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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECENICAL NOTE NO. 1472

VING THERMAL ICE PREVENITON IN
SPECIFIED ICING CONDITIONS

By CaxT B. Neel, Jr., Norman R, Bergrun,
David Jukoff, and Bermard A. Sohlaff

As & result of & fundsmental investigation of the meteocrological
conditions conducive to the formation of ice on aircraft and a study
of the procees of airfolil thermal ice prevention, previously derived
equations for calculating the rate of heat transfer from airfoils in
icing conditions were verified. Knowlsdge of the manner in which
weter is deposited on and evaporated from the swurface of a heated
airfoil was expanded sufficiently to allov reasonably accurate calcu—
lations of airfoll heat requirements. The research consieted of
flight teets in natural-icing conditions with two 8-foot-chord heated
airfolils of different sections. Moaswements of the meteorological
variablee conducive to ice formation were made simultansously with the
procurement of airfoil thermal data,

It was concluded that the extent of knowledge on the metecrology
of icing, the impingemsnt of water drops on airfoil surfaces, and the
oceeses Of heat transfer and evaporation from a wetted airfoil
surface has been incresased to & point where the design of heated wings
on & fundamental, wet~air dasis nov cen dbe undertaken with reasonable
certainty,

INTRODUCTI Y

For & period of several years, the Nationa)l Adviecry Committes
for Aesrcnautics has conducted ressarch on the prevention of ice
formation on aircraft through the use of heat, During thie time,
research of a fundamsntal nature on the problem of thermal ice
prevention was retarded by the more urgent need for development of
ico-prevention systems for epecific airplanes in military service,
Satisfactory wving— and tail-swrface thermal ice—prevention syatems
for & Lockheed 12-A, Consolidated B-24, Boeing B-17, amd
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Curtiss-VWright C—k6 alrplanes (references 1, 2, 3, and k, respectively)
were designed, fabricated, and tested in matural-icing conditions.
Windshisld thermal ice-prevention systems which proved adequate in
the icing conditions encountered were provided for the 12-A, B-24,
and C-46 airplanss. Each wing— and tail-surface deeign was based on
establishing, for flight in clear-air conditions, a swface—
texperature rise above free—stream temperature which experience in
simlated— and natural-icing conditions had shown to be adequate for
ice prevention. This empirical method, while proving satisfactory
for the airplanes tested, wae limited, since it was not established
on & fundamental basis, and a more basic procedure founded on
designing for the conditions exieting 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 basie for the extrapolation of present
limited data on heat requirements to meteorclogical and flight condi-
tions for which test data are not available, (2) to provide data for

ing the efficiency of thermal ice-—prevention equipment, and

(3) to provide a wet-air, ar metecrological, basis for the preparation
of design epecifications for thermal ice-prevention equipment, The
research consists of an investigation of the mesteorological factors
conducive to icing, and a study of the heat-transfer processes vhich
govern the operation of thermel ice-prevention equipment for airfoils
and for wvindshield configurations.

The airfoil heat-transfor phase of thie investigation consisted
of the measuwrement of the factors affecting the transfer of heat
from airfoil surfaces during flight in matural-icing conditions.
These data are correlated with the similtansous measwements of the
meteoroclogical paramsters vhich influence the heat-transfer process,
and are analyzed for the purpose of establishing a wet-air ice-
yrevention deeign basis for airfoils.

The first approach to the icing heat-transfer yroblem on a
fundamental basie was made in England by Hardy and Mann priar to
1942, In this study, a method for the calculation of heat transfer
from & heated surface subjected to icing conditions was presented
and substantiated by mesasurements in an icing tunnel. Ilater work by
Hardy in wvhich 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 dwring a period of
active participation by Mr. Eardy in the NACA icing research program,
presents an analysis of the dissipation of heat in conditions of
icing from a section of the heated wing of the C-~46 airplans
(reference 4).
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Other research in the present MACA investigation has been
reparted in references 7, 8, and 9. Referencs 7 gives the first
msasurements 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
vars-front type. 5

Research on the problem of heat transfer from airfoils in condi-
tions of icing has aleo been conducted by other labmratories. In
reference 10, the transfer of heat from eurfaces subjected to icing
conditions on Mount Washington hae been studied. The General Electric
Research lLaboratory has conducted a number of inveetigations on this
phase of icing. A eummary of thie vork and a list of reporte is
presented in reference 1ll, A comprehensive report by the Army Air

Forces cn the development and application of hedted wings is contained
in reference 12,

In continuation of the present icing program, the C—i6 a
was squipped with epecial meteocrological and electrically heated test
apparatus, and flown in natural-icing conditions during the winters
of 1945-46 and 194647, Flight tests were conducted mainly along
airline routee over most of the United Statee. Ths meteoroclogical
data recorded dAuring the icing conditions encountered in the two
seasons are presented and discussed in references 13 and 14,

This report soents an analysis of the data obtained during the
1945-46 and 194647 winter seasons with two electrically heated air-
foil sections, The data were analyrzed using the heat—transfer
equations developed by Hardy. (See referencee 5 and 6.) A considere-
tion of the area and rate of water impingement on ons of the airfoil
sections based on an analytical etudy of water-drop trejectories
(reference 15) ie also presented. An attempt is made to further the
knovledge of the process .of airfoll thermal ice~prevention.

The aprreciation of the NACA le extended to United Air Lines,
Inc., the United Statee 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

pilote of the research airplans, were a valuable aid to the conduct of
the inveetigation.
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SNBAS
The following nomenclature is used throughout this report:
radius of wvater drop, feet
airfoil chord length, feet

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

specific heat of water at constant presswre, equal to 1 Btu
per pound, degree Falrenheit

concentration factor, defined in equation (6), dimensionless

saturation vapor presswre with respect to water, millimsters
of merowry

water-drop collection efficiency, defined in equation (10)
_ acceleration of gravity, equal to 32.2 feet per second, second

convective swface heat-—transfer coefficient, Btu per hour,
square foot, degrees Fahrenheit

total surface heat—transfer coefficisnt, Btu per howr, square
foot, degree Fahrenheit

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

thermal conductivity, Btu per second, square foot, degres
Fahrenheit per foot

dimsnsionless drop-inertia quantity, defined in equation (5)

latent heat of vaporization of water at swrface temperature,
Btu per pound

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

weight rate of water—drop impingsment per unit of surface
area, pounds per hour, square foot

weight rate of water flow aft of area of wvater—drop impinge—
ment per foot of span for oaw side of airfoil, pounds per
hour, foot
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weight rete of water-drop impingsment per foot of span for one
side of airfoil, pounds per howr, foot

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

barcmstric pressure, millimeters of mercury

Prandtl number (cpu/k), dimensicnless

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

Reynolde number for airfoil (Vcy/u), dimensionless

froe-stream Reynolds number of water drop relative to speed of
airfoil (2Vay/u), dimensionless

distance msasured chordwise along airfoil surface from stagna—
tion point, feet

temperature, degrees Fahrenheit

local velocity just outside boundary layer, feet per second
free—atream velocity, feet per second

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

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

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

evaporation factor, defined in equation (72), dimensionless
airfoil ordinate, feet

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

preesure altituds, feet

ratio of saturated to dry adiadatic lapse rates

exponent of Prendtl number, 1/2 for laminar flow, 1/3 for
turbulent flow




specific weight of air, pounds per cubic foot
specific weight of water, squal to 62.% pounds per oubic foot
viscosity of air, pounds per second, foot
Subscripts
vefers to conditions at edge of boundary layer
kinetic
refers to free—strean conditions
mean effective
refers to conditions at airfoll swrface
soa level

ANALYSIS

During flight in icing conditions a heated wing is cooled dy
convective heat transfer, by evaporation of the water on -he swrfacs,
and, in the region of droplet interception, by the water striking
the wing.l The rate at vhich heat must be supplied in arder to
maintain the wing surface at a specified temperature is, therefore, a
function of the rates of comvection, evapcration, and wvater impingsment.
Equations for expressing this heat requirement are presented in
references 5 and 6, These equatioms, with slight modification, are
used throughout this report.

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

e =qy+ Qo + Qe (1)

heat loss due to wvarming the intercepted water
Qe heat loss due to forced convection
Qe heat loss dus to evaporation of the impinging water
Each of these individual heat flows will be analyzed.

1the 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 vhere wvater droplets strike the ving, the heat
required pexr unit area to heat the water to surface temperatwre is

w el [tl"(te"Atkv)] @

The toxrm Ata is the kinetic temperature rise of the water caused
by stoppege the droplets as they strike the ving. The value of
Atxy 1is given by

-X
Aty 28%ope . (3)

vhere V is tbm.-otsounlocity in feet per second. The value
of Aty, is less than 2° Fahrenheit for airplans speeds up to 200
nilss an hour and, for the calculations presented in this report, the
term has been neglected. ZEguation (2) thus decomes:

Qv = Ma (ts-to) (%)

The weight rate of water impingsment on the wing, the area of
ixmpingement, and the distribution of the water over that area are
important factors in the heat—transfer analysis. In addition tc the
offect of the amount of water intercepted on the value of gy in
equation (%), the evaluation of Ma provides an indication of the
quantity of water vhich must be maintained in a liquid state until
i1t either evaporatee or runs off the trailing edge if the formation
of lce aft of the area of impingsment, normally termed “"runback,” is
tc be avoided, The area of impingsment influences the extent of
heated region to be provided at the leading edge, while dmowledge of
the dietribution of water Impingement is required in the calculation
of the heating requirement in areas wvhere water is striking.

Calculations have been made by Glauvert (reference 16) for the
trajectoriee of wvater drops about cylinders and an airfcil, In this
work the assumption was made that the drops cbeyed Stokes' law of
resistance. At the epeeds of flight, however, Stckes' law no longer
strictly holds, and Langmuir and Blodgett (referenze 17) computed a
series of drop trajectoriee about cylinders, spheres, and ribdbons,
taking into consideration deviations from Stokee' law, These compu—
tations were undertaloen on the assumption that the trajectories for

e e ———————— hho—— o 8

o — i
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cylinders would apply to airfoils if the airfoil were replaced dy an
"equivalent" cylinder (reference 12).

Preliminary calculations based on refsrences 15 and 17 indicatsd
that, for large voluee of drop size and airspeed, the assumption of
the equivalent cylinder would not hold for airfoils. Therefore, more
extensive calculations wore undertaken to determine ths drop trajec—
torios for onc of the test airfoils of this rescarch, an NACA 0012
airfoil at 0° 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) wae used to eupply the
stream lines sincs the Joukowski etream linee and velocity field can
be computed with relative ease, The basic equations presented in
reference 15 wore uecd with modifications for dsviation from Stokee'
law ae given in referonce 17. The procedure followed was to start a
glven distancs forward of the airfoil and calculate the pathe of the
drops using a etep~by-step integration procces. Rassults of these
computations are presented in figure 1., The curves shown sstablish
the dietance 8, moasured from ths stagnation point, at which a given
drop will etrike the airfoil whsn starting a dietance yo above
the projectsd chord line. Curves are presented for various values

of X, where
2
.22!(& (m
KCiE (@) )

It should be noted that the curves of figure 1l apply strictly only
for a drop Reynolds mumber Ry of 95.65, that is, only for partic—
ular combinations of drop size, airepesd, altitude, and air tempera—
ture. The value of 95,65 was chosen as being the Reynolds number
correeponding to average conditions of drop size, airspesd, altitude,
and air temperature experienced during the teste of this inveetiga-—
tion. However, the curves of figure 1 can be ueed for a range of
Reynolds numbers on either side of 95.55 without serious error. Dus
to practical considerations, thsse curves were used in the anslysis
of the data pressnted in this report, even though the Reynolds
numbey differod ecmewhat for every case,

Area of water impingemsnt.— The end pointe of the curves ehown
in rigure 1l denote the extreme location at which drops of a partic—
ular K value will etrike the airfoil, Beyond thie value of e/c no
drops of this K veluo will hit, Thus, the broken line in figure 1l
eetablishes the area of impingement for all values of K.

Rate of water impingement.— The rate of water impingement at a
specifisd point on an airfoil is a function of the area of impingement,
the velocity of flight, the ligquid-water concentration of the air
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strean, and the distribution of the intercepted water over the surface.
This latter factor, called the ooncentration factor C 1s represented
by the retio of y, to s, or:

cip

Yor point values,

ay
¢ =z

or more exactly,
4y,
C =2 (6)

The weight rate of water impingsment per unit of swrface area in
pounds per howr, squaxe foot, then, is

&-36“)7..0 {7

apparent from equation (6) that C is simply the slope of
shown in figuore 1. A plot of the msasured slopes of these
as & function of s/c 1s presented in figwre 2. Using values
fram figure 2, the weight rate of water impingement
surface can bs calculated from equation (7).

e cloud, vhere the water drops are not of uniform
follow a pattern of size distribution, the rate of
can be computed if the distribution is known or assumed.
ixpingsment at any point is the sum of all the rates
volume of water contained in each drop sige.

XN, = 3600 Tzw (8)

viere n is the concentration of liquid water comtained in drops of
a particular size and C 1is the concentration factar for the K
value corresponding to that drop size.

In order to establish the possibility of rundback forming aft of
the heated area of & wing, it is necessary to know the total quantity
of water intercepted per unit of wing span, This rate of impingsmsat,
dsnoted as Mg 4in pounds per hour, foot span, is given by
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u.-j:n.a- (9)

A more rapid method for the evaluation of My utilizes a ocwrve of

oollsotiom efficiency E as a function of K (fig. 3). Colleotion
officiency is defined as

r « 2ot (20)

Ymax

vhere Yojimit is the value of yo for which drops of a particular
E valw Just miss the airfoil, and ymax 1is the maximm ordinate of
the airfoil. The equation for camputing Mg, then, is

Mg = 3600 EVit ymax (11)

ﬁm 3, the rate of water impingsment can be computed for
zos in the assumed or msasured drop-size é&istri-
rate of impingement is the summtion of these

Hoeat Loss Due to Farced Convection

The unit heat flowv from the suxrface of a dody in an air stream
resulting from convective heat transfer can be expressed:

9% = b (te-toy) (12)

vhere tg 1s the swxrface temperature and tox is the kinetic
ature of the free-streem air at the point for vhich the heat flow is
being computed, The factor h 1is the convective heat-transfer
coefficient and may be evaluated by msasurements in clear air or by
calculation using the methods presented in references 18 and 19,
Evaluation of the term to Will now be discussed.

The swrface of an unheated wing moving through ‘the air will
assue a temperature somevhat higher than that of the free air stream
because of stoppage of the air particles in the boundary layer next
to the suxface., This temperature rise is of importance in the calcu=-
lation of heat requirements for ice prevemtion in that it estadlishes
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the datum point from which the tempersture of the surface must be
raised to obtain the desired tempersture, tge The value of the

temperature rise in clear air, from equations derived in reference 5,
is, for laminer flow,

Atk-—E—[

2gdcp (13)

and for turbulent flow,

At,,-s%cp [1_!5(1-1»;;)] ' (2%)

where U 1is the local velocity jJust outside the boundary layer at the
point along the swrface where the values of Aty 1is being calculated,

In clouds, the kinstic temperature rise is reduced, due to
evaporation of wvater from the suwrface., Assuming the surface is

coampletely wetted with water, the value of the temperature rise for
laninar flow becomes

ey B (D) ] o () oo

81 = 9o ;ﬁ (16)

and eoox 1is the vapor pressure at saturetion at the wet kinstio tem-
perature, toxe The walue of tox is

toy = to + Aty
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et iy [1 G ob) |-y (52) e

lquttcn (17) 1s for laminar fiow. The equation for twrbulsnt flow

1s the same, but with the expoment of Pr changed to 1/3. It can be
seen that this equation must be solved by trial, since the value of
Sox 1s dependent upon the tempsratwre toy.

Experimsuts in clouds, in the process of celibrating a free—air
thermomster installation (reference 13), showed that by multiplying
the oclsar-air kinetio~temperature rise by the ratic of the saturated
to the 4ry adiabatic lapse rates, good agreemsnt dotween the values
of kinetic temperature rise calculated in this manner and the meesured
values was ocbtained. Since use of ths ratic of the adiabatic lapse
rates was substantiated experimentally, and since equation (17) must
be sclved by trial, a somevhat laborious procedure, the following
equations vere used in this report to calculate valuss of tox:

For laminer flow,

oty R ())&

and for turbulent flov,
t,‘-tg+-2$é;[1-$(1-hj>]a (29)

Yalues of os/cd, the ratic of the wet- to the dry-adiabatic lapse
rates, are cbtained from figure 4, The use of the lapse-rete ratio
in equations (18) and (19) is semi-empirical. The limitations of
this simplification in the caloulation of kinstioc-temperature rise of
airfoil swrfaces in clouds are not known, Below speeds of 200 miles
per hour, however, these uvquations can be used with small error, since
the kinetic-~temperature rise is low.

Hoat Yoss Dus to Evaporation of the Water on the Swrface

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

G =1y Vg (20)
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Trom reference 5 the nhtienbom.a and the oonvective
heat-transfer cosfficient h oan de expres for a completely
wetted surface as;:

G =h (X 1) (tete) . ()

x-1+§=(:£;g> 9,522 (s2)

By sudstituting averege valuwes for Iy and op, equation (22) can
be rewritten

Zal+3Ts (;—:—Ef)% (23)

for Lg and cp are 1100 Btu per pound and 0.2k
nheit, respectively. The factor PgrL/Pa 1s the
sea~lovel pressure to the local static pressure.
It should be noted that the evaporation factar X applies only
vhen the swrface is completely wetted., If only partial wetness
yevails, the value of X must be modified according tc the degree
of wetness.
Total Heat Loss from a Wotted Surface

Summarizing the heat losses due to water impingsment, comvection,
and evaporation, equation (1) oan be written:

q = Mg (te~to) + h (tg~toy) + h (X = 1) (ty~toy)

which reduces tc

q = Mg (ta~to) + h X (te~toy)
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APt of the regicn of water impingsmsnt, My = O and equation (2h)
beccaws

qa=hX (te-toy) (23)

IESCRIPTION OF EQUIFPMERT

All tests reported herein vere made in the (~46 airplane shown
in figue 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 msasure
the free—air temperatwre, liquid-water concentration, drop size and
drop-size distridution is descrided in references 13 and 1li,

Two electrically heated test airfoils were used to obtain
fundamsntal data on the process of wing thermal ice prevention. Each
airfoil wvas mounted vertically on top of the fuselage of the C-k6
sirplans, as shown in figure 5. The test airfoll installed during
the winter of 1945-k6 had an NACA 0012 section. For the tests in the
winter of 194647 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-
plans; that is, at zero angle of attack for unyawed flight, Ordinates
for an RACA 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. tbe NACA 65,2-016
airfoil vas mounted as shown in figure 6(b). A clear plastic
blister, shown in figuree 6(a) and 6(b), allowed the airfoils to
be viewed and photographed in flight.

Both airfolls had an 8-foot chord and a k.7-foot span, with e
faired square tip. A hoated teet sectiom of l-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 duilt around the leading-
edge region on bdoth sides of the teat section far the purpose of
preveuting any disturdbance of the air flowing over the teet section
wvhich might have been caused by ice acocretions in the region of the
guard sections,




EACA 65,2-016 Airfoil Model
Construction detalls of the 65,2-016 airfoil modsl 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
seotion vas made up of a 3/8-inch-thick plastic base and a sheet of
plastio-impregnated fabric, 1/6i—inch-thick, on top of which l/2~inch
wide, 0,002-inch-thick, eslectrical resistance heating strips were
cemented in a spanwise direction spaced 1/32 inch apart. A covering
of the 1/6i-inch-thick plastio-impregnated sheet was laid over the
resistancs strips, and on top of this wvas cemsnted a skin of
0,006-inch~thick alumimum. Each 1/2-inch-wide heating strip vas
oconnected to individual lugs located along the sdges of the teat
section, This provided means foar chordvwise 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 and 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 alumimm skin was 0.0L)
inch thick. The heated area of the guard sections extended to 17
percent choxrd on both sides of the model.

Measurements of the temperature of the alumimm surfacs of the
test section were obtained by means of thermocouples. Fine iron~
constantan thermocouple wire was rollsd flat to produce a strip
approximately 0,002 inch thick and 1/16 inch wide. These strip
thermocouples were laid in spanvise 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 vas bonded to the aluminum skin, allowing accurate surface—
temporature measwuremsnts to be mads, The remainder of the groove on
oither side of the aluminum spray was filled with a nonelectrically
conducting material. Thermocouples wore located at the center of
the test section at l-inch chardwise intervals in the leading-edge
and calculated transition regions, and at 1-l/2-inch chordwise
intervals in other regions., Surface temperatures were recorded by
msans of pelf-balancing autamatic-recording potentiometers.

The flow of heat through the outer swrface was calculated from
measuremsnts 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 chordwise
stations gave an indication of the heat flow into the model interior.
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These thermocouples were comnected to the same recording potenti-
casters used to record swiface temperatures.

Preasure taps were installed flush in the test-section surface
about 3 inches down from the top edge of the teat section at various
chordwise points for the of msasuring swrface pressuwre dis-—
tribution. A standard NACA ell pressure recorder was used to
record the pressures,

A source of 40O-cycle, single-phase, alternating cwrent was
supplied to the test and guard sections for heating these swrfaces.
The heating strips for the test section were grouped into 30 chord-
wise dlocks. Control of the current flowing through each block was
provided, so that a largs variation in the chordwise distridution of
heat flow wvas possible during flight. Before thes icing operations
started the heating strips for the guard sections were comnected to
mintain 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 dwring
flight,

NACA 0012 Airfoil Model

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

The top layer of plastic—impregnated fabric covering the electri-
oal resistance strips oonstituted 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
oxtended to 1l percent chord on both sides of the airfoil,

Strip thermocouples of the sams type as installed in the 65,2-016
model wore used to measure surface temperatures of the test section.
Spanvise 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 swrface 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 ths test
section at l-inch chordwise intervals in the leading-edge and calcula~
ted transition regions, and at 2- to 2-1/2-inch chordvise intervals in
other regicns. Swface temperatures were recorded by means of an
autcmtio-recording potentiomster.

The flow of heat through the surface of the test section was cal-
culated from measuremsnts of the power dissipated in the electrical
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heating strips, in a manner similar to that desoribed for the 63,2-016
airfoil,

Installation of surface yressure taps for the msasuremsnt of
pressure distribution was the same as for the 65,2016 modsl. The

pressures were recorded by photographing a multiple-tube mancmeter
to vhich the pressure taps were connected.

A source of 400-cycle, single-phase, altermating current was
supplied to the test and guaxrd sections for hesating these surfaces.
In the test section, provisions were made for obtaining a limited
mumber of chordwise heating distributions as well as for control of
the total heat input with each distribution. A small degres of varis-
tion of each heat distribution wae alsc provided. During flight it
wvas possible to control only the total heat input, and to vary, to a
small extent, each distribution. As with the 65,2-016 airfcil, the
heating strips for the guard sections were connected to give an
approximately constant surface—temperature rise in clear air, No
control of the heat distribution or the total power input to the gumxd
sections was provided,

The test airplane was flowm into natwral-icing conditions over
most of the northwestern area of the United States during the winter
of 1945-46, During the winter of 194647 the area of opsrations was
extended to include a few flights in the ocentral and eastern part of
the United States, The usual tsst procedurs, duwring flight in icing
conditions, wae to record airfoll data simmltansously with the
msasuremsnt of the meteorological conditions. The rotating oylinders,
described in reference 13, which constituted the msans of msaswring
liquid-water concentration, drop size, and drop-size distributiom,
were extended as often as was conveniently possible. Records of
free-air temperature, airspeed, and altitude wers taken several times
a. minute, The recording potentiomster used to obtain airfcil tempers—
tures wvas operated continuously. During this tims, the values of
current flow through the electrical heating strips of the airfoil
were recorded, Fhotographs of the test-section surface and records
of pressure distribution were taken at frequent intervals.

RESULTS

A tabulation of the flight and meteorologiocal conditions for
vhich simultansous airfoil data were obtained is presented in tables X
and II. Table I contains the flight and icing conditions for vhich
corresponding heat—transfer measurements wexre made with the NACA 0012
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airfoil, Table IT gives similar information for the NACA 65,2-016
airfoil. All mesasuremsnts were made during flight in matural-~icing
conditions. During most of the flights, large variations in liquid-
water concentration, and occasiomally drop size, were experienced,
The rotating oylinders, used to measwre ligquid-water content and drop
size, were extended for adbout 1 to 2 minutes, thus giving average
values for l- to 2-minute intervals. A complete cycle of the
recording potenticmeters used to record airfoil temperaturee required
% to 6 minutes, during vhich times the meteorclogical conditions may
have changsd considerably. For these reasons, an effort vas made to
select, for analysis and discussion herein, only the airfoil data
reocordsd during flight in relatively uniform clouds and/or vhere
olose correlation existed between the cylinder measuremsnts and the
airfoil~temperature records, Of these datas, only a part, chosen as
being typical, are presented in this report. These are the thermal

data for whioh the flight and icing conditions are given in tables I
and IX.

NACA 0012 Airfoil Data

Figures 8(a) to 8(g), inclusive, present the measuremesnts of
swrface temperature, surface heat flow, and resulting heat—transfer
coefficients obtained with the 0012 airfoil model during flight in
the conditions presented in tadble I. The heat-flow distridbution
1llustrated 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 tadle 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 odbserved to fall close to freezing
tomperature at some point on the test section., Typical values of
surface temperature, heat flow, and convective heat—transfer coef-
ficlent obtained during flight in clear air are shown in figure 8(h).

The data presented in all figures except figure 8(g) wera taken
with the entire test section heated, Figure 8(g) rresents data
secured with only the leading-edge region heated, from 11 percent
chord on the right side to 8 percent chord on the left eide. At the
time of this test, insufficient heat was supplied to the leading-—
edge area t0 evaporate all the water etriking 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 measuremsnts of the total power dissipated in
the electrical resistance stripes and the internal heat loss. The
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measuremsnts of surfece temperature, whioh were obtained with the
thermocouple installation previously desoribed, were coarrected for
errcrs incwrred by the presence of a layer of paint covering the
Junoction. Magnitude of these errors wves determined from knowlasdge
of the thickness and thermal conductivity of the paint and the amount
of heat flowing through it.

The kinetic temperature of the free-—stream air ¢ used in
oomputing the heat—transfer coefficients, was calcula for the 0012
airfoil from equations (16) end (19), using experimsntally determined
values of the expression

1 - -2®)

vhere £ 1s 1/2 for laminar flov and 1/3 for turbulent flow. Values
of this expression for various points along the airfoll swace, were
obtained from figure 10, which presents data cbtained during flight
in clear air,

A typiocal record of pressuwre distribution over the 0012 airfoil
nodel test-section swrfece is shown in figwre 11,

NACA 65,2-016 Airfoil Data

Figures 12(a) to 12(J), inclusive, present the measurements of
swrface temperature, surface heat flow, and resulting oocefficisnts
of best transfer obtained with the 65,2-016 airfoil model dwring
flight in the oonditions presented in table II. The distribution
of heat flow shown in these figures had been experimentally eetab-
lished to provide an approximately uniform temperature rise above
free-air temperature over the test-section surface during flight in
olsar air at an altitudes of 11,000 feet and a true airspeed of 175
miles per howres Thie heat-flow yrofile was used throughout all the
flight tests. B8light variations in heating intensity are dus to
variations in internal heat flow and chordvwise heat conduction in
the thin aluminum skin. Typical values of surface temperature,
heat flow, and convective heat—transfer coefficient for flight in
olear 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 approximate
55 percent chord. Heating aft of this point was precluded by a

mlfunctioning of the heating equipment in this area. Figures 12(h)
to 12(J), inclusive, yresent 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 msaswrements of
figures 12(1) and 12(J) were taken, an insufficient gquantity of heat
was being supplied to the leading-edge region to evaporate all the
water striking the surface, and ice acocumilatsd aft of the heated
area. This is shown in figure 13.

The heet-flow values given in figures 12(s) to 12(k), inclusive,
were calculated from mesasurements of the total power dissipated in
the electrical resistance strips, in & similar manner to that used
for establishing the heat flow for the NACA 0012 airfoil. In
addition to the determination of the intermal heat lose in computing
the swface heat flow for the RACA 65,2-016 airfoil, the flow of
beat chordwise in the thin aluminum surface was considered. The
chordwise heat conduction is 2 function of the chordwise variation
in swrface temperature. It wvas assumed that the quantity of heat
flowing from point to point along the eurface, as indicated by the
difference in surface temperature between the two points, ariginated
from the heating étrip under the higher temperature and flowed away
from the swface into the air stresam in the area of surface over the
heating strip at the lower temperature. Thies method, although
inexact, offered 2 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 correo—
tions were applied to the surface—temperature measurements, since
it vas assumed that the swface thermocouple junctions were at
surface temperature.

The kinetic temperature of the free-stream air toy was
calculated using equations (18) and (19). Values of the expression
1 - (®BAR) (1.-4»:53 were calculated and are plotted in figwre 1k,

A picture of the conditions of wetness which existed on the
airfoil Awring 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 lesading edge of the airfoil model to a
point Just below the test section. Since, in effect, these were
vrapped around the leading edge of the model, they illustrate the
pattern that the water assumee in striking the airfoil and flowing
aft. The records were obtainsd during icing conditions 11, 13, and
14, table II.

A typical mpasurement of pressure distribution over the 65,2-016
airfoil model test-section surface is showvn in figure 16,




The ultimate in performance of a vwing thermal ioce-prevention
oh will prevent the accretion of ice on any portion
ideal operation requires thet any water on the
t be maintained in a liquid state until it evaparates,
ving at the trailling edge. In many ving designs,
of the entire surface is not practicable because of such
featwres as integral fusl tanks, and in these instances any water
floving aft of the heated regiocn 1s apt to freeze and form the type
of ice accretion normally termed runback. In the following dis—
ouasion the ice-prevention action of a heated wing will de 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 sur.ace will de
established., If these equations and analytical methods can de shown
to define carrectly the process of thermal ice prevention, the funde~
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 riee in clear air can
then be replaced by the more fundamental and flexible concept of
sufficient heat to maintain the surface temperature above
m.ung until the water is either evaporated ar carried away.

An analyeis of the action of a heated wing requires the consid—
eration of three factore: namely (1) the metecrological and flight
conditicns for vhich the wing must provide mrotection; (2) the area
of water impingement, and the rate and distridution of impingement
over that area; and (3) the rate at which the water 1s evaporated
from the wing surface,

Moteorological and Flight Conditions

The specification of a meteoroclogical condition far the design
of thermal ice~prevention equipment dspends upon the geographical
areas over vhich 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 far 2 specific area
requires a knovledge of the conditions prevailing over the area. 1If,
on the other hand, the ice-prevention system is to provide protection
far all-weather operation, general aspecifications of a meteorclogical
eondition must be established which will encompass all conditions
1ikely to De encountered.

The most recent and oxtensive information in regard to the
severity of icing conditions likely to be experienced in all-weather
operstion in the United States is contained in references 13 anmd 1k,
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In reference 13, estimates of the maximm contimuvous icing condi-
tions as wll as the maximm yprobadle icing conditions apt to be
encountered are presented. S8ince the duration of the maximm
probable icing condition is quite short (1 to 2 minutes), and icing
of this severity is entirely associated with cumulus clouds vhich
should be avoided in all operations, the maximm contimuous icing
condition is believed to be of greater interest for design purposes.
Two conditions of maximm continuous icing are presented based on a
relationship of drop size and ligquid-wmater content. These conditioms
axre given in the following tadble:

Liquid~water 'lbmrfoo::;. mﬂtr
ti diame ure
oalzonh% on dr& ) tur.;;

0.8 15 20
0.5 25 20

It is believed that the conditions in the adbove table form a good
basis for the design of thermal ilce-prevention squipment for all-
weather operaticnm. In additiom tc these valuss, however, the proposed
wing thermal system should be analyzed for possible undesirables oper—
ation in other icing conditions. For example, reference 13 points out
that drops of 35 to 50 microns dlamster should not be regarded as
exceptional. Although the amount of liquid water associated with such
large drops is usually low (about 0.1l gram per cubic meter) 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 regiom
had been bdased only on a consideration of the data in the maximm
continuous table. Finally, the possibility of encountering icing coo—
ditions at low temperatures may be a critical conditiom for heated
wings on same airplanss., For instance, the estimated conditions

of maximm continuous icing presented in reference 13 and given

in the preceding table were extended in reference 1% to air tempere~
tures as low as —20° F for the case of 15-micron drops. The con-
ditions of maximm continuous icing suggested are 0.5 gram per cubic
metor at 0° ¥ and 0.25 gram per cubic meter at —20° ¥, both vith

"m mean-effective diameter as defined in reference 13 is the size of
drop in a cloud sample for vhich the amount of liquid water existing
in wvater drops larger than that drop is equal tc the amount of liquid
water existing in drops smaller than the drop.
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a msan-effective drop diamster of 15 microns. Either of thess ocondi-
tions may be more delsterious to the functioning of the wing thermml
system than those in the table.

Fraom the faregoing discussion, it is evident that the analysis
of a heated wing should give consideration to several possibly oriti-
oal ioing conditioms in the same manner that several flight condi-
tions are assumed for the wing structural analysis. The data of
references 13 and 1k, although somswhat limited in scope, are consid-
ored to be sufficiently indicative of icing conditions in the United
States to faam a meteorological basis for heated-wing design.

The problem of selecting a flight condition for the design of
loe-prevention equipment is concerned with the airspeed and altitude
at vhich the airplans will fly. The airspeed will depend upon the
specific airplans, and, in general, a cruise condition should de
selected. Choosing an altituds for design is dependsnt upon several
faotors, vhich will be discusssd later.

Area, Rate, and Distribution of Water Impingsment

Baving defined the icing conditions for which the heated wing is
%0 Yo designed, the next step is to determine the region of the
leading edge in wvhich the water drops will strike the wing, the rate
of wvater 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 same length for the general case in the snalysis section.
In that discussion, it was shown that the method of reference 135 could
be used to rrepare (for any wing section for vhich the stream linss
wore known or could be determined) ocurves similar to those presented
in figures 1, 2, and 3. The broken line of figure 1 gives an indice~
tion of the area of water impingement, while the rate of impingsment
at a specified point can be obtained from figure 2 and equation (7).

Two methods are availabls for the determination of the total
rate of impingsment per foot of wing span. The caloulation of this
quantity is of primary importance, ss it determines the amount of
heat reguired to disperse the water by evaparation. The first msthod
utilizes the concept of collection efficiency E as msntioned in
the analysis section. This method is prefereble when only the valwe
of the total rate of impingsment 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 impingsment at a point Mg is reguired. By employing equation (7)
and figure 2 a curve of the distribution of water impingsment
(Mp against 8/c) oca: be plotted. Figure 17 shows such a curve for
the NACA 0012 airfoil, using equation (8) and an "E" type drop-eise
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ddstribution, (See reference 17.) A curve of this type presents an
interesting pictwre of the distridution of water impingsment and, in
addition, the areas under the curve denctes the total rate of water
intexception.

Although the method of reference 15 is considered to mrovide a
complete and quite accurate prediction of the distributiomn of water
impingsment on the leading edgs of an airfoill, it dces have the dle-
advantages of requiring (1) a knowledge of the velocity componsnts
along a number of the airfoil stream lines, and (2) considerable
camputation, The difficulties associated with the computation of
the water-drop trajectories for airfoils have encouraged the substi-—
tution of & cylinder with redius equal to the airfoil leading-edge
radius in the determination of water impingsment., (See references 5
and 6,) The curves of reference 17, which have been calculated for
& large rangs of drop sizes, airspeeds, altitudes, and cylinder
diamsters, are then used directly to evaluate the anticipated water
impingement on the airfoil. This substitution procedwre is a useful
device but should be employed with a full knowledge of its limita-
tions. One of these limitatioms is the fact that the curves of
reforence 1T provide the area and total rate of water impingsment,
but give no direct indication of the distridution of impingement.

A second restriction of the cylinder—substitution mesthod is
concerned with the contour and size of the forward portiom of the
airfoil, To obtain an indication of this effect, the rate and area of
water impingement on the 0012 airfoil, at 0" angle of attack, and o
the leading-edge cylinder of that airfoil are compared for the same
flight conditions and various drop sizes in figwe 18, The values for
the 0012 gection were obtained fraom figures 1 and 2, and those for the
cylinder fram 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 considerabdly greater on
the airfoil than on the cylinder. At drop dlameters up to about 18
microns the area of impingsment on the cylinder is roughly equal to
that oo the airfoil. Eowever, at a drop diamster of 25 microms, which
1s not uvnusual (reference 135 s &nd was presented previously in this
report as a possible maximm continuous condition, ths area of impinge—
ment on the airfoll is nearly 50 percent greater than on the cylinder,
It should be noted that the value of 25 microns for the maximm contine-
uous condition is the mean-effective dlameter, 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 limitatiom of the cylinder—substitution msthod, the fact should
be noted that figure 18 applies to only one airfolil section, with
an 8-foot chord, and at one flight condition. The lsading-edge redius
of the NACA 0012 section for an B-foot chord is small (1.5 in.)




extent above the chord line. This is shown graphically in
figure 19 which presexts a comparison of the forward portions of
three airfoll sections and the leading-edge oylinder of the 0012
section. In the case of airfoil sections with the leading-edge redius
percent of the chard than the 0012 section, and also for
1ls of 0012 section, or similar, with chords greater than 8 feet,
oylinder—substitution method will present a better approximation
than that indicated by figure 18 for the sems speed rangs.

For airfoll sectiona with a leading-edge radius vhich represents
ntage of the chord, the substitution of an "equivalent"
oylinder (reference 12) with a radius larger than the leading-edge
radius would yrcbably provide a better indication of the rate and

At the present times there is not suffic-
lent information on water-drop trajectories about airfoils to provide
& basis for selecting the proper cylinder in each instance; therefore,
the designer must utilize the more complicated, but more accurate,
mothod of reference 15 o assume soms cylinder diameter based on his

The possibility that the rate and area of impingsment on
an ellipse would more closely approximate the rate and area of
impingement on a series of similar airfoils has been suggested and
is worthy of future consideration.

The ability tc select a proper drop size for the design of wing
ice~prevention squipment is a factor of considerable importance to
the designer, as can be illustrated by figuwre 20, In this figure the
rate and area of impingement are presented for the 0012 airfoill as
a function of drop size. The rate of impingsment for each drop size
was calculated for a liquid-water content of 1.0 gram per cubic meter,
Consider, then, a changs in design drop diamster 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 volums of cloud
has not been changed at all, The same increase in drop size will
osuse an increase in area of impingement from 1.5 tc 4 percent s/c.

. In contrast, consider the effect on the rate of water impings—
ment produced by an increase in the guantity of liquid water present,
assuming the drop size to remain comatant. The area of impingement
will remain unchanged, while the rate of impingsment will increase
only in direct propoartion to the increease in water concentratiom.
This example clearly illustrates the fact that the amount of free
water pyesent in an icing cloud is only ons factor influsncing the
quantity of water vhich will actually strike the wing in & specifisd
time interval, and that the size of the clowd drops 1s a factor of
at least equal impartance.
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The problem of distribution of the sizes of drops in an icing
clond also bears careful consideration, For example, if an "E" type
drop—-size distridbution exists with a mean-effective drop diameter of
25 microns, the largest drops will be 68 microns in diamster. Eence,
the area of impingsment will be consideradbly greater than if a
uniform drop size of 25 microns prevailed, The data of reference 1k
indicate that, in general, the distridutions of drop size in icing
clouds are fairly narrow, and do not usually follow ths broad distri-
butions, such as type "E." Nevertheless, the distribution must be
considered, since the largest drops in the cloud determine the area
of impingement and the minimum extent of heated area required for
ice yrevention.

Rate of Evaporetion of Watexr

Having discussed the probdlem of area and rate of water intercep-
tion, the next step is to establish the rate at vhich the intercepted
water is evaporated from the wing surface and the wvalidity of the
equations presented previously for determining the rate of heat
dissipation dwring the process of evaporation. The problem of rate
of evaporation is particularly important because all of the water
intercepted by a wing heated only in the region of the leading edge
must be dispersed by evaporation if the formation of runback is to
be avoided.

From a superficial study of the mechanism by which water is
deposited on the swrface of a wing, it would be expected that in the
area of water impingement the swrface is completely wetted, and that
equation (2k) for calculating the heat loss from a heated wing is
valid, Aft of the area of impingement, it would be anticipated
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
impingsment, If the surface aft of the area of impingsment is only
partially wetted, the expression for X (equation (23)) must de
modified for use in equation (25) to caloculate heat requirements.

Observations, made during the airfoll tests, of the water
pattern on the leading edge of the airfoils revealed that the above
suppositions are correct. At a very short distance back of the
region of impingement, the £ilm of water was observed to reach a
state of instability and break into smell rivulets, A picture of
the conditions of wetness vhich actually exist on a wing during
flight in clouds can be seen in figure 15. Thie figure, vhich shows
typical records obtained with the strips of dlueprint paper placed
around the leading edge of the 65,2016 airfoil model during flight
in ioing conditions, 1llustrates the pattern formed by the water in
striking the airfoll leading sdge and flowing aft, It is evident
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from the patterns that the aree of impingement, vhich is clearly
defined, is completely wetted, whils 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
erea wetted (aft of the impingement area) with rate of impingement of
water. Accardingly, the rates of water impingsment Mg were calcu—
lated using squation (11) for the conditions existing at the tims
that rivulet patterns were obtained (icing comditions 11 through 15,
table II). The cwrves and values presented previously for the 0012
airfoil were used in the calculations of Mgy for the 65,2-016 airfoil,
Substitution of the calculations for the 0012 section in computing
values for the 65,2-01G ssction appears to be a good approximation,
since the contour of the 65,2-016 ssction in the lsading-edge region
is very mearly the same as that of ths Joukowskl airfoil used in the
0012 trajectory calculations. Figure 19 compares the contours of

the thres eections.

The velues of My were plotted against the measured areas of
swmrface wetted, obtained from the strips of blueprint paper,
Figure 21 shows the relaticnship, thus obtained, betwesn the rate of
flow of water from the impingement region and the frection of surface
area wetted. For the data shown in figure 21, values of the rate of
water flov over the surfacs aft of impingemsnt M, were assumed
to be squal to ths rate of water impingsment Mg. The scatter of deta
points in the figwxe is belisved to be caused by srrors in measure-
ment of the liquid-water concsntration occurring at the tims the
rivulet patterns were obtained. Table II shows that the free-air
temperature was high during icing conditions 11 through 15, vhen the
blueprint records were taken. The kinetic temperature was close to
freszing, and it vas observed that the water striking the rotating
cylinders, used in the measurement of water concsntration, wes
runing back, and possibly off, the cylindesrs. Thus, the liquid-
water concsntrations measured may have been lower than the actual
concsntrations messnt. The two data points corresponding to a
weight rate of water flow of 0,57 pounds per howr per foot of span
(£ig. 21) represent the rivulst data procured at the lowest free—
air temperature of these tests (icing condition 1k, table II), These
are probably the most reliable data, sincs the rotating cylinders
were subject to smaller losses of water. Therefore, the cwrve shown
in figure 21 was weighted toward these points. The ultimate sxtent
of this curve in the direction of percent of surfacs wetted is not
dofinitely Imown. There is svidence, however, indicating that the
degres of surfacs wetness aft of the area of impingement reaches a
maximm which is not sxcesded, regardless of the rate at vhich water
18 intercspted. It was found that a relationship sxists betwesn the
rate of flov of water in ths region aft of impingemsnt 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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increases. Figure 22 shows the relationship bdetween the rate at
vhich water flows dack over the heated surfacs of the 65,2-016 air—
£01) test section and the average increass in terxperature above
free-air temperature of the suwrfacs from 10 to 25 percsnt chord, The
values of the rate of wvater flow were obtained by sudbtracting from
the calculated rates of wvater impingement for one side of the airfoil
the computed rates of svaporation from the region of impingsment,
Figure 22 illustrates that as the rate of vater flowing over the
swrface increasss, the temperature of the surface dscreases, but that
& limit to the decreass in temperature apparently is reached., This
indicates that the rate of svaporation reaches a maximm as the
limiting swxface temperature is approached, sincs evaporation is

the only variabls in the heat-transfer procsss in the area of surface
under consideration, Therefore, if the rate of svaporation attains
& maximm, the degres of surface wetness must also approech a limit,
It can bs demomstrated, using squation (25) and the values presented
in figwes 21 and 22, that the maximm fraction of surface area
wetted is about 50 percent.

Although the data froam which the curve of figure 21 was camputed
were cbtained with blueprint paper strips wrapped around the lsading
edge of the 65,2-016 airfoil, the values given in this figure are
believed to be sufficiently indicative of the conditions of wettability
existing an all clean wing surfacss not specially treated to be appli-
cabls for general airfoil thermal dssign, For purposss of design,
it is suggested that the limit of swrface wetness for swrfaces not
specially treated be taken as 40 percsnt. It is of importancs to
note that in using the curve of surfacs wetness shown in figure 21,
for a heated wing, ths total rate of svapoaration of wvater Wg in
the region of water—drop impingemsnt must be subtracted from the
total rate of wvater impingesment Mg 1in order to obtain the rate of
fluv of vater rearward from the area of impingemsnt. The values
given in figure 21 for degree of surface wetness are belisved to be
accurate only to the nearest 10 percent,

With the information gained so far, it should be possidbls to
analyze the data obtained with the two slsctrically heated airfoil
models and sstablish the validity of squations (2h4) and (25) for
calculating heat flow., The curves of measured heat-flow distribution
shown in figures 8(a) to 8(g) and figures 12(a) to 12(J) were faired
to producs a form more suitable for comparison with heat—flow curves
calculated using squations (24) and (25), Comparisons of the
msasured heat flow and the heat flow calculated to produce the
measured surfacs temperatures, assuming the sntires surface to be
completely wetted, for the two airfoil sections for typicel cases are
shown in figures 23 and 24, These curves are also compered to the
calculated heat loss due to convection onlg that i1s, assuming the
surfacs to be complstely dry (equation (12 s. In the previously
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ssntioned calculations, measured values of convective heat-transfer
oocefficient, obtained during flight in clear air, were used. In
order to calculate the amount of heat dissipated in warming the
impinging wvater (equation (4)) for the caloulation of heat flow for
the ¢ tely wotted case, values of M, were ocmputed from equa-
tion (8) using the measured valuss of liquid-water concentratiom,
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 M, were camputed forr doth airfoil sections
using the cwurves presented for the 0012 airfoil,

A study of the measwred and calculated heat-flow curves in
figures 23 and 24 shows that in the area of vater-drop impingsment
good agreemsnt is cbtained between measured values and the values
calculated for a completely wetted surface, indicating that in the
region vhere it is reasonable to passume a2 fully wetted swrface the
equations for calculating heat flow are valid, Aft of the area of
impingesment, in the region of low heat flow, where it has been showm
that the swyrface is cnly partially wetted, the values calculated far
& campletely wetted surface are lower than the msasured values., Sinoce
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 msaswred surface temperatures if the swface were
ocampletely wetted, would be consideradly higher than the msasured
ocurve., Thore a to be only two possidle explanations for this
discrepancy: (1) equation (25) gives exrrcmscus values and camnot be
relied upon for calculation, and (2) the values of couvective heat-—
transfer coefficient used in egquation (25) for calculating the heat-
flov values are in exrrcr. The first explanation dces not appear to
be likely in view of the fact that the equation was derived on a
sound Besis. Alsc, there is no obvious reasom why the equation
should hold in the lesading-edge region and fail to hold in the area
aft of the lseding edge. The second explanation, that erronsous
values of convective heat-transfer coefficient were used in the cal-
oulations, seems entirely possidle. Sinoce the values of comvective
heat-transfer coefficient used in equation (25) are those measured
during flight in clear air, it seems reascnable to assums that tran-
sition from laminar to turbulent flow moved forward dwring flight in
ioing conditions from the position maintained in clear air, Movemsnt
of transition to a point near the lsading edge would cause the conveo-
tive heat-transfer coeffioients in the region under consideration to
be increased several times above the values existing in clear air,
since the convective coefficients in turbulent flow generally are
oconsideradly greater than those in laminar flow. Such an inorease
in the convective coefficients would raise the curves caloculated for
& completely wetted swrface (figs. 23 and 24) to a position above the
measured .curves.
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It i1s very likely that distuwrbance of the boundary layer, caused
by water drops striking the airfoil surface and roughening the surface
as they coalesce and flow art, would effect a forward movemsnt of
transition. There is further evidence to support the assumption that
the wvater—roughened surface caused movement of transition forwerd.
Observations of ths 65,2-016 airfoil during a flight in clsar air
with tue teet section heated indicated that transition had shifted
forwvard by a considerable amount. This was noted by a lowering of
the surface tomperaturee in the region aft of the leading edge. The
heoat distribution bad been set previously to produce a constant
surface temperature in clear air, and only a changs in the boundary—
layer characteristics could cause the evident changs in hsat-transfer
coefficient. After the flight, a close examinmation of the leading-
edge region of the airfoil revealed small insects etuck to the
swrface vhere they had hit during the flight. The ewrface 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 eurface temperatures to narmal. Thus, it appears that very small
irregularities in the ewrface, such as are present on the eurface of
an airfoil in icing conditions, are sufficient to cause transition to
occur prematurely. Tests in wind tunnels aleo have shown that small
protuberancee in the lsading-edge region of an airfoll will cause
the movemsnt of transition forwerd. (See reference 2i.)

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), displey 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 cwrves ie believed to be only an apparent increase,
caused by the rapid change in heating intensity in this region. If
the coefficient ie relatively constant throughout thie area, ae it is
believed to be, a sudden increase in heating intensity will not be
accampanied by an equally rapid change in the thermal boundary layer,
and for a short distance aft the indicated valuee of heat—transfer
coefficient will be erroneocusly high.

The exact values of the convective hesat-transfer coefficient in
the region aft of the area of impingement in icing conditions are
unknown, but it ie believed the valuse fluctuate due to changes in
the location of transition during flight. Very probably, the
disturbance to the boundary layer caused by water on the airfoil
ewrface 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 2k), the
valuse of convective heat-transfer coefficient are lnown, since
turbulent flow existed in this region in clear air, when the values
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were measured, as well as in icing oonditions. In this region, the
measwred heat-flow curve and the calculated cwrve of oonvective heat
transfor come together, indicating that at the point wvhere 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 vhere the surface is completely wetted, it 1is
reasonable to assume that the equations hold in regions where the
surface is only partly wntted, provided the correct modifications are
mads to the evaporative factor X, Fairly accurate modifications to
the factor X are believed to be vossible by using the curve of
surface wotness shown in figure 21. By the use of this curve it
should be possidle 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 straightforwvard,
since full evaporation occurs. If the rates of evaporation from the
two test airfoils can be demonstrated to be equal to the rates of
wvater 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)). Velues of the degree of surface wetness used in modify-
ing X were dntormined from figure 21, using computed rates of
wvater 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 Lg the latent heat
of vaporization, tho total rate of evaporation Wg in pounds per
hour per foot of span was cbtained.

The rates of ovaporation, obtained in the previously mentioned
manner, are compared with the rates of water impingement, calculated
dy the method previously presonted, 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 cbtained, indicating the degree of
reliability of the method for calculating the rate of evaporation
of wvater from a heated wing.
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In order to demonstrate further the dependadility of the method
for calculating rate of evaporation from a heated wing, the photograph
of runback on the 65,2-016 airfoil (fig. 13) was analyred. If it
ocan be shown that the actual rate of formation of runback compares
closely to the rate at which runback is calculated to form under the
particular icing conditions, the msthod far calculating rate of evap-
oration will be further substantiated.

The runback shown in figure 13 had started forming 10 minutes
earlier. At the time of the photograph the formation was estimated,
by observation during flight, to be approximately 3/16 inch thick.
The area of the formation extended about 2-1/2 inches chordwise and
12 inches spanwise, making a weight of ice of 0.2 pound. This
constitutes an actual rate of formation of runback of l.2 pounds per

- hour per foot span. During this 10-minute period, two sets of
rotating—cylinder and airfoil heat—transfer data were taken. These
correspond to icing conditions 9 and 10, table II. Results of calcu~
lations of the rates of impingement and evaporation based on these
data are given in table IV, For icing condition 9 the rate of water
impingement was 1,60 pounds per howr per foot span. The rate of
evaporation from the heated area was O.4i pound per hour per foot
span, leaving a calculated rate of formation of runback of 1l.l6 pounds
per hour per foot of span. During icing condition 10 the calculated
rate of impingsment was 1,79 pounds per hour per foot and the rate of
evaporation was 0.5l pound Ber 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 (1.16 and 1.28 1b per hr, f£t)
agree remarkably well with the actual rate of formation (1.2 1b per
hr, ft), 1llustrating the reliability of the procedure far calcu-
lating rate of evaporation.

A shart tims prior to this test, the airfoil was subjected to
a much less severe icing condition (conditiomn 8, table II), during
wvhich all of the water intercepted was calculated to have been
evaporated (icing condition 8, table IV). Fhotographs of the test
section verified the fact that no runback had formed.

The foregoing analyses were based on the assumption that removal
of the water striking the airfoll surface is effected by evaporation
only, and that none of the water is dispersed by mechanical means,
This is consistent with the results reported in reference 10 and
25, It is believed that "blow-off” of water, as suggested in
yeferences 5 and 6, does not occur. Also, it is believed there was
1o "bounce-off" of the water drops striking the airfoil surfaces, as
proposed in reference ll, At speede higher than those encompassed
by the scope of this investigation, it is conceivable that mechanical
yemoval of the water by bounce—off could occur. However, in view of
the lack of information on this phencmenon, and since neglecting the
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possibility that water may be removed by mechanical means tends to be
move conservative in the thermal design, it is suggested that bounce—
off be neglected in the deeign of wing thermal iloce-revention equip-

Calculation of Heat Requiremesnts for
an NACA 0012 Airfoil

8ince it has been demonstrated that the rate of evaporation of
water from a heated wing can be calculated with reagonable csrtainty,
the rate of heat flow required to produce a particular rate of eva)
tion can bte determined with equal dependability, provided the coeffi-
clents of convective heat transfer are known. Using the equations
amd method presented for calculating the rate of evaporation of water
from a heated airfolil surface, a calculation was made to establish
the oextent of heated area required for ice prevention in specified
conditions of icing for the NACA 0012 airfoll, assuming a particular
heat~flov distridbution. The conditions of calculation are as follows:

Chord length o o ¢ ¢ ¢ s s s 6 6 s 6 0 s e s s s s s s s s o B8t
Prossuwre altitude ¢ ¢ « ¢ ¢ s ¢ ¢ s 0 000050000 12,0000
True airspoed o o o o o « o o . . « 170 nph
Freo—air temperature o ¢ ¢ o . «c s e 200F

Liguid-water concentration . . 0.5 gn/n®
Mean—-effective GIO’ diamester ® o0 0 o 0 9 0 09 0 0 0 0 25 microns
Drop-ciu distribution ¢ ¢ s ¢ ¢ ¢ s s s s 6 s 6 6 a s s 0o 00 o E

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

First, the aree, rate, and distribution of water impingement on
the airfoil were calculated for the assumed conditions. Using the
aspumed 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 presencs 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 coefficilent shown in figure 25 was used. Calculations were
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made for a nmumber of chordvise stations, and the results are given
in figure 26, vhich shows the assumsd heat-flow distribution and the
calculated convective heat loss for ocne side of the airfoil. The
rate of evaparation is represented by the area between the curves of
convective heat loss and total heat flow, except in the region of
watexr impingemsnt, 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 losa due to convection. These areas
actually give the rate of heat loss due to evaporation; however, by
dividing the area value by Lg, 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 impingesment, Extension of the heated area
to0 18 percent s/c was found to be adequate to ensure evaporation of
all of the water intercepted.

Several other calculations wesre mads 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 nscessary to evaporate all the intercepted water, The results
of each of these calculations were compared with the results of the
oalculations for the conditions previously specified. For each of
the oaloulations, the same total heat-flow distribution was assumsd
and the extent of heated area required to evaporate all the inter-
cepted water was calculated for each comdition.

To determine the effect of altitude on the heat requirement, a
camperative calculation wvas made for sea-level conditions with all
other flight conditions as previously epecified and with the area
and rate of water impingement the sams as at the 12,000-foot ocondi~
tion. The results of this calculation are shown in figure 27, vhich
compares the relative convective heat losses at sea level and 12,000
foot., For the conditions at 12,000 feet extension of the heated
area to 18 percent s/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 percsat l/c for
evaporation of all the water intercepted. The curves of figure 27
can also be used to determins the amount of increase necessary in the
total heat flow if all the water is to be evaporated in an area
forwvard of & specified chard point, For example, assume that the
extent of heated region for the curves of figure 27 is limited to
18 percent s/c. At 12,000 feet all of the water would be evapo-—
rated, as has been previcusly mentionsd. At sea level, however,
some of the water would not have been svaporated. By msasuremsnt 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 s/c at sea level is approximately 10 percent greater than
the amount required at 12,000 feet, The increase in heat regquirement
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with decrease in altitude is dus to the fact that the rate of evepo-
ration of water decreases ae altitude is decrsased, because of the
decrease in the evaporative factor X (equation (23)). Since the
convective heat-transfer coefficient increases with decrease in alti-
tude, dus to the increase in air density, it might bde expected that
the rate of evaporation would be increased with decrease in altitude,
because the rate of evaporation is directly proportiocnal 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 loes, 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 deaigned to utilize
some form of air-heated eystem, the performance of which probably
will decrease with increase in altitude, the maximum altitude at
vhich icing 1s expected to be encountered should also be investi-—
@ud.

To determine the effect of air temperature on the heat require-

ment, a calculation was made of the convective heat loss at O° F
free-air temperature and ie compared in figure 7 with the convective
heat lose at 20° F. In the calculation with the free—air temperature
at 0° F, it vas determined that the surface temperature dropped to
‘freezing at 2k 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 O to 10 percent s/c with the air
temperature at °F s approximately only 15 percent greater than the
anount required at 20° F, Although this ie an aprreciable increaee
in the heat requirement, it is considersbly less than that neceesary
for a similar change in conditions for ice~prevention equipment
designed on the basis of maintaining ths surface temperature Jjust
above freezing, such as for the case of windshields. (See refer—
ence 21.) It appears, then, that a wing thermal systom 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 fallure through the possibility of the
surface temperature falling below freezing in the low air-temperature
conditions, but in general, the swrface 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 wae made of the convective heat loss,
assuning laminar flow exists throughout the heated area, For this
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oaloulation, the msasured values of convective heat~transfer coeffi-
elent showm in figure 25 were used. The convective heat loss for
laxiner flov is compared in figure 27 with the convective heat lcss,
assuming transition started at 5 percent s/c. In the case of ¢ te
laminey flow, it would be necessary to heat only to 1k percent s/c

to obtain evaporation of all the water. The total heat flow required
€0 evaporate all the wvater within the area from O tc 1l percent s/c
with trensition at 5 percent s/c 1s approximately 10 percent greater
than the amount of heat required if laminar flowv prevails. Apparently,
the location of transition moves forward in conditiona cf icing, even
in the presence of a favorable pressure gradient, to a point vhere a
strong favorable pressure gradient is encountered (figs. 11 and 16).
As wvas stated previously, the location of transition is believed to
fluctuate, rrobably over a considerable distance. It is suggested
that forverd movemsnt of transition to a point close tc the leading
edge of the wing be assumed in the design of thermal ice-prevention
egquirment, especially in view of the fact that a greater amount of
heat is required for the turbulent-flow condition.

From a camprehensive study of the results shown in figure 27,
samo general conclusions can be reached, It is apparent that aft of
the area of droplet impingement, the efficiency of removel of water
by evaporation decreases rapidly. The reason for the decrease in
officiency is that only partial wetness prevails aft of the area of
impingement, while the area of impingsment 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
& wing thermal ice-prevention system. Only the heat that is dissi-
pated in evaporation is used to advantage. The heat lost by conveo-
tion only varms the air, Thus, the conclusion is drawn that the
heating should be concentrated as much as possible in the leading
odge of a wing, in the area of drop impingement, if an sfficient
thermal system is to be cbtained.

Calculations fa the C-h6 Wing Thermal System
in Maximm Continuous Icing Conditions

An analysis of the C-i6 airplans wing thermal ice-yrevention
system for the upper swrface at wing station 157 was made in an
offoxrt to determine whether the thermal system could cope with the
maximm continuous icing conditions given previously at the beginning
of this discussion. The assumed icing and flight conditions for the

' oaloulations are as follows:




Altitude (rt) 6000

Trus sirspeed (mph) 180

Liquid water
content (gm/m®) 0.5

Mean-offective
drop size (microns) 13 25

Free-air
tenpera:.u:'e (°r) 20 20

The heat-flow distribution at station 157 wvas estimated, based on
data presented in references % and 26, and is shown in figure 28,

The rates of wvater impingsment for the two icing conditions assuming
a "C" type drop-size distribution were calculated for the leading-
odgs cylinder of the airfoll section using the data presented in
reference 17. Curves of distribution of water impingement, for the
upper swurface, for the two cases are given in figure 29. These wore
conatructed using the data from roference 17 for each &rsp sire in
the distributions. The value of Mg, obtained from equation (9),
for Candition A is 0,65 pound per hour per foot span, while the value
of Mg for Condition B is 1l.39 pounds per hour per foot span. As in
the calculations presented previocusly, the rate of evaporation of
wvater from the swrface was determined by calculating the heat loes
due to convection for the two conditions, Values of convective heat-—
transfer coefficient were taken from figure 30, which shows the values
msasured 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 camputed 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
ligquid-water concentration could attain a value of at least l.1 grams
per cubic meter at a msan-effective drop esize of 15 microns before
runback would form. The rate of evaporation for Condition B was
oalculated to be 1.35 pounds per hour per foot span, suggesting that
the liquid-water concentration of 0.5 grem per cubic meter is the
limiting condition at 25 microns.
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A further analysis wvas made of the upper wving surfacs at station
157 using the values of Condition A, excepting that a free-air temperae~
ture of 0° F was assumed. The curve of convective heat loss for this
oondition is shown in figure 28. Under this condition celculations
revealed the wing would be able to svaporate 0.70 pound per hour per
foot span. The rate of impingsment, as before, was 0.65 pound per
hour per foot spen,

These calculations substantiate the generesl observations of the
succsssful operation of the C-46 wing thermal ice-prevention system.
The abssnce of rmmnback on the wing upper surfacss during 2 great many
of the icing flights indicates the edequacy of the thermal design.

Selsction of Conditions for Dssign

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
pature should be chosen such as to requira the hishsst rate of heating.
Ag ctatsd previcusly, cuditions of meximm continuous icing ere
believed to form 2 good basis for design. It is of interest to inves—
tigate the effect of different possible combinations of the variables
of drop size, liquid-watsr 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.

Ths ulffect or an increese in the size of dropes in an icing condi-—
tion is to incresse the collection efficiency of the airfoil, theredby
increasing both tha rete at whiszk wnte: 1o Ilntercvepled and e erea
of impingemsnt. An increase in the liguid-smater concentration of
the air cauvses 2 proportional increase in the amount of water inter—
oepted, for a given drop size. Since 211 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 betwsen water concentration
and drop size appears to exist in lcing clouds, and the existence of
very large drops generally is accompanied by a small concentration
of liquid water (reference 13), The selsction of & combination of
drop size and water concentration should be such es to produce the
highest rete 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 proporticmal increase in the water concentration.
For this reason, ths maximm continuous icing condition of 25 microns,
mean-effective drop size, and 0,5 gram per cubic meter, liquid-water
concantration, generally will result in 2 more rapid rate of water
impingement than the condition of 15 microns and C.8 gram per cubic
moter.
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A decrease in free-air temperature, vhile increasing the heat
requirement for thermal ice prevention, is acocompanied by a deorease
in the liquid-water concentration (reference 1k), which causes a
yroportional decrease in the rate of water impingement, for the same
drop size. The sizes of drops existing at low air temperatures (0° ¥)
4in iocing conditions tend to be only elightly smaller than those at
higher air temperaturee (reference 13); therefore, a selection of
ailr temperature for deeign will be determined dy the cambination of
air termperature and water concentration (and corresponding drop eize)
to produce the highest heat requirement. It will be found, generaily,
that the rate of heating reguired to evaporate the larger quantities
of water at the higher air temperatures is greater than the heat
needed for ice prevention at the lower temperatures, However, low
ajr-temperature conditions should be investigated to ascertain that
the temperature of the heated swrface will not fall delow freezing.

There appsars to be no relation between altitude and the drop
size o liquid-water concentration of icing conditions. (See refer-—
ence 13.) Therefore, the altitude at which the heat requiremsnt is
greatest should be chosen., The minimm altitude of operation was
shown previocusly to produce the highest heat requirement for wing
thermal ice prevention. However, as was formerly suggested, if the
airplane is designed to utilize eome form of air-heated system, the
mximm altitude at vhich icing is expscted to be encountered should
also be investigated,

CONCLUSIONRS

From the foregoing discussion, it is concluded that the extent
of knovledge on the mstecrology of icing, the impingsmsut of water
drops on airfoil surfaces, and the processes of heat transfer and
evaporation from a wetted alrfoil surface has been increased to a
point where the design of heated wings on a fundamsntal, wet-air
basis nov oan be undertaken with reasonabdle certainty, In additiomn
to this gensral conclusion, the following oonclusions are drawn,
based on test data and analytical studies of the processes of heat
transfer and evaporation from a heated wing:

l. The heat should bde concentrated as much as poseidle in the
leading-edge region of the wing in the area of water-drop impinge—
ment, if an efficient thermal system is to de obtained.

2. An increase in altitude, for the same rate and area of water
ixpingsment on a wing and for the same conditions of true airspeed
and free—air temperature, decreases the heat requiremsnt for thermal
ice prevention. '
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3¢ A ving thermal ice~prevention system vhich has been designed
{0 eveporate all impinging water in the leading-edge regiom for a
relatively high free-air temperaturs (20° F) will be capabls of ice
prevention at low air temperatures (0° F) in icing conditions nearly
a8 severe as those upon which the deeign was based.

Ames Asromautical laboratory,
National Advisory Comittes for Asrconautics,
Moffett Field, Calif,

Caloulation of Extent of.Isated Area Required
for NACA 0012 Airfoil

The detailed, step-by-stop calculatione for establishing the
oxtent of heated area required for ice prevention on an NACA 0012
airfoll in specified conditions of icing are presented in thie appen—
dix, It is believed that the general procedure outlined herein will
be applicable for the deeign of moet ving thermal ice-prevention
equipment.

The calculations wvere made for one side only of the airfoil,
The assumed flight and msteorological conditions used in the calcu—
lations are as follows:

Pressure altitude o ¢ ¢ ¢ ¢ ¢ « 12,000 't

Mdrlpoed...-...-. .17°Ilph

Free-air temperatuwre, ¢« ¢ o ¢ o e 20°F
mquid-nbr concentration., « « e o 6 06 0 0 0 0 0.5 gn/m°
Mean-effective drop dlamster. . e o 0 00 0 0 0 o 25 microns
Drop-size distribution. ¢« ¢ ¢ o e e o 006090 0 ¢ e e eoe E
The chord length of the airfoil taken as 8 feot.

Step 1.~ Calculate area, rate, and dietribution of water inter—
ception. The area of intercsption ie 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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Maximm drop diamster = 2,71 x 25 = 68 microns

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

2
x-2 (Ga) (028a00) (

> = 0,465

1,16a0"°

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

Yorimit = ¥ max

Torimit _ g Jmax
[+ -]
Since the airfoil is 12 percent thick,

!%-0.06

"TOUIRIL o 0.5% x 0.06 = 0,032

[

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

The distribution of water-—impingemsnt 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 (3), determining ths values of C,
for the corresponding K-valwe, at various points along the surface,
then evaluating the expression VnC, By adding these individual
impingement rates for each point on the surface, the resulting die—
tribution of water—impingesment reate 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 Mg was
calculated, using equation (9), by msasuring the area under the curve
shown in figure 17. The value of Mg was calculated to de 2.1
pounds per howr per foot span.

Btep 2.~ Establish ths 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
oconditions. 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 intermal
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 dbe 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 dsta yresented 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 bs representative of a probable thermal system, is shown
in rigure 26,

Step 3.~ Dotermins the values of convective heat-transfer

coefficient, The values of msasured 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
vater impingemsnt, using equation (24), such that the valuss of q at
any point are equal to the assumed heat flow, (See fig. 26.)

Step 5.~ IFrom the values of surface temperatures calculated in
step %, compute the convective heat loss using equation (12). The
curve of convective heat loss is plotted in figure 26,
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Step S.~ Calculate the rate of flow of water aft of the region
of water Interception. This wvas done by measuring the area in the
region of water impingsment between the convective heat-flow curve and
the curve denoting heat flow to impinging water (fig. 25) to obtain
the rate of heat dissipation dus 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. Subtracting this valus 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.

Ste o~ 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 porcent. It is suggested that the values of
degreo of wetness given in figure 21 be used only to the nesarest
10 percent, since more precise usage is considered to be unwarranted.

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

X =14+ 1l.12

(t,-tok

For these calculations, the valus of P; was taken as the free-strean
static pressure, so that

X =1 +lo77 (
t,-tok

Stop 8.~ Calculate values of surface temperature aft of the area
of water impingement using equation (25) and the revised valus of X
such that the values of g at any point are equal to the assumsd heat
flow, (SOO f’.sa 26.)

Step _Qe~ 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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J
oood1~ | FLight | Paoifio Btantard | sapinge— | evagore i

2
8
2
8
-

1 39 2:03 to 2:05 0.30 0.17

2 39 2113 to 2:16 35 Y3

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

5 39 2323 to 2:26 .03 <O

] 39 2:28 to 2:31 19 - 019 )
6 43 12:27 to 12:29 .61 .62

{ k9 1:25 to 1:26 1. 2w

*Only leading-edge region heated. Runback formed.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTCS.




3:15 to 3:19
1:30 to 1:35
11:01 to 11:06
11:h to 11:k5
2132 to 2136
3:07 to 3:12
3:18 to 3:23
12:32 to 12:36

OV O 1 OO M W e

1:08 to 1:12

[
o

1:15 to 1:19

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

NATIONAL ADVISORY
COMNITTEE FOR AERONAUTICS.
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(a) NACA 0012 eection mounted on C—46 fuselage
for the 1945-46 £11ght tests.

A-11516

(b) NACA 65,2-016 eection mounted on C-46 fuselage
for 194647 flight tests.

Figure 6.— Electrically heated airfoil modele used to obtain data
in natural-icing conditions.
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Figure T7.— Cut-away view of the NACA 6%5,2-016 electrically
heated airfoil model showing construction details.
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Figure 9.— Typical rundback formation obtained on the NACA 0012 airfoil
model with only leading-edge region heated.
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Figure 13.— Runback formation obtained on the electrically heated
NACA 65,2-016 airfoil model during icing conditions 9 and 10,
table II.
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