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EFFECT OF PROPELLER-AXIS ANGLE OF ATTACR ON THRUST
DISTRIBUTION OVER THE PROPELLER DISK IN RELATION
TO WAXE-SURVEY MEASUREVENT OF THRUST

By Robert E. Pendley
SUMMARY

Tests were mede to investigate the variastion of

thrust distribution over the propeller disk with angle
of pitech of the propeller thrust axis and to determine
the disposition and the minimum number of rakes neces-
sary to measure the propeller thrust. The tests were
m2de at a2 low Mach number for a low and & high blade
angle with the propeller operating at three small angles
of pitech, and some of the tests were repeated at a higher
Mach number. The data obtained show that, for small
angles of pitch, large changes occur in the energy distri-
bution in the wake which prohibit the usze of a single
survey rake for thrust measurement in flight tests and
limit the use of 2 single rake in wind-tunnel tests.
Under certain conditions, the energy distribution in the

rake took on a symmetricael form and two diametrically
oooosed survey rakes were shown to be satisfactorv for
obtaining proveller thrust.

INTRODUCTION

In many cases a total-pressure survey rake is a

more desirable means for measuring propeller thrust than
a force system because not only the total thrust can be
obtained from wake=survey data but also the action of the
elements along the propeller blade can be analyzed. In
flight tests propeller thrust can be measured only by
wake surveys since a satisfactory thrust meter has not
yet besn developed. TIn wind-tunnel investigations of
Uﬁonellers, however, the thrust obtained by use of a force

system often differs considerably from that obtained by
single-rake wake-survey me&surements.
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In reference 1 the lack of agreement between the
thrust obtained by wake surveys and by force tests was
explained as the result of hub drag and increase in body
drag due to the slipstream. 1In reference 2, published
later, propeller-thrust-axis inclination to the free-
stream flow was shown to affect wake-survey measurements
since large variations in the distribution of thrust
over the propeller disk were found to occur with varia-
tions in angle of pitch or yaw. Some of the lack of
agreement in the measurements of reference 1 might
therefore have been caused by a small angle of pitch or
yaw of the propeller thrust axis, although the hub drag
and the increcase in body drag undoubtedly contributed to
the lack of agreement. The effect of propeller-thrust-
axis inclination to the free-stream flow on wake=~survey
measurements was further verified by tests made in the
Langley 8-foot high-speed tunnel. 1In these tests, large
differences in the thrust measured by a force system and
by a single survey rake were found with the model at an
angle of attack of 1°, but excellent agrecement was
obtained when the tests were made at an angle of
attack of 0°.

The present tests were made in the Langley 8-foot
high-speed tunnel to investigate the variation of thrust
distribution over the propeller disk with angle of pitech
of the propeller thrust axis and to determine the number
and radial position of wake-survey rakes necessary to
obtain the propeller thrust. Survey measurements with
a single rake were made at six equally spaced radial
positions around the propeller disk. The tests were
made at three small angles of attack of the propeller
thrust axis for a high and a low blade angle and at
two Mach numbers. The effect of longitudinal position
of the rake was not investigated.

SYMBOLS

The symbols used herein are defined as followa:
D propeller diameter, feet
J advance~-diameter ratio (V/nD)
M free-stream Mach number

n propeller rotational speed, revolutions per second
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r station radius, feet

rs wake-survéy-station radius, feet

R propeller tip radius, feet

v free-stream velocity, feet ver second

W section relative air velocity, feet per second

% radial station (r/R)

Xg radial station at survey plane (rg/R)

ACT wake-survey thrust coefficient minus force-test
tnrust coefficient

dCr/dxs  thrust-coefficlent gradient

Crg wake-survey thrust coefficient

a angle of attack of propeller thrust axis, degrees

B section blade angle at 0,75 radial station, degrees

M propulsive efficiency

) ngle of rotation measured in direction of propeller
rotation from vertical axis (fig. 1), degrees

APPARATUS AND METHODS

The tests were conducted in the Langley 8=foot high-
spe@d tunnel with a two-blade right-hand Dro“wiler i feet
in diameter and having an NACA l;-(5.9)(07)-0345-B blade
design of NACA 1l6-series sections.

Blade form curves for the propeller are given in
figure 2, The propeller was designed to have a minimum
energy loss in the wake. The pitch distribution used in
the design of the propeller is that obtained by assuming
all S6CtLODS of the blades to be operating at the same
free-stream velocity. The design conditions were for a
free-stream Mach number of 0,500, an advance-diameter
ratio of 2,70, and a power cosfficient of 0.167.
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The body on which the propeller was tested (fig. 3)
was designed to have a high critical Mach number, The
fuselage shape was the NACA form 1l11l. (See reference 3,)
The wing of the mocdel extended through the tunnel walls and
was fastened to the balance ring. The airfoil had a
20-inch chord, was 9 percent thick, and had mocdifizd
NaCA 66-series sections.

The forward 7.4 percent of the fuselage was used as
a spinner containing the propeller hub, The propeller
plane was located at 3.8 percent of the fuselage longth
to give a spinner dliameter equal to 15 percent of the
propeller diameter., A small gap between the propeller
and the spinner surface was sealed by sponge rubber
cemented to the blades in order that no radial outflow from
the spinner along the blades could occur,

The 200-horsepower induction motor used to turn the
propeller was 10 inches in diameter and 50 inches long
and was housed within the fuselage. he motor housing
was mounted on ball bearings coaxial with the shaft and
was prevented from rctating under the torque reaction by
a hydraulic unit that transmitted the torque force to a
scale.

Thrust was measured simultaneously by force tests
and by wake surveys. The forcs tests were made by use of
the tunnel drag balance, which gives the resultant force
on the model along the tunnel axis, Propulsive thrust
was computed as this resultant force plus the drag of the
model without the propeller, For thrust measurement
by wake surveys, a total-pressure survey rake was located
radially in a plane perpendlcular to the tunnel axis
18 inches (0,375 diameter) behind the proveller plane and
bolted to the tunnel wall. The effect of longitudinal
position of the survey rake was nct investigated; the
longitudinal position used approximated thet of the tests
reported inrelference i, Complete tests were made for the
rake mounted in each of the six equally spaced positions
around the propeller disk. The rake was free of ths modsl
at all times and extended to within about 0.25 inch of the
fuselage surface, The tubus of the rake were arranged to
me asure the wake from radial stations of zbout 0.35 to l.15.
Although the proveller wake was shifted at the survey station
by the fuselage, this arrangement provided complete measure-
ment of the thrust distribution gn the blade for all condi-~
tions tested, The rake was connected to an inclined-tube
manometer and the pressures werc rccorded photogravhically.
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The force-test data have been reduced to the usual
thrust and power coefficients and have been corrected for
the equivalent free-stream velocity (reference 5) and for
the buoyancy effect on model drag that occurs as a result
of tunnel-wall constraint.

Because of the constraint of the tunnel walls, the
equlvalent free-stream airspeed corresponding to the
thrust and torque of the propeller measured at each
rotational speed differs from the tunnel datum velocity,
This correction was evaluated by surveys of velocity in
three planes - immediately in front of, immediately behind,
and at the propeller tip., The velocity surveys extended
from the tunnel wall to the propeller tip. The correction
was evaluated from these data by the method of reference 5,
This correction, which was small, has been applied in the
determination of the values of the advance-diameter ratio.

Because of the slipstream contraction, the air passing
outside the slipstream undergoes an increase in static
pressure with distance downstream from the pronellesr,

This increase in static pressure gives rise to a buoyancy
force on the model. The measured thrust has been corrschted
for the buoyancy effect. The correction was determined
from measurements of the static-pressure gradient in the
tunnel air stream., These measurements were made for the
complete range of thrust loading and Mach number covered

in this test,

The wake-survey thrust coefficient was computed fron
measurements of static-pressure and total-pressure changes
in the wake of the propeller. An explanation of the method
used is given in reference 6,

Data were obtained for blade angles of 26° and 53°
measured at the 0,75 radius; the propeller was tested at a
blade angle of 26° at a free-stream Mach numbsr of 030
and a blade angle of 550 at free-stream Mach numbers of 0430
and 018, The tests were made with the propeller thrust
axis at angles of attack of 2° and L© for the lower Mach
number and of 2° only for the higher Mach number becguse of
lift-load 1limit. At an upper vertical rake position, taests
were made at an additional thrust axis angle of attack of 1°
for a blade angle of 530,

The data presented herein may be applied to propeller
operation in yaw by rotating the reference sxis from which
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the survey position is measured through 90° or through
the appropriate angle for conditions of combined pitch
and yaw,

In computing the thrust coefficient from data obtained
with a single survey rake, the assumption is made that no
variation in the flow about the propeller blade occurs

during a revolution. In other words, it 1s assumed that

the radial thrust distribution is identical for all angular
positions around the propeller disk and therefore that

.the survey-rake measurements are independent of rake posi-

tion. his condition exists only when the free-stream
flow is parallel to the propeller thrust axis and the body
interference on the propeller is uniform about the thrust
axis, When the propeller thrust axis i1s inclined to the
flow, each blade section operates at a varying angle of
attack as it turns through a revolution., ’

If the propeller axis is at a positive angle of
attack and the propellsr is operating at a constant
advance-diameter ratio, the blade sections in the right
half of the disk for a right-hand propeller will have a
greater angle of attack than those in the left half., This
condition is illustrated by the vector diagram of figure Iy
in which it is also evident that changes occur in the
resultant velocity of the. blade sections., If the effects
of induced velocity are neglected,the forward velocity
for a section at a propeller-thrust-axis ungle of attack
of 00 and at any angular location w®w 1s shown by a solid
line in figure L with the resultant veloclty W making
an angle of attack «a with the section, If the propeller
axis is given a small positive angle of attack with the
free-stream flow, a section with angular locations of
either  w="0° or '@ = 180° will have an insignificant
change in its angle of attack; but, as the section rotates
from ® = 0°, its angle of attack wlll increase to _a
maximum value at = 90°, will return at @ = 180° to
the value for ~w = 0°, and will decrease to a minimum
value at o = 270° from which it will increase to the
original angle of attack at = 0°, . The wveloclty-vector
diagrams for a section at maximum and minimum angles of
attack are also shown in figure L; the long-dash-llne
vectors represent the maximum condition at = 900 and
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the short-dash-line vectors the minimum condition at

w = 2709, At the conditions of maximum and minimum sec-
tion angle of attack, the angles between the original

and displaced forward-velocity vectors are equal to the
propeller-thrust-axis angle of attack, These variations
in section angle of attack and resultant velocity cause
an irregular wake., This irregularity in the wake is
clearly the effect of inclination of the propeller axis
to the free-stream flow and is not related to body inter-
ference,

The pitched attitude of the propeller results in a
shift of the wake relative to the fuselage. Figure 1,
which shows the wake shift for angles of attack of 2°-
and 40, indicates that a rake located in the upper half
of the disk will measure more of the wake than a rake
in the lower half,

It is very evident that these wake irregularities
render a single survey rake of little value for calcu-
lating the propeller thrust coefficient when the thrust
axls is inclined to the dirsction of the free stream.

The effect of the wake irregularities is illustrated in
figure 5 in which thrust-coefficient-gradient curves are
shown at a constant propeller thrust coefficient for

rake positions (with the exception of the 300° position)

at 600-intervals for a blade angle of 53° and at an

angle of attack of L4°, Very large wake changes are
apparent., When the wake-survey thrust coefficient obtained
by integration of thrust-coefficlent-gradient curves is
plotted for a range of advance-diameter ratio, the curves
obtained compare as shown in figurcs 6 to 8 with those of the
force-test thrust coefficient for the same conditions of
propeller operation,

The change in thrust loading as the blade turns
through a revolution is shown in figure 9 as the difference
between the integrated wake-survey thrust coefficient
and the force-test thrust coefficient at a constant advance-
dismeter ratio as read from figures 6 to 8. Since the curves
in these figures for the wake-survey and the force-test
measurcments are nearly parallel, this plot will be
practically the same for the entire range of advance-
diameter ratio up to the point of stall.

From the section angle-of-attack variation of a
pitched propeller, the curves of ACp would bz expected
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to pass through O at ® = 0° and = 180° and their
points of maximum amplitude would be expected to be at

»w = 900 and ®w = 270, Rotation of the propeller wake,
nowever, causes a shift of the curves in the direction
observed, but this shift is of the order of only 3°©

to 50, The large remainder of the shift is unaccounted
for but may be caused by the oscilllation of the angle

of attack of the blade sections with a resulting lag of
section forces with angle-of-attack changes.

The curves of figure 9 show the amoint by which the
wake-survey thrust coefficient obtained by use of a single
rake may differ from the actual propeller thrust coeffi-
cient. The difference between these thrust coefficlents
for the blade angle of 53° at ap = 4° varies to maximum
values about 100 percent greater and 100 percent less
than the thrust coefficient for maximum efficlency for
that blade angle, which may be read for ap = 2° from
figure 10, The maximum difference for the low blade
angle of 26° at the same thrust-axis angle of attack 1s
about L0 percent greater and 40 percent less than the
thrust coefficient for maximum efficiency at that blade
angle. At propellsr thrust cocfficients smaller than
those at maximum efficiency, these percentages are, of
course, larger and, conversely, at propeller thrust coef-
ficients greater than those at maximum efficiency, the
percentages are smaller,

An average of measured wake-survey thrust cozfficients
obtained from surveys made of the irregular wake of a
pitched or yawed propeller by a number of equally spaced
rakes would be expescted to agree with the propeller thrust
coefficient more closely as the number of rakes is
increased., In figure 11 comparisons are presented of
the average wike-survey thrust coefficient for all six
rake locations with the corresponding force-test thrust
coefficient as read from the curves of figures 6 to 8.

At the thrust coefficient for maximum efficiency, for
the blede angle of 539, the average wake-survey thrust
coefficient is about 6 percent lower then the propeller
thrust coefficient and, for the blade angle of 26°, the
wake-survey measurement 1s about I nercent lower. These
are the maximum values of the difference between the
propeller thrust coeffilcient and the wake-survey thrust
coefficient at the thrust coefficient for maximum effi-
ciency; this difference is primarily the result of
neglecting the static-pressure variation in the wake.
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The effect of neglecting the static-pressure variation

in the wake was determined from tests with a rake of both
static- and total-pressure tubes., The wake-survey thrust
coefficient was calculated by use of the actual static
pressure along the rake and then recalculated with the .
assumption of free-stream static pressure along the rake,
The curves of wake-survey thrust coefficient as calculated
by these two methods are vresented in figure 12. At the
thrust coefficient for maximuwn efficiency, the assumption
of free-stream static pressure is shown, for both blade
angles, to cause the calculated wake-survey thrust coeffi-
cient to be about l .5 percent lower than that obtained by
use of the actual pressure.,

The symmetry of the ACp-curves of figure 9 suggests
that the average of the thrust cosfficients from two
diametrically opposed rakes will be equal to the propeller
thrust coefficient. The difference, at all points around
the disk, betwecen force-test thrust coefficient and average
wake-survey thrust coefficient for two dlametrically
opposed rakes is presented in figure 13. The curves were
obtained by averaging values of ACp at points 1800
apart on the curves of figure 9 for positions all around
ths disk and plotting the values obtained against rake
position. These curves show the lack of symmetry of the
ACp-variation. Except for the curve at the high blade
angle and high thrust-axis angle of attack, the curves
chow that an average of the wake-survey thrust coefficients
from two diametrically opposed rakes is lower than the
propeller thrust coefficient by an amount equal to 0 to
5 percent of the thrust coefficient for maximum effilciency.
This difference indicates that the two-rake installation will
prove satisfactory when the static-pressure variation is
included in the calculations and when the propeller is
operating under conditions similar to those used herein.

Two diametrically opposed ralkss provide an average thrust
coefficient equal to the propeller thrus: coefficient

because of the symmetry of the ACp-curves; two diametrically’

opposed rakes will therefore be insufficient in cases in
which these curves are nonsymmetrical. Nonsymmetrical
body interference around the propeller disk induced by
thick wings, large scoops, cockplt canopies, or similar
bodies will destroy the symmetry of the ACp~-curves and so
preclude the use of only two rakes.

The recommended positions for an installation of two
y o p o -
rakes 1s for several reasons at the points of maximum
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and minimum loading: First, the early compressibility
and stall losses at these points can be observed (refer-
ence h); second, the rate of change of ACT with radial
rake position 1s smaller near these points than at other
positions; and last, the Installation is more practical
for flight tests, in which the rakes should be mounted
horizontally because of larger changes in pltch than in
yaw.

In two-rake installations in which the rakes are
not radial to the propeller axis, the thrust obtained
from each rake will correspond to that of a radial rake
located in some position between the wvalues of w for
the Innermost and outermost survey tubes. If the two
equivalent radial positions for the two nonradial rakes
intersect at an angle other than 180°, the average of
the two thrust values for those positions will be equal %o
propeller thrust only for the conditions of zero angle of
piteh and yaw. If the equivalent radial rake positions
occur near the points of maximum amplitude of the ACp-curves,
however, the error of the nonradial installation will be
less than 1f the eguivalent positions occur near polints
of zero amplitude where the slope of the curves 1s steepest,

CONCLUSIONS

From tests made to determine the effect of survey-
rake position around the disk of a pitched propeller on
the measurement of propeller thrust and to determine the
disposition and minimum number of rakes necessary to
measure the thrust, the following conclusions can be
drawn:

1. Propeller operation:at small angles of piteh or
yaw causes large variations in the distribution of energy
in the wake,

2+« Unless the propeller 1s operating at zero angle
of pitch or yaw and the body interference on the pro-
peller is uniform about the thrust axis, one survey
rake 1s insufficient for obtaining propeller thrust
since differences of more than 100 percent may occur
between actual thrust and thrust calculated from the
wake~-survey measurements.,
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3. If the variation of the difference in the wake-
survey thrust coefficient and the force-test thrust
coefficient with pitch or yaw is symmetrical and if
static pressure variations in the wake are considered,
two diametrically orposed rakes may be used to measure
propeller thrust.

Lungiey Memorlal Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va,
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Figure | .—Effect of angle of atfack on wake location, J=2.7 ;ﬁ=53§
M=0.30. (As viewed from a downstream point.)
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Figure 3.~

Propeller setup in the Langley 8—fooﬂ High-speed tunnel with

pakesof =both static-pressure and total-pressure tubes in upper vertical
POS I on,
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Figure 4 .—Ve/ocir‘y vectors for a section
of a pifched propeller (induced
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