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TECHENICAL NOTE NO. 1494

A METEOD 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 blades in flight and icing conditions. The propeller blade
is analytically divided into a number of short radial segments,
which are succesgively treated as separate 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 expresgions are obtained for the radilal 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
leagt 32° F evorywhere on the heated portion of the blade.

An expression for the requife& heat -source ‘input to the gas
is included and a formula is glven 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 lce on-aircraft YO~
pellers has been previously investigated by means of electrical
and hot-gaes heating. The heat reguirements associated with the
use of external, electrically heated rubber blade shoes are
analyzed in reference l. 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
Curtigs-Wright Corporatlon.'
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The present analysis 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 ice prevention
on hollow propeller blades. This method involves a system of
progresgive approximations considering successive radially dis-
posed blade segnments as geparate heat exchangers, Account is
taken of the heat required to raise the temperature of the inter-
cepted free water to the blade-surface temperature, the cooling
effect of the evaporation of water, and the kinetic hcating of the
external-air boundary layer. The physical changes of the hot gas
in flowing through the hollow blade are determined in order to
find the required tip nozzle area, The detailed analysis is
applied to a typical propeller blade for flight at two assumed
operating conditions at the seme icing conditions to illustrate
the gtep-by-step procedure and to demonstrate typical results.

A method of modifying the blade internal passage is suggeated
whereby the heating requirements may be reduced for a given
application of the hot-gas methnd of preventing ice on typical
hollow propellers. .

SYMBOLS

The following symbols are used in equations taken from

references:

A

heat-transfer area, (sq ft)
cross-sectional area of blade tip nozzle, (sg ft)

cross-~gectional area of blade internal-flow passage,
(sq ©'t)

blade-section 1lif't coefficient
blade chord, (ft)

gpecific heat of gas for pblytropic process,
(Btu/(1p) (°F))

specific heat of gas at constant pressure, (Btu/(1b)(°F))

diameter of c¢ylinder whose'fadiuétis,equal to leading-
edge radius of given blade section, (ft)

hydraulic diameter, (4 A,/P), (ft)
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change of radial kinetic enerpgy per nouqd of gas in ©low-
ing through radial blade segment, (Ft-1b/1b)

base of natural logarithms

flow energy di831pated by friction per pond of gas in
flowing through radial blade segment, (f+-1b/1b)-

friction coefficient

eocelapation of gravity, 32,2 (it /sec?)

rate of.heat tranéfer per-unit area, (Btu/(hr)(sq ft))
convective heat-tfaﬁsfér coefficient; (Btu/(hr)(sq PH 1))
ﬁechanioai equivaient of heat,‘(fﬁulb/Btu) '
thermal conductivity, (Btu/(ﬁr)(sq ft)(OF/ff))

latent heat of evaporstion of water, (Btu/lb)

radial length of bl&de.segment $eh ]

 rate of vnterception of water, (1b/(br) (rq £t))

rate of evaporation of water, (1b/(kr)(zq £%))
liquid-water content of ambient éir, (gramm/cu.m).
Nusgelt nﬁmber,.(h8z/k orAhﬁt/k) |

exponent in polytropic process, pvn = .constant
perimeter of blade.internal-flow passage, (ft)
Prandtl number, (36003) ue /k

abgolute static pressure, (1b/sq 1)

pregsure of saturated water vapor, (1b/sq t)

heagt input to gas flow per blade from heat source,
(Btu/hr)

heat escape per blade at-tip nozzle, (Bin/ir)

total heat added per blade to int ernmL gas flow from heat
gource and propeller work, (Btu/hr)
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heat transferred through blade metal from gas Ilowing
through redial blade segment, (Btu/hr)

net heat 1088 per pound of gas in flowing through radial

blade segment, Bx%ggg _,ﬁ%%z, (Btu/1b)
dynamic pressure of eamblent air,relativé to élgde gta-
- tion, (lb/sq £t) =
gas constant (for air = 53.3), (ft-lb/(lb)(OR))
Reynolds number pased’ on blade~section chord
Reynolds' number baged on hydravlic diameter
Reynolds number based on 1aminaf boﬁndary-layer thickness

radius &t any propeller-blade station, (ft)

surface total length of heated blads ssction in chordwise
direction over both camber and thrust face, (f%)

surface distance from blade-section stagnation voint to
any point on heated surface in chordwise direction, (£t)

absolute total temperature, (°r)
sl ¢ v
static temperature, (°F)

temperature rgee at surface due to boundary-layer
friction, ("F) '

internal energy of gas, (Btu/lb)

radial velocity of internal gas relative to propeller
blade, (f't/sec)

tangential velocity of propeller bladé at glven radius,
(ft/sec) ‘

air velocity, (ft/sec)

average air veloclty over camber or thrust face of blade,

(ft/eec)

resultant or helical velocity of propeller blude at any
radius, (ft/sec)
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v specific volume of internal gas, (cu £t/1b)

wprop increment of erthalpy due to work done by rotating pro-

i peller on pound of gas in flowing through radial blade

segment, (ft-1b/1b)

Wl_z net compreasion work done on pound of gas in flowing
through rediel blade segment, Wyno, - F1.p, (£t~1b/1b)

W rate of internal gas flow per blade, (1b/hr)

X Hardy's evaporation factor

X distance from leading odge measured along chord, (ft)

Z exponent of Pr in determining kinetic temperature rise,
1/2 for leminar flow and 1/3 for turbulent flow

a angle of attack of blade section, (deg)

o ratio of specific heats

Oy thickness of laminar boundary layer on blade surface, (ft)

Ot heat-transfer length of turbulent boundary layer, (ft)

€ momentunm thickness of boundary leyer on blade surface

re

[ T

s

v

at “rensition, (ft)
turhulent boundary-layer parameter
turbulent boundary-leyer parameter at point of transition

proneller drive-ghaft torque increment due to iaternal
gas flow, (1b-ft/(1b/sec))

absolute viscosity, ((1b)(sec)/(sq £t))
kinematic viscosity, (sg It/sec)
density, ((1b)(sec?)/rt)

static temperature, (°R)

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

angular pogition relative to stasgnation point on blade-
gsection leading-edge circular arc, (deg)
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v angle of impingement of water droplet on blade surface,
(deg)

w propeller rotational speed, (radians/sec)

Subscripts:

0] ambient atmospheric conditions

e internal ges at entering and leaving ends, respectively,

of a given radial segment

a external air side of propeller blade

av average

b outer edge of externmal-air boundary layer

d datum temﬁerature (for'determining heat -transfer differ-
entials)

& final ges conditions (exit from last radial blade sesment

prior to tip nozzle)

a internal gas gide of propeller blade

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

m mean velue between points 1 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-icing 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 reguirements 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-t:p nozzle arsea and the
heat-source capacity are then calculated for the maYimum.requxru»
ments 8o determined.

The degree of approximation obtained through the use of the
subsequent analysis will remain uncertain until more complete and
reliable experimental data are available on propeller-blade
external and internal heat-transier coefficients, kinetic heating
of wet air, heat losses due to evaporation of water, the extent
of heat coanduction in the blade metal, and the determinatlion of
minimum etandards for ioe nrevention.

A schematic diagram of the heated-gas flow through a typical
hollow propeller blade is illustrated in figure 1, The gas is
first heated by a suitable heat source, enters a stationary
transfer manifold, and then passes through a collector ring and
cuffs fastened to the propeller hub and into the blade shanks.
The hot gas then flows rsdially outward through the hollow bledes,
which may have internal radial partitions (fig. 1), to discharge
nozzles in the blade tips.

The method suggested starts with the selcction of a number
of operating conditions (propeller rotational speed, alrspeed,
density altitude, and ambient-air tomperature) characteristic of
taxiing, take~off, climb, cruise, and meximum speed 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. v

For some flight conditions the reguired internal gas flow’
obtained in the calculations using the maximum 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 cases, however, the maximum heat requirements will probably
be met only by utlllzlng the highest possible initial hot-gas
temperature bocause of limitations of the propeller in pumping
the gas. The use of high gas temperatures and low gas flows has

" the additional acivantagv of keeping the pumping power at a

minimum.

The required gas flow, which is defined as 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 convenbtional
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proneller-blade designs, the point of lowest calculated surface
temperature will usually be at the stagnation point of a radial
station near the hub. Under ssvere 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 blede hub will actually raise the
surface temperatures at the inner radii. If the effect of this
heat conduction from the blade shank does not extend too far along
the blade at thée leading 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 rapild
progression with the trial values and seldom will a complete
analysis of all segments be necessary.

Stens in Solution

For each set of flight and icing conditions the following
sten-by-step method of solution is suggested.

I. Divide the blade into a convenient number of radial seg-
ments each ‘1 long. (In the numerical example glven
subsequently, radial segments 1 ft long were employed;
experience may indicate a need for shorter segmentes of
perhaps 6 in. in‘length.) Tabulate the cross-gectional
flow areas Ab, the external and internal heat-transfer

areas A, (= sf'l)' and Aq (= P1), respectively, the
diameters of equivalent 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 sgegment.

II. Determine the external. factors that are unaffected by
the internal heat flow as follows: For the essumed
' propeller-blade speed, find the 1lift ccefficient C,
~and angle of attack o 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 veloclty V.

A. Determine the local external air-film heat-transfer
; coefficient h, for the laminar regime (from refer-
ence 4) from . '

Nu k
by = Tg-E (1)
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where the value of the laminar boundary-layer thick-
ness -.8;  1s found from reference 5 ag

: 9.17 psafe 8.17
2 Bi{se (VR) {Vp (8
%1 = TRep ~\Tp ! \ T/ a(z) (2)

For the turbulent regime the heat-transfer coeffi-
cient has been given in refevence 6 as

"By = E%JE pESs (3)
1

The value of the turbulent boundary-layer heat-
transfer length 8, 1s slightly involved. The
turbulent boundary-leyer paremeter Q, as dsrived
in reference 7, 18 related to &, as follows:

’ $Rip
2 Vi, fide & (4)

i)

'BSC_VR‘

The value of the pavemeter §,. dencted {4, at the
transition point (appendix A), lg given 1n refer-

. ence 7 as

| Ty, €
Lip = 2.56 logg 4.075 3—’U~~ (5)

where
¢ = 0,289 61 3 1': - (8)

the value of ®; being taken at the transition

point. Succeeding values of § may be found from
the relation .

L i ' (7)
dx Vv, dx v ' i

where the function f£({) is

SR PSR (8)
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An alternate and gimpler method than that above for
determining h, (explained in appendix A) is given

in reference 8 as

’ a 0
hg = 0,0562 (Ty) \_—IET—"_) (9)
for the laminaer regime, and
. 0,80
0,296 [V Po €
by = 0,524 (7,) (..%LZQE z (10)
su.aS /
for the turbulént‘regime, vhére
4 () N\
B _ogem v et 11
av R T cos o/ 2L
The + 1is used for the camber surface and the - is

used for the thrust face. Inasmuch as the valuss of

h, in equations (1), (3), (9), and (10) camot be

determined at the stagnation point, determine values
of hg near the leading edge (appendix A) from the
eguation of reference 8

; e

/ ; 3N
004:9 V p g i ‘(' ,
B e 0,088 Gr ) PR E0S R 12
a (7y) ( % ) S {12)
. Determine the rate of water interception M (appen-
dix B) from
M= 2. 7z ein Y (13)

T4z

€21

Determine the local heat-transfer datum &ir tempera-
ture t, 5 (appendix B) from
J

b4 = by, + g y o (14)

for saturated air flowing over a wet surface, If
the air flowing over the surface 1s unsaturated, the
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local alr temperature at the outer edge of the

boundary layer becomes 1y, and if the surface is
dry the air-temperature rise in the boundary layer
due to Friotion becomes Atg. The values of tb w

and tb are determined from the adiabatic comores-

sion lines shown in I'igure 3, plotted from data of
reference 9, From the Intersection point of the
amblent-alr temperature t; and presgure Pgs
determine the proper adiabatic line; then the local
temperature at the outer edge of the boundary layer
ty &t any point over the airfoil is found by fol-
lowing this adiabatic line payvallel to thase shown
to the local pregsure T s given by

By = Py + ’ VR) ’ (15)

The values of Aty and Ata w - have been developed

in reference 10 ag follows:

V2 prf
Ab = r 168
B 2gJey, il
and
/D - D
Abg o = Atg - 0,622 _.L,( il o L L b) (17)
g oy Py

vhere the saturated vapor pressures Peih and Pyp
;| b
correspond to the temperatures t, 4 and ty,
J
respectively, necessitating a solution of Ata,w by
trial at each point,

IIT. In order to determine the changes in the internal gas
flow through the blade, select the desired inlet-gas tem-

" perature t

g;1s 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

gegment tg,z
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Determine the 1nterna] gasafllw heat -transfer

3 coefflcient hg (appendix C) from reference 11

3 .
(Tg,m)o.w W0.8 PO 2

“p

(18)

YRR S LRV T

using

'I’g b Té
R BB - Sl

Determine the mean heat-transfer datum gas tem-
verature for the segment tg,d from

33
A (ur m)z PrO,S;
et ke = 2
tg,a = bgm + g = tgm + ZaTo, (20)
vhere
. W R ( )

- T al

For the first estlmaue gt & %7 let

™ 1
pg’m Pg, 13 for subsequent frials let

A & pg,E

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

the soTutﬂon ig approached +hls error will

" - become very small.

Determine the chordwise distribution of surface
temperature g (appendix.C) at the center of
the segment from

L ( 2\
hoba,d Ag + |[HeXtg g + M \to + 5-—{7—5 /|

- Ll hghy + (hgX + M) Ay

Ag
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45
vhere (see appendix B)
AU T pv')s i pv,a /0.622 L) (23)
tg - ta,a \ Py Op

and p, o &nd Pyog correspond to the tem-
J J

peratures t, and ta,d) respectively, for a

wet surface. Because X veries with tg, the

‘'values of tg at each point must be computed

by trial,

In order to determine the heat trensferred
through the blade.metal of the segment, plot
'(tg,d - tg) ‘against s/c’ for the chordwise
extent of the heated surface and obtain the
average value by graphical integration or by
Slmpson's rule, The heat transferred through
the blade metal Q.ng 18 then

Ghrans = (1,0 - ooy gly (20

. Determine the energy change due to friction in

- the segment F;_o por pound of gas flow (from

6

‘reference 12 )

o= ....4!..-... ' (25)

where

-0,32
) 3

1
f = 0,0056 + 'é‘ (RGD)h (26)

and

i 2n (27)

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

. Determine the polytropic specific heat of

gan .cn from

(N
Upang  F1-2
Ql-B = ..g..w - T——- = Cn (tg,l - tg’z) (28)
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and the polytropic exponent n from
g =g
S VR (29)
up
¥

Cn

. Determine the pregsure of the gas leaving the

segment pg’z from

Tg l>
P =P - e (30)
g,? g,l<Tg,2

where Pg. 1 is estimated for a particular hot-
A

- gas-flow system from published experimental

pressure-loss data on ducts and manifolds.
Find the change in radial kinetic energy Ei.o

per pound of gas flow through the gegment from
w 2 .u 8 2

RN v, 1 BN
ot 19 23 = (3600)2 (289)

’; ; 2 1 2
el s (31)
ry K ]

!‘( n,2 08:2) ( p,1 pg)"">

. Determine the net compression work W, o

(appendix D) done on each pound of gas in flow-
ing through the segment from

Wi-2 = Wprop b
(32)

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

I A T T s
b g [(7~15 nJcn] (Wy.g - Ep.2) (33)

and reegtimate tg,z until the value obtained

from equation (33) agrees with the initial
estvimate in step III-A.
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B, For the subsequent radial segments, repeat step III-A
uging the vealues of tg,z and. Pg,2 of one segment

asg tg,l and Pg,1s respectively, of the next
Segment .

C. If %y at any point (found in step III-A-3 for the
correct tg 2) proves to be less than 32° F, 1t can
be increased 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.

IV. From the final conditions of the gas leaving the last
segment, determine the tip nozzle area Ay reguired to

maintain the gas flow (for unity discharge coefficient)

from
wRASTa s
An = o e e 'I——.L‘;S)‘f'f e e (34:)
2=l [ 2-1 )
) O [ O D i ./ -
3600 D, A 2gd0,, (3;8..’;1"_) (%’.&E < g!_j:.\, 2y
p ] /
_ 0 Po, b
where
u fz
< .— T _...r_).__.... 5
Tgyi ( g’f) 4 ngcp (30)

V. - Calculate the following: The required input from the
heat-source Qr, excluding losses in the induction sys-
tem prior to the initial point, from

Uy 2
S
Q_[ =W C (T - To) - g"—'é-g—— (36)

the total heat added to the gas flow Qp from

Q¥ ¥ _.,sz (37)
QT CIEaT g

the heat escape gt the tip nozzle Q  from
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(38)

and the heat transferred through the entire heated sur-
face of the blade 2Qiigng ~from

' 2
u A
ZQtrans = QI' i Qn = cp (Tg,i-Tg,f) i E}Z <—t’~:§2 ti..l_> (39)

o
()

Thus, the effectiveness of the propeller blade as a heat

Z'Qtrans

exchanger is given by -——————

NUMERTCAL FEXAMPLIES

Flight and Tcing Conditions

The procedure for determining the design requirements for a

gas-heated propeller has been applied to a theoretical hollow Steel

propeller having blades with central radiel ribs, as shown in
fignre 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 air 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 greaber number of ghorter radial segments
may also be needed in regions where either the blade airfoill sec-
tion or the internal flow area changes rapidly with radius,

For purposes of comparison, the calculations have been made

condition:

+ for the two following operating conditions through the same icing

Condition A B
Pressure altitude, ft 18,000 18,000
Ambient-air temperature, °F 0 0
True flight speed, mph 4.00 Ghee)
Propeller speed, rpm 1430 800
Liquid-water content, gfcum 0.4 0,4
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The value of ligquid-water content chosen was bagsd on the
recomuendations shown in figure 2.,

For convenience in determining the initial internal gas condi-
tions at the blade shanks, an arbitrary agssumption was 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 S$00° ¥ until surface temporatures of 32° 7
or more were obtained over the heated surface of the blade.

Results

The general results are summarized as followa:

Condition A “ B

Gas flow per blade, 1b/hr 450 750
Initial gas temperature, °F 500 500
Final gas temperature, 6F 349.6 320.8
Heat-gource input reguired ver blade, Btu/hv ' 50,550 | 86,680
Required blade~tip nozzle area, sq ft 10.00466 0.0132

The results of the calculations are given in more detail in
table II and figures 5 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 figure 5; the external

heat-transfer coefficient h, 1s shown in flgure 6; the local
vater interception M and evaporation Mg, ¥rates are shown in

figure 7; the local heat-transfer datum temperature ta,d is
shown in fiigure 8; and the external-surface tomperature tg 1is

shown in figure 9. The radial distributions of internal gas tem-~
perature tg, internal gas pressure Pgs internal heat-transfer
coefficient hg, and the external-surface tempersture at the
stagnation point tg are shown in figure 10 Tor conditions A
and B, " ;

The calculations of the external heat-transier coefficients
were made using equetions (1), (3), and (12). Attempts were made
to locate accurately the external boundary-layer transition

points using the methods of references 1.3 and 14, and the theoret-
ical transition points were found to be located af't of the heated
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areas. 1In four cases the velocity distributions (fig. 5) have
fairly distinct peaks near the leading edge and an.arbitrary
agsumption was 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 chordwigse distributions of hgy,  shown in figure 6

for these cases, are similar to the type shown on the lef't 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 eguetion (22), in
which the external heat-transfer area Ay is arbitrarlly assumed
4o extend aft of the blade-rib center line for a distance on each
face equal to half the maximum blade thickness. This assumption
is to account approximately for the heat transfer to the trailing
half of the blade, which in reality diminishes all the way to the
trailing edge. An unpartitioned blade would not require such an
approximation. i

DISCUSSION
Thin-Skin Approximatidn

The largest source of error in this analysis is thought to be
the thin-skin aporoximation used in the solution of external sur-
Tace btemperatures, This approximation mekes use of two related
aggunmpiions. First the value of’ Hg depends on the temperature
differential (tg a - ts), in which the temperature gradient

through the blade metal is assuméd to be zerc, This gradient and
the error involved is usually emall, except at the leading-edge
vegion, 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 ausunﬂtion that the total heat
transfer from the 1nt°rna1 gas to the exbernal air can be con-
sidered to be distributed uniformly and to pass only normally
through suitable internal and external heat-transfer areas; that
ig, the blade metal is assumed to be infinitely thin and surface»
wige 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 involved in
this agsumption is thought to be large inasmuch a&s the thermal
conductivity of the blade metal is usunally very high compared
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with the conductivity through the .gas and air surface films. OSur-

 'facewise neet conduction within the blade metal is certain to
" peduce the temperature gradiente indicated by the variations of
" gurface-film heat~transfer coefficients and changes .in metal .

thickness.

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 prodigious amount of time and effort involved.
The method and e sample of the results to be expected from it are
given in appendix E. -

Principal Factors Affecting Heat Requirements
From a consideration of the foregoing analysis and the numer-

ical examples, the required internal heat {low through. hollew pro-
pellers depends on the following factors extermal to the blade .

“ surface, which appear to have the largest effects in determining

the local heat transier through the metal necessary to prevept_;ce.

Ambient temperature. - With other factors remeining constant,
the heset transfer through the blade surface required for ice pre-
vention as defined herein varies directly with the temperature
difference between the freezing tempesrature and the datum tempera-
ture (ambient temperature plus kinetic inerement). Even though
the assumed liquid-water content of the ambient alr decreases with

- decreasing temperaturea, the heat required to maintein a minimum

surface temperature of 320 1 gteadily increasos as ambient tempera-

. ture decreases; but, computed on the basis of immedlate evapora-
" tion of all the water that strikes the surfece, the heat required
© will decrease with decreasing temperatures because the liguid-

water content decreases. The point at which the heat reguirements
are equal when computed on both bases of heating represents the
maximum vossible value of heat required. This maximum value rep~
resents’ excessive heating for the conditions used in the examples

-presented.

Water impingement. - An increase in the rate of water Inter-
ception requires a direct increase in the amount of heat reguired
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 interception. increases the .amount of runback,

_which increases the area of wetted surface apd 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



20 NACA TN No. 1494

" internal heat flow can be observed in figure 9(b); where the

surface becomes dry on the thrust iece of both the 48- and 60-inch
stations. The surface-temperature rise above ambient temperature
moreé than doubles its value in the two instances after the surface
becomes dry.

Kinetic heating. - Xinetic heating always reduces the heat
requirements for ice prevention because it increases the heat-
transfer datum temperature above the ambient temperature. Its
temperature rise increeses as the squere of the resultant velocity
and has a lower value in wet air than in dry air. This increment
of temperature becomes importent as a saving in required heat flow
at high resultant velocities of the order shown in the two examples
pregented., A fact of interest is that heat requirements are
reduced according to the square of the resultant velocity (because
of kinetic heating) and are also increased according to the squere
root of the resultant velocity (because of the heat-transfer
coefficient). The net result is that as veloclty is increased
the heat required to maintain a surface temperature of 320 F Tirst
increases and then decreases; the location of the maximum heat-
requirement depends on the conditlong involved. This maximum heat
requirement probably occurs below a velocity of 400 feet per sec-
ond for most conditions. Thus, except for other veriations (such
as changes in propsller-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.

Tocation of transition. - The detexmination of heat transfer
from a propeller blade depends to & large extent on the exact
location of transition., As shown in figure 11, considerably more
heat transfer results over the blade faces for which turbulent
flow is assumed (as shown by the higher heat-transfer coefficients)
than would be thevcasé if laminar flow were agsumed, The same
result is ehown in figure 9, in which the low surface temperatures
of the four faces under assumed turbulent flow indicate a higher
rate of heat transfer. Of courge, transition might be caused by
water-f1lm roughness on many of the surfaces for which laminar
flow was assumed, because the velocity gradients are quite low
over all the stations, as shown in figure 5.

Altitude. - Thé altitude-pressure term frequently appears in
the analysis and its total effect on heat requivements is difficult
%o evaluate. The two principal effects of altitude (other factors
remaining constant) on the reguired 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. Incressing altitudes have a
gerious zffect on restricting tiie internal ges 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 increasing the pro-
peller rotational speed whenever possible.

Comparison of Results of Numerical Examples

Flight condition B required a larger internal heat flow than
condition A for two reasons: the kinstic heating wes lese, 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 limit and that a higher rate of flow was almost
impossgible 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 a 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 requirecment for station 24,
condition B, (most critical) would be nearly halved. This
reduction would result because the surface temperature at the
stagnatlon point could then be allowed to drop approximately
9° below 32° F and the differential (tg - ty, q) would be
approximately one-half its original 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 remain above 32° F except for
the narrow leading-edge band., In practice, the internal heat flow
required therefore depends largely on whether narrow strips of ice
along the leading edges are tolerated.

Suggested Technique for Eeducing 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 the hydraulic diameter
concept can be applied to internal passages whose perimeters con-
tain convolutions, designs of flow pessages can be developed waereby
large reductions in heat-gource 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 designa, the following mathematical comparisons can
be shown:

For both the original and altered designs

-4 0.3 1.8 .02
4, T
G Tie 20| g,m) W P A

hSAg i A

P

g

from equation (18). For the same inlet gas temperatures, assuming

Bz Ag and taking the ratio of a modified design to the original
design

: 17\0.8 “Nita
Sedel wln (ﬁ&.) (ﬁ&)
A 1
hg Ag w / \Ag Ap
Setting this ratio equal to unity will permit evaluation of the

flow ratio that will produce the same amount of blade-surface heab
transfer as the original design, or
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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 maintained while 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 segments.

In addition to the foregoing reduction of heat flow, a better
distribution of chordwise surface heat transfer can be accomplished
by making the grestest increase of internal heat-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

transfer resulting from these modifications requires that the
whole problem be approached along the lines of the relaxation

method as outlined in appendix H.

All the indications shown lead

to the belief that a hollow propeller blade can be degigned with
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modifications similar to those illustrated, which will efficiently
provide ice n*otcctlon with- a heat flow of feasible prouvortions.

. COMMENTS AND RECOMMENDATIONS

The method presented for sestimating heat requirements for ice
prevention on gas-heated hollow propeller blades provides inte-
grated means for determining the design reguirements Tor ice pro-
vention on gas-heated hollow propeller blades operating in any
selected condition., Several of the suggested simplifications and
other short methods can be used where conditions do not rsquire a
rigorous treatment. Solutions by trial are otcasionally required,
which are admittedly inconvenient, but becomn Ia1r1v Tapl d with
increased familiarity. :

Substantiation of several formulas, upon which this method
is based, by experimental measurements in actual icing conditions
is recomninded. A relaxation analysis of the whole propeller
blade should be made to determine the effect of JeadLng edge '
internal ribs and the exact heat transfer normally, radially, and
chordwise through the blade metal. , :

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, June 27, 1947,
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APPENLIX A

- EXTERNAL HEAT-TRANSFFR COEFFICIENTS

dlrfoll coefficients based on boundary laver. ~ Jeveral
methods are availeble for calculating the local and average heat-
transfer coefficiente tor the surfaces of airfoils (references 4,
16, 17, and 13). Local suiface values for the hesat-transfer
coelficlents on sirfoils (equation (1)) are derived in reference 4,
primarily on the basls of Reynolds' analogy. between skin friction
and heat transfer through 1aminar'boundary-layers, and an alter-

- nate form of Reynolds' analogy. (equauion (3)) is presented for the

turbulent boundary-layer cage in reference.l6. - These solutions
are detailed because they take into account the variastion of local
air velocity and boundary-leyer thickness over the airfoll surface.
No account has been taken elther in this analysis or in the refer-
ences, however, of the unknown effect on the boundary-layer heat
transfer of the heat addition to the boundary layer cauvsed by a

heated surface}

Empirical alrfoil cosfficients. - The methods of reference 8
(equations (9) and (1C)) have been added as alternate solutions,
for hgy Dbecause they offer easier solutions by their use of
average alr veolocities over the faces of the airfoils. These
equations requirés a slight hut adequate approximation for uge in
this analysis when determining the average temperature Tys

because the surface temperatures are unknown, However, estimates
of average surface temperatures involving errors of less than

l% percent of hg can easily be made,

TLeading-edge cylinder coefficients, - At the stagnation point
the value of h, cannot be determined in equatlons (1), %) 18,

and (10). The suggestion is made in reference & that the leading
edge of an airfoil be regarded as an isolated cylinder in trans-
verse flow for which heat~transfer data are available in refer-
ence 1{. When these data ave used and Nusselt's number at the
gstagnation 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 leadlng-edge
cylinder (equation (12)) is developed (reference &). Figure 1l
diagremmatically illustrates the suggested technique of fairing
the distribution of heat-transf'er coefficients over the leading-
edge cylinder into the laminar- and turbulent-flow distributions
for the rest of the airfoil in two typical configurations. On the
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thrust face, transition is shown to occur close to the leading
edge and the hy curve is faired directly from the leading-edge

values into the turbulent-flow curve, On the camber face, transi-
tion is shown to occur after a length of laminar flow and the
curve ig arbitrarily faired into the turbulent regime. The former
type of distribution occurs in-the numerical example, in certain
cages 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 transgition, which may be
assumed to be coincident with laminer 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
bagsed on the laminar boundary-layer thiclness Rea,l at the point

of transition is between the limits of 8000 and 9500,

The location of the transition point greatly affects the heat
transfer from an airfoil because the heat-transfer coefficient for
turbulent Tlow is considerably larger than that for laminar flow,
No reliable method is known for predicting the point of transition

when the airfoil is undergoing water impingement, - The presence of

water on the surface probably causes trangition to occur forward
of the point determined by the foregoing methods.
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APPENDIX B

EFFECTS COF WELTED SURFACE

Rate of water interception. - The rate of water interception
ig only slightly overestimated by assuming that the droplets
travel in straight-line paths intersecting the blade surfuaces,
This condition exists when the airfoil collection efficiency
becomes 100 percent, Ixact collection efficiencies for airfoils
are unavaileble, although fairly complete data are available for
cylinders. For symmetrical and low-camber airfoils the use of
existing data for cylinders whoge diameters are equal or related
to the leading-edge diameters of the airfoils can be made with a
fair degree of approximation. Accordingly, vroncl]er-bTade~sectlon
leading-edge cylinders, under ordinary flight conditions, have cdl-
lection efficiencies varying aporoximately from 80 percent nsar
the hub to 98 percent near the tip. The €rror in agsuming
100-percent collection efficiency for the propeller secticns is
not go greast in Tiguring the rate of water intercevtion as in
determining the extent of wetted surfaces, as discussad in the
succeeding section.

The local rate of water interception M is thus proportional
to the sine of the angle V¥ 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 18 given by
equation (13)

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

o "f (X-1) (tg - t5,a) (40)

Where the local rate of evaporation is larger than the local
rate of water interceptjon, the surface will tend to become dry.
If the blow-off of water from the surface is neglected, however,
there will be runback of unevaporated water from the leading-edge
region when the rate of intercepted water exceeds the rate of
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evaporation. In this analysis the surface of the propeller-blade
section is cousidered dry aft of the point s/c at which

rs/c ra/c
‘ M d(s/c) = Mgy d(s/c)
JO 0

where the lower limit O is et the stagnation point., For a dry
surface, X becomes 1 and no surface svaporation occurs.

geat-transfer datum air temperature. - The heat-transfer
datum temperature ua qa -at any point on the blade surface 1ig the

surface temperature Lhat would be obtained if the blede were a
noncondncting unheated body. The value of ta g 48 glven by

equation (14) based on figure 3 and equations ’“6) and (17). The
nature of ta,d for a typical prope]ler blade operating in either

gaturated or unsaturated air is shown in figure 13, There are two
components of tgy g: the adiabatic bemperature ty or Ty gy at
the outer edg@ of the boundary layer and the tempersture dlifer

ential Aty or Ata,w in the boundary layer due to kinetic fric-

tion. The frictionsl temperature rise in the boundary layer is
8lightly larger in turbulent flow than in laminar flow sccording
to eguations (16) and (17) (es the Prandtl number is raised to the
one-third power in turbulent flow compared with the onc-half power
for laminar flow). Both the components of ta q are affected by

the presence of water. The frictional temperature rise in a
boundary layer that remains saturated is less than the rise in an
unsaturated boundary layer, due to evaporation. Likewise, the tem-
nerature 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 often
difficult to determine and, consequently, the determination of
a g 1s uncertain. In this analysig the following course has

been adopted; For a wet surface, which exists foyward of the point
where the sccumulated water intercepted equals the accumulated
water evaporated (as defined in the previous section)

ta,a = bp,w+ Al y (14)

For a dry surface, which is assumed to begin ebruptly aft of this
point



NACA TN No. 1494

ta,d = tb,w + A'ba

Accordingly, only when the ambient air is unsaturated is

te,q = tp + Aty

29

(41)

(42)
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APPENDIX C

HEAT BALANCE

Local internal heat transfer. - The internal gas-film heat-
transfer coefficient hg 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 avplied 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 a rotating propeller, the
Coriolis acceleration produces radial velocities along the leading
edge of the internal pagsage 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 hg given by equation (18) is used, the
local internal heat transfer for a unit area can be written as

Hy = g (tg,q - %) (43)

g g

where tg,d is 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

‘ M V2
R
Hy = hg X (tg - tg g) + Mop (b5 - tg) - o (44)

where cp is the heat capacity of liguid 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
gecond 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

Hy = (hy X + M) (tg - tg 4) (45)

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

Heat~balance équation..~ In this analysis the equilibrium of
heat transfer to and from the blade surface at any point is
expresged asg '

o BeE (46)

When equations (43) and'(éé) are substituted in equation (46)
t, can be solved for: ' '

8
‘ ‘r ( VRZ\
Y hgtg,d Ag + !LhaXta,d + M\to + ';Jé:f) A, P
g~ ; \
thg + (haX + M/ Aa

Equation (48) is based on the assumption that a thin-skin
approximation can be used for determining the surface temperatures,
(See section entitled "DISCUSSION.”)
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APPENDIX D

THERMODYNAMIC ANALYSIS OF GAS FL.OW

Assumptions. - The method for determining the temperature and
pressure of the internal gas 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 exponent n of the
internal flow process 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 energies per pound of gas
as

2 2

iR 7 Balt

W2 - JdQ2 = 4+ J(Up-Uy) +-(pyvy - Pyvy)  (47)

78

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-
ences 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

By g + (pgVp = 21¥1) - Wy2 (48)

where E; o 1is defined as the radial kinetic energy term by

eguation (31). The net work for a polytropic process satisfying
the relation pv® = constant is given by

R

n-1 (tg,l i tg,z) (45)

and the flow work can be expressed as
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- 0,7y = B(t, 5 - tg,1) (50)

Peifer = By Ty

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

n .
Wl—z & El__z + m R('Gg,z - ts,'l) (51)

In a similar menner, the internal-energy term of equation (47) cen
be written as

% b g %

When eguaetions (50), (51), and (52) ere substituted, equation (47)
beconmes

Q -  — = .— 9 - - ES‘;
1-2 (l"ﬂN Y—lj J ( &g;a 8)-1-) ( )
HOWGVGI‘,

Qﬁrans F1—2
Q.2 = S i e cn(tg’l - tg,z) (28)

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

By el rs (Wy.o = Ep.s) (33)

8,2 T (7-1) ndcn
In eguation (33) the value of W;_o 1s given by equation (52) »

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

propeller on a pound of gas in flowing through a radial segment 1is
glven by

8,1

2 2
e
W = 2 2 (54)
prop 2g

This equation can be shown as follows: The propeller-drive-shaft
torque increment due to the internal gas {low through a blade
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gsegment 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

r =0T v
PO e L . 16,1 (55)

vhere uy 1s the blade tangential velocity at the radiuz r. The
rate of work done on a pound of gas can be written as

7 2
J (wrzut’2 - umlut,l) Ug 2 - Be,1

6\
2 g e

WA

because uy = wr. For a straight rotating channel, the increage in
tangential kinetic energy between two points is obviously given by

2 2

u * -0
b2 %,1

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 charge in the enthalpy of the
gas., .
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APPENDIX E

EFFECT OF HEAT CONDUCTION THROUGH BLADE
METAL AT LEADING EDGE

A study was mede using the relaxation method as described in
reference 16 to determine the effect of heat conduction in the
blade skin on the temperature digtribution around the leading edge.
The original assumption that heat ls transferred only in a direc-
tion normal to the blade skin, which was assumed to be infinitely
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 homogeneous, isotropic solid, was used
with conditions at the internal boundary defined by

. ==z h 8 8 (57)

and at the external boundary by

k %§-= (heX + M)(B - ©) (s8)

where ' .
k thermal conductivity of blade metal,

Btu/(hr)(sq £t)(°F/ft)
g (tg’d " OE
tg,d heat-transfer datum gas temperaturé, °p
t metal temperature (surface of intérnal),-oF
¥ distance normal to boundary, f't
hg internal gas heat-transfer coefficlient,

Btu/(hr) (sq ft)(oF)

(hgX + M) effeotive extornal heat-transfer coefficient,
Btu/(hr) (sq £1)(°F)
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Q.
B (tg,d B ta,d): F

ta,d heat-transfer datum air temperature, °p

The scale used wag 1 inch = 0.05 inch and for convenience the
golution was arbitrarily originated 1 inch in chord length from
the leading edge. The metal temperatures at the staerting 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 example. 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 isotherm and surface-temperature patterns

| obtained are believed indicative of the trends to be expected if

| the solution were to be extended over the entire blade cross

| gsection.

|

|

The calculated results obtained for simulated flight and

icing condition B at the 24-inch station are shown in figure 14.

| Because heat is transferred everywhere within the metal normal
to the isotherms, a considerable guantity of heat flows through
the metal of the camber and thrust faces into the mess 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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NACA TN No. 1494

TABLE I - PROPELLFR DATA

(&)}
O

Station 24 | 36 48 60
: =}
Blade redius, r, .ft 2 3 4 5
Blade-segment radial
Bengbh, " 1, £t 1 1 i 1
Blade chord, ¢, ft 1.05 1.06 1.07 | 0.988
Fquivalent leading-edge !
; : j
cylinder diameter, |
ey - £ 0.027 | 0,0095 | 0.0057 | 0.0040
External heat-transfer i
gren, i, 'ag £t 1.26 e 7 T I 1.086
Internal heat-transfer
erea, Ag, eq Tt 1.13 1,05 L0l 0.942
Internal blade-passage i
perimeter, P, ft 113 1,05 idel 0.942
Internal blade-passage
crogs~gectional erea,
Ay, 8q Tt 0.0558 | 0.0315 | 0,0239 | 0.0173
Internal blade passage
crogs~sectional area at
point 1, A, 4, s8q ft 0.0875 | 0.0375 | 0.0275 | 0.0205
=7
Internal blade pagsage
crogs-gectional area at
point 2, A o, sq Tt 0.0375 | 0.0275 { 0.,0206 | 0,014%
L
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TABLE IT - CALCULATED DATA FOR NUMERICAL EXAMPLES

Condition A

Condition B "

l

Station 24 36 48 60 24 36 48 60
Blade-gection 1ift coef- .

ficient, C; 0.413| 0.550| 0.583 | 0.474 | 0.570| 0.597| 0.553} 0.436
Blade-section angle of

attack, -a, deg 2.6 2.8 4ok 2.5 5.0 SIeE 2.4 L5 T
Blade resultant velocity,

VRs ft/sec 658 740 839 951 505 539 582 822
Mean internal radial gas

velocity, Uy ms ft/sec 88.0| 145.8| 175.5| 217.5 | 159.6| 274.5| 345.9] 465.5
Friction flow energy,

Fi_2, ft-1b/1b 5.7 69.4 | 124.8 | 239.9 46,0] 216.4| 425.9) 966.3
Blade-metal heat transfer,

Qupans? Btu/hr 3726 5295 6070 6280 5404 7920 8540 8674
Polytropic specific heat,

& Btu/(1b) (°F) 0.2941 | 0.3028 | 0.3157 | 0.3285 |0.2275| 0.2351| 0.2264 | 0.1839
Polytropic exponent, n 0.4411 0.478 | 0.525| 0.563 |-0,223] -0.077] -0.247% -4.,51

!

)
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Station 24 36 48 | 60 24 36 48 60
Propeller enthalpy incre-

ment, Wopops £t-1b/1b 1400 i 2100 2800 3500 438 656 874 1092

i

Radial kinetic-energy

change of internal gas,

El—Z’ ft-1b/1b 202.0 1 147.9 | 188.0 } 401.5 698 608 955 2575
Tip-nozzle heat escape,

Q,, Btu/hr 35,250 59,200
(Summation of blade-metal

heat transfer, XQtpangs

tu/br 21,369 30,538

Effectiveness of blade as

heat exchanger DRSS 0.341
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NACA TN No. 1494 Eiig.

Discharge nozzle

Typical blade cross section

Collector ring

Seal
Mani fold
<4—— Heat source
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NAT IONAL ADV ISORY
COMMITTEE FOR AERONAUTICS
Figure |. - Schematic flow diagram for gas-heated hollow propeller

blade.
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Thickness ratio

NAT |ONAL ADV ISORY
COMMITTEE FOR AERONAUTICS

Transi-
- tion NACA 16 derieg sectfiions
éctions : *___\\\\
LT ] @ il &
i o 1 <+ \ ©
‘/ : 1 . =y = \ 60
; a | ) 1 o
ot ] -t | -t
‘\\L 3 E i P 4
150 \ \\\ 50
\ N
.8 16 \\ \<Blad angle 40
X \\\\\ o
[
]
| Bladé widfh )
| B i e o o
.6 12 N N 30§
Q
o
L]
~
[20]

Bt
N
o

\\\\/Cros sectiional] flow area™\_

s
Blade width, in.
o®

‘aREReEx

N, 10

.10

o o)
o @
Cross-sectional flow area, sq ft

.
o
Rk

.
o
0N

.2 4
\\ \n
___AThickness [ratio
==
o © 0 00
0 10 20 30 40 50 60 70

Proreller radius, 1in,

Figure 4. - Propeller-blade-form characteristics.

614

*ON N1 VOVN

vévi



NACA TN No. 1494 Fig.
NAT IONAL ADV ISORY
COMMITTEE FOR AERONAUT ICS
1.6
Th*:n&_r.us Camber face
b J ~ /
1.2 Assumed |tranditio /’,-h_;_v-—___ e
'y
e ||
'-_-..:f.n-.-.___ - -4l
B
SR
0.8
Station
>a=0.4
g -
& -— 48
oq SR T e 60
-l
w0
: (a) condition a.
2
ol
(]
b -
2.2 Assjumed ftransjitio I —< 1
——— 4=-=-=-«r—_-—=:'r._."‘;
0.8
0'4
0
-6 04 02 O 02 04 06
Chordwise surface-distance ratio, s/c
(b) Condition B,
Figure 5. - Chordwise variation of local velocity ratio for two con-
ditions.




Fig. 6 a,b

200

100

External heat—transfer coefficient, hy, Btu/(hr)(sq ft)(°F)
(¢
8

NACA TN No. 1494

NAT |ONAL ADV ISORY
COMMITTEE FOR AERONAUTICS

Thirust fface [ Camber ce
7 N
4—“‘£{ “§§====u_ i
(a) Station 24,
Condition
==
==—h

|

100
\
\C\ Turbulent] flow7
( \N“_ /
-]
7 \\\
0 _:.—:rr‘—’—"‘
o6 .4 .l 0 e o4 e O
Chordwise surface-distance ratio, s/c
(b) Station 36,
Figure 6. - Chordwise variation of external heat-transfer coefficient

for two conditions.




Fiigit 6cid

‘NACA TN No. 1494
400
NAT IONAL ADV ISORY
COMMITTEE FOR AERONAUTICS
Thrust face Cambler falce
| 300
200
{ 5
25
“ ' Turbplent flowl,
Y.
g 100 \A\\\
: \\\ \
2 3 - —
3 L D g
Sl ety
- (c) Station 48,
@
<
- 2 Condition
(3}
< 400 i
Cal
| : in
[]
o
(3]
5
& 300
1]
g
‘ o
} %
»
)
s}
o
| p- 200
—
o
<)
&
[
L
%
J ® 100 ;
< Turbulent] flow J1N
} \ s \\
: o5 ey s e o AN
0 =
| 6 .4 .2 ) .2 4 .6

Figure 6. - Concluded.

Chordwise surface-distance ratio, s/c

(d)

Station 60,

coefficient for two conditions.

Chordwise variation of external

heat-transfer



Hiiges 7 ab NACA TN No. 1494

NAT | ONAL ADV ISORY
COMMITTEE FOR AERONAUTICS

60
Thpust [face Aﬁr Cambpr fage

40

|
|
20 /]

N
- / b S

a5 ~o
0' e = ) = o — - o i epuans r-—::::—

(a) Station 24,

Rate of water interception M and water evaporation Mey, 1b/(hr)(sq ft)

80
condi- Water Water
tion inter- evapo-
ception ration
(1b/(hr)(sq ft))
60 A P Bl e
B -— e e —— — - —
40
1|
I
I
l'
.\
JI
20 i
§ |\
\
s
/I = ~
s S o s e sli=—==t=2
0 e s i e

-6 0'4 02 2 04 06
Chordwise surface-distance ratio, s/e

(b) Station 36,

Figure 7. - Chordwise variation of rates of water interception and water
evaporation for two conditions.




4 NACA TN No. 1494 Figs 7 €,d
" 80
Thrus t| facd cbmber racd
60
»
—
o
w
& 40
S Iy
el
— |
it
= o I
| g 1R
| — l \
: © 2N
~
8 [Eie -y [ el I //’ ::_‘ Sl e 1T
g J'"'P?j:f""' e = =~ s gl sl
] 0 - el
>
| o (c) Station 48,
‘ by
»
‘ s NAT IONAL ADV ISORY Condi- Water Water
e COMMITTEE FOR AERONAUT ICS tion inter- evapo-
5 < ception ration
- (1b/(hr)(sq ft))
P E i o0
+° B AT i
& 60
o
| 9
Q
»
{ o
e |
£ |
3 40
o
E ]
G
o
o !
2 ||
o 20 \‘
\
NN
! ) et
e e Siecr o e - - = -
: 10) TS e [E s I
2B .4 02 (0] e o4 6

Figure 7. - Concluded.

Chordwise surface-distance ratlo, s/c

(d)

Station 60,

Chordwise variation of rates of water inter-

ception and water evaporation for two conditions.




Eilgats

NACA TN No.

1494

NAT IONAL ADY ISORY
COMMITTEE FOR AERONAUTICS

t fac

cFmbeﬁ

face

»
o
—

& 30 I — ————— > 4 —
o
- ,I = = = 7
= e e ——m——1— | fa
K \ Turbulent rlow/
o 20 e e et
s /\ SRE
5 ==
&
o
[
[
g il Station
» — 24
:: =i IR 6
o — -— 48
5 —=-=— 60
5 0
i (a) Condition A.
&
(] 30 e + J
£
Dry surfage
o ]
&
i
2 a0 \ \ Turbulent |flow
be et el Turbulent flow
s e WIES Ra
) Rt s e
e e e e e | ] = \_______________-/-————
10
(o)
.6 o d 2 0 2 = P

Chordwiée surface

(v)

Condition B.

—distance ratio, s/c

Figure 8. - Chordwise variation of heat-transfer datum air temperature
for two conditions.




NACA TN No. 1494 Filgass
NAT IONAL ADV ISORY
2 COMMITTEE FOR AERONAUTICS
1
Thru%t faqe Cambgr faqe
\*~ \
\
"—__‘_\, ‘\\ E
~§§..‘~\~ = _,/'::;—
- ~ ”,—
8 . g A sl
NN A gLt
\ \ S\ // ,/ /
S I 3 7 0
D Vs
\\\’,// /——\——"_—"""__——
4 N S0
iy 77 NTurbylent [flow
o
@
»
i (0]
5 (a) cCondition A.
:
o 2850!:‘1'
?,' - Station
»
© \‘,\-’ Driy sur{fface e £
o p//k// G
& 160 —-—48
5 | ol b
@9 1
[ \ |
—~
©
: \
EJ 120 | \
-+ & ‘NK
= —=—< 4
£3] 1\\‘~\\\ ',/ "/
W pEs e S
! et o /
80 ] e
Turbulent| flo ///// | — —— ===
1 P el
X-Tur leny flow
40
0 i
6 .4 7 0 e 4 o6
Chordwise surface-distance ratio, s/c
(b) condition B,
Figure 9. - Chordwise variation of external-surface temperature for two

conditions.



{sq ft)(°F)

n
o

»

o
Btu/(hr)

[\

(92}

’ hgn

&) >
o o

External-surface temperature at stagnation point, tss o
(€]
o

Internal heat—transfer coefficient

0
(o]

-
o

()
o

w

NAT IONAL ADV ISORY

COMMITTEE FOR AERONAUTICS

\\

/"""

// \\ \\\\

N

o
b

10 20

30

40 50

Propeller radius, in.

(a)

Condition A.

1600

/sq ft

(S))
o
o

1500

1400

450

1300 400

Internal gas pressure, pg, lb
Internal gas temperature, tg, OF

1200 350

Figure 10. - Radial variation of internal gas temperature, internal gas press-
ure, internal heat-transfer coefficient, and external-surface temperature at

stagnation point.

‘614

20|

*ON N1 VOVWN

1494




» ts, OF

External-surface temperature at stagnation point

35

()
o

Internal heat-transfer coefficient, hg, Btu/(hr)(sq ft)(°F)
I
o

o]
w

—
o

NAT IONAL ADV ISORY
COMMITTEE FOR AERONAUT ICS
30 \\ // 500
\t\g /I
25 \ 4 450
g <
3 400
i 8 e E
/ o0
15 // = A\ 1200 ¢ 350
g \ 3
/ <V N .
A ts &
\ ”
1100 § 300
X
—~
o
[
=~
(]
»
=
~

10 20 30 40 50 60
b Propeller radius, in,

(b) Condition B.

70

Figure 10. - Concluded. Radial variation of internal gas temperature, in-

ternal gas pressure, internal heat-transfer coefficient,
surface temperature at stagnation point.

and external-

OF

Internal gas temperature, tg,

"ON N1 VOVN

1494

*614

qol




Thrust face — Y mm

w NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Leading-jedge [(Eq

ion

(12))

Transition,

-
’

Turbulent flow< ,//

— e o —

\

\

\ o Tuz%slent
(

£l
on ?gi or KTUTﬁ

External convective heat-transfer coefficient, h

- e —— e - -

Ll

"~k _flamipar f
Transition T

1low
on (1)) or M(Q))

Surface distance from stagnation point, s

Figure Il. - Diagram of typical chordwise variation of external heat-transfer

coefficient over propeller blade.
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(a) Original blade section

(b) Modification 1: Cross-sectional flow area ratio, Ap//Ap' = 23 internal
heat-transfer area ratio, ABVAS =2,

NAT |ONAL ADV ISORY
COMMITTEE FOR AERONAUTICS

.....

::::EZ‘E%WEH:' SRR EHEEREEEE i ...- t

(¢) Modification 2: Cross-sectional flow area ratio, Ap /Ag = 1.5; internal
heat-transfer area ratio, Agv/Ag = 2,5.

Figure 12. - Comparison of original with two propeller-blade-section modi fi-
cations that indicate savings in internal heat flow.

‘ON N1 VOVN

vdord!

614

cl




External air temperature, ta

Thrus t| f‘aceTr +mber‘ facel
(Tu#bulent flow 111ustrPted) (Laminar| flow illustrated)
Saturated alr, wet surface
——~-Unsaturated air, dry surface
/
//, \\
i m \
b e e ] :: .\\\\- /ta’d (Eq tion (42”
" I et e R et
T
| |
(Equation [(16) ot A
—/ I
1t b /ta.d (Eqn#atioq (14))
Y e = -
qit
i
|
(ETuati (17) ) at W : :
i
5 ey 5 o u|(T1g] 3)
t - — =%~ 71" e \ t
o \} ty (fig. B) 40
Pl
L -—(-___ T,
NAT |ONAL ADV ISORY
COMMITTEE FOR AERONAUTICS
Surface distance from stagnation point, s
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temperature.
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