtained. The rates 
of evaporation were determined graphically, using the curves of 
measured heat flow and calculated convective heat loss similar to 
those shown in figures 23 and 24. Aft of the area of Impingement, 
the position of the convective curve was established by dividing the 
measured values of heat flow by the modified values of X (equa-
tion (25)). Values of the degree of surface wetness used in modify-
ing X were determined from figure 21, using computed rates of 
water Impingement and evaporation from the area of impingement. The 
position of the re-calculated curves of convective heat loss are 
shown typically in figures 23 and 24. The total rate of evaporation, 
then, was determined by measuring the area between the measured and 
re-calculated convective heat-flow curves. This gave the total 
amount of heat dissipated by evaporation of the water in Btu per 
hour per foot of span. Dividing this value by L 8 the latent heat 
of vaporization, the total rate of evaporation W5 in pounds per 
hour per foot of span was obtained.. 

The rates-of evaporation, obtained In the previously mentioned 
manner, are compared with the rates of water impingement, calculated 
by the method previously presented, for the 0012 and 65,2-016 air-
foil models, for the left side only, in tables III and IV. An 
average agreement of 13 percent for all the conditions analyzed 
where no runback formed was obtained, indicating the degree of 
reliability of the method for calculating the rate of evaporation 
of water from a heated wing.
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In order to demonstrate further the dependability of the method 
for calculating rate of evaporatiqn from a heated wing, the ph taph 
of runback on the 65,?-016 airfoil (fig. 13) was analyzed. if it 
can be shown that the Actual rate of formation of runback compares 
closely to the rate at which runback is càlculatd to form under the 
particular icing condltipns, the method for calculating. rate pfevap-
oration will be further substantiated. 	 . 

The runback shown in figure 13 had started forming .Q minute 
earlier. 4t the time of the photograph the formation was estimated, 
by observaIon during flight, to be app.pproximately 3/16 mph thlpk. 
The area of the formation extended about 2-1/2 inches chordwleo and 
12 inches spa.ndse, making a weight of Ice of .0.2 poun4. -This 
constitutes an actual rate of formation of runback of 1.2 pounds per 
hour per foot spai. During this 10-minute period, two Bets ofil 
rotating-.cylinder and airfoil heat—transfer data were taken. These 
correspond to icing conditions 9 and 10,, table II. 	 its pf pal cu-. 
latlons of the rates of iixpingeñ2ent and evaporation based on these 
data are given in table IV. Fpr icing conditIon 9 the rat o 	 e

17,
f water 

Impingement was 1.60	 . !J pounds per hour per foot span, rate of 
evaporation from the heated area was 0J44 pound per hour per foot 
span, leaving a calculated rate of formation of runback of 1.16 pounds 
per hour per foot of span. During Icing condition 10 the calculated 
rate of impingement was 1979 pounds per hour per foot and the rate of 
evaporation was 0.51 pound per hour per foot, resulting In a rate of 
formation of runback of 1.28 pounds per hour per foot of span. The 
calculated. rates of formation of runback (i.i6 and. 1.28' 1-6 per hr, ft) 
agree remarkably well with the actual rate of formation (1.2 lb per 
hr, ft), illustrating the reliability of tue . propedure for ca1c. 
].ating rate of evaporation. 

A short time prior to this teat, the airfoil was subjected to 
a much less severe icing condition (condition 8, table II), during 
which all of the water intercepted was calculated to have been 
evaporated (icing condition 8, table IV). Photographs of the et 
section verified the fact that no runback had formed. 

The foregoing analyses were based or the assumption that removal 
of the water striking the airfoil surface is effeçtèd by evaporation 
only, and that none of the water is dispersed bymechanical means. 
This is consistent with the results reported in reference 10 and 
25. It Is believed that "blow—off" of water, as suggesled .n 
references and 6, does not occur. Also, it is believed there was 
no "bounce—off' " of the water drops striking the airfoil sur faces, as 
proposed in reference 11. At speeds higher than those.encoasé3. 
by the scope of this lnystlgatIqn, It is conceivable that mechanical 
removal of the water by bouncpoff could occur. However, in view of 
the lack of information on this phenomenon, and since neglecting. the
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possibility that water my be removed by mechanical means tends to be 
more conservative in the thermal design, it is suggested that bounce-
off be neglected in the design of wing thermal ice-prevention equip-
ment.

Calculation of Heat Requirements for 
an NA.CA 0012 Airfoil 

Since it has been demonstrated that the rate of evaporation of 
water from a heated wing can be calculated with reasonable certainty, 
the rate of heat flow required to produce a particular rate of evapora-
tion can be determined with equal dependability, provided the coeffi-
cients, of convective heat transfer are known. Using the equations 
and method presented for calculating the rate of evaporation of water 
from a heated airfoil surface, a calculation was made to establish 

—the-extent-of-heated- ar-ea--required-for-ice-pre -vention in ffipeçf 
conditions of icing for the NACA 0012 airfoil, assuming a particular 
heat-flow distribution. The conditions of calculation are as' follows: 

Chord length . . . . . . . . . . . . . . . . . . . . . . . . 8 ft 

Pressure altitude . . . . . . . . . . . . .• .. . . . . e . 12 000 ft 

True airspeed. . . . . . . . . . . . . . . . . . . . . . . . 170 mph 

Free -airtemperature . . . . . . . .. . . . . .. . .. . .20°F 

Liquid-water concentration .............. 0.5gm/lu8 

Mean-effective drop diameter . . . . . . . . . . . . . 25 microns 

Drop—size distribution . ........ . . . . . . . . . . . .E 

The procedure employed was to assume a reasonable intensity and dis-
tribution of total heat flow and then calculate the extent of heated 
area required to evaporate all of the intercepted. water. The method 
of solution will be outlined briefly in the following paragraph. A 
detailed step-by--step consideration of the problem shaving all compu-
tations is given in the appendix. 

First, the area, rate, and distribution of water impingement on 
the airfoil were calculated for the assumed. conditions. Using the 
assumed distribution of total heat flow, the heat loss due to convec-
tion for the particular conditions was then calculated. Since in an 
icing cloud the presence of water on an airfoil surface causes pre-
mature transition, for these calculations, transition was assumed to 
start at 5 percent s/c, and the estimated form of turbulent heat-
transfer coefficient shown in figure 25 was used. Calculations were
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made for a number of chord.wise stations, and the results are given 
in figure 26, which shows the assumed heat-flow distribution and the 
calculated convective heat loss for one side of the airfoil. The 
rate of evaporation is represented by the area between the curves of 
convective heat loss and total heat flow, except in the region of 
water impingement ., where the rate of evaporation is denoted by the 
area between the curve of heat loss due to warming the intercepted 
water and the curve of heat loss due to convection. These areas 
actually give the rate of heat loss due to evaporation; however, by 
dividing the area value by L 3, the latent heat of vaporization, the 
rate of evaporation is obtained. The procedure, then, was to extend 
the total and convective curves until the total rate of evaporation 
equaled the rate of water impingement. Extension of the heated area 
to 18percent a/c was found to be adequate to ensure evaporation of 
all of the water intercepted. 

Several other calculations were made for the 0012 airfoil to 
determine the effects of altitude, air temperature, and location of 
transition on the requirements of heat flow and extent of heated 
area necessary to evaporate all the intercepted water. The results 
of each of these calculations were compared with the results of the 
calculations for the conditions previously specified. For each of 
the calculations, the same total heat-flow distribution was assumed 
and the extent of heated area required to evaporate all the inter-
cepted water was calculated for each condition. 

To determine the effect of altitude on the heat requirement, a 
comparative calculation was made for sea-level conditions with all 
other flight conditions as previously specified and with the area 
and rate of water impingement the same as at the 12,000-foot condi-
tion. The reault8 of this calculation are shown In figure 27, which 
compares the relative convective heat losses at sea level and 12,000 
feet. For the conditions at 12,000 feet extension of the heated 
area 'to 18 percent a/c was shown previously to be adequate to 
ensure evaporation of all of the water intercepted. At sea level It 
would be necessary to extend the heated area to 26 percent a/c for 
evaporation of all the water intercepted.. The curves of figure 27 
can also be used to determine the amount of increase necessary in the 
total heat flow if all the water Is to be evaporated in an area 
forward of a specified chord point. For example, assume that the 
extent of heated region for the curves of figure 27 is limited to 
18 percent a/c. At 12,000 feet all of the water would be evapo-
rated, as has been previously mentioned. At sea level, however, 

	

s	 of the water would not have been evaporated. By measurement of 
the areas of figure 27 It can be shown that the total heat flow 
required to evaporate all the water within the area from 0 to 18 
percent a/c at sea level is approximately 10 percent greater than 
the amount required at 12,000 feet. The increase in heat requirement
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with decrease in altitude is due to the fact that the rate of evapo-
ration of water decreases as altitude is decreased, because of the 
decrease in the evaporative factor X (equation (23)). Since the 
convective heat-transfer coefficient increases with decrease in alti-
tude, due to the increase in air density, it might be expected that 
the rate of evaporation would be increased with decrease in altitude, 
because the rate of evaporation is directly proportional to the con-
vective coefficient (equation (21)). However, the increase in the 
rate of evaporation is more than compensated by the increase in con-
vective heat loss, and the rate of evaporation, for a fixed total 
heat flow, actually becomes less with decrease in altitude. Appar-
ently, then,airfoil thermal ice-prevention equipment in which the 
heat flow is fixed, such as electrical systems, should be designed 
for the minimum altitude at which the airplane Is expected to 
encounter icing. However, if the airplane is designed to utilize 
some form of air-heated system, the performance of which probably 

-

	

	 wi-U-decrease--with Increas&in. ttt4e,_ haximuma1t1tudeat 
which icing Is expected to be encountered should also be investi-
gated. 

To determine the effect of air temperature on the heat require-
xnent, a calculation was made of the convective heat loss at 00 p 
free-air temperature and is compared In figure 27 with the convective 
heat loss at 200 F. In the calculation with the free -air temperature 
at 00 F, it was determined that the surface temperature dropped to 
freezing at 21 percent s/c before all the water on the surface was 
evaporated. However, the total heat flow required to evaporate all 
the water within the area from 0 to 18 percent s/c with the air 
temperature at 0

0 F is approximately only 15 percent greater than the 
amount required at 200 P. Although this is an appreciable increase 
in the heat requirement, it is considerably less than that necessary 
for a similar change in conditions for Ice-prevention equipment 
designed on the basis of maintaining the surface temperature-just 
above freezing, such as for the case of windshields. (See refer-
ence 21.) It appears, then, that a wing thermal system which has 
been designed for a relatively high air temperature will be capable 
of. ice prevention at low air temperatures in icing conditions nearly 
as severe as those upon which the design was based. Of course, the 
system is more subject to failure through the possibility of the 
surface temperature falling below freezing in the low air-temperature 
conditions, but in general, the surface temperatures required for 
evaporation of all impinging water in the relatively small heated 
area of the leading edge will be sufficiently high to obviate this 
possibility. 

To establish the effect of the location of transition on the heat 
requirement, a calculation was made of the convective heat loss, 
assuming laminar flow exists throughout the heated area. For this
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calculation, the measured values of convective heat—transfer coeffi-
cient shown in figure 25 were used. The convective heat loss for 
lRm4nsi-' flow is compared in figure 27 with the convective heat loss, 
aseinn1rg transition started at 5 percent a/c. In the case of complete 
1'iin1n,' flow, it would be necessary to heat only to 14 percent s/c 
to obtain evaporation of all the water. The total heat flow required 
to evaporate all the water within the area from 0 to 14 percent a/c 
with transition at 5 percent a/c is approximately 10 percent greater 
than the amount of heat required if l amina flow prevails. Apparently, 
the location of transition moves forward in conditions of icing, even 
in the presence of a favorable pressure gradient, to a point where a 
strong favorable pressure gradient is encountered (figs. 11 and 16). 
As was stated previously, the location of transition is believed to 
fluctuate, probably over a considerable distance. It is suggested 
that forward movement of transition to a point close to the leading 
edge of the wing be assumed in the design of thermal ice—prevention 
equipment, especially in view of the fact that a greater amount of 
heat is required for the turbulent—flow condition. 

From a comprehensive study of the results shown in figure 27, 
some general conclusions can be reached. It is apparent that aft of 
the area of droplet impingement, the efficiency of removal of water 
by evaporation decreases rapidly. The reason for the decrease in 
efficiency is that only partial wetness prevails aft of the area of 
Impingement ., while the area of impingement is entirely wet. This 
indicates that the larger the portion of the, total amount of water 
intercepted that is evaporated in the area of interception, the 
greater the efficiency of the, thermal system becomes. The rate of 
evaporation of water is the determining factor in the efficiency of 
a wing thermal ice—prevention system. Only the heat that is dissi-
pated in evaporation is used to advantage. The heat lost by convec-
tion only warms the air. Thus, the conclusion is drawn that the 
heating should be concentrated as much as possible in the leading 
edge of a wing, in the area of drop impingement, if an efficient 
thermal system is to be obtained. 

Calculations for the c-46 Wing Thermal System 
in 1ximiim Continuous Icing Conditions 

An analysis of the c-46 airplane wing thermal ice—prevention 
system for the upper surface at wing station 157 was made . in an 
effort to determine whether the thermal system could cope with the 
maximum continuous icing conditions given previously at the beginning 
of this discussion. The assumed Icing and flight conditions for the 
calculations are as follows:
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Condition A Condition B 

Altitude (ft) 6000 6000 

True airspeed. (mph) 180 180 

Liquid water 
content (&n/m3) 0.8 0.5 

Mean-effective 
drop size (microns) 15 25 

F^tve-air 
temperature (°F) 20 20

The heat-flow distribution at station 157 was estimated, based on 
data presented In references 4 and 26, and Is shown in figure 28. 
The rates of water impingement for the two icing conditions assuming 
a "C" type drop-size distribution were calculated for the leading-
edge cylinder of the airfoil section using the data presented In 
reference 17. Curves of distribution of water impingement, for the 
upper surface, for the two cases are given in figure 29. These were 
constructed using the data from reference 17 for each drop size in 
the distributions. The value of N5, obtained from equation (9), 
for Condition A is 0.6 pound per hour per foot span, while the value 
of K9 for Condition B is 1.39 pounds per hour per foot span. As In 
the calculations presented previously, the rate of evaporation of 
water from the surface was determined by calculating the heat loss 
due to convection for the two conditions • Values of convective heat-
transfer coefficient were taken from figure 30, which shows the values 
measured during flight in clear air using an electrically heated glove 
and the estimated convective coefficients for icing conditions, when 
transition moves forward. The estimated values were used in the cal-
culations • The computed curve of convective heat loss for Condition. 
A Is shown in figure 28. Results of the calculations of rate of 
evaporation for the two conditions indicated that sufficient heat 
was supplied to the upper wing surface to evaporate all of the water 
intercepted. For Condition A the wing was shown to be capable of 
evaporating 0.90 pound per hour per foot span, indicating that the 
liquid-water concentration .could attain a value of at least 1.1 grams 
per cubic meter at a mean-effective drop size of 15 microns before 
runback would form. The rate of evaporation' for Condition B was 
calculated to be 1.35 pounds per hour-per foot span, suggesting that 
the liquid-water concentration of 0.5 grain per cubic meter is the 
limiting condition at 25 microns. 
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A further analysis was made of the upper wing surface at station 
157 using the values of Condition A, excepting that a free-e.ir tempera-
ture of 00 F was assumed. The curve of convective heat loss for this 
condition is shown in figure 28. Under this condition, calculations 
revealed the wing would be able to evap9rate 0.70 pound per hour per 
foot span. The rate of impingement, as before, was 0.65 pound per 
hour per foot span. 

These calculations substantiate the general observations of the 
successful operation of the C46 wing thermal ice-prevention system. 
The absence of runback on the wing upper surfaces during a great many 
of the icing flights indicates the adequacy of the thermal design. 

Selection of Conditions for Design 

In selecting values of drop size, liquid-water concentration, 
air temperature, and altitude for the design of thermal-ice-prevention 
equipment, a combination of these variables normally occurring in 
nature should be chosen such as to require the highest rate of heating. 
As stated previously, conditions of maximum continuous Icing are 
believed to form a good basis for design. It is of interest to inves-
tigate the effect of different possible combinations of the variables 
of drop size, liquid-water content, air temperature, and altitude on 
the heat requirement for ice prevention for the maximum continuous 
conditions given in the table in the first part of this discussion. 

The effect of an increase in the size of drops in an icing condi-
tion Is to increase the collection efficiency of the airfoil, thereby 
increasing both the rate at which water is intercepted and the area 
of impingement. An increase in the liquid-water concentration of 
the air causes a proportional increase in the amount of water inter-
cepted, for a given drop size. Since all of the water striking the 
wing must be evaporated to avoid the formation of ice, an increase 
in the rate of water interception will cause an increase in the heat 
requirement. Fortunately, a relation between water concentration 
and drop size appears to exist in icing clouds, and the existence of 
very large drops generally is accompanied by a small concentration 
of liquid water (reference 13). The selection of a combination of 
drop size and water concentration should be such as to produce the 
highest rate of impingement. It was shown previously that an increase 
in the drop size produces a greater increase in the rate of water 
interception than a proportional increase In the water concentration. 
For this reason, the maximum continuous Icing condition of 25 microns, 
mean-effective drop size, and 0.5 gram per cubic meter, liquid-water 
concentration, generally will result in 'a more rapid rate of water 
impingement than the condition of 15 microns and 0.8 gram per cubic 
meter.
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A decrease in free -air temperature, while increasing the heat 
requirement for thermal Ice prevention, is accompanied by a decrease 
in the liquid-water concentration (reference 111.), which causes a 
proportional decrease in the rate of water impingement, for the same 
drop size. The sizes of drops existing at low air temperatures (00 F) 
in icing conditions tend to be only slightly smlller than those at 
higher air temperatures (reference 13); therefore, a selection of 
air temperature for design will be determined by the combination of 
air temperature and water concentration (and corresponding drop size) 
to produce the highest heat requirement. It will be found, generally, 
that the rate of heating required to evaporate the larger quantities 
of water at the higher air temperatures is greater than the heat 
needed for ice prevention at the lover temperatures. However, low 
air'-temperature conditions should be Investigated to ascertain that 
the temperature of the heated surface will not fall below freezing. 

Théeáppeare -to-be-no-relation-betweena1titude and the drop 
size or liquid-iater concentration of icing conditions. (See ref e- 
ence 13.) Therefore, the altitude at which the heat requirement is 
greatest should be chosen. The minimum altitude of operation was 
shown previously to produce the highest heat requirement for wing 
thermal ice prevention. However, as was formerly suggested, if the 
airplane is designed to'utilize some form of air-heated system, the 
mexiimim altitude at which icing is expected to be encountered should 
also be investigated.

CONCLUSIONS 

From the foregoing discussion, it is concluded that the extent 
of knowledge on the meteorology of icing, the impingement of water 
drops on airfoil surfaces, and the processes of heat transfer and 
evaporation from a vetted airfoil surface has been Increased to a 
point where the design of heated wings on a fundamental, vet-air 
basis now can be undertaken with reasonable certainty. In addition 
to this general conclusion, the following conclusions are drawn, 
based on test data and 'ana l ytical studies of the processes of heat 
transfer and evaporation from a heated wing: 

1. The heat should be concentrated as much as possible In the 
leading-edge region of the wing in the area of water-drop Impinge-
want, If an efficient thermal system Is to be obtained. 

2. An Increase in altitude, for the same rate and area of water 
impingement on a wing and for the same conditions of true airspeed 
and free-air temperature, decreases the heat requirement for thermal 
ice prevention.
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3. A wing thermal ice-prevention system which has been designed 
to evaporate all impinging water in the leading-edge region for a 
relatively high free-air temperature (200 F) will be capable of ice 
prevention at low air temperatures (00 F) in icing conditions nearly 
as severe as those upon which the design was based. 

Ames Aeronautical. Laboratory, 
National Advisory Committee for Aeronautics, 

Moffett Field., Calif. 

APPENDIX 

Calculation of Extent of Heated AreaRequ1red 
for NACA 0012 Airfoil 

The detailed, step-by--step calculations for establishing the 
extent of heated area required for Ice prevention on an NACA 0012 
airfoil in specified conditions of Icing are presented In this appen-
dix. It is believed that the general procedure outlined herein will 
be applicable for the design of most wing thermal Ice-prevention 
equipment. 

The calculations were made for one side only of the airfoil. 
The assumed flight and meteorological conditions used in the calcu-
lations are as follows: 

Pressure altitude . . . . .. . . . . . . .. •..... 12 9 000 ft 

True airspeed . , . . . . . . . . . . . 0.0 . . . . . . . . 170 mph 

Free-air temperature. . . . . . . . . . . .. . . . . . . . . . 20 0 F 

Liquid-water concentration. . ........ . . .... 0.5gn/m3 

Mean-effective drop diameter. . . . . . . . . . . . . . . 25 microns 

Drop-size distribution. ............ . .. .5.... 
The chord length of the airfoil was taken as 8 feet. 

Step 1.- Calculate area, rate, and distribution of water inter-
ception. The area of interception Is determined by the largest 
droplets present in the cloud. For the case of. an  "E" type drop-
size distribution (reference 17), the largest drops will be 2.71 
times larger than the mean-effective size, or
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Maximum drop diameter = 2.71 x 25 = 68 microns 

The K-value corresponding to a drop diameter of 68 microns for the 
assumed flight conditions was calculated using equation (5). Thus, 

K = a (_62.4) (34x-1 .286_6(2oo.o53' = o.165 
9 \ 0.053 8	 )	 1.16xi05 

From figure 3, the efficiency of impingement E for this K-value is 
54 percent. Using equation (10), the starting ordinate of the 68-
micron-diameter drop which just hits the surface is 

= E ymax 

or

Yolimit = E 

Since the airfoil is 12 percent thick, 

yinax = 0.06 
C 

and

YOinit = 0.54 x 0.06 = 0.032 
C 

Using the broken curve in figure 1, the area of Impingement was found 
to be 10.8 percent s/c. 

The distribution of water-Impingement rate over the airfoil 
surface was calculated using equation (8). The individual rates of 
impingement for each of the drop sizes In the assumed distribution 
were calculated for various points along the surface. This was 
accomplished by computing the value of K for each of the drop sizes
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in the distribution using equation (5), determining the value 's of C, 
for the corresponding K—value, at various points along the surface, 
then evaluating the expression VnC. By adding these Individual 
Impingement rates for each point on the em-face, the resulting dis-
tribution of water—impingement rate over the surface was obtained. 
The above calculations were made using a tabular form of computation, 
as illustrated, in table V. Figure 17 shows the resulting distribu— 
tion of Impingement. The total rate of water impingement M 8 was 
calculated, using equation (9), by measuring the area under the curve 
shown in figure 17. The value of M9 was calculated to be 2.1 
pounds per hour per foot span. 

Step 2.— Establish the distribution of heat flow from the 
surface • The distribution of heat flow will depend on the type of 
ice—prevention system to be used. If an electrical system is 
planned, the distribution and intensity, once set, will remain 
unchanged regardless of variations in flight and meteorological 
conditions. On the other hand., if the system is to be designed to 
utilize heated air or some other fluid, the distribution of heat flow 
from the surface will depend upon the characteristics of the internal 
flow of the fluid as well as the conditions affecting the external 
heat transfer. If such a system is to be used, calculation of the 
heat—flow distribution will be rather complex, and it is believed 
that assuming a distribution will provide a good basis for starting 
the calculations for design. 

The heat—flow distribution and intensity used in these calcu-
lations was estimated, based on dEta presented in references 4 and 
26, to be the heat—flow distribution and intensity of the thermal 
ice—prevention system for the wing of the c-46 airplane (refer-
ence 20) at the 8—foot chord station. This distribution, which Is 
believed to be representative of a probable thermal system, is shown 
in figure 26. 

Step 3.- Determine the values of convective heat—transfer 
coefficient. The values of measured convective heat—transfer coeffi-
cient with the estimated form of the turbulent coefficients shown in 
figure 25 were used. 

Step 4.- Calculate values of surface temperature in the area of 
water Impingement, using equation (24), such that the values of q at 
any point are equal to the assumed heat flow. (See fig. 26.) 

Step 5.- from the values of surface temperature calculated in 
step 4, compute the convective heat loss using equation (12). The 
curve of convective heat loss Is plotted in figure 26.
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Step 6.- Calculate the rate of flow of water aft of the region 
of water interception. This was done by measuring the area in the 
region of water impingement between the convective heat-flow curve and 
the curve denoting heat flow to impinging water (fig. 26) to obtain 
the rate of heat dissipation due to evaporation. The rate of evapora-
tion was computed from equation (20), and was subtracted from the rate 
of impingement to give the rate of water flow aft of the region of water 
interception. The rate of evaporation was calculated to be 1.6 pounds 
per hour per foot span.1 Subtracting this value from the rate of water 
striking the surface, 2.1 pounds per hour, foot, the rate of flow, of 
water aft, then, is 0.5 pound per hour per foot span. 

Step 7.- Determine the wetness fraction and make the proper 
modification to the evaporative factor. Using the curve shown in 
figure 21, the wetness fraction for a water flow rate of 0.5 pound 
per hour, foot is 30 percent. It is suggested that the values of 
deèi"f ètiSWgiven-in-figure-2l-be -used-only -to_the nearest 
10 percent, since more precise usage is considered to be unwarranted. 

The evaporative factor X was then modified by the 30-percent 
wetness fraction, so that equation (23) becomes 

(es-eok's\ & 
X = 1 + 1.12 t5tOk) 

For these calculations, the value of P1 was taken as the free-stream 
static pressure, so that 

X = 1 + 1.77
( t 8-tOk 

Step 8.- Calculate values of surface temperature aft of the area 
of water impingement using equation (25) and the revised value of X 
such that the values of q at any point are equal to the assumed heat 
flow. (See fig. 26.) 

Step 9.- From the values of surface temperature calculated in 
step 8, compute the convective heat loss, using equation (12). The 
curve of convective heat loss is shown in figure 26. 

Step 10.- Extend the calculation of convective heat loss until 
the total rate of evaporation, denoted by the area between the curves
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of convection and total heat flow (except in the region of impingement), 
equals the total rate of water impingement. The rate of evaporation 
was computed from the area between the two curves using equation (20). 
For the case of the 0012 airfoil, the extent of heated. region required 
for evaporation of 2.1 pounds per hour, foot span was calculated to be 
to 18 percent s/c, which is equivalent - to 16.5 percent chord. 

It should be noted that the extent of the heated region can be 
decreased by increasing the intensity of the total heat—flow distri-
bution and re—calculating the required extent of heated. area.
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TABLE III.- C(PABIS(i OF CPJJCtLAD BATES OF WATER 
IM?INIT AND EV'APORA!PION OVEH TEE LEADING 'ED 

OF THE NCA 0012 EIECTEICALLY HEATED AIBFOfl 
MODEL FOR ICING CONDITIONS OF TABLE I 

Calculated Calculated 
rate of, rate of 

Icing water water 
coMi- !Might Pacific Standard Impinge- evapora-
tion number tize nt,	 Me tion,	 w 

(lb/(hr) (lb/(hr) 
(ft.epan)1 (ft.span)1 

1 39 ,	 2:03 to 2:05 0.30 0.17 

2 39 2:13 to 2:16 .35 •41 

3 39 2:19 to 2:22 .27 .36 

11. 39 2:23 to 2:26 .03 .04. 

5 39 2:28 to 2 :31 ,	 .19 .19 

6 43 12:27 to 12:29 .61 .62 

7 11.9 1:25 to 1:26 1.41 .24*

*Only leading-edge region heated. Runback formed.	 / 

•NATIONAL "ADVISORY
COMMITTEE FOR AERONAUTICS. 
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TABLE IT.- COMPARISON OF CALCUL(D RATES OF WATER 
IMPINMENT AND EVAPORATION OVER ¶LE LEADING 

xwE OF TmE icA 65,2-016 ELECTRICAlLY 

AD AIRFOIL MODEL FOR ICING 
CONDITIONS OF TABLE II 

Icing Flight Pacific Standard
-

Calcu.lated. 
rate of 

wez'-drop 
impinge- 

-
(lb/(hr) 
(ft.apail)1

Calculated 
rate of 
water 

evapora-
.tiQfl,	 W9 

[lb/(hr) 
(ft.span)] 

1 100 3:15 to 3:19 0.117 O.46 

2 102 1:30 to 1:35 .911 .96 

3 105 11:01 to 11:06 .52 .55 

4 105 11:41 to 11: 45 .6 •514. 

5 105 2:32 to 2 : 36 .97 1.05 

6 105 3:07 to 3:12 1.01 1.06 

7 105 3:1810 3:23 .33 .38 

8 111 12 :32 to 12 :36 .18 .20 

9 111 1:08 to 1:12 1.60 .1111* 

10 111 1:15 to 1:19 1.79 .51*

*Only leading--edge. -region heated. Runback ford.. 

NATIONAL 'ADVISORY
COMMITTEE FOR AERONAUTICS.
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NACA

A-1O79 

(a) NACA 0012 section mounted on c-46 fuselage 
for the 194-46 flight tests. 

ie-

(b) NACA 6,2-016 section mounted on C-46 fuselage 
for 1946-47 flight tests. 

Figure 6.— Electrically heated airfoil models used to obtain data 
in natural-icing conditions.
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Figure 9. — Typical runback formation obtained on the NACA 0012 airfoil 
model with only leading—edge, region heated.
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A- 11556 

Figure 13 .— Runback formation obtained on the electrically heated 
NACA 65,2-016 airfoil model during icing conditions 9 and 10, 
table H.
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