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A METHOD FOR ESTIMATING HEAT REQUIREMENTS FOR ICE
PREVENTION ON GAS-HEATED HOLLOW PROPELLER BLADES

By V. E. Gray and R. G. Campbell

SUMMARY

A detailed method is presented for determining the temperature
and flow of heated gas necessary for ice prevention of hollow pro-
peller bledes in flight and- icing conditions. The propeller ‘blade
is analytically divided into a number of short radial segments,
vhich are successively treated ae geparate heat exchangers. Expres-
sions for the total external and internal heat transfer are com-
bined to determine the surface temperatures of each segment, The
thermodynamic steady-flow equation is given for the internal gas-
flow process and expressions are obtailned for the radial variations
of gas temperature and pressure within the blade, For a given
initial gas temperature in the blade shank cavity, the minimum gas
flow is determined, which will provide surface temperatures of at
least 32° F everywhere on the heated portion of the blade.

An expression for the required heat-source ‘input to the gas -
is included and a formula is given for calculating the required
blade-tip nozzle area,

A discussion is included of the indicated benefits to be
derived from certain alterations of the blade internal flow

passage. -

INTRODUCTION

Thermal prevention of the formation of ice on aircraft pro-
.pellers has been previously investigated by means of electrical
and hot-gas heating, The heat requirements associated with the
use of external, electrically heated rubber blade shoes are
analyzed in reference 1., Flight investigations of thermal sys-
tems using hot gas within hollow propeller blades have been
reported in reference 2, and by Palmatier and Brigham of the
Curtiss-Wright Corporation.
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The preSenfhanalysis was made at the NACA Cleveland labora-
tory to provide a method for predicting the hot-gas flow and the
initial gas temperature required for satisfactory 1ice prevention
on hollow propeller blades. This method involves a system of
progressive approximations considering successive radially dis-
posed blade segments as separate heat exchangers. Account is
taken of the heat required to raise the temperature of the inter-
copted free water to the. blade-eurfaee temperature, the cooling
effect of the evaporation of water, and the kinetic heating of the
external -air boundary layer.' The physical changes of the hot gas
in flowing throqgh the hollow blade are determined in order to
find the required tip nozzle area, The detailed analyeis is
applied to a typilcal propeller blade for flight at :two assumed
operating conditions at the same icing ;conditians to 1llustrate
‘the step-by-step procedure and to demonstrate typlcal results.

A method of modifying the blade interndl passage is suggested
vhereby the heating requirements ‘may- be: reduced for a-given
application of the ho‘-gaa method of preventing ice on typical
hollow propellers.

SYMBOLS: - -

The following symbols are used in equations taken from
references: )

A . heat-transfer area, (sq ft)
A, cross—seetional area of blade tip nozile, (sq ft)
Ap cross—sectlonal area of blade internal-flow passage,
(sq £t).
C, blade-gection 1lift coefficient
c - blade chord, (ft)
Cn specific heat of gas for polytropio process,
(Btu/ (1) (°F)) |
Cp specific heat of gas at constant pressure, (Btu/(1b)(°F))
D, diameter of cylinder whose radiué is equal to leading-

edge redius of given blade section, (ft)

D, ~  hydraulic diameter, (4 AP/P)’ (ft)
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By 2 change of radial kinetic .energy per pound of gas in flow-

ing through radial blade segment, (ft-1b/1b) '
e z-bege of natural logarithms

Fi.2 ‘flow energy dlssipated by friction per pound of gas in
. flow1ng through radial blade segmont (fi-lb/lb)

T friction coefficient

g acceleration of gravity,.32-2 (f‘t/sec-2

H rate of heat transfer per unit area, (Bta/(hr (sq ft))
- h _[convect-lve- heat-transfer coefficient, (Btu/(hr)(Sq ft)(°F))
J mechanical equivalent of heat , (£t-1b/Btu)

k. thermal conduc’tivity; (Btu/(hr)(-éq £t) (°F /1))

L latent heat of evaporation of water, (Btu/lb)

1 radial length of blade segment (ft)

M _rate of interception of water (1bv/(nr)(sq ft))

Moy rate of evaporation of water, (1b/(hr)(sq ft))

m liguid-vater Qqnteﬁt of ambient air, (grams/cu m)

Nu Nugselt number, (hd;/k or hd/k)

n-- - exponent in- polytropic precess, pvp = constant

P perimeter of blade internal~flow passage, (ft)

Pr | Prandtl number (36003) pe /k

D " absolute static pressure, (lb/sé ft)

Py pressure of saturated watef vaper, (1b/sqift)‘
’ Qr heat input to gas flow per blade from heat source,

(Btu/hr) ‘
Q heat escape per blade at tip nozzle, (B: u/hﬁéiLuuu
QT total heat added per blade to 1nternal gas flo&QFiom heat

source and propeller work, (Btu/hr)
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heat transferred through blade metal from gas flowing
through radial blade segment, (Btu/hr)

" net heat 1ose per pound of_gas in flowing throagh radiasl

blade segment, S_t%de 1%.?., Btu/lb)
dynamic pressure of ambient air relative to blade sta-
tion, (lb/sq ft)

gas constant (for air = :53.3) kft-ib/ (.'lb)(oR))
Y -

.'Reynolde number based on blade section chord ‘

Reynolds number based on'hydraulic diameter
Reynolds number based on laminar boundary-layer thickness
radius at any propeller-blade station, (ft)

surface total length of heated blade eection in chordwise
direction over both camber and thruet face, (ft)

surface distance from blade-section etagnation point to
~ any point on heated surface in chordwise direction, (ft)

abgsolute total temperature, (QR)
static temperature, ( F)

temperature rise at surface due to boundary layer
friction, (°F)

internal energy of gas (Btu/lb)

radial velocity of internal gas relative to propeller
blade, (ft/sec)

tangential velocity of propeller blade at given radius,
(ft/sec)

air velocity, ( ft/sec

average air velocity over camber or thruet face of blade,
(ft /sec) -

resultant or helical ve1001ty of propeller blade at any
radius, . (ft/sec) _
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specific volume of internal gas, (cu f£t/1b)

increment of'enthaipy due to wdrk done by rotating pro-
peller on pound of gas in flowing through radial blade
segment, (ft-1b/1b) ) '

net compression work done on pound of gas in flowing
through radial blade_segmenp, Worop - Fi-2s (ft-1b/1b)

rate of internel gas flow per blade, (lb/hr)

Hardy'é evaporation factor . |

distance ffom leadiﬁg édgé measured élong chord, (ff)

éxponent'of..fr in dete?miniﬁé‘kiﬁefic témﬁérétﬁre risé; |
1/2 for leminar flow and 1/3 for turbulent flow

angle of attack of blade section, (deg) .

ratio of specificvheats

thickness of laminar boundary layer on blade surface, (ft)
heat-transfer length of turbulent boundary 1ayér, (ft)

momentum thickness of boundary layer on blade surface
at transition, (ft) '

turbulent boundary-layer parameter
turbulent boundary-layer parameter at point of transition

propeller drive-shaft torque increment due to internal
gas flow, (1b-ft/(1b/sec))

absolute viécosity; ((1b)(sec)/(sq £t))

~kinematic viscosity, (sq ft/sec)

density, ((1b)(sec®) /)
static temperature, (°R)

arithmetic average of static temperatures of ambient air
and blade surface, (°R)

angular position relative to sfaénatibn point on blade-
section leading-edge circular arc, (deg)
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v angle of impingement'of water droplet on blade surface,
- (deg) o

0 - propeller rotationalﬁspeed; (radiads/eec)

Subscripts: | : |.

0 ambient atmospheric:oouditions :

1, 2 . internal gas at entering and - leaving ends, respectively,

of a given radial segment 'a

a . external air side of propeller blade

av average 'j:u’€,7:1 f",-%‘f ..

b - outer edée of exuernaiiair bouudarﬁ'layer

d datum temperature (for determinlng heat -transfer differ-
entials) IR

f . final gas conditions (exit from last radial blade segment
prior to tip nozzle) :

g " internal gas side of propeller blade

i initial gas condition (inlet to first radial blade
segment)

m mean value oetween roints'l and 2

8 external blade surface -

w occurrence of condensation or evaporation of water

Primed symbols denote conditions that are: changed because of
altered blade interiors. )

METHOD FOR DETERMINING DESIGN REQUIREMENTS
Description of Solution '
The determination of the required gas-flow rates for a hot-
gas type of anti-loing system on a given aircraft propeller

involves.a tedious series of calculations. -The' information
available at the present time is insufficient to determine -
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quickly the maximum requirements for a given propeller operating
through a range of flight and icing conditions. Individual calcu-
lations must be made for a complete series of selected, critical
flight and icing conditions. The blade-tip nozzle area and the
heat-gource capacity are then calculated for the maximum require- .
ments so determined. :

The degree,ef approiimatien obtained through. the use of the.
subsequent analysis will remain uncertain until more complete and
reliable experimentdal data are available on propeller-blade

" external and internal heat-transfer coefficients, kinetic heating

of wet air, heat losses due to evaporation of water, the extent
of heat conduction in the blade metal, and the determination of

_ minimum standards for ice prevention.

A schematic diagram of the heated-gas flow through a typlcal
hollow propeller blade ig- illustrated in figure 1. The gas is’
first heated by a euitable heat source, enters a stationary -
transfer menifold, and then passes through a collector ring and .
cuffs fastened to the propeller hub and into the blade shanks.
The hot gas then flows radially outward through the hollow blades,
which may have internal radial partltione (fig. 1), to discharge )
nozzles in the blade tips. 4 :

The method suggested starts with the selection of a number
of operating conditions (propeller rotational speed, alrepeed
density altitude, and ambient-air temperature) characteristic of
taxiing, take- off climb, cruise, and maximum speéd with the
determination of the corresponding liguid-water contents from
the recommendations shown in figure 2. The-required internal
hot-gas flow is then calculated for each condition using an
initial hot-gas temperature as high as structural .considerations
will permit. - ST T T T T e e

For some flight conditions the required internal gas flow
obtained in the-calculations using the maximup initial gas tem-
perature will be so low that a reduction in the initial tempera-
ture and an increase in the ‘gas flow might seem advisable. In
many ceses, however, the maximum heat requirements will probably
be met only by utilizing the highest possible initial hot-gas
temperature because of limitations of the. propeller in pumping
the gas. The use of high gas. temperatures and low gas flows has
the additional advantage of keeplng the pumping power at a
minimum,

The required gas flow, which:isedefined;ae the rate that will

maintain the heated portion of a blade surface at temperatures at.

or above 32° F, must be computed by trial. For convent;ong% ’
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propeller-blade designs, the point of lowest calculated surface
temperature will usually ‘be at ‘the stagnation point of a radial
station near the hub. Under severe. icing conditions, "there is no
great variation of calculated "leading-edge surface temperature
with propeller radius at the inboard stations, although heat con-
ducted radially outward from the . blade hub will actually raise the
surface temperatures at the inner radii, If the effect of this
heat conduction from tHé blade shank does not extend too far along
the blade at the leadlng edge, “the use of the stagnation-point
surface temperature at the. innermost blade segment as the critical
point for determining the required gas flow will permit more rapid
progression with the trial values and seldom will a complete
analyeis of all segments be’ necessary.r¢< .
Steps 1n Solution aE

For each set of flight and:' 101ng conditions the following

step-by- step method of solution is suggested

I. Divide the blade into % convenient number of radial seg-
. ments each 1 1long. (In the numerical example given
subsequently, radial segments 1 ft long were employed;
experience may indicate a need for shorter segments of

- perhaps 6 in. in length.) Teabulate the cross-sectional

flow areas Ap, the external and internal heat-transfer

areas Ay (= sp 1) and Ag (= P1), respectively, the
diameters of equlvalent leading-edge cylinders D, at
the centers of the segments, the internal perimeters P,
and the chord lengths c¢. The cross-sectional flow

areas should be tabulated for the inlet, the center, and
the outlet of each segment.

ITI. Determine thegexternal factors that are unaffected by
: the internal heat flow as follows: For the assumed
propeller-blade speed, find the 1lift coefficient C,
and angle of attack- a at the center of each radial
_segment by the method of reference 3 or other accepted
procedure. With these data calculate the chordwise
distribution of local air velocity Vb

A, Determine the local external air-film heat-transfe;
coefficient h for the laminar regime (from-refe
ence 4) from

mx
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g where the value.of the laminar ‘boundary-layer thick-
ness’ 81 is found from reference 5 as. o

. 9.17 's/c - 8.17 - " :
, :
5.2 . 5 53¢ (VR) Xg) d(g) " (2)
1.7 Re; - \Vy " \Vg, Bt , "
. Ree - 5 o

For the turbulent regime the heat- transfer coeffi-
cient has been given in reference € as

hg = MRk (3)
- = e O — . —

The value of the turbulent boundary-layer heat-
transfer length St 19 slightly involved. The

" turbulent boundary = layer parameter g, as derived
in reference 7 is related to at as follows:

¥R . - |
‘The value of the parameter §,:'dene£ed {yp at the

“trensition point (appendlx A), is given in refer- -
ence 7 as :

.
ﬁtr = 2. 56 loge 4.075 ~7;— _ . (s)

A where
‘e_()wgaz ;"_ji;" (6)

' the value of 52 being taken at the transition

point Succeedlng values of § ‘may be found from
the relation

b, 6.3 . 'Vﬁ-fkg) o (7)
_ ax "t Vy, ax v o
where the functlon f(ﬁ) is

f(§) 10.411 g o0 3914§'.": , 185
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An alternate and ’s'im'plerm.ethod than that above for
determining h, (explained in appendix A) is given

in reference 8 as

L o, e gb’s‘o
Lig = 0.0562, (Ty) 50 (j_‘:_s_.‘_‘)_) _ (9)
for the 1am1ha;~ regimé,. ‘and
' | 0.80
0.296
hy = 0.524 (T) Vav P0 8 (10)
S \G0.25 /.
for the turbﬁl . 'v't""“}:fvt"egii‘me , :Vghgre"}
Lo e
V.. =V, {1x 1 11
av 'R \55,,; * T cos a,} : (11)

The + 18 used for the camber surface and the -J is
used for the thrust ‘face. Inasmuch as the values of

ha'~ in equations (1), {3), (9), and (10) cannot be

determined at the stagnation point, determine values
of . hy near the leading edge (appendlx A) from the

equation of rref_erence 8

De

| 049 (Ve g &\0+50 ig1°)
b, = 0.194:_(13,) ,, (Rpo g) (1 - !é% ) (12)

B. Determine the rate of water interception M (appen-

dix B) from - - 4

g

M= sin ' 13
P 45 R w ’ . “ ’ ( )

C.-Determine the local heat-transfer datum dir tempera-

ture t, Iy (apnendlx B) from

tga = to,u * Ota . o (12)

for saturated air flowing over a wet surface, If
the air flowing over the surface is unsaturated, the
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local air temperature at. the outer edge of the

boundary -layer becomes ty, and if the surface is
dry the air-temperature rise¢ in the boundary layer
due to friction becomes Atz. The values of tb,w'

and Atb are determined from the adiabatic compres-

sion lines shown in figure 3, plotted from data of
reference 9, From the intersection point of the
ambient-air temperature to and pressure Pos

determine the proper adiabatic line; then the local
temperature at the outer edge of the boundary layer
t, at any point-over the airfoil is found by fol-

" lowing tlils ‘adiabatic liné parallél to those shown

to tpe,deelipressure Py, &lven by

. ' /v 2 L.
Py=Py+ gl r\vll) ' (15)

B ) R : '

The values of . Atg - aﬁd ”Afa,w' have been developed
in reference 10 as follows:

sz

At B ' 16
and
P, . - D
Bty o = Aty - 0.622 L (_L_a_____"_&) (17)
A % Py .

where the saturated vapof pressures vaa éndi Py b
< A

. correspond to the temperatures- ty ,d and t,,
respectively, n609851tating a solution of Ata w oYy

trial at each point,

ITI. In order to determine the changes in the internal gas
_flow through the blade, select the desired inlet-gas tem-
.- perature- tg iy which equals 8,1 for the first radial

segment, and a trial value of hot-gas flow w.

A. Assume the temperature of the gas leaving the first

segmenﬁ tg,
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Determine the internal gas-film heat-transfer
coefficient h8 (appendix C) from reference 11l

. R (+ . 0.3 0.8 Po.z
hg = 4.1 x 107 —& T (18)
uaing - '
' : T L4+ T
- LTS B 2 .
Tg,in':- ;5:_...2_._8_:_ _ (19)

Determine the mean heat-transfer datum ges tem-
perature for ‘the aegment t ,d from

2 rO_.3.'5

L C (up )
= £ NI = o J - .
tg,a = tgm + 0tg = tgm + 2570, (20)
vhere . .
o W JRl (7 m) '
‘ a : &1 ' (21)

m = A‘; 3600 Pg,m

For the first estimate of tg 2, let .
pg,m ~ pg,l, for subsequent trials let
Pg,1 " Pg2

~ &1 g2
Pg,m =73

of the preceding trial. (Details for calculat-
ing p8 2 will be presented subsequently.) As

the solution is approached. this error will
become very small.

Detemi;pe the chordwise distribution of surface
temperéture tg (appendix C) at the center of

the segment from

. 4 2
ek o+ 25)
hgtg’d Ag + [haxta,d + M to -l- Z;‘j: | Aa

87 T h Ay + (hgX + M) Ag

(22)
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vhere (see appendix B). -

X-1a4 P8 " Pya (0.622 L) (23)
tg - ta,a \Pp Cp

and Pv,s and Py,a correspond to the tem-

peratures tg and ta,d: respectively, for a

wet ‘surface. Because X varies with ty, the

values of . tg at each point must be computed

by trial.

In order to determine the heat transferred

through the blade metal of. the segment, plot

(t.8 a- ts) agalnst s/c for the chordwise

extent of ‘the heated surface and obtain the
average value by graphical integration or by
Simpson's rule. The heat transferred through
the blade metal Qtyans 18 then

 Qtrans = (tg a-t )av hahg (24)

. Determine the energy change due to friction in
‘the segment F_, per pound of gas flow (from

reference 12 )

. : ur mz 1
._Fl_z = ’E’g'?“ }—); f (25)
where
' 1 -0.32
and"
¥ O (27)

Re
D,h = | Ap Hg,m (3600 g)

Deteérmine the polytropic specific heat of
~gas c, - from

. Fi2'
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and fhg-polytfopic exponent n from

Q

no " Cn C (29)

ocn

‘,vwr

Determine the pressure of the gas leaving the
segpsnt"pg’z from . ‘
R ' n

CO 2:1.7 N I
L TR
. .. Pg 32 =7 1.( ) . (30)
where p8 1" ie estimated for a particular hot -

gas~-flow system from published experimental
pressure«loss ‘data on :ducts and manifolds,

'Find the change, in. radial kinetic energy Ej.p

per pound of gas flow through the segment from
.2 °
B L1 ’ - Wz B

1-2 = " 2g = (3600)% (2g°)

-

. \@ 2 )
(A—————-—--' 1p_ ) - (A——-————-lp ) (31)
DJZ 8,2 p,1 "g,1

Determine the net compresslon work w1 2
(appendix D) done on each pound of gas in flow-

' ing through the segment from

up 2” - U1
W12 = Wprop - Freg = ——57—— - F1.2

'

(32)

Finally, check the accuracy. .of the assumed tg 2
(appendix D) from

y-n ‘
tg,1 - 1"8,2 = ‘E(-y—éi'ﬁ?c—](wl-z - E1_2) (33)

"and reestimate tg 2 ‘until the value obtained
from equabion (33) ‘agrees with ‘the 1nitiHl

éatimate in step III-A.
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‘- B. For the subsequent radial segments, repeat step III-A

using the values of ts’z and Pg,2 of one segment
- @8 tg 1 and pg 3, respectively, of the next ‘
segment. ‘ ' '

C. If tg at any point (found in step III-A-3 for the
correct tg 2) proves “to be less than 32° F, it can

. be 1ncreased by increasing the hot-gas flow w and
. repeating step III. Usually tg will be a minimum

at the stagnation point and at a segment near the
hub.

From the final conditions of the gas leaving the last
segment, determine the tip nozzle area A required to

maintain the gas flow (for unity discharge coeff101ent)
from

w R T -
- &l 4 (34)
-1 =1 o
. . . / N\ 7 : Y T
3600 py A [267C,, (.I.’;&Lf.) (E;S.z;f_) (.;%i) -1
"where
o uy, f2 o
Tg’f = (Tg’f) + __ja_ ' e (35)
. P

' Calculatefthe}foliqwing: ~The required  input from the

heat-gource QI, excluding losses in the induqtion ays-
tem prior to the initial point, from ' '
L : 2 .
_ . . vt
Qr = ¥ ¢ (Tg,i To) T 28 : (36)

the total heat addéd to the gas flow Qp from

QI, Q,I+_._2._E . (37)

the heat escape at the tip nozzle' Qn from .
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Q= Vop [ (38)

and the heat - transferred through the entlre heated sur-
face of the blade ZQtrans from

L s ";" Y uy ooy 4 )
O e O e W (T aDln) 4 ¥
2Q¢ rans = 9 9n = op (Tg,17Tgp) + 3 —t—— (39)
Thus, the effectiveness of the;propeller blade as a heat

S Y o) o
exchanger is given_by :—giﬁﬂi.A

NUMﬁRICAﬁ‘ExAMPLEs‘:T
Flight and Icing Condltions

The procedure for determining the design requirements for a
gas-heated propeller has been applled to a theoretical hollow steel
propeller having blades with“céntral radial ribs, as shown 'in-
figure 1. The propeller-blade~form characteristics are given in -
figure 4 ‘and other pertinent data in table I. An assumption has
been made that heated alr enters the blade shanks from a collector
ring through suitable orifices and passes radially outward through
only the leading-edge cavity in the blades, as illustrated in
figure 1. The blade was arbitrarily divided for convenience into
four radial segments each 1 foot long starting at the 18-inch .
station. The radial stations for .which the surface-temperature
calculations were made were therefore at 24, 36, 48, and 60 inches,

(See fig. 4,) For more. accurate results calculations nearer the

hub may be necessary. A greater number -of shorter radial segments
may also be needed in regions where either the blade airfoil sec-
tion or the internal flow area - changes rapidly with radius.

For purposes of comparisoh, the calculations have'been made:’
for the two following operating conditlons through the same 101ng
condltlon

Condition A B
Pressure altitude, £t . . |.18,000 | 18,000
Ambient-air temperature, °F 0 0
True flight speed;.mph o 400 - 325
_ Propelley gpeed, rpm ~~* " | 1430 (- ‘800
Liquid~wgter content, gfcum 0.4 0.4

RAS A S g Y
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The value of liquid-water content chosen was based on the
recomendations shown in figure 2. :

. For convenience in~determininé the initial internal gas condi-
tions at the blade shanks, an arbitrary assumption wes made that
the internal static pressure in the blade shanks would be the
ambient atmospheric pressure plus three-fourths of the flight. -
dynamic pressure. The assumed hot-gas flow was varied at an.
initial temperature of 500° F until suiface temperatures of 32°
or more were obtalned over the heated surface of the blade.

Results

The general'results are summarized ags follows:

~ Condition 0l A B
: . , e
Gas flow per blade, lb/hx, . = 450 |° 750
Initial gas temperature _ ) 500 © 500 .
Final gas temperature, bp -1 349.6 | 320.8 "
Heat-gource input required per blade Btu/hr - 50,550 86 680
Required blade-~tip nozzle area, sq ft ' 0.00466 | O. 0132 E

The results of the calculations are given in more detail in -
table II and figures S to 10,  For the four radial stations and -
for both simulated flight conditions) the chordwise variation of
.local velocity ratio Vb/VR is shown in ;igure 5; the external

heat- transfer coefficient hy, 1is shown in ilgure 6; the local
water 1nterception M and evéporation M v .rates are shown in
figure 7; the local’ heat-transfer datum tem@erature ta,d i
shown in figure 8;.and the external-surface temperature tg is .
shown in figure 9. . The radial distributions of internal gas tem-
perature tg, _internal ges pressire pg’ internal heat-transfer .
coefficient hg, and the external-surface temperature at the

stagnation point tg Nare shown in figure 10 for conditions A
. and B. : ) . i

The calculations of the external heat-transfer coefficienta
were made using equations (1), (3), and (12). Attempts were made
to locate accurately the external boundary-layer transition
points using the methods of references 13 and 14, and the theoret.-
ical transition points were found to bé located aft of the heated
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areas. In four cases the velocity distributions (fig. 5) have
fairly distinct peaks near the leading edge and an arbitrary
assumption wag made that the surface roughness due to the imping-
ing water would cause transition at these minimum-pressure points.
This assumption applies to the camber face at the 48- inch station.
for condition A and to the thrust face at the 60-inch station and
the camber face at the 36- and 48-inch stations for condition B.
The resulting chordwise distributions of ha: shown in figure 6.

for these cases, are similar to the type shown on the left side of
figure 11 and discussed in appendix-A,’ inasmuch as in each case.
the transition point occurs very close to the leading edge.

The surface temperatures.are. obtained from equatlon (22), in
vhich the éxternal heat-tranefer area Aa s arbitrarily assumed

to extend aft of the blade-rib center 1ine for a" distance on each
face equal to half the maximum ‘bladse. thickness, This assumptlon
is to account approximately for the ‘Yidat ‘transfer to the trailing
half of the blade, which in reality diminlshes all the way to the
trailing edge. An unpartitioned blade would not require such an
approximation. . v .

PRV ITRANOSS
¢ R

'DISCUSSION
Thia-Skin Approximation

The 1argest gource of error in this analysis is thought to be
the thin-skin epproximation used in the golution of external sur-
face temperatures. This approximation makes use of two related
aesumptlons. First, the value of Hg depends on the temperature

differential (tg,a - ts),_ in vhich the temperature gradient

through the blade metal 1g7 ‘agsumed to be zero., This gradient and
the error involved is. usually small, except at the leading-edge
region, for any propeller blade made of steel or metal.with equal:
or higher thermal conductivity. Second, the heat balance employed
in equation (22). is based on the assumptlon that the total heat
transfer from the internal gas to .the external alr can be con- .
gidered to be distributed uniformly and to pass only normally
through suitable internal and external heat-transfer areas; that
is, the blade metal is assumed to be infinitely thin and surface-«
wiee heat conduction is neglected. The. ratio of the two heat-
transfer areas is then used to determine the ratio of the local
internal and external heat-transfer rates. The error invclved in
this assumption is thought to be large inasmuch as thé thermal
‘conductivity of the blade metal is usually very high compared
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with the conductivity through the gas and air aurface films. Sur-
facewlgoe heat conduction within the blade metal is certain to’
reduce the temperature gradients indicated by the variations of
surface-film heat-transfer coefficients and changes in metal
th1ckness. : :

The two foregoing errors can be eliminated from the analysis
if  the blade segments are studied using the "relaxation" method
developed in reference 15. No attempt has been made to use this
method because of the prodlgious amount of time and effort involved.
The method and a sample of the results to be expected from it are
given in apoendix E. .. .

PrinciéaiiFepgprs Affecting Heat Requirements

' From a consideration of the foregoing analysis and the numer-
ical examples, the required internal heat flow through hollow pro-
pellers depends on the following factors extermal to the blade
surface, which appear to have the largest effects in determining
_ the local heat transfer through the metal necessary to prevent- ice.

_ Ambient temperature. - With other factors remalning constant,
the heat transfer through the blade surface required for ice pre-
vention as defined herein varies directly with the temperature
difference between the freezing temperature and the datum tempera-
ture (ambient temperature plus kinetic increment). Even though
the agsumed liquid-water content of the ambient air decreases with
decreasing temperatures, the heat required to maintain a minimum
surface temperature of 32° F steadlly increases as ambient tempera-
ture decreases; but, computed on the basis of immediate evapora-
~tion .of .all the water that strikes the surface, the heat required
will decrease with decreasing témperatures because the liquid- -
water content decreases. The point at which the heat requirements
are equal when computed on both bases of heating represents the.
maximum possible value of heat required. This maximum value rep-
regents excessive heatlng for the conditions used in the’ examples
presented : ' :

Water 1mpingement - An increase in the rate of water inter-
ception requires a direct increase in the amount of heat required
to raise its temperature above 32° F. - A more important factor,

- when external heat requirements ‘are considered, is that an increase
in the .rate -of water interceptlon increases the amount of runback,
vhich 1ncreases ‘the area of wetted surface and thus requires more
heat to offset the:evaporative heat loss. -The difference in tem-
peratures between a wet and a dry.surface resulting from the same
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internal heat flow can be observed in figure 9(b), where the
surface becomes dry on the thrust face of both the 48- and 60-~inch
stations. The surface-temperature rise above ambient’ temperature
more than doubles its value in the two instances after the surface
becomee dry. : -

Kinetic heating. - Kinetic heating always reduces the heat
requirements for ice prevention because it increases the heat-
transfer datum temperature above the ambient temperature. Its
temperature rise increases as the square of the resultant velocity
and has a lower value in wet air than in dry air. This increment
of temperature becomes. important as-a saving in required heat flow
at high resultant velocities of the: order shown in the two examples
presented., A fact of 1nterest is that leat requirements are
reduced according to the equare of the resultant velocity (because
of kinetic heating) and are also increased. according to the squars
root of the resultant velocity (because :of . the heat-transfer
coefficient). The net result is:that g velocity is increased
the heat required to maintain a surface temperature of 32° F first
increases and then decreases; the-location of .the maximum heat
requirement depends on the conditions involved, This maximum heat
requirement probably occurs below a velocity of 400 feet per sec-
. ond for most conditions. Thus, except for other variations (such
as changes in propeller-blade sections), the heat requirements for
propellers on high-speed airplanes are usually greatest at the
inboard stations. For the same reason, the heat requirements are
reduced by increasing the rotational speed of the propeller.

Location of . trangition. - The determination of heat transfer
from a propeller blade depends to a large extent on the exact
location of transition. As shown in figure 11, considerably more
heat transfer results over the blade faces for vhich turbulent
flow is assumed (as shown by the higher heat-transfer coefficients)
than would be the case if laminar flow were assumed. The same
result is shown in figure 9, in which the low surface temperatures
of the four faces under aseumed turbulent flow indicate a higher
rate of heat transfer. .Of course, transition might be caused by
water-film roughness on many of the surfaces for which laminar
flow was assumed,” because the velocity gradients are quite low
over all the stations, ag ehown in figure S. g

Altitude. The altltude-pressure term frequently appears in
the analysis ysis and ‘its total . effect on heat requirements is difficult
to evaluate. The .two principal effects of altitude (other factors
remaining constant) on the requlred blade-metal heat transfer are
largely compensatory. With. increasing altitude the heat transfer
due to the evaporation processes increases whereas the heat transfer
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due to external convection decreases. Increasing altitudes have a
serious effect on restricting the internal gas flow. In order to
offget the reduction in gas density with altitude, the gas flow w
must be maintained by increasing the internal gas velocity, with
resulting increases in flow friction and pressure drop. These
increases, coupled with the loss of ram pressure at altitude, indi-
cate that the required internal gas flow steadily becomes more
difficult to maintain with increasing altitude and that a booster

_ pump may be necessary at high altitudes to attain the required gas
- flow. A pressure boost can also be. obtained by 1ncreaeing the pro-

peller. rotational speed whenever poSeible.
¥

Comparison of;Results of Numerical'Examples
. Flight condition B required a larger internal heat flow than
condition A for two reasons:. the kinetic heating was less, owing -
to a lower airspeed and propeller speed, and the surface area
under assumed turbulent flow was greater.

The required tip nozzle area for condition B was almost as
large as the internal flow area at the exit to station 60, which
indicated that the gas. pressure.at the tip had dropped nearly to
its lowest 1limit and that a higher rate of flow was almost -
impossible without augmenting the initial gas pressure or increas-
ing the propeller speed. If this tip nozzle area is used, the
flow will become excessive under conditions' of higher airspeed
and propeller speed or lower altitude. The hot-gas flow could,
however, be regulated by a throttle in the intake system.

The required- heat-source capacities for these two conditions
appeared to be very high compared with external electrically
heated blade shoes based on the meager experimental data avail-
able. The high required heat-source input is, however, explained
by the fact that internal gas-heating systems normally have no
selective control of heat transfer and as a result much of the
surface area is considerably overheated and further wastage -
occurs at the tip nozzle. In the examples that used this method
of blade heating, only & narrow band at the leading-edge surface
had temperatures near 32° F. Consequently, if a narrow-strip of
ice 0.3 inch wide, for example, were to be permitted along the
leading edge, the internal heat-flow requirement for station 24,
condition B, (most gritical) wonld be nearly halved., This
reduction wopld regult beqause the eurfaqe temperature at the
stagnation point could theyp be allowed to drop approxtmately
9° below 32° F and the diffierential- (tg = tg ,d) would be.
approximately one-half its erlginal value (17 6° F). Because
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the stagnation point is the controlling factor for the segment,
the internal heat flow could then be reduced by nearly half and
the blade-surface temperatures would remeain above 32° F except for
the narrow leading-edge band. 1In practice, the internal heat flow
required therefore depends largely on whether narrow strlps of ice
along the leading edges are tolerated. .

Suggested Technique for Reducing Heat Flows

A method of reducing the required heat flow in a typical hol-
low propeller blade is Suggested'in .which the internal flow passage
is altered to attain a more.economical- distribution of heat transfer,
When it is assumed that equation (18) and ‘thé hydraulic diameter
concept can be applied to internal passages whose perimeters con-
tain convolutions, designs;of flow passages’ can be developed ‘whereby
large reductions in heat-source capacity. and pumping-power output
are apparent over the typical hollow-blade interior, as. shown in
figure 1. Two suggested alterations are’ shown in figure 12 and
compared with the original blade section. Using primes to denote
the altered designs, the  following ‘methemstical comparisons can
be shown: :

For both the original and altered designs ' . g

‘ -4 0.3 0.8 0.2
. . T
4.1 x 10 (g,_m) wrC Pl a

.}.leAé”:_ - Ap

g

from eqnation (18). For the. same inlet gas tempéréturés, assuming

P = Ag and - taklng the ratio of a modified de81gn to the orlginal

deslgn
o f . ; uv‘0.8. '\1.2 ,.,
’ 3 i . X ]
~ h A g R w . A g - ) A‘p
Setting-this ratls equal 40 unity will permit evaluation of the

flow ratio-that will produce. thé same amount of blade-surface heat
transfer as the original design, or

5
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‘Modifica- | Modifica- .
_ _ tion 1- tion 2
- 1.5 "\1.25 - :
] A . A . .
LAY b -3 g I ~ 0.149 0.152
v \a') \BRJS S
g _ '
As
U = ———(——;" : B
A,pa(3600)
A L5/, o2 - . - .. i
u.'_r_;--z f&.g.— -A—I-)— B L ; ' y
2. . ~ v .298. _!-. ,228
Uy Ag Ap Lo S
B : . ‘ : ' ‘l
As o |
- .se -1,32
.. Fl-z ~ Uy (Dh); i
Fl;z' Ag 1.20 Ap -0.90.. ' . -
= =~ & .813 ,481
”1--2 Ag A, ‘

In summarizing these modifications, if the area of the inter-
nal flow passage is reduced-and the internal heat-transfer area is
increased, the same total heat transfer to the external surface
can be malntained vhile the internal-gas flow is greatly reduced.
A reduction of the flow lowers the internal velocity and the fric-
tion loss and thus raises the available internal pressure. When
the flow is reduced, more heat is removed per pound of gas flow
and, consequently, the gas temperature falls more rapidly and
reduces the heat loss at the tip nozzle. Care should be taken
with the internal heat-transfer area that some segments do not
abgtract such heat as- to starve subsequent eegments.

In sddition to the foreg01ng reduction of heat flow, & better
distribution of chordwise surface heat tramnsfer can be accomplished
by making the greatest increase of internal hedt-transfer area at
‘the leading edge by the use of fins similar to those shown in
figure 12, An accurate determination of the magnitude of the heat
trensfer resulting from these modifications requires that the .
whole problem be approached along the lines of the relaxation
method as outlined in appendix E. All the indications shown lead
S0 the belief that a hollow propeller blade can be designed with
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modificatlions similar to those illustrated which will efficiently
provide ice protection with a heat flow of feasible proportions.

X coM*ré AND ,RECOW\IDATI,ONS '

The method presented for estimating heat requirements for ice
prevention on gag-heated hollow propeller blades provides inte-
grated means for determining the design requirements for ice pre-
vention on gaa-heated hollow propeller blades operating in any © .
selected condition. Several of the suggested simplificatitns and
other short methods can be used where conditions do not require &
rigorous treatment., Solutions by trial are occasionally required,
vwhich are admittedly inconvenient but became fairly rapld with .
increased familiarity. : L T :

Substantlation of several formulas, upon which this method
is based, by experimental measurements in actual icing conditions -

is recommended A relaxation analysis of the: whole propeller
blade should be made to determine the effect of” leading-edge
internal ribs and the exact heat transfer normally, radiallx and
chordwise through the blade matal., RN

BN
ey

" Flight Propulsion Reéearch Labpraﬁory,
 National Advisory Committee for Aeronautics,
Cleveland, Ohio, June 27, 1947,

N ‘-3:;



NACA TN No. 1494 : ‘ 25
* APPENDIX A -

EXTERNAL HEmT TRANSFER COEFFICIENTS

Airfoll coefficients baged ‘on’ boundary layer. - Several
methods are available for calculating the local and average heat-
trangfer coefficients for the: surfacea of airfoils (réferences 4,
16, 17, and 13). Local surfece values for the heat-transfer
coefficients on airfoils . (equation (1)) are derived in reference 4,
primarily on -the. basis. of Reynolds' ‘analogy ‘between skin friction
and. heat transfer through laminar boundary layers, and an alter-
nate form of Reynolds'- analogy (equation-(3)) is presented for the
turbulent boundary- layer ‘cage’in reference 16, These solutions -
are detailled because they: take into account the.variation of local
air velocity and boundary- 1ayer thickness over the airfoil surface.
No account has been taken either in this ‘analysis or in the refer-
ences, however, of the unknéwn effect on’the boundary-layer heat
transfer of the heat additicn to the boundary layer caused by a
heated surface. .

Empirlcal airf01l coefficients -é‘The-methods of reference-8
(eQuations (9) and (1C)) have been added as alternate solutions
for hg, because they offer easier solutions by -their use of
average air velocities over the faces of the airfoils, These
equations require a slight but "adequate approximation for use in
this analysis when determining the average temperature Tys

because the surface temperatures are unknown. 'However, ‘eatimates
of average surface temperatures involving errors of less than

L4

1% percent of hg can easily be made.

Leading-edge cylinder coefficients. - At the stagnation point
the value of h, cannot be determined in equations (1), (3), (9),

and (10). The suggestion is made in reference 8§ that the leading
edge of an airfoil be regarded as an isolated oylinder in trans-
verse flow for which heat-transfer data are available in refer-
ence 1€, When these data are used and Nusselt's number at the
stagnation point is expressed as a function of Prandtl number and
Reynolds number, an empirical equation for the heat-transfer coef-
ficient over the forward half of the equivalent leading-edge
cylinder (equation (12)) is developed (reference 8), Figure 11
diagrammatically illustrates the suggested technique of fairing
the distribution of heat-transfer coefficients over the leaeding-
edge cylinder into the laminar- and turbulent-flow distributions
for the rest of the airfoil in two typical configurations. On tbf
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thrust face, transition is shown to occur ¢lose to the leading
edge and the h, curve is faired directly fram the leading-edge

values into the turbulent-flow curve. On the camber face, transi--
tion is shown to occur after a length of laminer flow and the
curve is arbitrarily faired into the turbulent regime. The former
type of distribution occurs in the numerical example, in- certaln
cases on both faces of the blade.

Location of transition. - In the foregoing considerations,
the location of the transition point must be determined. For
increasing local pressures, the point of transition, ‘which may be
assumed to be coincident with laminai separation, may be estimated
by the method of references 13 and 14. For decreasing pressures,
the suggestion is made in reference 5 that the Reynolds number
" based on the laminar boundary 1ayer thickness Rea ; 8t the point

of transition is between the limits of 8000 and 9500

' The location ofithe tnansition point greatly affects the heat
transfer from an airfoil because the heat-transfer coefficient for
turbulent flow is considerably larger than that for laminar flow,
No reliable method is lmown for predicting the. point of - transition
when the airfoil is undergoing water impingement. The presence of
water on the surface probably causes transition to occur forward
of the point.determined by the foregoing methods.
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APPENDIX B~

EFFECTS OF WETTED SURFACE

Rate of water interception. - The rate of water interception
is only slightly overestimated by assuming that the droplets
travel in straight-line paths intersecting the blade surfaces.
This condition exists when the airfoil collection efficiency
becomes 100 percent. Exact collection efficiencies for airfoils
are unavailable, although fairly complete data are available for
cylinders For symmetrical and low-camber airfoils the use of
existing data for cylinders whose diameters are equal or related
to the leading-edge diameters of the airfoils cen be made with a
- fair degree of approximation. Accordlngly propeller-blade-sectlon
leading-edge cylinders, under ordinary flight conditions, have col-
lection efficiencies varying approximately from 80 percent near
the hub to 98 percent near the tip, The error in assuming )
100-percent collection efficiency for the propeller sections is
not so great in figuring the rate of water :dinterception as in-
. determining the extent of wetted surfaces, as discussed in. the
‘succeeding section.

The local rate of water 1nterception M - is thus proportional
to the sine of the angle ¥ subtended by the relative wind
(helical speed) vector and the tangent drawn to the blade surface
at the point being considered. The value of M 1is given by
equation (13). . S

Surface evaporation. - The effect of evaporation of water
from the surface of -an airfoil in increasing the heat transfer
was first derived by Hardy (reference 19)., He has presented an
expression for a local evaporation factor -X, which multiplies.
the local convective heat-transfer coefficient wherever the sur-
face is wetted. This factor is given by equation (23) and the
local rate of evaporation of water from thé surface is given by

.Mev = :5 (x-1) (?s 'ﬂta,d) 4 . ~(§Qk

Where the local rate of evaporation is larger than the local
‘rate of water interception, the surface will tend to become dry,
If the blow-off of water from the surface is neglected, houever
there will be runback of unevaporated water from the leading-edge
region when the rate of intergepted water exceeds the rate @f

e

— . . L s
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evaporation. In this analysis thefsurface of the propeller-blade
section is considered dry aft of the point sfc at which

"s/c _i wo'psfe
M,d(s/c)}% | Mg, d(s/c)

vhere the lower limit O- -i§ at the stagnation point. For a dry
surface, X becomes 1- and .o surface evaporation occurs.

Heat-transfer datum air temperature. - The heat-transfer
datum temperature t, ,a at;any point

surface temperature that would be obtainedqifbthe blade were a
nonconducting unheated body. The value of-: ta g is given by

equation (14) based on figure 3 and equations (16) and (17). The
nature of ta g fora typlcal propeller blade operating in either

saturated or unsaturated air ie showm in' figure 13, There .are two
components of tg g: the adiabatic temperature tp or ty gy at

the outer edge of the boundary layer ‘and the temperature. dlffer-
ential Aty or Ata,w in the boundary layer -due to kinetic fric-

tion. The frictional temperature rise in the boundary layer is
8lightly larger in turbulent flow than in laminar flow according
to equations (16) and (17) (as the Prandtl number is raised to the
one~-third power in turbulent flow compared with the one-half power:
for laminar flow). Both the components of ty ,d are affected by

the presence of water. The frictional temperature rige in a
boundary layer that remains saturated 1s less than the rise in an
unsaturated boundary layer, due to evaporation. Likewise, the tem-
verature at the edge of the boundary layer for a saturated air
stream follows the saturated air adiabatic .line.

Whether or not the air is saturated at a given point. is of ten
difficult to determine and, consequently, the determination of
ta g 1s uncertain. ‘In this analysis the following course has

been adopted: For a wet surface, which exists forward of the point
vhere the accumulated water intercepted equals the accumulated
water evaporated (as defined in the previous section)

ta a= tb wt bty : (14)

For a dry surface, which is assumed to begin abruptly aft of this
point
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ta,d = tb,w + Aty

Accordingly, only when the ambient air is unsaturated 1is

ta,a = by + Aty

29

(41)

(42)
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APPENDIX C

" HEAT BALANCE

. Local internal heat transfer. - The internal gas-film heat-

transfer coefficient h8 is given by equation (18), which appears

to be the most applicable formula for determining this coefficient.
The equation is based on data obtained for fully developed turbu-
lent flow in long tubes. It is doubtful, however, whether this
equation will give satisfactorily accurate results when applied to
flow through hollow propellers for two reasons: (1) The nonsym-

. metrical cross sections of a hollow propeller-blade passage and
. the effect on heat transfer of changes in flow area may not be |

fully accounted for in an equation based on flow in straight cir-
cular tubes; and (2) no account is taken in equation (18) of local
flow variations along a plane normal to the direction of flow
(chordwise in a propeller blade). In & rotating propeller, the
Coriolis acceleration produces radial velocities along the leading
edge of the internal passage that are higher than those toward the
trailing edge. The local internal heat-transfer coefficient would

. therefore probably be higher at the leading edge than is indicated

by the average value given by equation (18).

When the value of h, given by equation (18) is used, the
local internal heat transfer for a unit area can:be written as

Hg = hg»(tg,d - tg) (43)

where tg,d ig the mean-flow static gas temperature plus the tem-
perature rise due to surface friction (equation (20)).

Local external heat transfer. - The local rate of external

heat transfer per unit area at any point may be expressed as

2
M Vg

2gd

Hg = hy X (tg - ta gq) + Moy (tg - tg) - (44)

where bm is the heat capacity of liquid water, taken herein as

| unity. The first term of equation (44) on the right-hand side

gives the combined convective and evaporative heat transfer; the
second term gives the sensible heat absorbed by the intercepted
water during its temperature rise to the surface temperature; and
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the third term gives the heat released by the impinging water at
the expense of its kinetic energy. For simplicity, an approximate
expression for H, can be used, wherein

= (h X+ M) (tg -ty d) | (45)

and the error in the approximation 1s small except at the leading
.edge where M 1is a maximum.

.>Heat-baience equation; - in this analysis. the equiiibrium'of
heat transfer to. and from the.blade surface at any point is
expressed ae.A . -

. A : 7 o -
a

When equations (43) and (44) are substituted in equatlon (46)
t can be solved for: '

8
8- : thg + (hax M) ‘A&

: 22)

Equation (46) is based on the assumption that a thin-skin
approximation can be used for determining the surface temperatures.
- (See section entitled "DISCUSSION.") v
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‘ APPENbe D

TH ERMODYNAMIC ANALYSIS OF GAS FLOW

 Assumptions, - The method for determining the temperature and
pressure of the internal gaes during its flow through the hollow
propeller blade is based on the “thermodynamic steady-flow energy
equation. The internal flow is assumed to have a uniform radial
velocity distribution at any station. The assumption is made that
for a short radial segment the polytropic exgonent n of the
internal flow procees can be considered constant. The error
involved will vary as the radial length 1 of the segments used
in the solution. For convenience in using the polytropic rela-
tions for gas, the energy due to-flow friction is assumed to be
heat added to the gas at the. expense of work done by the gas.

Analysis of flow process. The thermodynamic steady-flow
equation may be written in terms of the emergies per pound of gas
as . S

2 -
Yp2 ~“ Y1
2g

Wiz ~dQ 2 = + J(Unx-Uy) + (poVo - PyVy)  (47)
1 2V2 -~ P1V1

This equation states that the difference between the net compres-
sion work done on the gas and the net heat lost from the gas in
passing through. the segment is equal to the total of the differ-
encea between the kinetic, internal, and potential energies at the
leaving and entering ends of the radial segment.

For a mechanically reversible process, the sum of all the
mechanical-energy terms in equation (47) can be expressed by

B + (BeVz - P17 - Vi (48)
vhere E;_p 1is defined as the radial kinetic energy term by

equation (31), The net work for a polytropic process satisfying
the relation® pvn constant 1is given by

R .

and the flow work can be expresged as
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PV, - PV =‘R(t8’2 - tg,l)' : (50)

When equations (48) and (49) are equated and equation (50) is sub-
stituted, the net compreseion work becomes

_ In a sgimilar manner, the internal energy term of equation (47) can
be written as : . : g

‘S(Uz - Ul)._ 'BT (t é 2 & tg1) (52)

When equatlons (50), (51), and (52) are eubstituted, equatlon (47)

becomes ‘

R 2N O
2 = T T (g2 " Y1) (53)
However, )
: Urans _ F1-2 ‘ . ‘ :
Ql-z — T = cn(tg,l.‘ tg2) (?8)

The gas-temperature differential through the ‘segment can now be -
expressed in terms of the energy quantities by combining
equations (51), (53), and (28) to obtain

b4 =ty p= e XB (W - E * 33
81~ “8,2 7 {31) nioy ( 1-2 = B1p) (33)

' In equation (33) the value of Wi_p 1s given by equation (32),

The increment of enthalpy wprop due to work done by the rotating

propeller on a pound of gas in flowing ‘through a radial segment is
given by ,

prop - 2g

, 2 _ 2
W ut,z ut,]. (54)

This equation can be shown as follows: The propeller-drive-shaf't
torque increment due to the internal gas flow through a blade
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segment is given by the change in moment of tangential momentum,
which may be written in terms of torque per pound of gas per
second as

}\= rZu‘b,Z = ?lutgl " . ) (55)

S 8 ST s
vhere ug is the blade tangential velocity at the radius r. The
rate of work done on a. pound of gas can bé written as :

R L P R o A
L wh= (rgly 2 - Wma%,0)  Bez - U1 (56)
R 8" o g

because uy = wr. For a straight rotating channel the increase in
tangential kinetic energy between two points is obviously given by
' ' -'2‘ ‘ ;"2
Y2 T
2g

for a pound of gas, so the remainder of the total work represents
the amount of external work done on a pound of gas in flowing
through a radial segment to produce a change in the enthalpy of the
gas. '
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APPENDIX E

EFFECT OF BEAT CONDUCTION THROUGH BLADE
METAL AT LEADING EDGE

' A study was made using the relaxation method as  described in:
reference 16 to determine the effect of heat conduction in the
blade skin on the temperature distribution around the leading edge.
The original assumption that heat is transferred only in a direc-
tion normal to the blade skin, which was assumed to be 1nfinitely ‘
thin, was expected to be appreciably upset by the variations of
blade-metal thickness and of the effective external heat transfer
around the leading edge. - . .

Laplace's equation, which requires the reasonable assumption
. that the blade metal is a homogendous, isotropic solid, -was used
with. condltions at the internal boundary defined by

,.de' o I |
L (57)

and at‘the_ekterﬁal boundary by = .

X=X+ MB=0) . (s8)
vhere
-k thermal conductivity of blade metal,
‘ Btu/(hr)(sq £t) (°F/ft) - -
6 (tga-ty), °F
tg,d heat-transfer datum gas températﬁré,hoF'
ty metalttemperature (surfacé or.iﬁtérnal), °F .
y _ distance normal to boundary, b TN |
hg 1nternal gas heat-transfer coe(ficxent
| Btu/(nr)(sq £6) (°F)

r .
(haX + M)’ «effective external heat-pransfer coefficient

Btu/(hr)(sq £4)(°F)
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o.
B : (ts’d "ta,d)}
ta,d: heat-transfer datum air temperature, °p

v The scale used was 1 inch = 0.05 inch and for convenience the
solution was arbitrarily originatéd 1 inch in chord length from
the leading edge. The metal temperatures at.the starting points
on both faces of the blade were assumed to be slightly less than
the values of surface temperatures that were obtained in the numer-
ical éxample. The inclinations of the isotherms to the surface at.
the starting points were estimated from the anticipated nature of
the heat transfer. The values of metal temperature obtained are
unreliable, but the isothérm and surface-temperature patterns
obtained are belleved indlcative of the trends to be expected if
the solution were to be extended over the entire blade cross
section. N

- The calculated results obtalned for 51mulated flight and
icing condition B at the 24- inch ‘station are 8hown in figure 14.
Because heat is transferred everywhere within the metal normal
to the isotherms, a considerable qnantity of heat flows through
the metal of the camber and thiust faces into the mags of metal
- at the leading edge, as shown in figure 14. The surface tem-
perature distribution is changed and thus the surfacewise tem- .
perature gradients at the leading edge are greatly reduced. The
surface temperature rise at the leading edge due to conduction in
the metal is approximately as indicated by a comparison of the
two curves at the bottom of figure 14.
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TABLE I - PROPELLER DATA

point 2, Aﬁ,z, sq 't

Station 24 36 48 60
Blade radius, r, ft 2 3 ¢ 5
Blade-segment radial .
| length, 1, ft 1 1 1 1
Blade chord, ¢, ft 1.05 | 1.06 | 1.07 | o.986
Equivalent leading-edge
cylinder diameter, ' , s
"Dc, ft 0,027 | 0,0095 | 0.0057 | 0.0040f:
External heat-transfer. 'j' n
‘area, Ay, 8qft 1.26 1.18 1.15 1.06
Internal heat-transfer - . '
area, Ag, 8q ft . ' 1.13 1.05 1.01 0.942
Internal blade-passage
perimeter, P, ft 1.13 1.05 1.01 0.942
Internal dblade-passage
crogss-gsectional area, ’ , '
Ap,‘ 8q ft 10,0558 | 0.0315 | 0.0239 | 0.0173
Internal blade passage ‘
cross-gectional area at - » :
point 1, Ap,l’ sq f't 0.0875 | 0.0375 |-0.0275 | 0.0205
Internal blade passage
cross-sectional area at . : . E
0.0375 | 0.0275 | 0,0205 | 0,0141

4

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS
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Figure 1. - Schematic flow diagram for gas-heated hollow propeller
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Figure 14, - Comparison of leading-edge surface temperature by two meth-
ods for station 24, condition B.
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