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SUMMARY

An analysis i1s made of the loss of efficiency
associated with a heated-alr thermal de-icing propeller
both with and without internal flow. For the available
data, measured efficiency losses are compared with the
calculated losses and the agreement is found to be within
the experimenval accuracy of the data. The method pre-
sented may be used with reasonable accuracy to determine
the net change in propeller efficiency due to the com=-
bined effects of the nozzle and internal flow if the
characteristics of the preopeller without nozzles are
known.

INTRODUCTION

The problem of ice removal from an aircraft propeller
in flight has been partly solved by each of several
methods of propeller de-icing. These methods include
the application of anti-icing pastes to the propeller
blades, the dissoluticn of ice by alcohol or antifreeze
fed to the blades by slinger ring and boots, the melting
of ice from the blades by the use of electrically heated
boots, and the meiting of ice from the blades by heated-
air thermal de-icing. By the last-mentioned method,
which is particularly applicable to hollow metal blades,
air is ducted from the free stream, heated either in a
heat exchanger or by direct combustion, and passed
through a gland into the rotating propeller where the
heated internal flow heats and de-ices the propeller
blades. The internal flow moves radially through the
hollow blades and is discarded through nozzles at the
blade tips into the propeller slipstream. All of these
de-icing schemes entail some loss of propeller efficiency.
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The efficiency losses associated with heated-air
thermal de-icing were measured in tests of a two-blade
hollow steel propeller in the Langley 16-foot high-speed
tunnel. The primary purpose of the tests was to make a
quick determination of the efficiency loss due to internal
air flow. Because the temperature of the internal air
flow was assumed to have little effect on the efficiency
changes, the experimental propeller was made as simple
ag possible by dispensing with heat exchangers and by
having the entire internal-flow system, inlet, ducts,
and exit nozzles bullt into the propeller hub and blades.
The results of the tests made with unheated internal flow
are reported in reference 1. It is the purpose of this
paper to attempt to express simply the efficlency loss
as a function of the parameters wvhich govern propeller
operation and the internal alr flow. The derived equa-
tions are correlsted with the data presented in refer-
ence 1.

The change in propeller efficiency assoclated with
heated~air thermal de-icing can be attributed to two
effects; namely, the effect of the tip nozzle on the air-
foll characteristics of the blade sections in the vicinity
of the nozzle, and the effect of the internal flow on the
poewer absorbed and the net thrust rroduced by the propel-
ler. A complete theoretical evaluation of the efficiency
chanse due to either of these effects is so involved as
to be imnractical. The magnitude of the efficlency
changes,however, can be estimated with reasonable accuracy
by introducing simplifying assumptions.

APPARATUS

. A description of the dynamometer, proveller, and
other apparatus used in the Langley 1b-foot high-speed-
tunnel tests of a thermal de-icing propeller is given
in reference 1. A diagram of the internal-flow system
tested in reference 1 and considered herein is given in
figure 1 of this paper. A description of the anparatus
is confined to the following list of propeller dimensions
needed for use in applying the derived equations:

Number of bladesS « ¢« o ¢ ¢ o o o s & s « o s s s s « « 2
Propeller diameter, feet « « « o « o + « « « « o 12.208
Total nogzzle exit area (2 blades), square foot . 0.00903%
Radial location of csnter of nozzle

(x = 0.95), feet o v o o « o o s s o « « +« « « « 5.80
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ANALYSIS

Effect of Nozzle Drag on Propeller Efficiency

Assumptions.~ The problem of estimating the effect
on propeller efficiency of a nogzzle built into the blade
tip can be approached most simply by assuming that only
the drag of the blade sections in the region of the
nozzle is affected. Although a chordwise section through
the nozzle may have very poor 1lift and drag character-
istics as an isolated airfoil, the same section used as
a limited spanwise portion of an extensive airfoil will
operate with approximately the same 1lift as the adjacent
unaltered sections. The section drag, however, will be
increased. This assumption is made in order that the
derived equations may apply particularly to propellers
to which nozzles are added at the very trsiling edge of
the blades.

Derivation.- Assume that the presence of a nozzle
(without flow) creates an isolated drag on the propeller
blade at radius r. Designate the total drag for all of
the nozzles Dy. The drag acts in the direction of the

resultant air velocity and may be resolved into two
components, one a component of torgque force in the plane
of rotation, and the other a component of negative thrust.
A diegram of the forces and velocities is given in fig-
ure 2. The nozzle drag reduces the propeller efficiency
by increasing the nower and reducing the thrust. The
induced power loss,which is associated with blade sec~
tion 1ift, is assumed not to change. If the propeller
characteristics are known for the propeller without
nozzles, the efficiency change due to the effect of
nozzle drag on thrust and power can be expressed by
differentiating the efficlency eguation and treating the
differentials as finite increments.

The symbols used in this paper are defined when
they are introduced; a complete list of symbols is given
in sppendix A.

The efficiency equétion is

J (1)
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Differentiation gives

dn = — 4c¢

J
AN = “— AC, - - AC

Cp T cp P (2)
where
Crp thrust coefficient
CP power coefficient
n propeller efficiency
d advance ratio

The nozzle drag acting at radius r 1is

1
Dy, = EPWEANCDN (%)

where

Cp nozzle external drag coefficient based on the total
N nozzle exit area Ay

W resultant air velocity
p air density, slugs per cubic foot

Because the induced velocity at the propeller blade con-
tributes only a very small component to the true resultant
velocity, the resultant velocity can be evaluated with
good accuracy as the vector sum of the forward velocity V
and the rotational velocity as shown in figure 2

W= Jmmpx)2 + v2 (L)
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where

D propeller dismeter

n propeller rotational speed

b4 fraction of propeller tip radius

The component of the nogzle drag acting as negative thrust

is
_ v
T = ‘DN(‘@)

where AT 1s the increment in propeller thrust. By use
of equations (3) and (l), this equation becomes

- 1 2 2
AT = =SPAyC DIV v&wan)

and in coefficient form is

A Dr
8Cq = ~—-I>T- Sug gy e (5)

The component of the nozzle drag which creates torque 1is

AQ =D (anx)
T N\ w

= pl
AQ = TEPANCD (mnDx) v[;an +

AP = 2mnAQ
3 5 By 2 P)
AP = m’D’ —= ¢ (mx) Véwx) + J°
op° ON

Ay CD
ACp = Dg X (1x)° V(ﬂx)z + J° (6)
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where
Q torque, foot-pounds
P power, foot-pounds per second

When the expressions for the increments of thrust
and power coefficients (equations (5) and (6)) are
substituted into equation (2), the efficiency loss due
to nogzzle drag i1s eveluated

J
An = — -2§ *EE J (Trx)2 + J°

Cp p

A D
- A -—g & (1x)2 mx)2 + 32
\JP 'D
Ay VD 27
—- N

AM = - N0 Swx)® + T (ﬁX)2 + (7)

Application.- Equation (77) indicates that the effi-
ciency loss due to propeller tip nozzle drag increases
with increasing advance ratio and is directly propor-
tional to the ratio of the efficiency to the power
coefficient of the proneller without nozzles. For the
thermal de~icing propsller of the present study, the
power coefficient for maximum efficiency increased more
ranidly with advance ratio than did the function of
advance ratio (equation (7)) with the result that, at
maximum efficiency, the loss due to the nozzles without
flow decreased continuously within the range of advance
ratio met in the tests. For want of better nozzle-drag
data, the nozzle-drag coefficient was assumed to be the
seme as that for a flat piate and the efficiency loss
due to the nozzles without internal flow was computed.
The values of advance ratio, vower coefficient, and
efficiency at pezk efficiency for the normal propeller
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were taken from figures 13 and 1l of reference 1 and are
listed in table I with the computed and measured values
of efficiency loss. The efficiency loss due to the
nozzles without internal flow is also shown in figure 3
as a function of advance ratio. The trend with advance
ratio of the measured loss is similar to that indicated
in eguation (7).

The foregoing computations were for operation at
peak efficiency. The efficiency loss due to the nozzles
without internal flow for any condition of operation
should not be much different from that shown in figure 3.
The most common conditions of propeller operation are
at values of advance ratio lecss than that for pveak effi-
ciency: in this range the powsr coefficient is increased
and equation (7) indicates that the efficiency loss is
less than for operation at peak efficiency. Of less
interest is overation at values of advance ratio greater
than the values for peak efficiency for which both the
power coefficient and the efficiency decrease with
incrsasing advance ratio, with the result that the effi-
ciency loss 1s seldom much greater than that shown in
figure 3 and is generally less.

Effect of Internal Flow on
Propeller Efficiency

Assunptions.- The same approach is used in esti-
mating the effect of the internal flow on the efficiency
of a heated-air thermwal de-icing propeller as was
followed in estimating the effect of the nozzle drag
alone. The motion of the internal flow through the
proneller is accompanied by finite changes to the pro-
peller thrust and power from which the efficiency change
can be computed. There are four increments of thrust
and power associataed with the internal flow that affect
the proveller efficiency. These increments are: (1) a
negative thrust incurred by inducting the internal flow
from the free-air stream and arresting its axial motion
with resvect to the propeller, (2) a power increase
required for the centrifugal oumping of the internal
flow by the propeller, (3) a positive thrust component
of the jet reaction contingent upon the proper ejection
of the internal flow through the tio nozzle, and (L) an
increment of useful power from the torque component of
the jet reaction.
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A discussion of the influence of the thermodynamic
nrocesses affecting the internal flow will be reserved
for a subseguent section of this paper. It 1s con-
celvable that a swall amount of engine shaft power can
be dissipated from any proveller as heat. The tempera-
ture rise of a body imrersed in a high-speed air flow is
discussed in reference 2, which meintains that, because
of complete arrest of the flow both at the stagnation
point and in the boundary layer, the equilibrium tempera-
ture of the entire vody is the stagnation temperature.
The various sections of a proreller blade orverate at
Gifferent airspeeds; the tip secticns operate at the
highest speed and the shank sections at the lowest.
Consequently, a radial temperature gradient exists and
causes a flow of heat from the blade tip toward the shank.
{See reference 3.) As the shank becomes hotter than its
stagnastion temperature, it is cooled by the air flow.
Thusg, indirectly, a small amount of shaft energy supplied
by the engine is dissipated through the propeller as
heat.

Tn the case of the hsated-air thermal de-icing oro=-
neller, the external~flow temnerature conditions are the
same as for a normal propneller, and for ideal internal
flow, the stagnation temperatures of air within the blade
will be identical at all rsdii with the external stagna-
ticn temmeratures. This equality exists because the
stegnation temmerature of the internal flow at the inner
surface of the blade is determinsd by the combined
effects of the free~stream velocity vossessed by the
internal {low before its induction, an@ its radial
velocity, manifest as total pressure rise, which is
always equivalent to the tangential velocity. Hence,
in the fdeal case without heat transfer the total pres-~
sure of the internal flow at sny radius equals that of
the external flow; ths internal sand external stagnation
temperatures are therefore equal, and the dissipation of
engine vower as heat 1s no greater for a heated-air
thermal de-icing propeller than for a conventional pro-
peller. The effect of the internal flow on the propsller
efficiency is determined almost entirely by the exchange
of mechanical energy between the internal flow and the
propellsr.,

Internal-flow induction, negative thrust.- The
induction of ths intsrnal flow from the free-alr stream

2

m
into the propeller is accompanied by an inescapable

]
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negative thrust oroportional to the product of the
internal mass flow and the change of axial velocity with
respect to the propeller. This relation holds regard-
less of the manner in which the air is taken from the
free stream and ducted into the propsller. The processes
involved in handling the internal air flow affect the
total pressure of the internal flow which, as will be
shown, affects the mass flow and the exit velocity but
not the negative thrust. The negative thrust exerted

by the internal air flow upon the propeller or airplane
at induction is

AT = -mV (8)
where
m internal mass flow, slugs wner second
Vv velocity of advance, feet per second

By exnressing the mass flow inr coefficient form, equa-
tion (8) vecomes '

AT = -mcpANnDV
A.
N
AG, = ~—m.J (9)
T c
D2
where, by definition,
m
m, =
pANnD

Significance of mass-flow coefficlent.~- A simple
interpretation of the mass-flow coefficient is that the
coefficient expresses a relation of the velocity of flow
from the nogzle to the rotational tip speed of the pro-
peller. If the density of the internal flow at the
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nozzle is equal to that of the atmosphere in which the
propeller is operating, & value of the mass~flow coeffi-
cient equel to mw indicates that the velocity of efflux
from the nozzle 1s equal to the propeller rotational tip
speed. The mass~flow coefficient could have been so
defined as to equal unity or any other arbitrary value
for the specified condition, but the definition gliven is
in keeping with conventicnal propeller coefficients.

Centrifugal pumping power.- Conslderation of the
motion of an unrestrained particle under the action of
centrifugal force shows that st all times the tangential
acceleration of the particle is equal to the radial
acceleration; velocity changes and the corresponding
%inetic-energy changes resulting from the two accelera-
tions must be equal. Energy per unit mass imparted to
the particle by the tangential motion must always be
kinetic energy egqual to one-half the tangential velocity
squared. ILikewiss, for an unrestrained particle, the
k“inetic ensrgy due to the radial motion is equal to that
for the tangential motion., In the case of fluid motion
under centrifugal sction, the particles composing the
flow are usually vertly rsstrained, and the energy, which
for the individual particle was redial kinetic energy,
will appear as a combination of kinetic energy, pressure
energy, and (for a gas) heat due to comprsssion. Ry the
law of the conservation of energy, however, the total
energy per slug of msss flow imparted by the propeller
to the internal flow at a point immediately ahead of the
tip nozzle 1is egqual to twice the kinetic energy due to
the tangentisl velocity; that is

Energy per second = m(wr)2

where
W angular velocity, radians per second

The energy per second i1s the centrifugal pumping power,
whichh may be exdresscd as follows:

AP = m(ﬁnDX)2 (10)
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A more rigorous derivation of the relation expressed
by equation (10) is given in reference l., which shows
that, when shaft power is not dissipated as heat, the
power required for a centrifugal blower depends only on
the mass flow and the tangential velocity imparted to the
flow.

By expressing the mass flow in coefficient form,
equation (10) may be rewrlitten

AP = my PAynD (maDx)%
ACp = 55 m, (mx) (11)

Equation (11) expresses the increment of power coeffi-
cient required for pumping the internal flow through
the propeller.

The foregoing considerations of the effect of the
internal flow on the thrust and power have shown the
effects to be detrimental. The change of direction of
the internal flow, moving with free-stream velocity,
from an axial to 2 radial motion was shown to create
the negative thrust expressed by equsetion (9). The
centrifugal pumoping action of the Lollow-blade propeller
working on the internal flow was shown to increase the
power absorbed by the propeller in an amount expressed
by equation (11). ©Neither of these processes necessarily
represents a complete loss because the energy involved
is merely trensferred to the internal flow. The negative
thrust due to stopping the air cannot be avoided, but,
with efficient diffusion and ducting, the air will retain
its energy either as kinetic or pressure energy which can
be reconverted into positive thrust on being ejected
from the tip nozzle. Likewise, the energy imparted to
the internal flow in the centrifugal pumping process can
be reconverted into power tending to drive the propeller.

Tip~nogzzle jet propulsion.- For simplicity, the

analysis of the Jet-oropulsion effect of the vropeller
tin nozzle will be idealized as was the treatment of the
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negative thrust and centrifugal pumping effects. The
internsl flow is assumed to move in a purely radial
dfrection within the blade until it reaches the vicinity
of the tip nozgzle where 1t is turned through a right
angle, In the ideal cese, the internal flow is ejected
from.the blade through the tip nozzle in a direction
normal to the radius and narallel to the resultant
velocity of the external flow at the station of the tip
nozzle. (See fig. lL.) The foregoing AssuM“tlon can be
true for only one value of advance rat¢o for esacn blade
angle, but for controllable-pitch proneller operation
the direction of the internal-flow jet from the tip
nogzzle would never deviate more then a few degrses from
the directicn of the external resultant sir flow.

The reaction due to ejection of the internal flow
from the tip nozzle is a force tentatively normal to
the radius tendLng to drive the blade section at the
‘nozzle along its helical path. In practice, the nozzle
will hardly be comulete7y ffective in directing all of
the internal flow wuhtreum along the helical path.
If wmeans exist for estimating ths nozzle effectiveness,
here designated as ¢, the jet velocity Vy can be
muTt*hlied by this factor to yisld a oettar estimate of
the Jjet reaction than by merely assuming perfect nozzle
GIieutheﬂQS The nozzle effectivensss is not jet
efficlency but may be regarded mainly as the cosine of
the acute angle between the mean direction of flow from
the nozzle and the helical oath of the nozzle. Because
the change of velocity of the internal flow with respect
to the blade is the Jet velocity, the force on the blade
due to the jet reaction Fy 1s the product of mass flow,
Jet wvelocity, and nozzle effectivensss; therefore,

Fy = mVNe (12)

Continulty of the mass flow must be preserved, hsence the

jet velocity can be expressed in terms of the mass flow,
thus

m = pAVnD = p__“NVW

Vy = <£>anD (13)
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If the mass flow in equetion (12) is expressed in coeffi-
cient form and equetion (1%3) is used for the jet veloclty,
equation (12) becomes

= [ ..9_. 2 2 l)
Fy = Phy <pN>.tnD) €m, (1)

The diagram (fig. L) shows that the componsnt of
the jet force, which acts as positive thrust, is

(15)

The substitution in equation (15) of eguations (l)
and (1) for W and Fy, Trespectively, results in the
following expression.for the positive thrust increment

Vv

V/(wan)2 + V@

— A P 2 2
AT = Phy (Ei) (nD) €m,

then

A
ACT = -_%I -ée") Cm02 J (16)
D R Véﬁx)a + J2

The component of the jet force, which acts normal
to the radius and in the plane of rotation to produce a
driving torque, regarded as nezative because propeller
torque is positive, is
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7

vhen equations (li) and (1) are substituted for W and
FN’ respectively, the foregoing expression for torque

increment becomes

mnbx

Véwan)z r V2

AQ = =phy (%) (nD)° emcz r

AP = =2mnAQ

AP = -ZﬂnpAN /41 (nD)Z m02 - mnDx
'\ R
vf%an) + v
A 2
- __N /6 2 (1rx) N
i e <pN> Te € (17)

V(WX)Z + J2

Net thrust increment.- The total effect of the
internal flow on the thrust coefficient is the combined
negative thrust incurred during induction and nositive
thrust obtained at rejection, equations (9) and (16),
resnectively; thus

_°N /p 2 J Ay
ACT—gé-(-a{ch ¢ - L g

5 Ve
\/(wx)2 + J2 D

(18)

p mC€
= m - -1
T DZ cJ <?N> >
(mrx)= + J2
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Net power increment.~ The total effect of the internal
flow on the power coefficlient is the net effect of the
vpumping power and of the vroovulsive power obtained from
the tip jet, expressed by equations (11) and (17),
respectively; therefore

A A 2
ACy, = —g (mx)2 m, - A -J1> emc2 (rx)
D p? \Py R
(mx)= + J
A o€
ACp = “g (TTX.)2 [l - ( (19)
D 2
Wx)d J

Effect of internal flow on efficiency.- The same
nrocedure that was followed in the case of the nozzles
without flow can be used to determine the effect of the
internal flow on the propeller efficiency. The effi=~
ciency change due to the internal flow can be evaluated
‘by substituting the finite increments of thrust and power
coefficient, equations (18) and (19), into equation (2),
thus

J
AM = .C_; ACT - -(?P— ACp (Equation (2))
Ay M€ ]
an = “k‘ch £ ; - ll
Cp p? y

AT Me€
- T ‘% (“)2 (p - *i
P D (o2 |
A i, €
o = 3 g | (£ = ot [(mz E_J (20
D= 7P (7x)2 + I°
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BEquation (29) shows that the change of »nropeller
efficiency associated with the internal flow varies with
mass flow coefficient, nozzle ares, nozzle =2ffectiveness,
and density ratio, as well as with the usual propeller
characteristics. UVhether the efficiency changes repre-
sent 2 loss depends upon the magnitude of the term

o mce

E: R
. véﬁx)2 + J°

Then no pressure is applied to the internal flow
excent the imvpact pressure due to airspesd and the cen=
trifugal pressure due to prooceller rotation, the fore-
golng term can never be greater than unity as can be
shown by use of eguation (27) and the definition of
nozzle effectiveness. Hence the gusntity in the first
brackets of equation (20) must be negative and the
efficiency change & loss. If pressure is apnlied to the
internal flow by 2 pump or blower, the mass-flow coeffi-
cient can be made sufficlently large to mske the effi-
citency change calculstsd from equation (20) positive.
This positive efficiency change would meen only thst,
due to the propulsive effect of the tip nozzles, the
thrust-power output of the nropeller had been increased;
the net efficlency change, when the sdditional power
supplied to the pump or blower is sccounted for, would
most likely still be negative (except in some cases
when heat is addsd to the internal flow under pressure).

Application.- The values of efficiency loss due to

the internal flow calculated from equation (20) are of
the same order of magnitude as the loss indicated by the
tests of referznce 1. Values of advance ratio, power
coefficient, and efficiency at maximum effictiency for
the propeller with nozzles but without flow are listed
in table II, corrcsoonding values of mass-flow cocffi-
cient and density ratio are listed for the »nropeller
with internal flow. The density retio, which apndlies
only to these data, was obtained by the orozedure out-
lined in anpendix 3 &and discussed in the section dealing
with internal drag. Inasmuch as the flow traces at the
nozzles observed at the terminstion of the tests indicated
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some radial flow, a nozzle effectiveness of ¢ = 0,75 was
assumed. The computed and measured values of efficiency
loss due to internal flow are compared in table IT and
ere shown graphically in figurs (5).

Combined ILosses

The net loss of propeller efficiency associatsd
with the internal air flow (unheated) can be exprsssed
by the addition of the individual losses due to the
nozzle drag and the internal flow, equations (7) and (20),
thus

Ay 2 ,
N [wx)a + -‘1-] mg | £ et -1
o° 7 " N R
T (nx)e + J
C
Dy
- (1Tx)2 + J° (21)

In table I1II the values of advance ratio, powsr
coefficient, and efficiency et peak efficiency are listed
for the normal vropeller; and the values of mass-flow
coefficient and density ratio (apnendiz B) are given for
the propeller with internal flow. Also in table ITII the
measured loss of efficiency due to the combined effect
of the tip nozzles and internal flow is compared with the
corresponding loss computed from eguation (21); a graphi-
cal comparison is given in figure O,

Inasmuch as the net accuracy claimed for the measurc-
ments of reference 1 is only fl percent, the agreement of
the calculated efficiency losses with the measured values
shown in figures (3), (5), and (6) is unexpectedly good.
Only one measured value falls outside the limit of
accuracy and most of the measured values are within a
few tenths of a percent of the corresponding calculated
value. TInasmuch as admission of the internal flow was
expected to have caused a reduction of the nozzle drag,
the good agreement of the calculated with the measured
results may be due to & fortunate sslection of the
assumed values for nozzle-drag cosfficlent and for
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nozzle effectlveness. The assumed values both of nozzle~
drag coefficient (with internsl flow) and nozzle effec-
tiveness are probably too large, but because their effects
are compensating, the calculated efficiency loss agrees
well with the measured values. One encouraging indica-
tion of the vallidity of the derived equations, however,
is that in all cases the trend of the data follows that
of the calculated curve; that is, the efficiency loss at
peak efficiency assoclated with the nozzle drag and
internal flow decreases with increasing advance ratio
wlthin the range of advance ratio of the tests.

Internal Loss

Assumptions.~ Thus far in the discussion of the
heated-air thermal de~icing propeller, energy losses in
the internsl flow have not been considered. Changes in
the propeller thrust and power coefficients and effici-
ency have been expressed conveniently in terms of the
mass-flow coefficient. 1In the part of the analysis that
follows, & relation between the internal mass-flow coef-
ficient and the internal loss is developed. The deriva-
ticon is based entlrely on kinetic-energy changes in the
internal flow. The static pressure at the nozzle exit
is assumed to be the same as that of the free-air stream.
Compressibility of the air is not accounted for in the
derivation because an accurate and consistent estimation
of the static-pressure variation in the internal flow is
not feasible. The assumptions upon which the derivation
1s based make the equetion adsptable to use with the data
presented in reference 1, in which density changes between
the free-stream air and the internal flow at the nozzle
were small because no heat was added to the internal flow.
An attempt is made, however, to preserve the validity of
the expression for cases which involve considersable
density change by including in the equatlions the factor
which expresses density ratio. The inclusion of the
density=-ratio factor is believed to make the incompres-
sible flow equations good saoproximations for the cases
in which heat is added to the internal flow or for the
cases in which the internal pressure loss 1s converted
to heat,

Internal pressure loss.- For this analysls the
internal loss is regarded as the combined resigtance
offered to the internal flow by the skin friction of
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the internal system; by turbulence introduced in the flow
by abruot turns, sharp corners, poor nozzle shapne, and
inefficient diffusion; and by changes in flow pattern
with rotational speed typical of centrifugal blowers.

One concept of the internal energy loss is that of an
equivalent pressure loss acting on the volume flow at

the nozzle, as

Internal energy loss per second = AppAyxVy

An additional energy equel to the Vinetic energy of
the internal flow at the nozzle lesves the system each
second with the ejected internal flow. The net power
required to move the internsal flow is

(22)

Pressure available.~ The nressure available for
moving the internal flow through the propeller 1s derived
from three sources: the impact pressure of the free-air
stream, the centrifugal pumping pressure, and the aero-
dynamic suction due to the low~pressure fileld surrounding
the nozzle exterior. The pressure at the nozzle exit
depends upon the locatiocn- of the nozzle on the blade
section and upon the angle of attack at which the section
is operating. The effect of low pressure at the nozzle
exit in moving the Internal flow was found in the tests
of reference 1 to be very small and will not be considered
in this analysis. That is, the static pressure at the
nozzle is assumed to be the atmospheric pressure in which
the propeller is operating.

If care 1s exercised in the induction of the internal
flow, the %inetic energy of the free-alir stream relative
to the airplane can be made to furnish a vart of the
motive power for the internal flow. At a »noint upstream
of the airplane the internal flow before its induction
has a velocity V with respect tc the airplans. The
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kinetic energy per second entering with the internsal
flow, which can be used for pumping the flow through the
internal system, is

Energy per second =

s
<

In the discussion of the power expended in pumping
the internal flow through the propeller centrifugally,
it was shown that one-half of the power appeared as an
increase in the totel pressure of the internal flow
(with respect to the blade), from equation (10)

Energy per second = z (nan)2

2

The net power avallable for moving the internal
flow is

p, =2 L(m02 + 2] (ap)? (23)

The power available can also be regarded as the product
of volume flow at the nozzle snd an equivalent pressure
available

Py = 4D, AV,

By combining the two foregoing equations, the equivalent
pressure available is expressed in terms of measurable
quantities

Ap, = I [ (nz)° + J2] nD)

2hyVy
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or, by use of the definition of mass flow,

o
b0y = = [(r02 + 2] (am? (2l)

Relation between Apf and m,.- Vhen the motion of

the internal flow reaches a steady state, the energies
required and available for maintaining the flow are in
equilibrium and the expression fcr power required in
equation (22) can be replaced by that for power available,
equation (23%); thus

2
mvV

N m 2 21
ApfANVN + ""2‘-‘" = ‘2" [(‘ITX) + JJ (HD)2

or
Py
Ave S Ln02 + 2] (up2 .
T, " : (25)
N
wvhere
1 2

The dynemic pressure at the nozzle may be exoressed in
terms of the mass-flow coefficient as

Qor = fﬁ £ m nD :
N 2 PN c
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Upon substitution of this expression for Ay into equa~-

tion (25), the internal pressure loss is expressed in
terms of nondimensional propeller parameters and a
density ratio,

1 (26)

] (EE)Z [(m2)2 + Ja]

p n 2

Apyp
qN o

A regrouping of the terms in equation (26) provides a
convenient relation between mass=flow coefficient and
internal pressure loss

_ pl\T [Trx)a
(27)

— + 1

Throughout this analysis the internal pressure loss
is expressed as a ratio to the dynamic pressure at the
nozzle. Another relation that may be useful is the ratio
of internal pressure loss to the pressure available,
which for the equilibrium condition is shown by the
following identity:

Apf
Apf _ Ay (28)
= 3
— 41
Ay

Determination of Apf/qN from bench tests.- A fore-

knowledge of the value of the internal pressure loss for
a blade and nozzle cowblnation is useful for estimating
probable efficiency losses to be sncountersd with a pro-
posed propeller design. Equation (26) provides a basis
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for the exverimental determination of the internal pres-
sure loss from bench tests. A setup might be made in any
of a number of ways, but a simple arrangement is to
surround the tip nozzle or nogzzles with a low~pressure
chamber to induce an internal flow through the propeller.
A metering orifice at the entrance to the system, where
total pressure is atmospheric, measures the impact pres=-
sure as the difference between atmospheric pressure and
the static pressure P, in the orifice. From this
measurement, with the atmospheric pressure and the
metering-orifice area known, both the internal mass flow
and the dynamic pressure g of the flow at the entrance
can be calculated. The only other measurements needed
are the static pressure and temperature at the nozzle,

by which the density of the air at the nozzle may be
determined, and the flow area at the nozzle Ay. In
this case the rotational speed is zero and equation (26)
can be reduced to the form:

,
app  2(Fyhy)
ay P

-1 (29)

A procedure for calculating the internal mass flow from
knowledge of the ratio of impact pressure to atmospheric
pressure Ap/pa is given in reference 1l; the relation:

between q/p, and Ap/p, 1is shown in figure 7 of the
present paper.

The ratio Apf/qN is not a true coefficient by

which the internal pressure loss may be expressed. Ths
ratio applies only to a given combination of propeller
blade and tip nozzle and, for a given blade, will change
when the nozzle area is changed. The ratio will also
change with rotational speed unless provortionats changes
occur in both internsl pressure loss and dynamic pressurs
at the nozzle.

Calculation of nozzle area.- If the condition of

equilibrium between the power required and that aveilable
for moving the internal flow is again considered,
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equation (22) can be used to obtain an expression for
nozzle area

mVN2
bopByVy = DphyVy + ——
Ap, - Ap. = Wy
AT SFe T oops T 2
N epyhy
>
m
Ay =, _ (%0)

then the required mess flow and heast exchanged are
known and when the internal pressure loss Appy has been

estimated (bench tests), the density of the air at the

nozzle can be calculated from the following eguation,
which is derived in appendix C:

bp ¢
P 7Bt
by = M, - Hy (51)
1 + = —
mcot

[

where Hy is the rate (Rtu oer second) at which heat

contained in the internel flow ocnters the opropeller and
Hyp the rate at which heat is dissipated through the
proneller blede surface for de-icing. The pressure
availsble cen then be calculated from equation (2L) and
all guentities necessary for the calculation of nozzle
area from equation (3C) are known. Tquation (30)
furnishes a msans for the calculation of the nozzle
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area necessary for the rejection of a given internal mass
flow. By making the nozzle the section of greatest
restriction in the internal-flow system, velocities else-
where in the system may be made as small as feasible and
the internal losses may be reduced to the vractical minimum.
Because the pressure available is fixed by the operating
conditions, the advantage of achieving a minimum of
internal loss is demonstrated by equation (30), which shows
that the minimum nozzle area is obtained when the internal
loss 1s reduced to a practical minimum.

Effect of internal loss on efficiency.- The loss of

proveller efficlency associated with the internal flow
has been expressed by equation (20) in terms of the mass
flow coefficisnt and correlated with the measured values
of reference 1. when equation (27) is substituted for
the mass-flow coefficlent in eguation (20), the loss of
propeller efficiency due to the internal flow is shown
directly related to thie internal pressure loss, thus

Ay 2 2 2
An = oy o Fy /<"X) tJ S -1 [}wx)2'+g;] (32)
D CP P Apf Avgp ' n
— ] — 14 1
\/ o <qN

The first bracketed term in equation (32) shows that
the efficiency loss increases as the internal pressure
loss increases and as the nozzle effectiveness decreases.
wWith perfect nozzle effectiveness and no internal pres-
sure loss, there is no loss of efficliency associated with
the internal flow. Equation (32) illustrates the impor-
tance of reducing the internal pressure loss and of
designing the tiv nozzle for greatest effectiveness in
producing Jjet propulsion.

DISCUSSION

Elimination of density ratio from equation (26).-
The proneller test data in reference 1, for the propeller
with internal flow, nresent measured values of all quanti-
ties in equation (26) necessary for calculating the
internal pressure loss, excent the density of the flow at
the nozzle. An estimate of 4pp/qy with a density ratio

of unity assumed indicates that the internal loss con-
sumes more than half of the energy available for moving
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the internal flow. Inasmuch as the mechanlical energy
loss appears as hest in the internal flow, the air
density at the nozzle must be reduced to an extent that
cannot be ignored. 1In &poendix B an expression, equa-
tion (33), is derived for calculating Apf/qN in which

the densgity change is regarded as dependent upon Apf/qN

/’Anf
nD)2

/pri 5 2 x T78eyt \Apf

>[(wx)2 + 2] (33)

Bquation (33) is regarded as evplicable only for internal
flow systems similar to that treazted in reference 1. A
solution of equation (%3) for Apf/ql\lT is given in
appendix B, ‘

Data selzacted from reference 1 for several different
onerating conditions are listed in table IV with the zor-
responding values of App/qy computsd from equation (33).
Also listed are the computed density ratio and the
nominal angle of attack of the propeller blade sections
at the nogzzle station.

uffect of static pressure gt nozzle exit.- It was
assumaed in deriving the expression for Apf/qN that the

static pressure at the nozzle exit was equal to the
atmospheric pressure in which the propeller wss operating.
If the exit pressure were anpreciably lower than the
atmospheric pressure, the calculated value of Apf/qN
would be too small. At low valuss of advence ratio (larze
angle of attack), 1t might be expscted that greater
nozzle-exit suction would sexist than for high values of
advence ratio (small angle of attack), If this effect
were anpreciable, the asrcdynamic suction at the sxit for
low values of J would be manifest as lower internal
loss. The measured varistion of Apf/qy with nominal

angle of attack, at fixed blade angle and rotational
speed, is shown in table IV to be small and inconsistent,
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which indicates thet the static pressure at the nozzle
exit did not vary eppreciably from stmospheric pressure
and that the assumption made in this regard 1s justified.

Effect of rotational speed.- Average values of
Apf/qq at several values of rotational soeed are shown

in fiéure 8; the average variation with rotational speed
of the density ratio (applicable to the data of refer-

ence 1) is elso shown in this figure. The internal pres-
sure loss coefficient Apg/qy (which is proportional to

skin friction and turbulence losses) increases with
increasing rotational speed. Because the Reynolds number
of the internal flow increased with rotational speed,

the varistion of Apf/q with rotetional speed might

be exvlained as a viscogs effect. Another possible cause
for the variation of A‘pf/qN is compressibility of the
air, but drag losses, in general, change abruptly when
the cause is a compressibllity sffect. Tt 1s more
probable, however, that the increase of Apf/qN with

rotational speed 1s due to the ineffectiveness of the
hollow proveller bledes as a centrifugal impeller.

The curve shown in figure € is for data teken during
propeller tests at the constant rotational speed that is
. regerded as the best presented in reference 1. Random
noints at various rotetional speeds from tests at con-
stant advance ratio are also »nlcotted on this figure, but
are regarded as inferior data,

Jet efficiency.- The efficiency with which the jet
from the tip noczzle propels the blade section at the
nozzle station along its helical path is the ratio of
thrust work (along the helical path) to the sum of thrust
work and residual kinetic energy in the Jet:

_ meVNW

Ty =

N >
mEVNW + 'é‘m( W o VN)

which upon simplification becomes

_ 1
nN - - V 2 (52—!-)
1 + W - TE
2€VN
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Equation (3l) shows that the propulsive efficiency
of the tip jets 1s greatest when perfect nozzle effective-
ness (€ = 1,0) is achieved and when the jet velocity
equals the section resultant velocity; that is, when
the ejected internal flow remains motionless with respect
to the atmosphere. The propulsive efficiency of the
nozzle decreases when the jet velocity Vy 1is elther

less than the resultant velocity, es 1s the case for the
tests of reference 1, or greaster, as might result from
applying considerable pressure to move the internal flow.
If nozzles were formed by cutting off 2 portion of the
propeller tips so that the internal flow would be

ejected radially, all the energy used in pumping the
internal flow through the blades would be lost; the

nozzle effectiveness would be zero, and the Jet-propulsive
efficiency as shown by equation (3l) would be zero.

By use of equations (li) and (13) to express % and
VN’ respectively, the jet efficienecy cen be expressed in
terms of the mass-flow coefficient

My = | > (35)

‘ £
y(ﬁx)a + J° } pN‘mc

1

o ‘ —
2€ E% m, V(ﬁx)e + J2

or in terms of the internal ovoressure loss, from cgque-
tion (27),

1+

(36)
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Equation (35) is generally applicable, but, because
'(Apf/qN) is defined for the case when the pumping pressure

for the internal flow is supolied only by the airspeed
and propeller rotation, equation (36) does not avply when
additional pressure is supplied to the internal flow by
pump or blower. Equetion (36) further emphasizes the
desirability of reducing the internal loss to a minimum.

Effect of heat.- At least three general effects of

heat sdded to the internal flow will probably be felt.

The first, an aerodynamic effect of the added heat, is
that an increase in pressure will be required to force

a given mass flow through the internal system; or, with

no change in the pumping facility, the mass flow will be
less for the heated condition than for the cold. This
phenomenon is the same 2s that encountered with heat
exchangers in genersl and exists whether the heat is added
through a heat exchanger or by direct combustion in the
internal flow. The relation between the increased pres-
sure required and the heat added is discussed in refer-
ence 5. A second effect is inverse to that just described;
that is, in the region where heat 1s being dissipated
through the surface of the vropeller blade to perform

the de-icing task, less forcing pressure 1s required to
move the internal flow when heated than would be required
to move a cold internal flow from which heat is not being
dissipated. The two effects are partly compensating but,
because the internal flow must be maintained at a fairly
high temperature up to the time it is rejected through
the tip nozzles, the net effect of the heating and cooling
1s either to require a net increase in forcing pressure,
or to result in ‘a slightly diminished mass flow. The
third effect is that the elevated temperature at the
nozzles results in a reduced density and increased velocity
of the flow frcem the nozzles.

One scheme worthy of consideration in connection
with heating the internal flow is the conversion of some .
of the heat into mechanical energy. The internal-flow
system of a thermal de-icing propeller is basically
similar to that of jet-propulsion engines; air taken from
the free stream into the internal system is retarded
with pressure increase, heated, accelsrated, and rejected
with an increased momentum which produces thrust. With
a heated-alir thermal de-icing propeller it would be
advantageous to add the heat at the point where the
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internal flow 1s under greatest static pressure even
though the elevated pressure 18 no more than total pres-
sures The result would be an incresse in the nozzle jet-
propulsive effect and therefore at least a smaller loss
in the propeller efficiency.

CONCLUSIONS

An snalysis of the forces acting on a heated-air
thermal de-icing propeller with and without internal flow
indicates the following conclusions;

1. The nozzle exit area should be the smallest that
will discharge an internal flow sufficient for de-icing
the propeller, for the following reusons:

(a) The efficlency loss for the vropeller with-
out internal flow 1s proportional to the nozzle exit
area and nozzle drag coefficient.

restriction in the internal-flow system, velocities
elsewhere In the system way be made as small &s
feasible and the internal losses may be reduced to
a practical midimum,

(¢) A further result is the highest attainable
discharge velocity of the internal flow and con-
sequent greatest propulsive effect from the nozzle
jets.

2. The efficiency loss that accompanies the admis-
sion of the internal flow increases with:

{a) The internal-mass flow,

(b) The product of internal-mass flow and the
effectiveness of the nozzle in sjecting the internsl
flow downstream along the helical path of the nozzle.

3. The ensrgy expended during the induction and
centrifugal pumping of the internal flow, if »properly
conserved within the internal system, can be partly
regained as jet-vpropulsive effect by efficient rejection
from the tip nozzle. 1In the ideal case the motion of
the internal flow (without heat) would not create any
loss,
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h. The loss of propeller efficiency associated with
the internal flow increases with the pressure loss in the
internal system.

5. For the propeller tested, more than one-half of
the pressure available for forcing the internal flow
through the propeller was required to overcome the pres-
sure loss within the internal system.

6. The internal pressure loss coefficient AP £/Ay

(which 1s proportional to skin friction and turbulence
losses) increases with increasing rotational speed.

7. In calculating the internal flow characteristics,
the assumption that the static pressure at the nozzle
exit was equal to the atmospheric pressure in which the
propeller was operating was found to be justified for
the propeller tested.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., May 7, 1946
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APPENDIX A
SYMBOLS

total nozzle exit area, sq ft

nozzle external drag coefficient based on total

nozzle aresa, AN

an:
power coefficient ~e
p}_—lB DJ .

specific heat of air, Btu/slug/°F (c, = 7.73)

thrust cosefficient T N
‘ anD'

proneller diameter, ft

drag on the propeller blades caused by the presence

of the nozzles, 1b

force on propeller blades due to jet reaction at
the nozzles, 1b

heat contained in the internal flow entering the
propeller, Btu/sec

heat dissivated through the propeller surfacse,
Btu/sec

propeller advance ratio V/nD

mass flow through the internal system, slugs/sec

coeffidglent of internal-mass flow o
pANnD

proveller rotational speed, rrs

power, ft-1b/sec
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AD
Apy
AD,

APR

static pressure, 1lb/sq ft
static pressure in metering orifice, 1lb/sq ft
atmospheric pressure (barometric pressure), lb/sq ft
pressure change in metering orifice, 1lb/sq ft

(8o = py = py)

equivalent pressure available for moving the flow
through the internal system, 1b/sq ft

pressure loss across the internal-flow system,
1b/sq ft

net pressure reguired to move the flow through the
internal system, 1b/sq ft

torque, ft-1lb

dynamic Dressure, 1b/sq Tt (%pv2>
. 1 2
dynamic pressure at the nozzle, 1lb/sq ft <:§pNVN )

radius at any blade section, ft
proneller thrust, 1b

static temperature of the air, °F abs.
velocity of advance, ft/sec

velocity of air leaving nozzle, ft/sec
resultant air velocity, ft/sec
fraction of propeller tip radius

angle of attack, deg

blade angle, deg

nozzle effectiveness
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propeller efficiency (without nozzles and internal
flow)

nozzle propulsive efficiency

(nD)2[(TTx)2 + J2:l

1356cpt

the term 1 +

(ﬂx)2 + J
meg

the term

mass density of air, slugs/cu ft

mass density of internal flow at the nozzle,
slugs/cu ft

angular velocity, radians/sec
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APPENDIX B
ELIVINATION OF DENSITY RATIO FFOM EQUATION (26)

If the energy in the internal flow consumed by pres-
sure loss avpears as heat in the flow, 1f none of the
heat is transferred from the flow, and if the static
pressure at the nozzle is equal to that of the free-air
stream, the air density at the nozzle can be evaluated
in terms of the internal vpressure loss and eliminated
from equation (26).

The nower that goes into heat in the internal flow
is

Energy per second = ? [gﬂan)z + Ve - VN?]

and, since
— e
= () ™
N
Znergy ver second = == |(m) + > - (?c £
e
N

From equation (27)

2 2 2
(mc P _l(mx)= + J

Py bpg
o + 1
Therefore
2
Energy per second = m(nb)” [(wx)z + fﬂ C—
2 Ap e
—_— ]
iy

foot-pounds/second
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Expressed in heat units the foregoing rate of heat
generation becomes

.Apf
n(np)° 2 2 4
778 Btu per second = — (mx)° + J] et
2 AP,
-+ 1
In

The static tewpsrature rise At resulting from the
heat generated by lossgs 1in the internal flow is

Ay = (Btu per second)
me,

where Cy 7.7% 1is the speceific heat of air in Btu per
slug per °F. The temperature rise thus becomes

(m_:>)2 . 2 2 Ay
t = e ——t .
15560, ()2 + 2] (37)

If equal static pressures ars assumed for the
external end internal flows, the ratio of free-~stream
air density to density of the internal flow at the
nogzzle is inverse to the ratic of the absolute tempera-
tures

41 =1 + At
fy t

where +t 1g the free-stream absolute temperature, If
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equation (37) i1s used to express the temperature rise
dus to internal losses, the density ratio becomes

Apf
2 ————
ooy LD 2, 2] A
N 1556cpt £,
Ay

Equetion (27) can be rewritten:

(wx)2 + J°
<L—— + {) 2

wWhen the two foregoing expressions for density
ratio are equated, the resulting expression relates the
internal pressure loss to advance ratio, rotational
"8peed, mass~flow coefficient, and free-strecam tempera-
ture (quantities which were measured during the tests
reported in reference 1):

Vi

A

2 et 4
/(mz S U Ay g [(wx) 7]
/égg AW 15560t \ 2P2 |

(equation (55))

Equation (33) can be solved for an explicit expres-
sion of the internal pressure loss, as follows:

Ape 42 L o
Ay 22
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L= [mx)2 2
mcz

) (z0)2 | (mx)2 4 2]
1556c t

where
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APPENDIX C
CALCULATION OF AIR DENSITY AT THE NOZZLE

If, as has been assumed throughout this analysis,
the static pressure at the nozzle is the sasme as that of
the atmosphere in which the airplane is flylng, the
relation between air density and tempersture is

PN
Pt 4+ at

where t 1is the ambient temperature and At 1is the
temperature difference between air at the nozzle and
stmospheric air, The temnerature elevation due to
residual heet in the heated internal flow is

br - B
me,

where H, is the rate (Btu per second) at which heat con-

tained in the internal flow enters the propeller and Hp

the rate at which heat is dissipated through the propeller
blade surface for de-icing. The temperature rise due to
the heat generated by the internal pressure loss 1s shown
in equation (37) to be

2 ——
_(nD) [(wx)z . sz dy
1556¢,, AP .

' —

Ay

The temperature elevation of the internal flow at the
nozzle due to added heat and internal losses is

Apy

P

Hr - 2
at = = 2, (nD) [(wx)2 + fﬂ I
Mey 1556¢y,
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Bquation (28) gives the relation

Apf

G _ %Pr
Ap T Ap
=L + 1 A
Uy

Combining the two foregoing equations and using equa-
tion (2l;) to express the pressure available ApA gives
the expression for the total temperature rise

Hy - Hp bpg

At = + e
mcp 77609 pN

The ailr density at the nozzle, therefore, becomes

. D 77800
and
/ Lpg
/ T78c,t
Py = I ;ﬂﬂ (equation (31))
T =D
1+
me t
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TABLE I
COMPUTATION OF EFFICIENCY LOSS DUE TO
NOZZILE DRAG AT PEAK EFFICIENCY
5 = 0.00903 sq.ft: D = 12.208 ft; x = 0.95;
CDN = 1.28 (assumedﬂ
1
¢ Cp -An 7 ~4n
at (normal (normal (computed| (tin |(measursd)
li2-inch nroneller) |propeller) from nozzle
radius equation !without
(N flow)
(deg) (a) (b) (c)
ali.9 731 0.812 0.03%31 0.0298 10.782 0.0%0
29.9 ¢35 .837 .05 0226 | .820 017
?5.5 1.15 8L5 L067 016l | .34 D11
0.1 {1.3%8 .8L0 .095 .0125 | 530 »010
Lli.9  j1.03 835 L1231 L0099 | .324 011
50. 1,91 826 .170 .0039 | .81 009
55, 2,30 .808 227 . 0080 .79 .010
60.5 |2.77 LT79 .29% L0079 | 773 .006

8.

migure 1lli, reference 1.
bFigure 13, reference 1.
Crigure 17, reference 1.

NATTIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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TABLE TV

COMPUTATION OF INTERNAL PEESSURE LOSS

P b
at Propel- Nominal
L2-inch lei J m, EEE Eﬁ ma
radius| sveed Dy P
(deg) ( rom) |(°F abs.) (deg)
Constant nropeller sveed (reference 1, figs. 27 and 28)
29.9 150 { o.70hf 1.817 | 55L 1.h710.9321 5.01
29.9 1450 1 1.23211.917 5ﬁ9 1.h31 .926 | -3.86
35.3 150 1.36; 1.861 | 537 1.9 .9271 3.98
554% 150 | 14901 1,990 | 537 1.39| .922 | =2.93
219 1240 1 .562|1.92%3 | 535 1.27| .95L | 2.62
2.9 12,0 | 1.000{1.951 | 536 1.33 ! .96 | =5.25
29.9 120 | .69511.939 | 554 1.271 .9 % 517
29.9 1240 1 1.219{1.992 525 1.341 .9 ~3%,95
35.,% 1240 | .788{1.956 | 5L5 1.25] .951 | G, ?
?5.5 1240 | 1.48212.067 | 5LO 1.30| .941 | =2.7L
10.1 120 {1.23612.02% | 526 1.281 .96} 5.9
0.1 1210 |1.782(2.162 | 527 1.27 ] .937 | =2.308
L9 1240 {1.669{2.1h5 | 5L3 1.25} .941 | L.0s
LhL.o 1210 | 2.108(2.292 | 5L2 1.21| .93%% | =1,97
50.7% 1000 {1.79%3(2.289 | 5%2 1.13 | .960 | 7.67
50.% 1000 |2.565{2.57L | 527 1.10| .948 | -2.02
55.ﬁ 1000 2.207 2.gu9 53%3% 1.06 | .954 | L.87
55.0. 1000 }3.093%3{2.850 | 531 1.02 | .9L3 | =2.27
60.5 800 1 2.590(2.689 | 537 1.0%3 | .970 | 7.91
60.5 €00 |3.79513.267 | 531 299 | +955 | =2.97
Constant J, variable sropeller speed (reference 1, fig,29)
2h.9 00 |0.711]1.8 5%6 1.4 10.936 | =0.12
29.9 29 .g%g 2.12g 553 1.u2 .938' .32
25.5 1500 1.23r 1.915 | 934 |1.L5| .917 -.48
0.1 1300 | 1. 5g 2.10% | 527 1.29 ] .933 | -.%
0.1 1100 | 1.638(2.167 | £30 1.231 .951 | -.%0
b B ENIEN B i |y
é%f% 500 2fuﬁ2 5:254 | 229 e 1388 | T1i8g
2.3 700 [2.hi2112.567 38 1.13{ .97 -. 8
éo.g 900 | 2.LE 2-5&5 §72 1.12 .93% -.%
5.0 500 |2.950 (2. 5g ﬁ8 1.13 | .9 ~1.45
ZS.M 1000 2.2 Ll2.77 522 1.05 ¢ .947 | -1.L45
2| iR |nbE | e R e o
2012 00 2:%1ﬁ %:11 ?ﬁ? 1.08 1872 -.80
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TABLE IV - Concluded
COMPUTATION OF INTERNAL PRESSURE LOSS - Concluded
: v b
at m 0 .
lL2-inch -C Aoy N | Nominal
radiusg J Ay Y @
(deg) | (ft/sec) (°F abs, ) ' (deg)
Propeller feathered, propoeller soveed = O
(reference 1, fig. 30)
§§.7 121.7 | 0.743 e 535 0.816}1.000| -12.9
OC. 7 297.9 | 708 ~===- 53 .965 .993| -12.9
8.7 57,8 | 708 === 51 L5981 976 ~12.9

NATIONAL ADVISORY
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FIGURE 1, PATH OF INTERNAL FLOW THROUGH THE PROPELLER AND THE INTERNAL- MASS-FLOW METER.



Fig. 2 NACA TN No. 1112
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F. /’gufe 2.- A diagram of velocities and forces
associated with the nozzle drag.
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Fig. 4 NACA TN No. 1112
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f?’yqr’e 4 .- A diagram of the velocities and
forces associated with rhe jet

propulsion due fo flow from the
rnozzl/e.
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Analysis is made of loss of efflciency assoctated with healed-alr thermal de-icing
propeller both with and without Internal flow. Fur avaiiable dota, measured
efficlency losses are compared with calculated 1osses and agreement 15 found to be
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