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AERONAUTIC SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

Metric English
Symbol
s Abbrevia- i Abbrevia-
Unit tion Unit tion
Length_ _____ l aeterio alicr it s e it m foot - (formile) _ .o _._:- ft. (or mi.)
Time s & 4y t second. T LWl e e S second (or hour)_______ sec. (or hr.)
Fopee = -\ F weight of 1 kilogram____ kg weight of 1 pound_____ 1b.
Power.-_ < - o horsepower (metrie) . . _ | . _._____.__: horgepowesn._ - xS = _ hp.
Sticotl v {kilometers per hour_____ k.p.h. miles per hour_ _______ m.p.h.
MR meters per second_ _ . ___ m.p.s. feet per second________ f.p.s.
2, GENERAL SYMBOLS
Weight=mg A v, Kinematic viscosity
Standard acceleration of gravity=9.80665 p, Density (mass per unit volume)

m/s* or 32.1740 ft./sec.?
Mass=E
g

Moment of inertia=mk?. (Indicate axis of
radius of gyration £ by proper subscript.)
Coeflicient of viscosity

Standard density of dry air, 0.12497 kg-m™*s? at
15° C. and 760 mm; or 0.002378 1b.-ft.~* sec.?

Specific weight of “standard” air, 1.2255 kg/m® or
0.07651 1b./cu. ft.

3. AERODYNAMIC SYMBOLS

Area

Area of wing
Gap

Span

Chord

Aspect ratio
True air speed

Dynamic pressure=%pV2

Lift, absolute coefficient 0L=§%

Drag, absolute coefficient Obzq_%

Profile drag, absolute coefficient 0"0:5@0
D,

Induced drag, absolute coefficient CD‘=§TS'
Parasite drag, absolute coefficient C’Dp=2—%’:

Cross-wind force, absolute coefficient Cczéc—s-

Resultant force

Loy Angle of setting of wings (relative to thrust
line)

Vi Angle of stabilizer setting (relative to thrust
line)

Q, Resultant moment
Q, Resultant angular velocity

p—> Reynolds Number, where [ is a linear dimension
;. (e.g., for a model airfoil 3 in. chord, 100
m.p.il. normal pressure at 15° C., the cor-

responding number is 234,000; or for a model
of 10 em chord, 40 m.p.s., the corresponding
number is 274,000)

C,, Center-of-pressure coefficient (ratio of distance
of c.p. from leading edge to chord length)

a, Angle of attack

€ Angle of downwash

aj, Angle of attack, infinite aspect ratio

a, Angle of attack, induced

ag, Angle of attack, absolute (measured from zero-
lift position)

v, Flight-path angle
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THE EFFECT OF NACELLE-PROPELLER DIAMETER RATIO ON BODY INTERFERENCE
AND ON PROPELLER AND COOLING CHARACTERISTICS

By James G. McHvucu and Evrpripce H. DERRING

SUMMARY

An investigation was conducted in the N. A. C. A.
20-foot tunnel to determine the slipstream drag, the body
interference, and the cooling characteristics of nacelle-
propeller combinations with different ratios of nacelle
diameter to propeller diameter. Four combinations of
geometrically similar propellers and nacelles, mounted
on standard wing supports, were tested with values of the
ratio of nacelle diameter to propeller diameter of 0.25, 0.33,
and 0.}4.

The results show that (1) the effect of variation in the
ratio of nacelle diameter to propeller diameter on propulsive
efficiency is mot important until the mnacelle becomes
approxzimately one-third of the propeller diameter but,
beyond that point, the propulsive efficiency decreases
rapidly with further increase in relative body size; (2) the
net efficiency of a nacelle-propeller combination decreases
rapidly with increasing values of the ratio of macelle
diameter to propeller diameter; (3) the presence of a
spinner over the propeller hub increases the propulsive
efficiency by an amount varying from 1% to J percent; and
(4) the maximum pressure drop available with adjustable
cowling flaps is about 20 percent greater than the maximum
pressure drop available with an adjustable-length cowling
skirt.

INTRODUCTION

Considerable information has recently been made
available concerning the propulsive and the cooling
characteristics of a full-scale air-cooled radial-engine
nacelle-propeller combination having a ratio of the
nacelle diameter to the propeller diameter of approxi-
mately 0.43. Very little information is available con-
cerning the effects of variation of that ratio on the slip-
stream drag, the body interference, and the efficiencies
of a propeller-nacelle combination or on the cooling-air-
flow characteristics of a nacelle-propeller combination.

Most present-day estimates of the variation in pro-
pulsive efficiency with the ratio of nacelle diameter to
propeller diameter are based on the results reported in
references 1 and 2. Those investigations were con-
ducted with an uncowled radial engine and low-pitch
propellers, and the results are not applicable to present
practice. Only a few isolated tests are available for

determining the effect of variation in the ratio of
nacelle diameter to propeller diameter on the cooling-
air-flow characteristics.

In order to supply additional information on this
subject, the N. A. C. A. has instituted an investigation
of wing-nacelle-propeller interference and cooling char-
acteristics. The investigation includes: (a) determina-
tions of the drag and of the propeller and cooling char-
acteristics of four combinations of geometrically similar
model propellers and nacelles having values of the ratio
of nacelle diameter to propeller diameter of 0.25, 0.33,
and 0.44; and (b) determinations of the lift, the drag,
and the propeller and cooling characteristics of the same
combinations of propellers and nacelles operating in
conjunction with a 5- by 15-foot N. A. C. A. 23018
airfoil. This report presents the results of part (a);
part (b) is reported in reference 3.

The present report gives the results obtained from
tests of geometrically similar 3-blade propellers of
diameter D of 36 and 48 inches (3 and 4 feet) operating
in conjunction with geometrically similar nacelles of
diameter d of 12 and 16 inches, making possible the d/D
ratios of 0.25, 0.33, and 0.44. Results obtained from
other tests in which free-propeller conditions were ap-
proached are also presented. The effects of a variation
in the ratio of nacelle diameter to propeller diameter on
the propeller characteristics and on the slipstream drag
as well as the effects of nacelle interference on propeller
power and thrust are shown. Also included are the
results of determinations of the cooling characteristics
of all the combinations tested in addition to comparisons,
on one nacelle, of adjustable cowling flaps with an ad-
justable-length cowling skirt as a means of controlled
cooling.

APPARATUS AND METHODS

The N. A. C. A. 20-foot wind tunnel in which these
tests were conducted is described in reference 4. The
tests were conducted at air speeds from 20 to 80 miles
per hour.

Two geometrically similar sheet-aluminum nacelles,
12 and 16 inches in diameter (fig. 1), with nose 7 of
reference 5 were used in the investigation.
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The engine was simulated by fine-mesh wire screens,
the resistance of which had been adjusted to give the
desired conductivity. The conductivity was deter-
mined from measurements of the quantity of air flow
through the cowling and of the pressure drop across the

Cowling flap— Static pressure

; Jotal
e g T e ~ T l-pressure

5
/" Electric motor

/
I
=71 = S— = — -
|
L

¢
propeller
Scale, in. . " Wire-mesh screen
e /G- acelle gassembly.

——Static pressure
B U Jotal pressure

Tl

_________ @ pr‘Ope//E/{:

Spinner usea
with 12-in.
/2-in. nacelle assembly nacelle

Wire-mesh screen

FIGURE 1,—Spinner and nacelle models used in propeller-nacelle investigation.

screens that simulated the engine. From these measure-
ments, the conductivity K (reference 5) was found to
be 0.085 for the 16-inch nacelle and 0.072 for the 12-inch
nacelle.

For certain of the tests, the cowling-exit area of the
16-inch nacelle was varied both by adjusting the cowling
flaps (fig. 1) and by reducing the length of the cowling
skirt.

Two 3-blade propellers, 36 and 48 inches in diameter,
having Clark Y sections and geometrically similar to
propeller 6101 (reference 5) except for variable- instead
of controllable-pitch hubs, were used in the investiga-
tion. The pitch of both propellers could be adjusted by
turning the blades in the hub. For these tests, the
blades were set at 15°, 20°, 25°, 30°, 35°, and 40° at
0.75 of the tip radius. Characteristic curves of blade
width, blade thickness, and piteh distribution are given
in figure 2.

The spinner shown in figure 1 was tested in con-
junction with the 48-inch propeller and the 12-inch
nacelle.

The propellers were driven by a water-cooled alter-
nating-current induction motor, which developed 25
horsepower at 3,600 r. p. m. Current was supplied to
the motor by a variable-frequency alternator and speed
control was obtained by varying the frequency. The
power output of the motor was obtained from a cali-
bration involving motor torque, revolution speed, and
active current.

The test set-ups were mounted in the air stream on the
standard airfoil supports (reference 6) and all thrust and

drag forces were measured by automatic recording
balances on the test-chamber floor.

For that portion of the test program in which it was
desired to obtain free-propeller characteristics, the pro-
peller was driven through a 3-foot extension shaft. The
motor with its extension shaft was supported between
the standard airfoil supports as shown in figure 3. The
complete assembly was shielded from the air stream by
a metal fairing that was supported from the fixed shields
around the airfoil supports (fig. 4). The characteristies
of the propeller alone when operating in the presence of
the nacelles were obtained by attaching the nacelles to
the extension-shaft fairing behind the propeller.
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Figure 2.—Blade-form curves for propellers tested. D, diameter; R, radius to the
tip; r, station radius; b, section chord; h, section thickness; p, geometric pitch;
B, blade angle.

The extension shaft was not used for the tests of the
nacelle-propeller units. The motor was built into the
nacelle and was supported between the airfoil supports
as shown in figure 3. At the beginning of this part of
the test program, the supporting strut (which will sub-
sequently be called strut 1) was large and made a bad
intersection with the nacelle, thereby causing separation
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The 16-inch nacelle.

The propeller in the presence of the 16-inch nacelle.

FIGURE 3.—Nacelle arrangements tested.

wWind
Scale, in. /r:/ &
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“Housing for
propeller shaft
bearing

t;/ec tri¢ motor

Mo'tor support

To balance

FiGURE 4.—Set-up for tests of free propeller.

of the air flow over all that portion of the nacelle behind
the strut and producing unreasonably high values of the
nacelle drag. Strut 1 was later replaced with a much

smaller strut (subsequently called strut 3), which was
well filleted at its juncture with the nacelle and which
gave no indication of causing separation of the air flow
over the nacelle.

With each nacelle and cowling arrangement, a test
was made with the propeller removed. Readings of
the drag and of the pressure drop through the cowling
were taken at various air speeds from 20 to 80 miles
per hour. The propeller was then installed on the
motor shaft, and tests were made with the propeller
operating. During these tests, the propeller revolu-
tion speed was held constant and the air speed was
varied until the maximum air speed available was
reached; the air speed was then held constant and the
propeller revolution speed was varied to cover the rest
of the propeller operating range. Simultaneous read-
ings of power, thrust, revolution speed, air speed, and
pressure drop through the engine were taken at fre-
quent intervals.
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The tare drag of the supports was determined by
attaching to the nacelle a single dummy strut, geo-
metrically similar to the ones that supported the na-
celle. Drag tests were made with and without the
dummy strut in place. The tare drag was then de-
termined on the assumption that the increase in drag
due to the presence of the dummy strut was one-half
of the total strut and interference drag. The tare
drag with the propeller operating was not determined.

The nacelle arrangements tested are shown in figure 3.

The various combinations on which measurements of
propeller characteristics were obtained are listed in the
following table.

P{]o- Cowl-
peller | Nacelle di- ing- . e
Sinine anaton flap Blade angle at 0.75R
ter (in.) angle
(in.) (deg.)
36 | Nonacelle_-|________ 15120 |25 (30 (35| 40
80 [ l2x e ro 2 0|15 (20| 25| 30|35 40
Motor and supports 36 0 20 | 25130 |35 | 40
shielded. 48 20 | 25 | 30 | 35 | 40
48 20 [ 25| 30 | 35 40
48 20| 25|30 (35| 40
36 20 | 25 [ 30 | 35 40
48 20 | 25 | 30 | 35 40
Motor and nacelle sup- 48 20} 25 |-
ported by strut 1. 48 20 | 25
48 20 | 25
48 20 | 25
36 20 | 25
o =
Motor and nacelle sup- s f}; 20 2,;
ported by strut 3. 36 20 35 30 | 3:
48 £ | 20 [ 25 | 30 | 35 40

@ With spinner.

In order to determine the relative drag and the
cooling-air-flow characteristics of the nacelle when
the cowling-exit area was varied, additional tests with
propeller removed were made of the 16-inch nacelle.
The tests were made with the cowling flaps (fig. 1)
set at different angles and with a series of cowlings with
different skirt lengths.

SYMBOLS AND COEFFICENTS

The symbols and coefficients used in the report are
defined as follows:
¢, dynamic pressure of air (%pV?).
p, mass density of air.
V, velocity of air stream.
n, propeller revolution speed.
@, aerodynamic torque of propeller.
D,, drag of cowling-nacelle unit with propeller
removed.
AD, change in body drag due to propeller slip-
stream.
R, net force on thrust balance.
T, thrust of propeller operating in presence of
body (tension in crankshaft).
T, propeller thrust in free air (no body).
AT, change in propeller thrust due to influence
of body (7— T).

d, diameter of body behind propeller.
D, diameter of propeller.
d/D, ratio of nacelle diameter to propeller diam-
eter.
P, power supplied to propeller (27Qn).
B, propeller blade angle at 0.75 radius.

Op,, nacelle drag coefficient I:q—(wgﬁw]

T., propulsive thrust-loading coeflicient
T—AD
oV2D? )
T.,, apparent propeller thrust-loading coeffi-
cient (7/pV2D?).
T, tree-propeller  thrust-loading  coefficient
(T,/pV2D?).
T, , slipstream-drag coeflicient (AD/pV?1)?).
AT, body-interference thrust
(AT/pV2D?).

: . T—AD
Cyp, propulsive thrust coeflicient <WDT>

coeflicient

Cyr,, apparent  propeller  thrust coefficient
(T/pn?D*).

Cr,, free-propeller thrust coeflicient (7,/pn*D*).

Cry, net thrust coeflicient (T_T?LP])T&

Cp, power coeflicient (P/pn’D?).

14, apparent propeller efficiency (7'V/P).

ny, free-propeller efficiency (7,V/P).

i el (I'—=AD)V
n, propulsive efliciency —p |

n0, net efficiency I:(Z_—A_l}_ﬂ:—l

Nmaz, evelope propulsive efficiency from O,
design chart.
VinD, advance-diameter ratio of propeller.

C;, speed-power coefficient (\/ﬁ—’"/]"n),

P., power disk-loading coeflicient (4P/xD?q V).
K, conductivity of the engine (reference 5).
Ap, pressure drop across engine.

v Ap/pn2D?, cooling-air-flow coefficient.
F,, I, I, body-interference factors.

RESULTS AND DISCUSSION

A study was made of the effects of variation in the
value of the ratio d/D on the characteristics of a series
of nacelle-propeller combinations, and the results are
presented. First presented are the propeller charac-
teristics obtained at various values of the ratio d/D
and an analysis of the values to determine the magni-
tude of the mutual interferences that exist between the
propeller and the nacelle. The cooling characteristics
at the same values of d/D and, in addition, the results
of incidental tests to determine the effect of various
types of control of cowling-exit area on cooling-air
flow are then presented.
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PROPELLER CHARACTERISTICS AND INTERFERENCE EFFECTS

All propeller data were reduced to the standard non-
dimensional coefficients and were plotted as functions
of V/nD. Representative test results are plotted in
figure 5 to show the variation of the test points.

In figure 6 a comparison is made of the results of
tests with two different supports for the motor nacelle.
It is to be noted that a much higher value of propulsive
efficiency was obtained when strut 1 was used to support
the_nacelle than when the nacelle was supported by

fact that misleading results may be obtained from tests
of propellers in conjunction with bodies of such form
as to allow the critical flow condition encountered with
strut 1 to occur. The ensuing analyses of propeller
characteristics in this report are based on test results
obtained when the nacelle was supported by strut 3.
With this supporting arrangement, any discrepancy in
the results due to the effect of strut interference is
believed to be quite small.

In order to show the over-all effects of variation in

10 L=
‘ ,46-in. progeller with 16-in. nacelle
/ 36-in. " " — ”
’ !
iR o | S| ST | |
e 2 i -
P ey =T CR [ e |
.8 "_’/4_ ——— —_—— |
= — [==
o — RE—
| //’/ —=
| // N
.6 > -
Strut 3 (without separation)
----- = ! (with "
7
.4 .
)
0.4 .8 .8 1.0 L2 1.4 /6 1.8
V/nD

FI1GURE 6.—Etfect of strut interference on envelope curves of propulsive efficiency.

strut 3. The cause of this difference in propulsive
efficiency was determined from a study of the air flow
over the nacelle by attaching streamers to its surface
and studying their actions in the air stream with and
without the propeller operating. When the nacelle
was supported by strut 1 with the propeller removed,
the air flow separated over all that portion of the nacelle
back of the strut intersection but, with the propeller
operating, the effect of the slipstream was to shift the
separation point downstream by several inches. The
slipstream thus caused an effective reduction in nacelle
drag and a high value of propulsive efficiency was
therefore obtained. A similar study of the flow when
the nacelle was supported by strut 3 revealed that the
separation point was near the tail and was apparently
uninfluenced by the propeller slipstream.

As a result of this study, it is desired to stress the

d/D on the efficiencies of the nacelle-propeller combina-
tions, the envelope curves of apparent, propulsive, and
net efficiency for the various arrangements tested are
given as a function of V/nD in figure 7 and as a function
of (s in figure 8. Attention is called to the fact that
the results given for values of d/D of 0.10 and 0.13 in
figures 7 and 8 were obtained from tests with no nacelle
behind the propeller. In those cases, the value of d/D
is the ratio of the diameter of the extension-shaft
fairing to the propeller diameter.

The increase in both propulsive and net efficiency that
can be obtained through the use of a spinner is also
shown in figures 7 and 8. At the value of d/D of 0.25,
at which tests were made with a spinner over the pro-
peller hub, the gain obtained varied from about 1 per-
cent in the take-off range to about 4 percent in the
high-speed range.
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Figure 9 summarizes the results given in figures 7
and 8 and illustrates quite clearly the variation at both
constant V/nD and constant C'; of the various efficiencies

7

rapid decrease in net efficiency with increasing values
of d/D. The divergence of the two sets of curves from
each other is explained on the premise that, although
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FIGURE 7.—The variation of apparent, propulsive, and net efficiency envelopes with V/nD.

The chosen values of V/nD

and O, roughly correspond to the take-off and cruising
conditions of a representative transport airplane. There
is a rapid increase in apparent efficiency and a

162009—39——2

the increase in body size causes an increase in apparent
thrust owing to the greater reaction created between
body and propeller, the net thrust of the combination has

been reduced owing to the increase in body drag.
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Figure 10 is presented to show the effect of the d/D
ratio on the parameters that influence the selection of
a propeller. The ideal efficiency of a propeller is di-
rectly dependent on power disk loading. The effect
of change in value of d/D is, in turn, to alter the power
disk loading. The use of the power disk-loading co-
efficient P2, as the independent variable in figure 10 is
therefore very convenient in that it allows comparisons
of the other important design coefficients at a constant
value of power disk loading. The other coefficients
shown in figure 10 were obtained from design charts
of the type shown in figure 11 and from similar charts
in which 1/%4/P, was the independent variable. Figure
10 is of extreme interest because it shows in concise
form, for all the combinations tested with strut 3, the
following important information: C, at V/nD) for n,,.;
V/nD for nu..; and the values of 7,,, and 8 that are
usually obtained from the conventional ', design
charts. At the same time it permits their comparison
at a constant value of power disk loading.

The values of 7,,,, obtained at d/D=0.33 are nearly
the same as those obtained at d/D=0.25. The differ-
ence is of the order of one-half of 1 percent and may be
within the experimental error of the results. At the
lower ratio, however, there may be a loss in propulsive
efficiency owing to the fact that a relatively small body
does not tend to make inoperative the inefficient hub
and root sections of the propeller and therefore a larger

portion of the power is wasted than if the propeller |

were operating in front of a larger body.

The propulsive efficiency obtained at d/D=0.44 is of
the order of 4 or 5 percent lower than that obtained at
either of the other ratios. Inspection of the results
given in figure 10 and of the envelope curves of pro-
pulsive efficiency given in figures 7 and 8 indicates that,
for practical installations, the effect of d/D) on propul-
sive efficiency is relatively unimportant at values of
d/D less than 0.33. At higher values of d/D, n decreases

rapidly with increasing values of d/D). This result is in |

agreement with the result anticipated from extrapola-
tion of previous test results.

The differences in propulsive efficiency that have
been discussed thus far are attributed to the fact that
the presence of a body behind an operating propeller
has two opposing effects. The presence of the body
alters the air-flow pattern through the propeller and
changes its power and thrust disk loadings to different
values from those which obtained when no body is
present. As shown in figure 12, the propeller thrust
(crankshaft tension) and power absorbed by a propeller
of given diameter operating at a given velocity, revolu-
tion speed, and blade angle are not the same when the

propeller operates in the presence of a body as they are |

when the propeller operates in a free air stream. This
effect is herein referred to as a “body-interference”
effect. The presence of the body in the slipstream

has an additional effect owing to the fact that it is sub-
jected to an increment of drag over and above the drag
that would obtain if the propeller were not operating.
This drag increment is commonly referred to as the
“shipstream” drag.

The magnitudes of the body interference effects were
evaluated by determining, at conditions of equal aver-
age power disk loading, the difference between the
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FiGURE 9.—The variation of apparent, propulsive, and net efliciency
envelopes with d/D.

thrust-loading coefficient 7' of the propeller in free air
and the thrust-loading coefficient of the propeller sub-
jected to body interference 7.,. In coefficient form,
the interference thrust can be expressed as follows:
al =1 L.

Figure 13 shows the variation of the body-interference
thrust coefficient A7, with the free-propeller thrust-
loading coeflicient T(f for all values of d/D and blade-

angle setting at which tests were conducted. It is to*

" be noted that, although the results for any one value of

blade-angle setting follow a straight line throughout
the important operating range of the propeller, the
values obtained from the various blade angles depart
slightly from a mean line. Insuffieient data were avail-
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able to determine the secondary effects that may
have caused this departure; the representation of the
variation of A7, with 7., by a single straight line
for all blade angles was therefore considered to be
justified.

The method used to evaluate the slipstream drag was
basically similar to that used to determine the body-

interference effects. The slipstream drag is the differ-

tion, there can be but one value of the power coefficient
at a given value of V/nD.

The variation of slipstream-drag coefficient 77,

determined by the method previously outlined with
the apparent propeller thrust-loading coefficient is
shown for the various propeller-nacelle combinations
in figure 14. There is considerable dispersion of the
plotted points but, by the same reasoning used in the

2.0

.8 T
o ;/ | \(>‘ \/’< S5 o
Ziy e 307
6 i |

X

N
N
S

/40“

n A
/ 250
7 S -5
; / / L J
5 7 L~ /' \
e L —l30° =
; ‘7'*///— — e
e — / = A s [ .
L] /25°i [ i
‘ =L SRR 1.0
L] ‘
i /W ‘7V alZ s ) -
/ //200
£ : O L o
" | 1 1 | nl
( / e 15° Blade aHg/e ot 075R |
/ // "= Line of moximum e;‘f/'ci;fncy for Cs 3
I8 = 5
////t// |
ey i L0 /
\ Zzd
|
| |
| | L,
0 25 1.0 15 2.0 (25

Cs

FI1GURE 11.—Representative design chart; 36-inch propeller and 16-inch nacelle.

ence between the propeller thrust 7" and the propulsive
thrust (7-—AD) and, in coefficient form, can be defined
as follows:
oA T T—AD
‘A" pVZD? VDR pVED?

It can be readily determined by taking the difference,
at equal values of V/nD, between the apparent thrust-
loading coefficient of the propeller operating in the
presence of the nacelle and the propulsive thrust-
loading coefficient of the propeller-nacelle combination.
Such a comparison is made at equal values of the power

loading because, for a given propeller-nacelle combina-

case of figure 13, the representation of the variation of
T.,, with 7., by a single straight line was con-
sidered to be justified.

Inspection of figures 13 and 14 reveals that the

values of AT, and T,,, can be expressed as follows

AT =F 1, 1)
and

TcAD:FaTca (2)

In the following analysis, it will be shown that the
propulsive thrust of a propeller-nacelle combination
can be expressed in terms of the free-propeller thrust
and the factors F, F,, and Fj.
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By definition, the propulsive thrust-loading coefficient
is
T—AD
ISTTe

Evaluating 7, in terms of 7. and the interference

of
factors gives
T—AD T+ AT—AD

T= pV2D? o sz])z*

(3)

Substituting values from equations (1) and (2)

m T
jc:’Tzfl)*f}’(Ff*‘Fz VzDz> FS Vzl)z (4)
Since
T T
then

To— et (Bt Foy )
—F (At Fydy) | @
Expanding and simplifying

T.= VZDzU‘E‘F) — B, Fy) + (F— F\Fy) (6)

Let
A=Q-+F,—F,—F;Fy) (7)
B=(F,—F\Fy) (8)
Then
T.=AT.+B 9)

Values of I, F,, and F; obtained from figures 13 and
14 together with computed values of A and B are given
as a function of d/D in figure 15. The values prob-
ably possess no great degree of accuracy and may be
considerably different for geometrically different bodies
and propellers. They are of value, however, in that
they show the relative importance of the various inter-
ference factors and may therefore be useful in analyz-
ing other test data. If other data are not available,
the factors shown in figure 15 may be used to estimate
the thrust characteristics at a given value of the ratic
d/D when the characteristics at some other value of
d/D are known.

For example, let the subscript z indicate coefficients
and factors that apply to the d/D ratio for which no
test data are available and let the subscript & indicate
corresponding coefficients and factors that apply to
the ratio for which test data are available. It can then
be said that

Loy—A. 1,48, (10)
and
Te,=A:T. +B; (11)

Equating both equations to T., and solving for T, ,

T, — A’ e B,]+Br (12)

If 7', is known, 7', may be estimated by the relation
glven in equation (10).

It should be borne in mind that the relations devel-
oped in this analysis hold only when the various thrust
coefficients involved are all taken at equal values of P..

L0 1
T T T[T
; No body |
-/8\ e W/fh
16 ‘ s —
| | e _
.14 B i = ™
‘ ; N
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I o N [
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[ | \ |
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FiGURE 12.—Comparison of characteristics of 48-inch propeller in free air with
characteristics of the same propeller operating in presence of 16-inch nacelle. Blade
angle, 30°.

COOLING CHARACTERISTICS

For the presentation of the cooling characteris-
tics, the nondimensional cooling-air flow coeflicient
\/ Ap/pn*D* has been introduced. The values obtained
from all pressure-drop measurements with the propeller
operating were converted to this coefficient and plotted
as a function of V/nD. Such a method of presenting
the results is of advantage because it allows the results
of measurements of pressure drop both with the pro-
peller removed and with the propeller operating to be
presented on the same chart. The measurements with
the propeller removed can be presented as a function
of V/nD in terms of \/A])/p’ILZDZ because on such a
chart the slope of any straight line through the origin is

\/Ai
pn*D* 1 Ap (13)
" VinD 1/
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(b) 48-in. propeller; 12-in. nacelle; d/D=0.25.
(¢) 48-in. propeller; 16-in. nacelle; d/ D= .33.
(d) 36-in. propeller; 12-in. nacelle; d/ D= .33.
(e) 36-in. propeller; 16-in. nacelle; d/ D=".44.

13.—The variation of interference-thrust coefficients with free-propeller thrust-loading coeflicients.
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F1GUurE 14.—The variation of slipstream-drag coefficients with apparent propeller thrust-loading coeflicients.
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Except for a slight variation with Reynolds Number,
the value of Ap/q obtained with the propeller removed
is essentially constant. By the substitution in equa-
tion (13) of the value of Ap/q obtained from tests
with the propeller removed, an expression giving the
pressure drop under that condition is obtained and a
straicht line satisfying this expression can be drawn
on the plot of \/ Ap/pV?2D? against V/nD. Such a line
represents, for the case under consideration, the pres-
sure available without the effect of the propeller.
From the results presented on such a chart, the pres-
sure drop available can be determined, when p, V, n,
and D are known, from equation (13) and the quantity
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B
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Nz o
B
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FIGURE 15.—The variation of body interference factors with d/D.

of air flow can be determined from the relation shown
in equation (2) of reference 5.

The effect of variation in /D on the cooling-air-flow
coefficient is given in figure 16. The trend of the results
is in agreement with that indicated by previous investi-
gations. At high values of V/nD, i. e., high velocities,
the effect of the propeller was practically the same for
all blade-angle settings and, for all cases, the propeller
decreased the pressure drop below the corresponding
values obtained with the propeller removed. At low
values of V/nD), the effect of the propeller was largely
dependent on blade-angle setting and tended to increase
the pressure drop, except in the extreme case shown in
figure 16 (c), where the nacelle diameter was only 25
percent of the propeller diameter. In this case, the
propeller showed a slightly favorable effect at high
blade-angle settings but, at blade-angle settings below

25°, the propeller actually caused a reversal of flow at
low values of V/nD.

It was believed that the poor cooling characteristics
obtained from tests of the propeller-nacelle combination
giving a value of d/D of 0.25 might be due to the fact
that, at this value of the ratio, the hub was so large
relative to the entrance at the front of the cowling that
it was creating an adverse pressure gradient and thus
causing the air to flow away from the entrance. An
additional series of tests was therefore conducted on
the same arrangement but with the propeller hub
covered by the spinner shown in figure 1. Comparison
of the results obtained with the spinner with those ob-
tained without the spinner (fig. 16) reveals that, with
the propeller operating, the spinner caused no appre-
ciable change in the pressure-drop coefficients. This
result was contrary to expectation and may be partly
explained by the comparison of the pressure-drop coeffi-
cients obtained with the propeller removed and with
and without the spinner in place. Further reference
to figure 16 shows that the pressure drop obtained with
the spinner in place was about 20 percent less than that
obtained when the spinner was removed. It therefore
appears that the spinner had two effects, one of which
compensated for the other. It restricted the cowling
entrance and caused large total-pressure entrance
losses, but it improved the air flow over the hub enough
to compensate for the adverse effects of restricting
the entrance.

The results of tests, with the propeller operating, to
determine the effect on cooling characteristics of vary-
ing the exit area by cowling flaps are presented in figure
17. For all values of V/nD, the cooling coeflicient
increases linearly with the cowling-exit area until the
exit area becomes about 10 percent of the nacelle cross-
sectional area. At larger values of the exit opening,
the slope of the cooling-coefficient curves decreases
rapidly until, at an exit area of about 20 percent of the
cross-sectional area of the nacelle, it appears that there
is but little to be gained through further increase in
exit area.

The relative merits of adjustable cowling flaps and
an adjustable-length cowling skirt as a means of con-
trolling the pressure drop across the engine are com-
pared, on the basis of test results obtained with the
propeller removed, in figures 18 and 19. From figure
18, which compares the effectiveness of the two methods,
it is seen that both are of about equal merit for exit
areas up to about 10 percent of the engine cross-sec-
tional area. For larger exit areas, the greater effective-
ness of adjustable cowling flaps becomes increasingly
important; when the exit area is 25 percent of the cross-
sectional area, the cowling flaps give a value of Ap/q
of 1.22 as compared with the value of 0.83 obtained
with the adjustable-length skirt. Itis of furtherinterest
to note from figure 18 that the maximum pressure
attainable with cowling flaps is apparently much higher
than can be obtained with an adjustable-length skirt.
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(a) 48-in. propeller; 16-in. nacelle; d/ D=0.33.
(b) 36-in. propeller; 16-in. nacelle; d/ D= .44.
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(a) 15° blade angle at 0.75R.
(b) 20° blade angle at 0.75R.
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propeller; the 16-in. diameter nacelle; K, 0.085.

(¢) 48-in. propeller; 12-in. nacelle; d/D= 0.25.
(d) 36-in.propeller; 12-in. nacelle; d/D=.33.

(e) 48-in. propeller(with spinner); 12-in. nacelle; d/D= 0.25.
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From the results shown in figure 18, it may appear
that cowling flaps are greatly superior to the adjustable-
length cowling skirt. Comparisons in figure 19 of the
variation of drag with pressure drop obtained with the
two systems indicate, however, that cowling flaps are
slightly inferior from considerations of drag. It is te
be noted that, up to a value of Ap/g of 0.65, the drag
coefficient obtained with the variable-length skirt is

ference to show the wvariation of propulsive thrust
with variations in that ratio.

With the arrangements tested, the effect of variation
in the ratio of nacelle diameter to propeller diameter on
propulsive efficiency was unimportant until the nacelle
became approximately one-third of the propeller diam-
eter but, beyond that point, the propulsive efficiency
decreased rapidly with further increase in relative
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FIGURE 18.—The variation of Ap/g with ratio of cowling-exit area to nacelle cross-
sectional area. Comparison of effect of varying exit area by cowling flaps withk
effect of varying exit area by reduction in cowling-skirt length. The 16-inch
nacelle; K, 0.085.

the same as the theoretical cooling drag for 100 percent
pump efficiency (reference 7); whereas the values of
drag coefficient obtained with the cowling flaps begin
to depart from the theoretical curve at a value of Ap/q
of 0.35.

In general, the difference in drag created by the two
methods is negligible in the range of values of Ap/q
that prevail under high-speed flight conditions and is
relatively small in the take-off and climbing range.

CONCLUDING REMARKS

These results indicate the manner in which the
efficiency of a nacelle-propeller combination is depend-
ent on the ratio of the nacelle diameter to the propeller
diameter. An empirical relation has been developed
from measurements of slipstream drag and body inter-

n

FiGure 19.—The variation of Ap/q with Cp . Comparison of effect of varying exit

area by cowling flaps with effect of varying exit area by reduction in cowling-
skirt length. The 16-inch nacelle; K, 0.085.

body size. The highest value of net efficiency was
obtained at the lowest value of the ratio of nacelle
diameter to propeller diameter at which tests were
made and the value decreased with increasing value
of that ratio.

Tests of one nacelle-propeller combination having
a ratio of nacelle diameter to propeller diameter of 0.25
showed that the presence of a spinner over the pro-
peller hub increased the propulsive efficiency by an
amount varying from 1% to 4 percent.

Drag and cooling-air-flow measurements showed that,
for a given volume of cooling-air flow, the drag of a
conventional N. A. C. A. radial air-cooled engine
cowling is slightly lower when fitted with an adjustable-
length cowling skirt than when fitted with adjustable
cowling flaps but showed that the maximum pressure
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drop available with adjustable cowling flaps is about
20 percent greater than the maximum pressure available
with an adjustable-length skirt.

LANGLEY MEMORIAL AERONAUTICAL LABORATORY,
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS,
LancLey Firwp, Va., April 17, 1939.
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Positive directions of axes and angles (forces and moments) are shown by arrows
Axis Moment about axis Angle Velocities
Force
= (pa.ralle)l 5 o (Linea.r
. . ym- | to axis - . ym- ositive Designa- | Sym- compo-
Designation bol | symbol Designation bol direction tion bol |[nent along Angular
axis)
Longitudinal . _ _ _ _ X X Rolling_._ - L Y—7Z Rollss &2 ) u P
Biaterals i~ oA Y Y Pitching____.| M Z—>X Pibeh == 0 v q
Normgls . o o Z Z Yawing-___| N X—>Y Yaw._. -2 Y w r
Absolute coefficients of moment Angle of set of control surface (relative to neutral
L N position), 8. (Indicate surface by proper subscript.)
01=—_‘ " 0 T W
¢bS " geS qbS
(rolling) (pitching) (yawing)

D, Diameter

P, Geometric pitch
p/D, Pitch ratio

V’, Inflow velocity

V,,  Slipstream velocity
z, Thrust, absolute coefficient Cr=

Q, Torque, absolute coefficient Co=

1 hp.=76.04 kg-m/s=550 ft-1b./sec.
1 metric horsepower=1.0132 hp.

1 m.p.h.=0.4470 m.p.s.
1 m.p.s.=2.2369 m.p.h.

4, PROPELLER SYMBOLS

T

pn*D*

Q

pn*lP
5. NUMERICAL RELATIONS

P,

m,
n,

®,

Power, absolute coefficient Cp=

5 pV5

O;,  Speed-power coefficient= Pt

Efficiency
Revolutions per second, r.p.s.

Effective helix angleztan"(il)
TN

1 1b.=0.4536 kg.
1 kg=2.2046 Ib.

1 mi.—1,609.35 m=>5,280 ft.

1 m=3.2808 ft.

P

pnflP®







