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JATIOWAL ADVISORY COMMITTEE FOR AERONAUTICS

THE TORSIONAL AND BENDING DEFLECTION OF
FULL-SCALE DURALUMIN PROPELLER BLADES UNDER
NORMAL OPERATING CONDITIOKNS

By Edwin P. Hartman and David Biermann
SUMMARY

The torsional deflection of the blades of three full-
scale duralumin propellers operating under various loading
conditions was measured by a light-beam method. Angular
bending deflections were also obtained as an incidental
part of the study.

The deflection measurements showed that the usual
present-day type of propeller blades twisted but a negli=-
gible amount under ordinary flight conditions. A maximum
deflection of about 1/10° was found at a V/nD of 0,3 and '
a smaller deflection at higher values of V/nD for the
station at 0.70 radius. Thege deflections ore much small=-
er than would be expected from earlier tests, bdbut the light~-
beam method is considered to be much more accurate than
the direct-rcading transit method used in the previous
testse

INTRODUCTION

In propeller research and design it would often be
highly desirable to know just how much a propeller blade
twists under operating conditions. For example, in a re-
cent research project carried out at the N.A.C.A. for the
purpose of determining the effect of compressibility on
the performance of propellers in the take-off and climbing
range (reference 1), a shifting of the basic propeller-
coefficient curves with varying tip speed was found. The
magnitude and direction of the shift was such that it
could be explained either as a result of compressibility
of the air or as an effect of a twisting deflection of the
propeller blades. Obviously it is desirable to separate
these two effects; and the only convenient method of doing



so is to measure the actual deflection of the blades un-—
der various loading conditions.

Similar displacements of propeller-coefficient curves
were encountered in certain propeller tests (reference 2)
made at the California Institute of Technology. In that
- ease the torsional deflection of the blades under load
was given as a plausible explanation of a shifting of the
thrugt-coefficient and efficiency curves with increasing
tip speeds and power inputs.

From considerations of propeller design and selectilon,
it is desirable to know the extent of the torsional de~
flection of propeller blades under load, for upon this
knowledge depends the magnitude of the correction factor
to be applied in the selection of a propeller to absorb a
given engine power. Weick gives some arbitrary values of
blade deflection to be used in connection with the design
charts of reference 3. These values amount to a 1/2° in-
crease in blade angle at 0.75 R for each increment of 100
horgsepower above 200 horsepower and are assumed to apply
only for horsepowers of 500 or less.

The instances cited give a good indication of the
need for blagde~dcflection data. The present measurements
on current types of duralumin propellers should therefore
be of value.

Contemporaneously with the present tests, a series
of blade-deflection measurements (reference 4) was made at
Wright Field. These measurements, which covered a lange
range of revolution speeds and a series of stations along
the blade, showed torsional blade deflections of suffi-
cient magnitude to account for a large part of the shift
in the coefficient curves caused by increasing the tip
speed. Unfortunately, the measurements were for static
(V/nD = 0) conditions only. The method used at Wright
Field for making deflection measurements is similar to one
that was employed by the N.A.C.A. to obtain the deflection
data published in reference 5. It depends on transit meas-
urements of the distance between the leading and the trail-
ing edges of a particular section measured parallel to the
propeller axis. The angle of twist is calculated from the
changes in this distance that occur when the propeller is
operating.

The light-beam method of measuring blade deflection
employed in the present investigation is believed to be of
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nuch greater accuracy than the transit method. A compar-
igon of the results obtained in this report with those ob-
tained for the same proveller by the transit method (ref-—
erence 4) ghows large differences. The transit method is
known to be subject to a number of possible errors. Per-
haps the greatest source of error lies in the fact that
either torsional or bending vidbrations will tend to make
the measgured distance between the leading and trailing
edges of the scction, and therefore the apparent blade an-
gle, greater than it actually is. The torsional blade de-
flection computed from these measured distances isg likely
to be much too large on this account.

The angular deflection of the blade in forward bend-
ing was also measured in the present tests. The bending
deflection of propeller blades probably has a negligible
aerodynanic effect though it has some significance in
structural design. In the present tests, it was obtained
directly as a part of the light-beam method without any
special modifications.

The light-beam method of measuring blade deflections
will probably Dbe used in the future, perhaps for other
purposes than measuring blade deflection, as it offers
possibilities for use in measuring flutter and vidbration
frequencies of propeller blades. It is a modification of
a method used by the British for the deflection measure-
ments reported in reference 6.

.TEST EQUIPMENT AND PROPELLERS

The deflcection measurements were made in the N.A.C.A.
20~foot tunnel described in reference 7. The tunnel has
an opecn throat and its maximum air speed is about 110
miles per hour.

The propellers were turned by a 600-horsepower Curtiss

Conqueror engine enclosed in a liquid~cooled engine naeclle.

The engine-propeller set-up, shown in figure 1, had previ-
ously been usced for standard propeller tests. A complete
description of it is given in reference 8.

Deflection measurements were made on three duralumin
propellers of Clark Y section further identified as folw
lowss ‘



Design Number Blade thicknecss
drawing of Diameter at 0.75 R
no. blades (£t.) (n/v)
Navy 58689 2 10 S
Hamilton Standard * :
6101 3 ' 10 7
Navy 4877 . 9~1/2 6

A photograph of the three blade types is shown in
figure 2 and the blade-form curves arc given in figure 3.

DEFLECTION-MEASURING APPARATUS AND METHODS

General method.- A small plane mirror was cemented to
the face of the propeller blade at the station at which
neasurements were to be made. With the blade in & hori-
zontal position an intense pencil of light was directed
onto the mirror, which reflected it to a focus on a verti-
cal screen behind the propeller. As the propeller rotated,
the narrow pencil of light impinged on the mirror for only
a small fraction of each revolution, thus having the effect
of a stroboscope. Bending and torsional deflections caused
the image on the screcn to move horizontally and vertically,
respectively, through angular displacements easgily calcu-
lated when the distance from the mirror to the screen is
known. In the present tests this distance was great enough
" to make very accurate readings possible. The testing was
done in the dark. A diagrammatic sketch of the apparatus
mounted in the tost chamber is shown in figure 4,

Light unit.- The light unit consisted of a wooden pro~
jection box with a 6~8 volt straight-filament automobile
lamp and 2 high-quality f 6.0 lens of 20-inch focal length
taken from an aerial camera. The lamp was supplied with
current from a storage battery and the lens holder was ad-
Justable for focusing.

Hirror.~ The mirror was 1/2 inch square and 1/64 inch
thick. It was cemented to the flat face of the propeller
blade with melted Canada balsams When the mirror was care-
fully attached, it showed littlc tendency to fly off.



Screcon.- The plywood screen was attached rigidly to
the tunnel framework at one side of the exit Cone. (See
fig. 4.) The records were obtained by an observer who .
markzed the position of the reflected light spot on a large
sheet of white paper temporarily attached to the screen.

A level reference line was put on each record before 1t
was removed. This line was parallel to a horizoantal linec
passing through the mirror and the propeller-shaft center.

Inagc.- The lens system was adjusted till s sharp im-
age of the filament (with propeller stopped) was found on
the screcn. During operation, the intensity of the re-
flected spot ig reduced in the ratio of the mirror width
to the circumference of the circle that the mirror de=
scribes., This reduction in light intensity necessitates
testing in the dark. :

As the incident pencil of light was of finite width,
the mirror was illuminated through a small dut apbr001aolc
portion of the circle it described around the propeller
axissa The mirror, during its vassage through the light
pencil, also rotateu in space- through a small arc around
an axis passing through the mirror and normal to the pro~
peller disk. This motion was sufficient to cause the im-

age to move and to produce a short streak of light on the
screcn., The direction of the streak was nearly the same
as the direction of movement of the image resulting from a
bending deflection. Since the end points of the streak
were n little indefinite, the bending deflection measure-
ments arc somewhat less accurate than the torsional-
deflection .measurements. The light buld was so orientated
that the image of the straight filament lay parallel to
the streak caused by the mirror sweceping through the pen-
cil of light. All meoasurcments werc made to the midpoint
of the recorded streak. The resulting records for various
loading conditions {different r.pem,) looked very much
like the diagram in figure 5. In this figure 1! repre-
sents the bending deflection for a given loading condi-
tion and 1" represents the torsional deflection. As the

source of light was fixed, the angles subtended at the
mirror by the distances 1! and 1" were just twice the
actual angles of bending and twist.

Calibration.~ In actual overation the motion of the
image caused by bending was not guite horizontal (paral-
lel to the blade) nor was the motion caused by twisting
the blade guite vertical, Correction factors for the
small deviations of the motions of the image from the hor-




izontal and vertical due to pure bending and pure twisting
were obtained by calibrating the twist and bending against
the motion of the image on the screen. For the calibra-
tion, thec bending deflections were obtained by means of o
wire and turnbuckle attached to the end of the blade.
Twvisting deflections were obtained by turning the blade in
the hub and using an inclinometer to measure the blade an-
gles. o o

ACCURACY

It is cstimated that the angles of twist are within
1/20O of being correct and that the angle of forward bendsw
ing is within 1/10°. Transit observations of the enginc
mounting indicated no apprecciable angular motion of the
engine., The errors introduced by movements of the scrcen
duc -to the deflection of the tunnel wall to which it was
attached are known to be within the specified limits of
accuracy.

THEORY OF BLADE DEFLECTION

An important couse for blade twist under load is the
air force acting at the ceanter of pressure of each sgec~
tion., The pogition of the center of pressure varies with
angle of attack (which is an inverse function of V/nD)
and may, under certain conditions, be consideradbly dis—
placed from the elastic axis of the propeller blade. The
position of the elastic axis along the chord is shown in
rofercnce 9 to be approximately at the conter of gravity
of the area produced by plotting the cube of the thickness
-against the chord. For a Clark Y section, 10 percent thick,
the flexural axis will lie at about 39 perccnt of the chord
back from the leading edge. The elastic axis will move
backward as the thickness decreases and forward as the
thicknecss increascs.

The grcatesy twisting offect due to air forces will
probably occur at high, unstalled angles of attack (low
values of V/nD) where the air forces are relatively high
and where the center of pressure has moved to its maximum
forward position (about 20 percent of the chord from the
leading edge at air speeds below the compressibility bur-
ble). A4s V/aD increases, the air forces become less
and the center of pressure moves toward the trailing edge,
thus reducing the positive (i.e., tending to increase the



blade angle) twisting deflections. At high values of V/nD
near zero thrust, the center of pressure moves to the other
side of the elastic axis, but the alr forces are so small
that negative deflections of any considerable magnitude

due to this cause are unlikely to occur, The deflectionsg
due to air forces may. thus be considered as essentially
pOSitive.throughout the normal take-off and flight ranze.

The gquantitative effect of the centrifugal forces on
blade deflection ig a 1little uncertain. There will be a
general tendency for each small element of mass through-
out the blade (dm, fig. 6) to remove itself as far as
possible from the center of rotation. In figure 6 it is
seen that the distance of the elemental mass dm, from
the axis of rotation beconmes greater as the blade angle
approaches zero. It appears, then, that the component of
centrifugal force acting parallel to the =x axis (fig. 6)
tends to decrease the blade angle. The conponent acting
parallel to the 2z axis tends to do just the opposite.
Its action, which may’ be more effective than that of the
x component, tonds to remove the anatural twigtl from the
blade in the same manner that a twigted strip of tin will
untwist under a tensile end load. The cffect of the =z
conmponent is thus to-increase the blade angle, and the ,
net deflection caused by centrifugal forces will be posi-

tive or negativeo depending upon which component predomi-
nates.

It should also be mentioned that forward rake (or
forward bending deflectionc) will materially change the
torsional deflection caused by centrifugal forces. Inas-
much as the air forces on the blade produce forward bend-
ing, it is clear that a variation in air load alone will
result in & change of the torsional deflection caused by
centrifugal forces, This fact makes more difficult the
separation of the torsional deflections caused by cen-
trifugal and alr forces.

RESULTS AND DISCUSSION

The results of the blade-deflection measurements for
the three propellers tested are shown in figures 7 to 13,
The following table shows the test conditions and the va-
rioug figures in which the results are plotted.



Blade angle Stations at which
Figure Propeller at 0,75 R measurements
(deg.) vere made

(r/R)
7 and 8 5868=9 15 | 0470
9 5868~9 15 .85
10 ' 5868-9 20 .70
11 6101 15 .70
12 and 13 4877 15 .70

The data are presented in two different forms of
chart: In one, the propeller rotation speed was held con-
stant while V/nD was varied; and in the other, the V/nD
was held aporoximately constant at the lowest value obw-
tainable and the propeller rotational speed was varied.
The first type of chart ig the most instructive, dut the
second type shows the various rotational speeds at which
flutter occurs. (Sece fig. 13.)

The mogt important fact indicated by the figures is
that the twisting deflections of the blades are vory small,
almost negligible, which is contrary to generally accepted
ideas about blade deflection and guite diffecrent from the
rogults of previous tests.

The largest deflections meagsured were for propeller
4877 (figs. 12 and 13) which, even in the important part
of the take-off range, amounted to only 1/40. This pro-
peller has o blade~thickness ratio at 0.75 R of only 6
percent. of the chord and its thickness ratio throughout
its full radius is congiderably less than for most of the
propellers in use today.

The deflection at 0,70 R for propellers 5868~9 and
6101, which are typical of present-day propellers, amounted
to aboutb l/lOO in the most important part of the take-off
range and less for other ranges of flight operation. Such
deflections could not account for any large part of the
shift in the curves of basic propeller coefficients with
increasing tip speceds. Any shifting effect of this sort
must thereforc be congidered as resulting from causes




other than blade deflection. Furthermore, In the selecw
tion of a propeller diamcter and o blade angle to absord
a given mower, it will wusually be quite unnccessary to
make any allowance for the bplade deflections of present-
day duralumin propellcers.

In the range of V/nD wvalucs between zero and tho
value for zero thrust, therc is 2 point where the effec-
tive torsional dexlectlon caused by alr forces will be
zero. It was estimated that this point would be at a
V/nD  of about 0.6 for o blade set 15° at 0.75 R. At this
value of V/aD in figures 7, 9, 11, and 12, the torsional.
deflections should be largely the result of centrifugal
forces. It will be observed that in all cases the torsion-
al deflections at a V/nD of 0.6 are very small and, in
all but one case (propeller 6101, fig. 11), they are pos-
itive, From this observation it appears that, for the
blades tested, the =2 components of the centrlfugal
forcesg, which tend to increase the blade angle, were, in
general, morc powerful than the =x components, which tend
to decrease the blade anglc.

. The fluttering tendencieg of propeller 4877 are illus-
trated in figure 13. It was noted that the flutter became
more severe with increasing rotational speeds and decreas-
ing V/nD values. When fluttering, the propeller emitied
a sound similar to that usually associated with supersonic
tip speeds and the thrust and torque were congiderably af~
feected as indicated in reference 1. It was noticed on
certain occasions when the propeller was fluttering that a
double image was found on the secreen. On other occasions
. threc or more distinct images were found. The multiple
images are easily exvlained by the fact that the system
acts as o stroboscope and the beam of light catches the
vropeller in a different phase of the v1brmt1onal movement
on each succeeding revolution., The maximum distance be-
tween images will not necessarily be the full amplitude of
the vibration but, as the number of separate images in-
crepsesg, the full amplitude is more nearly approached. In
figure 13 the plotted points represent the maximum distance
between the separate images. The vibrational frequency of
the blades ghould be a simple, though possibdly indetermi-
nate, function of the number of images and the rotational
specd. :

Propeller 5868-9 fiuttered at the tips at high rota-
tional speeds and lov values of V/nD, but the amplitude
of the vibration spened to be small. The marked change in
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slope of the bending-deflection curve when the blade flut-
tered (sece figs. 8 and 13) is a curious phenomenon that
does not seem to be accounted for by a loss in thrust due
to flutter for, under these conditions, the thrust actual-
ly increases slightly as shown in reference 1,

An examination of figures 7 and 9 indicates that the
torsional deflection of a propeller blade probadbly in=-
creases from hub to tip. The two stations tested (0.70 R
and Q.85 R) represent, fairly well, the portion of the
blade hoaving the greatest effect on aerodynanic perform-—
ance. ‘

The maximum torsional deflection for a blade angle of
20° (fig. 10) is very little different from that for o
blade angle of 15° (fig. 7). There is probably little ad-
vantage in making tests beyond 20° except to determine the
effect on blade deflection of blade stall, Since the cen-
ter of pressure of a stalled blade approaches the elastic
axig of the blade, the torsional deflection, caused by air
forces, beyond the stall should be lesg than beforo the
stall occurs, as was mentioned earlier. The torsional do=
flection caused by the x component (sec fig. 6) of the
centrifugal force does, however, depend on the blade~nngle .
setting, which nmay be justification for testlng at high
angles. '

CONCLUSIONS

1. The measured torsional deflections, in the normal
operating range, of two present-day types of duralumin pro-
Pellersg woere almost negligible., One~tenth of a degree or
less was measured at the 0,70 radius.

2. The torsional deflection at the 0.85 R station
was somewhat greater than at the 0.70 R station.

3¢« The light-beam method of measuring blade deflce~
tion appears to be a very accurate method of making such
measurcenents and might be of gsome use in propeller-vibra-
tion rescarch,

Langley Memorial Aeronautical Laboratory,
National Advisory Committec for Aeronautics,
Langley Field, Va., January 18, 1938.
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APPENDIX

NOTES ON IMPROVEMENT OF METHOD

No time was taken during the present tests to perfect
the light-beam method. of measuring deflections;. however,
the tests did reveal certain features of the equipment and
method that could be improved. A few suggestions will be
given for the benefit of those who wish to use the method
in the future.

It ig highly desirable to keep the beam of light as
narrow as vpossible. throughout its full length since the
length of the reflected image (streak of light) on the
screen, which should be short for accuracy, depends on the
width of the light beam at the mirror. The larger the spot
of light at the mirror, the longer is the reflected image
and the less accurate is the defermination of ite midpoint.
On the assumption that o certain speed of lens is required,
it appears from theory that the smallest diameter lens sys-
tem, haoving this spesd, is most desirable. Practically,
howvever, the diameter will probably be limited because of
distortion of the image. The optimum diameter, which will
depend on the dimensions of the light source, is not known
but it is believed to be something less than the 7—1/3
inch aperture of the lens used in thesc tests.

The distance from the mirror to the screen should be
great enough to provide good accuracy of reading. In the
pregent tests thig distance was about 29 feet, giving ap=
proximately 1 foot deflection per degree of twist.

The engine mounting should be rigid enough to prevent
angular movements of the congine. Translational movements
are not magnified and, if small, have no serious effect.

The angular position of the propeller should be defi-
nitely established in the zero position and the light beanm
then centecred on the nmirror. ' '

The Canada balsam uscd to cement the mirrors onto the
blades seccomed to be satisfactory for the tip speeds cn-
countered iIn the present tests although a few did £ty off
under the more severe conditions of tip speed and flutter.
It is believed that n firmer adkesive might be desirabdble,
or necessary, for higher tip speeds or very band flutter
conditions. An unsuccessful attempt was made to polish a
spot on o blade to mirror smoothness for the purpose of
elininating the attached mirror.
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FIGURE LEGENDS

Test set-up showing engine nacelle and propeller.

Propeller blades tested.

Blade-=form curves for propellers 4877, 5868-9,
and 6101. h, section thickness; b, section
chord; p, geometric pitch; D, diamcter; v, sto-
tion radius; blade ange 15° at 0,75 R.

Diaggram of get-up.

Dingram showing appearance of the records taken,

Diagranm illustrating the way that centrifugal
force tends to0 change the blade anglc.

Blade deflections at 0.70 R for propeller 5868-9

set 15° at 0.75 R.

Blode deflections at 0.70 R for propeller 5868=9
set 15% at 0.75 R. V/nD, approximately 0.23.

Blade deflections at 0.85 R for propeiler 5868w9
set 15° at 0.75 R, ,

. Blade deflections at 0,70 R for propeller 58689

set 20° at 0,75 R. Propeller speed, 1,500
T eDelle

Blade deflections at 0.70 R for propeller 6101
set 15° at 0.75 R.

Blade.deflectiéns at 0.70 R for propellef 4877
set 15° at 0.75 R. Propeller speed, 1,500
TeDells :

Blade deflections at 0,70 R for propeller 4877
set 15° at 0.75 R. V/nD, approximately 0.18.
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Figs. 8; 13
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