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FULL-SCALE TESTS OF 4- AND 6-BLADE, SINGLE~ AND
DUAL~ROTATING PROPELLERS

By David Biermann aﬁd Bdwin P. Haritman
SUMMARY

Tests of 10-foot diameter, 4~ and 6-«dblade single~ and
dual-rotating propellers were comducted in the 20-~foot
propeller~research tunnel. The propellers were mounted at
the front end of a streamline bhody incorporating spinners
to house the hubd portions. The effect of a symmetrical
wing mounted in the slipstream was investigated. The Dbladse
angles investigated ranged from 20° to 65°; the latter set-
ting corresponds to airplane speeds of over 500 miles per
hour.

The results indicate that dual-rotating propellers
were from O to 6 percent more efficient than single=-
"rotating ones; but when operating in the preseénce of a
wing the gain was reduced about one-half. Other advan-
tages of dual-rotating provellers were found to include
greater power absorption and greater effi31oncy at the low
V/nD operatzng range of high pitch propellers..

INTRODUCTION

Theoretical treatments of propeller losses, such as
“those #given in references 1 and 2, have indicated rota-
tional losses in the slipstream amounting to several per-
cent for highly loaded propellers operating at high values
of V/nD, - Military aircraft have now reached the stage of
speed and power wherein it appears that dual-rotating pro=-
pellers might De justified on the grounds of improved of-
ficiency alone; although the elimination of the engine-
torque reaction might be a more important consgideration.
In view of these advantages of dual-rotating propellers
over gingle-rotating ones, the need for fullescale preopeller
tests is obvious, 1nasmuch as very little information on the
subject is avallable.

A test program was initiated for the 20-foot propel=-
ler-research tunnel to cover the following conditions:
Tests of 2=, 3w, 4w, 8-, and 8-blade single~rotating pro=-
~ pellers operating both' as tractors_ and pushers; tests of

4=, 6=, and B-blade dudl-rotating propellers operating



both as tractors and pushers; tests to determine the effect
of a wing in reducing the slipstream rotational losses.

. The present report covers the regsults of the tractor
tests made with 2=, 3~, 4=, #nd 6-blade single- and 4~ and
6-blade dual-rotating propellers operating with and with-

cut a wing in the ollpotream.

APPARATUS AND METEODS

The tests were made in tne NACA 20-foot propeller—
research tunnel.

Propellers.- The propellers which incorporate the
Clark Y section were approx1mately 10 feet in diameter.:
They varied slightly in diameter, depending on the hubd
used. The drawing numbers are Hamilton-Standard 3155-6
for the right-hand blades and Hamilton-Standard 3156-5 for
the left-hand blades. Blade-form curves are given in fig-
ure 1, o ,

Driviag mechanlsm.~ The nropellers were drlven by two
25-horsepower electric motors arranged in tandemn. (See
figs 2.) The front motor was directly econnected to the
front propeller while the rear motor drove the rear pro-
peller through chains and a countershaft, The propeller
shafts were locked together for single-rotatiom operating
conditions. The motors were mounted on bearings concen-
tric with the shaft axis. 3IZach motor frame was_restrained
from rotating by helical springs connecting with the sup=-
porting frame, which provided means for measuring the
torque. Selsyn motors were used to transmit the motion of
the motor frames %o the test chamber in order that torgue
measurements could be made,-

§g§x.~ An outline of the streanline body housing the

. motors is shown in figure 3. A photograph of the set-up

is given in figure 4., Tests were made with and without

. the symmetrical wing in place. The wing was locatedoin the
~-midwing position, and set at an angle of attack of 0" ..
Both ends of the body were made identical in order that
comparative tractor and pusher tests could be made without
altering the body shape. Spinners were used for all tests.
Both wing and body were constructed of wood~forming members
covered with sheet-aluminum skin.

Measurements.~ The net thrpot or drag of the propeller-
body combination was measured on a thrust balance located
on the floor of the test chamber. The torque of each motor

5




S

was measured with the spring-dynamometer-selsyn=-repeating
system described above, The dynamometer was calldbrated
before and after the series of tests was made. Friction-
determination tests were made frequently during the progranm.
The propeller speed was measured by a new NACA electric
tachometer which proved to be highly accurate. The tachom=
eter was frequently checked during runs against a tuning
fork., Each propeller of the dual combinations was rum at
the same speed. A synchroscope was used to indicate syn-
chronism, GControl of the relative spesds of the two motors
was obtained with a frequency converter placed in the line
feeding one of the induction drive ‘motors.

Test conditions.- The tunnel speed ranged from O te6
about 110 miles per hour. The maximum propeller speed was
about 550 rpm, which corresponds to 287 feet per second
rotational tip speod.

The dual-rotation tests were made with the rear pro-
peller blades adjusted to provide approximately the same
torque at peak efficiency as for the front propeller. A
plot of the difference between the front and rear propel=-
ler-blade settings is given in figure 5. A4 typical plot

- of the results 1g given in figure 6. The degree that the

test points scatter gives an indication of the accuracy of
the results,

The 4= and 6-blade single-rotating propellers were
made up with two 2~ and 3-way hubs, respectively, mounted
in tandems. Alternate blades were thus staggered, This ar-
rangement resulted in identical blade shank and spinner
conditions for both the single and dval-rotatiom tests,

RESULTS AND DISCUSSION

The meagured valucs have been reduced to the usual co=

efficients of thrust power, and bropulslve efficiency,

'c . effectiye thrust
T P n§ 4
‘GP - eng;ne power
. e ‘P na Ds
and
n-bz ¥
e ‘CP nD



where the effective thrust is the measured thrust of the
propeller=body combination plus the drag of the body measw
ured separately.

D propeller diameter,wfeet.

n propeller rotational speed; rps.

These coefficients were plotted against V/nD. The
results are given in the following figures:

Figurse ¥umber Rotation Wing
of blades

7 to 9 4 ' 8ingle ¥o
10 to 13 4 Dual No
14 to 16 6 ' Single No
17 to 20 6 Dual No
21 to 23 4 Single Yes
24 to 27 4 Dual Yes
28 to 30 6 Single Yes
31 to 34 8 Dual Yes

35 to 38 Effect of small variations in blade angles for
dual propeller,

37 Envelope efficiency comparisons.
38 to 39 Comparisons of power absorbed.

40 Compariéons of thrust availadle at constant power,

¥

41 to 44 Design Cg charts.

In addition to the comparisons listed above, several
direct comparisons are made between the 8-blade single-
and dual=-propeller characteristics in figures 17 to 20 and
31 to 34,

The dual-rotation tests were conducted with the rear



propeller set at .a slightly lower angle than the front one
in order to absorb approximately the same power at the
peak-efficiency condition. (See fig. 5 for blade settings.)
The anecessity for this difference in tlade angle can be ex=
plained by the fact that the front propeller introduces a
rotational component to the slipstream which increases the
angle of attack of the rear propeller, It is then neces-
sary to reduce the blade angle of the rear propeller to
offset thise increased angle of attack.

The front propeller also adds energy to the streanm
in the form of an increment of pressure across the propel-
ler disk. The pressure enecrgy is gradunally converted into
velocity energy as the flow progressecs, For closely spaced
dual-~rotating propellers the velocity through the rear pro-
peller disk ts very little different from that through the
front propeller disk, hence the blade-angle iancrement of
the rear propeller necessary to offset this increased ve=
locity is probably very little. If the propeller spacing
were large the velocity factor would be quite perceptible
and might even overbalance:the rotatlonal factor,

In figures.lz, 19, 26, and 33, it may be noted that
the power curves for the froant and rear propellers cross
at V/nD wvalues corresponding approximately to those for
peak efficiency, and that at lower V/nD valueg the rear
propeller absorbs consideradly more power than the front
propeller. This illustrates further the effect of the
front propeller in increasing the angle of attack of the
rear propeller, and indicates that the magnlitude of the
differences in the power absordbed dy the front and rear
propellers is a direct function of the disk loading, as
woula be expected from theory.

; Ia fl%ureu.ZS and 36 are shown the results from a

o few tests made to determine the effect of small changes in

the blade @ngle of the rear propeller. It may be noted
- that the thrust and power changed as would be ‘expected,
and that there was no measuradle effect on the efficiency
‘of  the combinat10n.~

There are several important considerations in compar-
ifig ‘single-and dual-rotating propellers. The relative
efficiency at all speeds is odbviously of the first order
of importance.. The presence of a w1ng'in the glipstream
is an important cons ider&*lon because it can be expected

- to remove about half of the race rotatiom of a single pro=

pellgr. TheArelatzve.power absorbed at peak efficiency
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by single~ and dual-rotating propellers is of some impor-
tance becauss of its effect on the diametecr and tip gpeed.
The relative power absorbed at the take-off and climbing
conditions determines the relative blade~angle settings
and conscquently the relative thrust. The relative thrust
for a given power output is a measure of the relative ef-
ficiencies for the take~off and climb of controlladle pro=
pellers,

In figure 37 are the envelope efficiency comparlisons
for all conditions investigated. The 4-blade dual-rotat-
ing propeller had about the same efficiency as the single~
rotating propeller at a V/nD of about 1.,0; but at a V/nD
0f 5.0 there was a gainm of 5 percent in favor of dual ro-
tations The wing improved the efficiency of the single-
rotating propeller about 2 percent only for the high v/nD
ranges The wing had no effect on the 4~bdlade dual-pro-
Peller results, e

The 6-blade dual-rotation propeller was from 1 to 6
percent more efficient than the single-rotation propeller.
The wing improved the efficiency of the single-rotation
propsiler by O to 4 percent, and also improved the effi-
ciency of the dual propeller O to 3% percent.

These results seem to check theory roughly in that
the gain due to dual rotation, within the limits of these
tests, amounts to from O to about 6 percent, depending
upon the pitch and the disk loading. The presence of the
wing resulted in about half as much improvement in effie-
clency as dual rotation.

In figure 37 is also shown the effect of different
numbers of blades on efficiency., The results for the 2
and 3-blade propellers, which are included here for com-
parisom, are the average of the results of the tests made
with the propellers located in the front and rear posi-
tlons. Inasmuch as the rear spinner is larger than the
front one, the efficiency of the rear propeller was found
to be 1 or 2 percent higher than that of the front one.
Using average results for the 2- and 3-blade propellers
makes possible a direct comparison with the 4= and 6-blade
propellers, each of which was made up with half of the
blades located in the front and half in the rear position,
It may be noted that there was very little difference be=
tween the efficiencies of the 2-, 2=, 4-, and 6-~blade pro-
pellers, except for the low V/aD range, At high volues
of V/nD the 6~blade propeller was only about 2 percent



less efficlient than the 3=blade one. It should be pointed

out, however, that solidity comparisons of this type do
not necessarily bring out the true significance, inasmuch
a8’ the disk loading was not the same for each propeller.
A separate report covers this subject more thoroughly.

In figures 38 and 39 the relative power absorbed by
single~ and dual-rotating propellers is given for three
flight conditions. The comparisons are made on the basis
of the same effective blade angles, viz, the dual propel-

ler results were interpolated to bring the V/aD for zoro

thrust in coincidence with that for the single propeller,

The results indicate that the 4-blade single and dual prow

pellers absorbed about the same power for the peak effi-
clency condition; but that at V/nD values correspording
to the takewoff and elimbing conditions the dualurot@ting
propeller abgsorbed 5 to 17 percent more power than the

single propeller. The 6-blade comparison (fige. %9) shows

- more pronounced effects, even for the high-speed condition;
the dual propeller absorbed several percent more power for

the highw-apeed condition and as much as 30 percent more

power for the take-off condition., This means that the di-

ameter of the dual propeller will be smaller than that of
the single one for equal power absorption, and that the

blade angles for the take-off and climbing conditions will

be lower,

The relative thrust available for dual and single
propellers operating at equal values of Cp is given in

figure 40, This is a true comparison of controllable pro=

pellers of equal diameters operating at all flight speeds
but at constant torque, engine speed, and altitude; and
consequently shows the direct effect of duval propellers
on the thrust for the take-~off and climbing conditions.

Relative thrust curves are worked out for several airplane

categories, defined by the blade-angle settings for high
speeds Thus 30°, 45°, 509, 559, 60°, and 65° high speed
settings correspond roughly to speeds of 250, 375, 425,
450, 475, 500, and 525 miles per hour, respectiveély, as=
suming a tip speed of 900 to 1000 feet per second.: In-
asmuch as the engine speed and diameter are assumed con-

stant, the V/nD 4is directly proportional to the air
speed., ‘

This analysis indicates that there is 2 marked gain
due to dual rotation for the take-off and climb of air-
planes operating at conditions of Cp greater than 0.4,
or for conditions wherein the blade angles for take-off



and climb exceed 30°., 1In terms of airplane categories, the
take=off and climbing thrust of airplanes having high
speeds at sea level in excess of abeout 375 miles per hour
would be benefited by dual-rotating propellers. Airplanes
having high speeds at 20,000 feet greater than about 460
miles per hour would have take-~off blade angles (assuming
equal power) in excess of 30° and consequently would bene=
it by dual rotation for this condition; the benefit would
be. even greater for the climbing comdition at 20,000 feet,

An example calculation will illustrate this point.
Given: High speed of 500 miles per hour at 20,000 feet

B for high speed = 80°
V/nD for high speed = 3.6
Cp for high speed = 1,118
To find relative thrust at reduced speeds,
V/aD for elimb at 20,000 feet = 3.6 % 0.65 = 2.34

CTD/GTS = 1.2 (c¢limb at 20,000 feet)

Cp for sea level = 0,595 (assuming constant en-
gine power)

GTD/GTS = 1,06 (climb at sea level)

V/nD 'fcr take-off = 0,35 X 3.6 = 1,26 (assuming
“constant engine speed)
C G = » 5
Tn/ Tq = 1.1
CONCLUSIONS

1+ The peak efficiency of dual-rotating 4- and 6=
blade tractor propellers was found to be from O to 6 perw
cent greater than that of single-rotating ones, depending
upon the disk loading and the blade-angle setting: the
higher these values, the greater the difference in effi-
ciency up to the limiting test blade angle of 650,



2« The presence of a wing in the slipstream increased
. the efficiency of single-rotating propellers about half as
much as was obtained with dual operation.

3s Dual-rotating propellers absorbed only slightly
more power at peak efficiency than did single-rotating
ones; but at V/nD values corresponding to the take=off
and climbing conditions, the difference was more pro-
nouncade

4 The take-off and climbing thrust of dual-rotating,
controllable propellers for airplanes in the 400-miles-per-
hour-and~up category were found to exceed that for single-
rotating propellers by substantial margins.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Pield, Va.
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Projected plart of propeller

r/R

Figure 1.~ Plan-form and blade-form curves for propellers 3155-6
and 3156-:6. D, diameter; R, radius to the tip; r, station
radius; b, sectien cherd; h, section thickness; p, geometric pitch.
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Figure 4.~ Test set-up. The photograph shows a six-blade single-rotation
propeller with wing in place. ‘
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Figure 21.- Efficiency curves
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Figure 44 - Design chart for pr'opeHers 3155-6 and 3/56-6, six-blade dual-rotation with wing.

vy big





