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NATIONAL ADVISORY COMMITTEE FOR ABRONAUTIOS

ADVANOCX -CONFIDENTIAL REPORT

AN ANALYTIOAL INVESTIGATION OF THERMAL~ELECTRIC
NEANS OF PRREVENTING IOE FORMATIONS
OF A PROPALLER BLADE

By Rigchara Scherrer
SUMMARY

Thermal—-electric means of preventing 1ce formations on
a propeller blade have been investigated and a theorctical
basls for the continued development of thermal-electric
blade shoes 1s provided.

A method 1s presented that can be applled to the deslgn
of thermal-eloectric blade shoes for any propeller or rotor,
and an optimum heat distribution is determined for a propel-
lor blado,

INTRODUCTION

The design and development of suitable thermal ice-
preventlion equlipment for alrcraft propellers have been under-
takon as a part of a general research program concerning loe-
preventlon equlipment for alroraft.

The National Research Council of Canada has conducted
flight tests, under natural icing conditions, of propellers
equipped with electrically heated blade shoes (referemce 1).
These results formed the basis of the prelimlinary blade-shoe
deslgns used during flight tests conduocted by the NACA in
the vicinity of Minneapolis, Minn,, during the winter of 1942~
43 (reference 2). The blade shoes tested by the National
Besearch Oouncll of Canada and the NACA consisted of a layer
of neoprene serving as thormal and electric insulator bondod
to the propeller blade with an outer layer of electrically
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conductive neoprene bonded to the'insulating layer. (S8See
fig. 1.) The power wae supplied to these blade shoes through
radial wires between the neoprene layers at the rear edges
of- the shoe. J¥light teste with electrically heated propeller-
blade shoes reported in references 1 and 2 have establighed
the practicabllity of protecting propeller blades from ice
formations by ‘thermal-electric means. The data of references
1 and 3 indicate that the power required for ice prevention
may be excessive for certain applications, although suffi-
clent power for some degree of ice removal may be provided
readily. The analyseis reported herein provides a rational
baeis for establighing thermal-electric propeller-blade~-shoo
deslgns.

SBYMBOLS

The following symbole have been used in this analysis:
A aspoct ratio
B number of propeller blades
D propeller diameter, feet
J work equivalent, 778 foot-pounds per Btu

Hug ©boundary-layer Nueselt number based on the laminar
boundary-layer thickness, hé/k

P nornal pressure coefficlent on ailrfoll gection

a normal pressure coefficient due to the additional 1ift
distribution

Py normal pressure coefficlent due to the basle 11ft
dlestribution

r reference profile pressure cosfficient

P
Q heat quantity, Btu per hour or watts
R propeller radiua,.feet

R

Reynolds number based on blade chord, Vpe/v
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L]

Ota

c;.b

——

Reynolds number based on leading-edge diameter, Vgd/v
rate-of-i1cing ratio ¢
;rea. ;quare feet (unless otherwise noted)
temperature, degrees Fahrenhelt

temperature rise due to aerodynamic heating, degrees
Fahrenhelt

veloelty Just outmide of tﬁe boundary layer, feet per
second

maximum local velocity, feet per second

local velocity due to airfoll shape, feet per sacond
forward velocity of propeller, fest per second
resultant velocity of the blade section, feet per second

local velocity on the reference profilce, feet per second

local veloclty at the laminar separation point, feet
per second

water content of the air stream, pounds of water per
cublc foot of alr

slope of £he 1ift curve for any blade section

8lope of the 1ift curve at infinite aspect ratio
chordwise distance through which heat i1s conducted, feet
blade chord, feet

propeller~blade section 11ft coefficlent

additional section 1ift coefficlent
baslc section 1lift coefficlent

specific heat of air, Btu per pound, degrees Fahrenheit
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Cp specific heat of water, Btu per pound, degrees Fahrenheit

d leading~edge dlameter, feet

g acceleration due to gravity, 32.2 feet per second per
second

h heat-transfer coefficient, Btu per hour, square foot,
degrees Fahrenheit

k thermal conduectivity, Btu per hour, square foot, degrees
Fahrenhelt per foot

1 distance from the edge of an ice layer, feet

m distance normal to blade-shoe surface, feet

n propeller speed, revolutions per second

P absolute value of the ratlo of the slopes of a double-
. roof veloclty profile

a heat per unit area, Btu per hour, square foot or watts
per square inch (as noted)

r blade station radiup. feoet

8 chordwise distance mlong the alrfoll surface from the
stagnation point, feet

t thickness, feet

x distance along the airfoll chord line, feet

.Q helix angle, degrees

oy helix angle at 0.76R at (V,/nD)_ .., degrees

0 angular veloolty of the blede, redlians per second

o angle of attack, degrees

ay angle of gero lift, degrees

g blade angle measured from the plane of rotation, degrees
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lamlinar boundary-layer thickness from the surface to
the point at whieh V = 0.707 Vg, feet

* 8y~ - heat=transfer characteristic length for a turbulent

boundary layer

4 turbulent boundary-layer parameter

e blade angle at any radius, degrees

@y blade angle at 0.76R at (V,/nD)p,x, degrees
7 kinematic viscosity, square feet per second
'/ ice~thickness parameter

Subserilpts

I insulation

L lower surface of the blade

U upper surface of the blade

b blade

h blade root

1 1ce

8 laminar-separation polnt

t blade tip

u leading edge of the blade shoe

v rear edge of the blade-shoe conductling layer
w tralling edge of the blade

as blade surface aft of the blade shose

bs blade shoe

ol conducting layer )
o8 blade-element radlal cross section
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stag stagnation-pressure region

o _agb;qnt alr
1 a polnt on the blade or shoe surface
2 a polnt in the blade shoe

0.75 r/R = 0.76
+ posltive values of 1

- negatlve values of 1
METHOD

An optimum design of a propeller-~blade shoe should pro-
vide equal protection to all points on the bladéd-shoe surface
at the design conditione and have the minimum permissidle
total power input. The method of analysis presented herein-
after 1s general in scope and can readily be applled 1n the
design of an optimum bdlade-shoe arrangement for any propeller
or rotor blade.

In this analysis the blade shoe is considered to extend
radially from the propeller-blade root, station (r/R)y, to

the oropoller-blade tip, station (r/R);, and chordwise from
the blade leading edge, station (s/c)u, to station (s/e),

on both the upper and lower surfaces of the forward portion
of the blede. (See fig. 1.) Heat 1s considercd to be ap-
plied to this portion of the blade while the after portion,
extending from station (s/c), to the propeller tralling edge,
station (s/e)y, 1s nelther heated nor covered. The blade

shoe 18 consldered to be comprised of an inner layer, adjacent
to the propeller-blade surface, cf an insulating rubberlike
material of thickmness t7 overlald with an electrically con-

ductive layer of similar material of thickness t453. The
use of an additional thin layer of insulating materlal over
the conducting layer to increase the resistance to abrasion

will not be coneldered in the analysias; however, the effect
of such a layer can be determined readily.

Ice protection may be accomplished by two different
processes: (1) ice can be prevented from forming, and (2)
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ice can be removed periodically in thin layers. To provide
for ice prevention on propeller blades, it is necessary to
supply sufficient heat to maintaln the temperature of the

. -blade~ghoOe- surface above 32° F in any atmospheric condition,
Protection by ice removal can be effected by providing suffi-
cient heat to ralise the blade~shoe surface temperature above
33° ¥ only after ice has formed. It can be seen that the
removal process involves thermal economies by utllising the
ingulating properties of ice to reduce the convection losses
and to obviate the need of supplying the heat of fuslon and
the heat of evaporation,

The total power required for either ice preventlon or .
1ce removal is dependent upon the atmospheriec condltlons, the
propeller~operating conditions, and the propeller design, and
nay be expressed as the summatlon of the heat required to
prevent or remove lece formations on the propeller-blade-—shoe
surface and the heat logt through the after or uncovered por-
tion of the propeller blade. The heat required to prevent or
remove 1ce on the blade-shoe surface Qpg 1s the gsunmation,

over the radlal and chordwlse extent of the blade-shoe sur-
face, of the values of unit heat (heat per unit area) re-
qulred for the preventlon or removal of ice at each polnt on
the blade-shoe surface gqpge Dlkewlse the heat lost through

the after surface of the propeller blade Q,; 1s the summa-

tion, over the radlal and chordwlise extent of the uncovered
portion of the propeller blade, of the values of unit heat
lost at each point on the after portion of the blade qgq4¢

The unlt heat requlred to prevent or remove ice at each
point on the blade~shoe surface gqpg 18 dependent upon (1)

the surface heat-transfer coefficlent, (2) the water content
of the air stream, (3) the ambient-—air temperature, and (4)
the resultant velocity and effective angle of attack of the

propeller-blade section, The unit heat loss q,, at each

point on the after surface of the propeller blade ig a funec-
tion of (1) the surface heat-transfer soofficlent, (23) the
amblent~air temperature, (3) the thermal conductivities of
the propeller~blade and blade-shoe materials, and (4) the re-
sultant veloclity and effeotive angle of attack of the
propeller~blade sectlon,

The method of analysls whilch follows 1s therefore con-
cerned with the determination of these varlous factors which
are necessary to evaluate Qp g and 94 and thereby effect
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a solution for the total power required and for the optimum
heat dlestribution for the especlific application.

Determination of the Surface Heat-Transfer Coefficlents

The subject of heat transfer from alrfolls has been
wldely investigatod and several approaches to the subject
have been developed. Since each section of a propeller blade
is essentlally an airfoll sectlion, the method of determlining
the surface heat-transfer coefficlents of an airfoil sectlon
has heen utilized in the solution of the surface heat-trans-
fer coefflclonts of a propeller blade.

The surface heat~transfer coefficlents of an alrfoil
sectlion are dependent upon the physlical characterlstles of
the alrfoll boundary layer, and therefore its determlnatlon
requires a knowledge of the location along the airfoll sur-
face of the point of transition of the boundary layer from
laninar to turbulent flow as well as of the boundary-layer
thlickness along the airfoil surface,.

Propeller~blade section veloclty digtributlon.~ Since

the extent of the laminar boundary layer for a specific air-
foll section - or, as in this analysis, a specific propeller-
blade sectlon - 1s dependent upon section veloclity distrilidu-
tion, one of the firgt steps in the determination of the
propeller~blade surface heat-transfer coofficlents 1las the
determination of the veloclty distributlion for the propeller-
blade sectlons under consideration. The wveloclty distribu-
tion for any propeller-blade-sectlion 1s determined by the
11ft coefficlent and angle of attack at which that blade
sectlon 1s operating. The angle of attack of each propeller-
blade sectlon can be written as the dlfference between the
blade angle and the helix angle at the blade station consid-
ered,

a =B -0 (1)

and the 11ft coefficlents for each propeller-blade sectlon
can beo determlned by correcting the section lift-~coefficient
curves for the effect of finite aspect ratlo., The effective
aspect ratlio for each blade section can be obtalned from the
followlng equation:

e r__T® (2)

o, R 2 303
[+] l:}‘+:|:-'Q

A =
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which 18 developed in reference 3, and in which

" Baé
Cp = e
° nR

From the effective aspect ratio, the correct lift-curve
slopes can be computed by the equation

a = 89 (3)
a, X 57.3

1l +
wA

and the correct 1lift coefficlents obtained dPy the relation

ey = ale - ay,) (4)

If the 11ft coeffliclent and angle of attack are known, the
velocity dlstribution over each propeller-blade section can
be determined by the method of either reference 4 or 5.

Laminar boundary layer.- The extent of the lamlnar
boundary layer 1s a function of the blade-sectlion velocity
distribution and the boundary-layer Reynolds number. For
the purpose of this report, the boundary laysr will be con-
slidered laminar from stagnation to the laminar-separation
point and then turbulent to the tralling edge. The method
of locating the 1am1nar-eeparation polnt 1s developed from
the theory by Von Karman and Millikan (referemce Gg
expressing the relation of reference 6 in the nomenclature
of thias report, the followlng equation i1s obtalned:

%.[1-1,(:_1)]* | (5)

in which X 18 equal to 8y of reference 6 and 1s explic-
1tly deflned therein. The absolute wvalue of the ratio of
the slopes of the double~roof velocity profiles, which are
drawn to approximate the actual velocity profiles, is D

and the curve for V4,/Vy as a function of p 18 plotted in
figure 2.
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The heat transfer in a laminar boundary layer 1s shown
In reference 7 as being dependent on the boundary-layer
Nusselt number and is a function of the boundary-layer thick-

.nege & and the thermal conductivity of air k., Izn the re-
lation

k8 '

Bug 18 a function of the shape of the boundary-layer

velocity profile and Prandtl number and has a value of 0.7656
for the Blaslus-type boundary-layer velocity profile for ailr.
HExperiment has shown that, over the forward portion of an
alrfoll where a favorable pressure gradient exists, the
Blasius~-type boundary-layer velocity profile 1is closely ap-
proximated, At points on the surface of a body downstream

of the minimum-preseure point, a laminar boundary layer ex-
hibits a tendency to separate., ©Since the velocity gradlent
at the surface decreases as separation develops, the value

of XNug must diminish until at the geparation point 1ts
value 18 gero. It 1s consldered that reducing Nug 1linearly

from the minlmum-pressure point to the separation polnt will
satiafactorily approximate the actual case., Accordingly, 1in
the analysis of this report Nug has been considered to have

a constant value of 0.765 from the stagnation~-pressure reglon
to the minimum-pressure point (maximum velocity) and then to
vary linearly to gero at the laminar separation point.

The laminar boundary-layer thickness at any point s,,
as used in reference 7, 1s given by the equation

_ /o v a.:vd _E_-_--
57 - (sl/c) of (VR) (C> (7

vl 901751
)

c

e

which can be changed to the form
8,/c

8 = [5 .30 ] [(Vn .17 ]"' (;v; .17 d(f)]%
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to simplify the computations, ZEquation (8) 1s theoretically

applicable only to Blasius-type boundary-layer profiles .
(stagnation to minimum-pressure point), dut, as noted in ref-
erence 7, experiment has shown that little error 1s caused

by 1ts use to the laminar-~separation point.

With the above method the solution for the boundary-
layer thickness at the stagnation region beoomes indetermi-
nate; therefore, another method must be used to determine
the heat-transfer coefficlent in this region. The expresslon

1 r
botag = © 5_]1:(\'3 (9)

also from reference 7, gives a satisfactory value for the
boundary-layer thickness in this region based on the local
radius of curvaturo T, which 1s not necessarily the lead-
ing-edge radius.

Turbulenf boundary layer.- Tha values of the heat-
tranefer coefflclents for the turbulent boundary layer may
be obtained by the methed of reference 8. The surface heat-
trangfer coefficlent h 18 defined in reference 8 by the
equation

h = 0.76 -E. (10)
8

and the value of &g, the function of the turbulent boundary-

layer thlckness, 1s given by the equation
-]

8p = —ch—\ (11)
Ro(i;/

in which ! 18 a turbulent boundary-layer parameter. The
value of { at any point on the airfoll surface downstream
from the lamlnar-sepabtation point 1s obtained by a step-by-
step solution of the equation

al 81347 | T 4 pe; (13)
dx ¥ dx v
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from the point of laminar separation. The value of ! at
laminar separation 1s obtained from

0.289 a]
v

t = 3.567 loge [4.057 Ve (13)

Equatlon (12) has been rewritten in the form

at =2 G) [’ Iy i(cvx//%) *I?G_Q fm] (14)

for ease of computation. The values of f£(!{) as related to
{ are plotted in fligure 3. A egimplified method of applying
the turbulent boundary-layer equatlons to obtaln the value
of 8p at any polnt directly 1ls presented in reference 9.

Heat Requlred for Iece Prevention

¥hen the surface of a blade shoe covering the leading-
edge portion of a propeller blade 1s heated to 33° F by
applying power to the electric conducting layer, there wlll
be some heat loss through the insulating layer and bdlade
materlal to the alr stream over the uncovered aft portlon of
the blade. The total power required to protect the propeller
blade will then bo that required to maintain a 32° F blade-
shoe surface temperature plus the heat lost through the aft
portion of the blade surface.

Heat r red to mainta he blade-shose surface gt

32° ¥.- The heat necesesary to maintain the blade surface at
329 P 1in 1cing conditlons 1e a function of the surface heat-
transfer coefficient h, amblent-air temperature T,, tem-

perature rlse due to aerodynamic heating T, welght of

water 1n each unit volume of alr W, and the resultant veloc-
1ty of each element of the propeller blade Vy.

The unlt heat requlred is glven by the relation
= h( Ty) ) ) - X782 (3600) (15)
Gpe = B 32-To-Tp) + W Vg oy (32-T,)(3600) - —EEE— 6

in which the first term 1s the heat transferred to the alr
flowling over the bdlade, 1f the blade 1is malntalned at 32° F,
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and the values of h are those that were determined 1n the
previous section. The temperature difference between the
blade surface and the amblent-alr stream will be decreased
by the amount of the temperature riee Ta caused by air

flowlng over the blade or belng stopped in the stagnation
reglion. The eecond term of equation (15) l1e the heat re-
qulred to raiseothe temperature of all the water that etrikes
the blade to 32 ° ¥. The third teruw 1s the hoat equivalent of
the kinetle energy of the water strliking the blade. The value
of 3600, by which the eocond and third factors in equation
(15) are multiplied, 1s to obtain dimensional conelstency so
that tho unite of qy, are Btu per hour, square foot.

Studles have been made to find the relatlion between the
path and slge of water drops as they approach and contact an
obJect 1n an alr stream, and 1t has been found that ae the
alr-stream veloclty and water-drop slze incroase, the path
defloctlon decreasos. Since tho rosultant velocitlos of the
propeller-~-blade sections are relatively high and slnce large
water-drop slzes are assoclated with severe icing conditlons,
this analysls assumes the deflection of the water drops to
be negligible. The welght rate of water striking the blade
at any polnt, or the 1clng rate, therefors, 1s a functlon of
the slope of the surfacs relatilve to the water-drop path at
that point. Tho rate of icing at any polnt on the blade can
be expressed as a functlon of the lcing rate at the stagna-
tlon region. This function 1s proportional to the slope of
the bladoe-soction surface znd is tormed "Ry " Tho values of

Ry are measured from the sectiorn layouts as shown in figure
1. TFor sections with flat lower surfaces, Rjy for polnts

on the lower surface 1s takon to be the sine of the angle of
attack measured from the angle of gzerc 1li1ft. For the upper
surface, the error due to measuring the slopes from the chord
line rather than the relative wind 1s small and conservatlve
and tends to allow for small changes in o. Xach term 1n
oquation (15) that expresses the effect of water content muet
therefore contaln the factor Ry to correct for the slope of

the blade-sectlion surface.

The temperature rise at the stagnation polnt on a
propeller-blade section 1s due to the pressure rise at that
polnt and 1s

vy®

—_t (16)
2chpa .

TABtag =
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as noted in reference 10. For any point other than the stag-
nation point, the temperature rise will be taken to be 0.8
of that at stagnation prossure, or

Ty o= 0.8 Tp .0 (17)

The 0.8 factor includes the effects of the laminar and tur-
bulent boundary layers and compressibility, as defined in
reference 8, and was approximated from the data of reference
11,

Bquation (15), with the effects of aerodynamic heating
and blade-surface slope included, becomes at the stagnation-
pressure reoeglon

2
(q..) h [sa i b ]
q = - - —————
bs stag stag o ancpa
v 3
+ W [c.p V(82 - T4) - _R_] (3600) (18)
3Jdg

and at any other point on the blade shoo

0.8 Vg2 \ 2
q -_-hl—sg-fn__'___l.?._ + R, Wl le V. (32 - T ) - =B_|(3600)
bs o 1 P R o
L 2J5°Pa 2Jg
(19)

The total heat required at the blade-shoe surface to
prevent 1ce 1s obtalned by the followling integratlion which
can best be performed graphically,

(r/R)t 8, 8,
Qpg = BR f f (ap), ds +f (qpg),, ds d(—i)(zo)
(r/R)y |ey 8y

wvhere (r/R)y, (r/R)y, sy, and 8y are the conducting-layer
limits of the radial and chordwise extent of the blade shoe,

Heet loag.~ In order to provide sufficlent heat to maln-
taln the blade~shoe surface at the denign temperature, an ex-
cess of heat must be supplied to the blade shoe. This excess




NACA AOR No. 4H31 156

of heat represents the heat lopt to the atmosphere through
the thermal eircuit comprised of the blade-shoe insulating
layer, the blade material, and the Hade-section boundary
layer. At any polnt on the after surface of the propeller
blade, the heat loss per unit area Gag will be a function

of the over-all thermal conductivity of the heat-loss cirocuit
(k/t). the temperature at the point of maximum thermal poten-
tiel T;, the ambient-air temperature T,, and the tempera-

ture rise dus to aerodynamic heating T,, and may be ex-
pressed as

Qg g -% (T, = T, = Ty) (21)

The location of the point of maximum thermal potential
in the conducting layer of the blade shoe and the temperature
at that point Tz will be determined by the relative magni-

tude of tho heat transmitted to the blade-shoo surface and
the heat lost to the blade. Since T; 1s the maximum tem-

perature which exists in the blade-shoe conducting layer, a
decreasing temperature gradient will occur between the loca-~
tion of this point of maximum temperature T; and the sur-~
face of the ingulating layer. The distance through which
this decreasing temperature gradient exists in tho conduet-
ilng layer can be conslidered as an increase in the thicknoess
of the insulating layer. This effective increase in the
insulating-layer thickness will be termed Aty and 1s illus-

trated in figure 1. By assuming the temperature gradients
from the point of maximum thermal potential to the blade-shoo
surfaoe and to the surface of the insulating layer to de-
crease linearly with dlstance, the value of Aty can be

expregsed as
Q
Aty = tcl( =E ) (22)

Qas + Qbs

The value of T; can then be determined with sufficient
accuraocy by the equation

T = 32 + cl t> (33)
CJ qbs/av Kol
c o )

where (qbs oy is the average value of the unit heat re-
quired at the blade-shoe surface at the particular blade
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station aeg determined from the surface heating requirements.

) The over-all thermal condnctivity of the heat-loss
circuit (k/t) can now be defined as a function of ite com-
ponent thermal regliestances, the insulating-layer resistancd
(t1 + At1) /%1, the blade-material resistance b/ky (where
P 18 the chordwigse distance through the blade material

which the heat 1s consildered to travel), and the boundary-
layer resiestance 1/h, or

ty + At b 1l
E. f-[ . S -] (24)
t kr ky h

The determination of the thermal lose through a blade
element of unit width (fig. 1(a)) can be simplified by assum-
Ing certaln conservative changes in the heat-loss circuilt.
Thoe blade-~shoe area and the area of the after surface of the
blade will be conpidered to be twice thelr projected areas
or Sps and Sz, respectively, while 65p 1s the projected
blade area. The blade-slement radial cross-section area Sgp
1s the area of the blade material at any point 8, through

which the heat loss 1s coneidered to be conducted and 1ls also
shown in figure 1l(a). Tor the purpoese of the calculations,
the value of scs oan be used more easlly by aseuming the

blade-elemont material to be a wedgé vith the base holght
oqual to the maximum blade section thickness tpgxy at the

blade statlon, the base width equal to unity, and the length
equal to the chordwiese distance from the trailing edge of
the conducting layer to the blade tralling edge, as 1llus-
trated in figure 1(b). The blade material under the blade
shoe is neglected 1n this heat-loss approximation. The re-
ault of these assumptions is an equivalent thermal-loss
circult for each point 8; on the after surface. As shown
in figure 1(c), the heat loss travels from.the point of
maximum temperature Tg through the effective lnecrease in

the insulating-layer thickness Aty and then through the

ingulating-layer thickness ty to the blade material, Since
the material beneath the bPlade shoe has been neglected, the
circult is represented by consldering the blade-shoe layers
to be applied to the forward face of the block of blade ma-
terlal of length b, wunit width, and thickness t,, as

glven by the wedge approximation for any point s,. After_
the heat has been conducted through the block of blade
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material, 1t 1e lost to the ambient~alr stream by forced
convection through the boundary layer. The assumed equiva-
lent heat~loss cireult is complete 1f the alr stream 1ls con-
sldered .to flow over -the opposite end of,the bdlock from that
which 1e consldered covered by the blade~shoe layers. The
complete equivalent heat-loes oircuit as described 1s shown
in figure 1(ec).

If the unit heat distridbution was constant over the

blade-~shoe surface, the total heat would be given by the
equation

Qs "; Sag (T5 - T5 = Ty) (25)

wbe (g D@ DG )

where the units of the terms are the reciprocal of Btu per
hour, degrees Fahrenheit. The purpose of this step is to
express the three factore of the thermal reslistance in thelr
proper relation as determined by the different heat-transfer
areas for each term. In order that the thermal conductivity
k/t can be used for the case of nonuniform heat distridu-
tion, or 1n the expression for dap (equation (21)), the

foregolng equatlon 18 rearranged as follows:

But

[ sb) (5 2+

therefore, for any polnt on the blade after surface the unilt
heat loss can be determined by the egquation

-7, -7 '
Upg = L A (27)

[ =) =)

The total heat loss Qupg 18 obtained by integrating
the values of q,, over the upper and lower surface of the
propeller blade as follows:
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(r/R), x, x, :
f (qa')u_ dx +f (qag)I‘ ax | 4(r/R) (28)

Qa. = Bﬂf

" (x/R)y Xy Xy

It hes been shown that the evaluation of equation (27)
depends on two unknowns Aty and T; which are rslated.

Since Aty depends on the relative magnitudes of ths heat
loes Qag &and the heat supplied to the blade shoe Qpg, an
initlal assumption of Aty must bs made and chesoked by solv-
ing for Qug &and the resulting value of Aty wussd in a
second solution for Q,; until the values of Atg, Qass and
Qbe &are ln reasonable agreement.

Heat Required for Ice Removal

¥When the quantity of heat supplied to a propeller blade
ieg reduced bolow the quantity necessary for ice prevention
and ice 1s allowed to form on the propeller blades, the lce
will be thrown off after reaching a certain thickness, which
is a function of the powsr input and power distribdution.
The insulating quality of the ics allows ths blade-shoe sur-
face temperature to rige above 32° ¥ and a water interface
to form between the ice and the shoe. The reduction of the
adhesion combined with the centrifugal force on the ios due
to 1ts nass will result in 1ce removal.

The process of ice removal can be made to occur at dif-
ferent points and at different intervals, dependling on the
heat distribution and the local ratss of icing and heat

transfer, The ice thickness at a point on a blade station

can be expressed as a functlon of the maximum ics thickness,

whioh ocoure in the stagnation region, and the rats-of-icing
ratlo Ry

b1 = by, (Ry) (29)

If ice is assumed to accumulato on the blade shoe in a
smooth contlinuous layer with no freo edges and with the
thickness distribution as given by equation (29), the unit

.heat required for i1ce removal -will be -given by the.equation
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3
-1 T, WVR
Qpg = — - g - 2. 21 (3600) (30)
i 2Jg

The foregoing equgtion iw analogous to equation (15) except
that the effect of the %ge layer has been inoluded in the

t
thermal resistance [;%r% %] and that the second term of
equation (15), the heat réguired to increase the temperature
of the air-stream water sgntent to above 32° ¥, has been
omitted. In equation (50) T, will have a value of 32° ¥
only for the condition in which a continuous ice layer exlats.
The second term of equation (30) is the kinetic heating due
to the water drops striking the blade and it oan be neglected
beocause 1ts omission introduces a small and oonservative er-

ror. If the ‘term 1is neglected, the heat required as indi-
cated by

Tl - T - TA

t
Xy b

wiIi not be a function of the water content of the alr strean,

U . (31)

In natural 1icing conditions ice does not form in coatin-
uous layers but rather in patches, ridges, or particles. At
the edge of a dlsoontinuous 1oe layer, there will be a heat
lcess from the 1ioed to ths unioed portion of the blade shoe
with a temporature gradiont along the shoe surface normal to
the edge of the ice. (See fig. 4,) 1If a semi-infinite 1ce
layer is assumed to extend from a point on the blade-shoe
gsurfaoe at whioh the surface temperature is Tlo, the sur-

face temperature T; at any point beneath the ice layer at
a distance 1 from the location of T;, as a function of
the surface temperature at 1} equals infinity T is

T e 1 +V

h
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y = __.Ei_._]i (33)

1 + hti_

which 18 developed in the appendix and 1llustrated in figure
4. The 1lce-thickness parameter V expresses the nondimen-
slonal relatlion between the ice thickness t3 and thermal

conductivity k4 and the local heat-transfer coefficient h.

If a certaln size 1ce particle 1s assumod to have a nogligi-
ble effeect on the propeller poerformance, the value of V¥ can
be determined at any point by using the ice thickness and
local value of h 1in equation (33), the value of the thermal
conductivity of 1ce Lk being a constant. The unit heat re-
quired gqpg &at any point at which Y 1s known can be deter-
mined by the equation

@y = (T, = T, = T,) By (34)

wvhere T, 18, in this case only, the blade-shoe surface
temperature at the center of the smallest surface dimension
(218 of the ice particle when tha edge 1s at 32° F. The
use of a unidimenslonal analysls for a two-dimonslonal probd-
lem 18 not considered to involve an appreciable error wilth
the sige 1ce narticles and values of h normally encountered.
The heat requlrod at the blade-~shoe surfaco 1s obtainod by
integrating the values of qpg oObtalned by equation (34) as

shown by equation (20), and the heat loss is determined in

the same manner as was developed in the ice-prevention sec-
tlon of this report.

A study of equations (32) and (33) indicates that when
¥ =1 the ice-particle thicknese and surface-temperature
gradient are both sero. This indicates that when a wator
drop strikes the blade shoe, 1t 1e immediately thrown off as
an 1ce flake., It 18 reasoned that there will be some mini-
mum heat requirement for propoller ice removal whlich will
depend on the effeect of an ice layer or ice particles on the
propeller efficlency and 1t 1s possidble that the optimum

aerodynamic and thermal blade-shoe design will be for the
condition of V¥ = 1.
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APPLICATION

It 18 apparent that in the applicatlion of the foregoling
method to a specific propeller blade-shoe design, the estima-
tion of the effective angle of attack and resultant veloclty
at each propeller-~blade element 1s subJect to an error due
to body interference which will be reflected in the calcula-
tion of the heat~transfer coefficlents. In addition, 1t 18
questionable whether 1t 1s Judlclous to design a propeller
blade shoe for a single propeller-operating condition which
fixes the blade angle and V/nD. With the foregoing in mind
it 18 suggested that, 1n a specific design, the method pre-
sented herein be repeated over a sufficlent range of blade
angles and values of V/nD to insure evaluation of the max-
inum heat-distribution requirements. In this manner a fanm-
1ly of chordwise heat-~distribution curves for each propeller-
blade element 18 obtained over a safe propeller-~operating
range, from which family envelope curves can be drawn for
all elements to establish the required heat distributlon over
the entlre blade shoe.

In order to 1llustrate the method devslopsd in this re-
port, sample computations are presented herelnafter on the
design of a blade shoe for a Hamilton Standard propeller
blade No. 6477A~0. The computations presented are for one
propeller~operating condition only and no allowance has been
made for body interference. In an actual design, repetition
of the method over m selectod range of blade angles and val-~
uves of V/nD. as indicated .ln the preccding dliscussion,
would be desirable. The Hamllton Standard blade No. 6477A-0
has been selected for the following analysis since this bdlade
was used in the B-17F airplane propellers which were equipped
with blade shoes, tested, and reported by the WACA in refer-
ence 2. The following flight conditions, for long-range
crulsing, will be used in the analysis:

Amblent-air temperature, °F ., ., . . . ¢« ¢ ¢ ¢ ¢ o o o 0
Pressure altitude, ft . « « + o« « « o o o =« « o« s o 10,000
Indlocated mirspeed, mph . . ¢ « o o« o« ¢ o + s o o+ & 155
Propeller speed, rpm T S A N O S SO S RIS RS 1012

(For these computations P 1s assumed to be at the
V,/nD for maximum propeller efficlency.)
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These are taken to be the critical conditions for pro-
peller i1ce protection because the propeller-blade elements
gre.noar the. maximum practical angle of attack. It is rea-
soned that the hlgh angle-of-attack condition will result
in the maximum heat requirement at the blade-shoe surface
because of tho decreased extent of the laminar boundary lay-
er on the forward face of the blade.

The area covered by the blade shoe 1e massumed to extend
chordwise to the 20-percent-chord point on both surfaces and
from the blade shank at the hudb r/R = 0,145 to the station
at which the tip radius begins r/R = 0,942, where R = 69
inches. The 20~percent chordwise coverage was satisfactory
in the teste reported in reference 2, ae was the radial
blado-shoo longth which oxtended to r/E = 0.942. Actually
tho radial extont of the blade shoe would be detormined by

the amount of aerodynamic heating experienced by outer ele-
ments of the blade.

The computatione follow the same sequence of steps as
presented 1n the section Method.

Determination of the Surface Heat-Transfer Coefficlents

The chordwise heat-~transfer coefficlents were determined
at five blade stations (measured in inches from the center of
rotation): 2.5, 25.5, 31.5, 42, and 63.5, which correspond
to thickness ratioe of 0.18, 0.15, 0.12, 0.09, and 0,06,

The four outer-blade stations for the 6477A-~-0 blade were
RAF-6 airfoil sections, while the inner section was simllar
to a modifled Clark Y airfoil section,

Propeller-blade section welocity diptribution.- The
geometric angle of attack o was obtained by calculation of
the helix angle ¢ and V,/nD from the flight conditions.
The values of 6y and &Py were obtained from figure 10,
reference 12. The blade angle @ was obtalned from the
blade data sheet 157 of reference 12. The geometric blade
angle A at O0.76R 1is given by the approximate relation

Bo.?s .= °o.-ns + 0y - Oy (35)

By knovwing the value of Bo.78+ the relation of B to
r/R was obtalned by
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B =0+ (Py 05 = Bg.78) (36)

and « by equation (1). The values of «, B, &, and 6
are plotted in figure 5.

The correctlions for aspect ratio were made by equatlons
(2) and (3). The angle of gzero 1lift and slope of the sec-
tion 1lift curves were obtalned from reference 13, and the
sectlon 1lift coefficlent for each statlon was computed using
equation (4).

The veloclty distribution for the 18-percent-thick seec-
tion was obtained by the use of the method presented in ref-
erence 5, An NACA 0015 airfoll was used as the reference
profile because tho leading-edge radius was simllar to that
of the modified section. The velocity dietribution ovar the
NACA 0015 airfoll 1s well defined by sxperimont, The values
of V./¥Wg woro obtained as indicated in referonce 5 by

v':t‘
— = (1 - P)
Vg T

3

(37)

where P, 1s the Pf of reference 14. The veloclty distri-
butions were obtalned by adding to thils veloclty Vr/VR, the
change in velocity AV/Vp due to the difference in shape

between the referonce profile and the 1l8-percent-thlck sec-
tion

it SR (38)

then

Vg Vg  V¢/g s (509

39
VL Vf P/4
Vg Vg Vf/VRJ

where P 1g the pressure corresponding to the normal force
at a chord point glven by the equation
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P. = Py + (c; - C],b) (-——) (40)

as deflned 1n reference 5. The velocity distribution over
the l2~perocent-thick RAF-6 blade section was obtained dy the
method of reference 4 and was modifled for the wvarious val-
ues of thickness and ocamber to glve tho veloclty distribu-
tions for the remainder of the RAF~6 blade sections. Veloc-
i1ty diftrubutions for the five blade statlons are plotted in
figures 6 to 10.

Boundary-layer heat transfer.- The chordwlise position
of the laminar-separation point was determined by approximat-
ing the actual velocity distribution by a doudble-roof proflle
and finding V /V from flgure 3. The approximate doudle-
roof velocity profiles are shown as dashed llines for the

upper and lower surfaces on the veloclity-distrlbdutlon curves
In figures 6 to 10. The double-roof proflles are drawn so
as to give approximately the same lift (area beneath the
curve) up to tho laminar-separation point as the volocity-
dlstridbutlon curves, Counslderable Judgment must be used in
the drawing of the profiles in order to obtain reasonable
results., Theory indicates that, for the velocity distridu-
tlon shown in figure 10, laminar separation will not occur
on the lower surface of the propeller-blade element. Exper-
ience, however, indicates that laminar separation 1s likely
to occur and, since the assumptlion that separatlon does vobur
is conservative, the laminar-separation point shown for the
lower surfaoe in figure 10 has been used in this analysis,

The values of boundary-layer thickness and heat-trans-
fer coefficients were computed by equations (6) to (14) and
are plotted in figures 6 to 10 with the corresponding veloc-
lty distributions. Because of the changes in 1i1ft coeffil-
clent of the blade sectlions as the blade angle is changed,
the looation at which the heat transfer (due to forced con-
vection) approaches gero will move fore and aft from the
deslgn position. In order to protect the reglon of the
blade at which low values of h occur at other than design
o3, the curves of h as related to x/e¢ were falred as

shown in figure 11 and the falred values were used in suc-
ceedlng computations.
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Heat Required for Ice Prevention

Heat requlred to maintain the blade-shoe surface at
32° F.- Equations (18) and (19) were used to determine the
unit power input to the blade shoes. The water content of
the alr stream was taken to be 1.84 grams per cuble meter,
tho maximum water content moasured 1n clouds by EKohler, as
described in reference 15.

¥When the various factors in equations (18) and (19) are
fixed by the design conditions, the equations become

- a
(qbé)stag = B yng [32 - 0.833 x 107% V"]

3

+ 13.1-Vp - 8,18 x 107° ¥y (41)

and

3

-
Qpg = B[32 - 0.667 x 10 V5]

-8 3
+ Ry [13.1 Vg -~ 8.18 x 10 Vg ] (42)

The heat per unit area reqnired to provide 1ce protec-
tlon on the surface of the blade shoe qpg can then be eval-
uated by substituting in equations (41) and (42) the proper
values of h (frem fig, 11), Ry, ond VR for the respective
point on the blade-shoe surface under consideration. The
total heat required at the blade-shoe surface to provide 1ice
protection is obtained by integrating equation (20) over tho
blade-shoe area, from r/R = 0,145 to r/R = 0,942 and from
s at x/ec = 0 to x/¢c = 0,2, For the three propeller blades,

0.9432 x/c =o.2

1
&
<]

e (apgdy e

+‘/P (qpq)yg d8 | d <§> (43)
(o]
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The heat required at the blade~shoe surface to provide
ice protection was obtalned by performing the integration of
equation (43) by graphical means. The power required to pre-
veht ice formations on a Hamilton Standard propeller with
three o, 6477A~0 blades expressed in electrical units is
3967 watts at the design conditions with the losses through
the after portion of the blades neglected. The results of
tho computations of the unit power distridbution are given in
flgure 12,

Heat loss.~ The heat loss from the aft portion of the
blade 1s assumed to occur over the rear 80%*percent chord,
and from the blade root =r/R = 0,146 to the tip region r/R
0.942, With these limits, equation (28) becomes

Oa.942 1.0
Qug = 3R (apq)y dx
00145 O.a
1.0
+b/n (g ) ax | @ (g) (24)

Oe8

The thickness of the outer layer of the blade shoe for this
analysis is 0,020 inch or 0.00167 foot, while the inner
layer t7; is 0,040 inch or 0.0033 foot thick, At any blade
station, the values of S§,./S; and §_,/S; are taken to be

0.4 and 1.6, respectively (fig. 1); also, from the wedge

blade element _
8,,/8, = (§> [1 - 1.26 (E)] (45)

where b 1is measured from the base of the wedge and (t/c) ..

is the maximum thickness of the blade section. Therefore,
equation (27) becomes

0.0133 + 4At
(T3 =~ Ty = T4) = Qe [ I

ky
1.6D &
* kb(t/c) <1 - 1.25 bv/e ] ] (45)
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and when

k; = 0,08 Btu/hr, £42, °F/f4
and .
kp = 117 Btu/hr, f£t°, F/ft

then, lnserting the foregolng values of thermal conductlvity
and rearranglng the terms, equatlon (46) becomes

T, - T, = T
- 3 o A .(47)

0.0137% + L
[0.167 + 50At; + (t/e)paell - 1.256 (b/e)] n

q-a.s

By succesalve approximatlions, values of A4tr, Qug, and
Rpg Wwhich are in reasonable agreement can be found and the

heat loss through the after portion of the propeller can be
evaluated by integrating equation (44). A grephical inte-
gratlion of this equatlion indicates a total heat loss for the
entlre propeller of 1109 watts.

The total power required to prevent ice formations on a
propeller with three 6477A-0 blades with the distribution
shown 1in figure 12 13 3957 + 1109 = 5066 watts,

The calculated power, 5066 watts, 1s greater than the
power used during the flight tests in natural 1lcing condi-
tions reported 1in reference 2 and 1s groater than tho avall-
able power from generators which are now under development
for propeller ice preventlion, Although the process of 1ce
preventlon 1ls probably the ultimate objective in the develop-
ment of protection for propellers, the process of ice removal
28 indicated by the results of roference 2 appoars to0 be a
practical solution more sulitable for immedlato application,

Heat Required for Ice Removal
The heat required for ice removal wilill depend on the
maximum slize of 1ce particle that 1s allowed to form on the

propeller blade. Equation (32), when T, = 0° ¥ and the

factor [1/kc;tc13% 1s evaluated for the particular blade-
shoe deslgn, becomes
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#
Jr L, . -yf) -oovnd (28)
Ty (1 +y

and since the heat required to remove an ice particle will
be a funetion of the temperature gradient at 1ts edge, the
values of T,/T;  for the subject propeller and blade shoe

wgre oomputed and plotted in figure 13 for various values of
VY and k¥,

In order to clarify the effect of the surface tempera-
ture, an ice particle 0,3 inch in diameter and of variable
thickness was assumed to be attaohed to various points on
the blade shoe. The change in air flow over the blade due
te the lcoe particle is assumed to have a negligible effcet
on the hoat transfer. Tho hoat roquired was based on T,

for the various values of V°.

The curves of figure 14 were computed to show the heat
required to remove the assumed ice particle as a function of
thickness and heat—transfer coefficient. In order to obtailn
the correct value for the unit power at an ambient-alr tem-
perature of 0° ¥, at any point on the blade, the unit power
from figure 14 must be corrected by a function of the aero-
dynamic neating as shown by the equation

- _ 3
(qbs)correct N (qbs)fig. 14 T,V°h (49)

With any ice particle of smaller diameter than that as-
sumed, more heat or a greater thickness of ice would be re-
quired for its removal, Observations during icing flights
huge shown that 1n iéing conditions at low temperatures
(0¥ to 10° ), ice forms in e very narrow ridge, sometimes
as narrow as 1/4 inch, along the blade leading edge. This
conditlion has been substantiated by other observers (refer-
ence 1), The ice which forms at these low temperatures is
particularly hard and tenacious, In view of the occurrence
of such icing conditions, the use of less heat than that re-
quired to maintain the blede~shoe surface at 323° F (V¥ = 1)
in dry air, seems to be inadvisable,

The distribution of the unit power to obtain ioce pro-
tection by removal at all points on the blade-shoe surface
simultaneously, based on figure 14 at VY = 1, 1is plotted in
figure 15, Tigure 16 shows the required unit heat distri-
bution on the doveloped blade-shoe surface.
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Graphical integration of the unit heat required over the
blade-shoe area glves a value of 1750 watts requlired to effect
icoe removal at Y = 1, The heat loss through the after por-
tlon of the blade was computed through the use of equatlions
(22), (23), (43), and (44) and was found to be 640 watts. The
total power required for ice protection by the romoval process
at ¥ =1 1s therefore 2390 watts.

DISCUSSIOR

Benefits Obtalned from the Optimpm Heat Dlstribution

In view of the relative simpliclty of construction of a
propeller—~blade shoe with a stepped type of heat distribution,
such as wapg used 1ln the tests remvorted in reference 2, when
compared with a blade shoe having an optimum heat dlstridbu-
tion as shown in figure 16, it 1g important that the blade-
shoe deslgner realize the beneflits which may be expected by
utilizing a blaode shoe having an optirum heat distridbution,
To indicate the advantages of an opiimum heat distribution,
the method of anszl ysls dGoveloped 1n thls renmort has been
enmployed %o compare the amount of power regulred by the two
types of dilstribution to provide the samo degroo of ico pro-
toction and to determine tho thicknoss of lco which would be
built .up upon a blade shoe with a stepped heat distribution
utilizing a power input equal to that required for complete
loe removal on a blade shoe with an optimum heat distridu-
tlon, In thls comparison the optimum heat distribution
shown 1ln figure 16 has been compared with a stepped heat
distribution 1n which the dlstiribution over the leading-—edge
third of the blade shoe is double that over the remaining
area, The chordwise hoat dlstribution for the blade shoo
with tho stoppod distribution has boon considorod constant
over the radial extent of the blade shoe and has been based
upon the point of maximum heat requirement for the blade-
shoe surface. The chordwlse distribution for each type of
heat distribution 1s shown in figure 17 at the critical pro-
peller station,

The calculated total heat required for the distridution

shown in figure 16 at T, = 0° F and V¥ =1 1is 2390 watts,

whlle the calculated power required for the stepped distribu-
tion, based on tho polnt of maximum heat requirement on the
blade—~shoo, surface (station 42 stagnation region) at the
same conditions, 1s approximately 4800 watts. To enable a °
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comparison with the experimental results, the heat required
by the optimum distridbution and the stepped distributlion were
computed for the test conditions, These conditlions were com-
parable to those listed under the sectlion of thlis report des-
ignated Application, except for the amblent-air temperature
which was 10° F instead of 0° F. The computations indicate
that 1640 watts are required by the optimum distribution and
approximately 3300 watts by the stepped distribution (both

at ¥ = 1). The use of an optimum heat distribution rather
than the stepped distribution should, therefore, reduce the
total heat required by approximately one-half for the same,
degreo of protection against 1coe formation. Lacking moro ex-
tensivo experimental confirmation, the absolute magnitude of
the foregolng power requirements are subject to some doubt;
however, thelr relative magnitude should be rellable.

If the stepped heat distribution 1s used, but with a
power 1input of 2390 watts at the flight conditlons listed,
ico will accumulate until its taickness supplies sufficloent
insulation for the removal procoss to take placo. Applica-
tlon of the foregoling method to compute this thickness 1indi-
cates that an lce cap 3.42 inches hizh by 0,3 inch wide
(width assumed, based on observations) would form before
being removed by melting at the base, Obviously, such an
ice structure would be unstable and break, leaving the load-
ing edge with a rough, broken ice cap and, thus, the blade
shoe would fall in 1ts function of ice removal.

Comparison with Expsriment

The foregolng deductions must be qualified and consid-
eration must be given to the lack of experimental verifica-
tlon of the proposed method. Such experimental verifica-
tion is particularly noedod bocauso of tho assumptions whigh
were necessary 1ln the development of the computation proce-
dure. The results of reference 2 are the only experimental
data that can be compared with the analytical rosults.

These tests indicated that satisfactory ice-removal charac-
toerlstlics would be obtalnod with 2100 watts applied to the

. stepped distribution of the blade shoes testod (W not known),
while the computations indicate that approximately I300 watts
will be required with the same distribution at simllar con-
ditions (W =1), In view of this lack of agreement, a crit-
ical view of the assumptions upon which the method is based
is in order.
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Beview of Assumptions

As the method was applled, two assumptions appear to be
oonservative, In the first place, body interference was neg-
lected, whiloh elimlnates from consideration the blocking of
the air and the resultant roduood volocity over tho region of
the propoellor olosc to the shank. Data are avallable whigh
indlcate that, on an air-ocooled nacelle~propeller combination
of the same general dimensions as that on the B-17F alrplane,
the axlal veloclty 1s approximately freo stream from the tip
to the 0,56 r/R station and then decreases linearly to ap-
proximately one-half free-stream velocity at the 0,2 r/R
statlon, A reduction in the computed heat requirements for
the lnner-blade sectlons would obviously ocour if allowance
were made for the reduced veloolty.

A secondary result of the reduced axial veloclty will
be an increased effectlve blade angle over the inner statlions.
The magnitude or direction of the deviation requlting from
this difference 1s difficult to predict, but these blade sec-—
tlons wlll corry a higher 1ift coefficliont than that assumed.
By referonce to figures 6, 7, and 8; it can be reasoned that
this wlll cause an increased peak velocity on the upper sur-
face, thus decrcasing the extent of laminar flow, but will
have a compensating effect on tho lowor surfaco whore the
peak wilill tend to be lowered, Whioch of these changes will
Predominate could only be determined by a detalled calcula-
tion,

A second conservative assumption is the neglect of cen=
trifugal~force effects, Thls was Justifled orlginally on
the basls of the possibility of a reasonadbly unliform glaze-—
ice layer formed from the maximum possible water content of
the alr stream at an ambient~air temperaturo of 0° F, Under
these oonditions, the adhesion of ice to the blade~shoe mate-
rial is greater than the strength of the ice 1tself., That
this assumptlion may be unduly rigorous can be deduced from
the result of reference 2, which indicataed tho possibllity
that no heat at all might boe necessary to de-ioe the outer
portion of the blade., Whether this ia due to aerodynamlo
heating or ocoentrifugal~force effects is difflcult to deter-
mine, However, the basls for the computatlons of the aero-
dynamlc heatlng is reasonably sound, wvhile tho possibillity
doefinitely oxists that an ice formation more porous than the
glaze lco assumed would adhere less strongly and, therefore,
be thrown off by centrifugal force; also, the porosity of
this 1co layer should have a marked effeoct on 1ts thermal
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resistance, No answer to these possibilities can be proposed
without further study.

Several unconservative assumptions were made in the anal-
ysis which would tend to cancel the error caused by the ne-
glect of body interference and centrifugal foroce, The more
important of these 1s the assumption that tramnsition will
ocour by the process of geparation 1ln the adverse pressure
gradioent, Actually if any -1ce forms around the leading edge,
1t 1e likely to ocause loocal peak pressures or, through rough-
nesp, promote earlier transitions. Thus, instead of the
fairly extensive laminar flow over the upper surfase, turbu~
lont flow might be prosent, Since the accuracy of the method
is largely dependent on the computed location of boundary-
layer transition, this would have an important influence
tending to make the method unconservative. Ior i1ce accumula-
tions occurring with ico removal at V¥ of less than 1, the
actual formatlion of ice leyers and ice flecks will very
widely over the blade and will tend to increase turbulence
further and to effeoct the rato of heat transfer,

The effects of humidity, evaporation, and degree of
supercooling of the water drops have also been noeglected;
however, theso offects are considered to be sufficiently
small as to be compensated by other conservative assumntions.

Recommendations

The quantity of power required for ice prevention (5056
watts) appears to be prohibitive at the present stage of de-
velopment. 3ecause of the welght of the hub goenerator that
wvould be required, the advantage of the lighter welght of
the thernmal-electric system in comparison with other methods
would be lost., The most expedient present solution appears
to be a deslign for lce removal at V¥ oqual to l., If advan-
tage 18 taken of the reduction in heat requirements made pos-
sible by use of an optimum heat distribution, and 1f the
thickness of the conducting layer 1s kept to a minimunm to
reduce the heat lost through the after surface of the blade,
a blade shoe which will provide satisfactory ice protection
wlth availablc hud generators should rosult. In order to ob=
taln the roqulired heat distributlion with a satlisfactorily
thin conducting layer, & material of varying electrical re-
slstanco, but constant thioknoss, #ould be advantagoous.

As a result of limited tests, it has been found that
Present conducting materials do not have satisfactory
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resistance to ‘abrasion and wear. It has been thought that a
thin layer of nonconducting rubber over the entire blade-
shoe surface would provide the abrasion resistance necessary
‘for satisfactory service 1life. The effect of the addition
of a protective layer can be ‘determined by including its
thickness 1n the thickness 0f the conducting layer,

Ames Aeronautlcal Laboratory,
Nationsl Advisory Committee for Aeronautics,
Moffett Field, Calif,
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APPENDIX

An expresslion for the temperature gradlent in the edge
of an 1ce layer is to be developed for determining the size
and thickness of an ice particle that will adhere to a dlade-
shoe surface with difforont unit powor inputs., In the dori-
vation of thils expression symbols will be used which do not
appear in the nomenclature of this report (C,, Cz, £, u,
and v). It was felt that better continuity and clarity
could be had by defining the symbols as they appear.

The diagrams. of figure 4 1lllustrate. a section through
the propeller hlade normal to tho edge of an ice layer and
the temporature profllo.
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From 1 =0 to 1 = o the extent of the lce layer,
+ = + -
Qp + dQy, = dqy,, + Qy =~ 44

then simpllifying and dividing by di gives

dq,‘ _ aq,ml ) dq'ma
at ar’ at

Furthermore
aT,

Q = X514y 'ET
and dl1fferentiating gives
aQ; a®m,
ar - kcltcl ;33-
¥hen the power input is considerod to supply Qma then

19, = ap, &}

and from figure 4

T—!

aq, = | T | ¢
=+ -1
h kg

Subetitution glvesg the equatioﬁ

ary  m, -,

k 1% = - g
clcl 4.2 1 by bs

Dividing through by (kcltcl) the equation takes the form

) 4P,

a®

where
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hki 1

ky + hty kytq

= Yha
kcttot

If

f = (Tl - TO)
then ,

a L]
d 2 _ .8
S f - v

atl

The solution of this equation 1s of the form

ul ~ul
f = 018 + an o + —v—a-
u

where C, and C; are ccanstents of lategration and

Substitutlon gives

T, - Ty = Cyet + 0ot 4+ (T, - T,)
and when 1| %becomee largs (T, - T,) dpproaches a finite
value asymptoticully ae iadiceied in figure 4. Therefore,

and

¥Yhen 1 approaches sero -

.Tlo 2 ca + le

36
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8imilarly, the equatlon for the surface temperature from
1 =0 %0 =~ takes the form

a®
1
koites 112 = h(Ty; -~ Ty) - apg.

and
1
T, = C,e"" + T
where
3
i =E_;h__.
kcltcl]

At 1 =0

and

Gy = Ca + Ty, = Ta__

Also, when the subscripts + and -~ are introduced to 1indi-
cate pogltive and negative values of 1,

dT1+ .
—— = ~u;0ze 7+
al
and
dTl; _ . o
ar =~ =72
Vhen 1 equals zero,
Ty, .
ar . T M+Um
and
aTy
= u_0C,
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Equating the two foregoling equations and substituting the
value for ©C; result in the expression

-u+°a = u_(Gg + Tnm - T:'—-!D)
and, rearraqging terms,

-Tl

-] -

e+ 2]

Substitutlon of the equation for C; 1in the equation for
Ty, for 1 =0 to 1} = o results in the expression

0 = ~

n n
dg - 44
P. = 7 d - .l
1 = fa - e
™ u,
. + 1

Because %44 isg uniform over the element 0f blade surface
being considered,

ksh
(T - T) = —L— (7, - 1)
'm ki + ht

or

k
T:' =——‘i

- +
—~o  ky + hty (Tlm To) To

and, making the final substitutions in the exprossion for T,

%

hk

T, g (Tz T )+ T, - o SN | 1
© Xk, + nt, Iy + Bty Kgibgy

& a
1 "+
ki + hti

Introducing the ice-thickness parameter

a _ ky
A [ki + hti]

T:_ = Tlﬂ)-
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the foregoing equation may be written in the form

Ta, =V (T3~ To) + g ~ \Eoitel

T1=T1m"' w+1 -]

or

N (RO Y A |
(]

T, v F 1

39
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