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WIFD-TU¥HrL - VIBRATION T&iSTS OF A FOUR-BLADA
SINGLu-KOTATING FUSHsR PROPALLoR

By Mason F, Hiller
SULMARY

Vibration tests of a four-blede eingle—rotating pro-—
pPeller operating in s simulated pusher condltlon were
verformed becnuse the coumbination of weake snd downwash
behind a wing was expeoted to provide serious excitation
for reactionless vibrations of propellers with four or
more blades, The tests vere conducted in the Li.AL 1l6~foot
high—-speed tunnel with g wing mounted at thrust—axis level
ahend of the propeller; the blsde sectlorne at three—
fourthe the propeller radius operated at approxiustely
twice thelr chorde behind the treiling edge of the tepered
wing at their closest position, Hegeurements of propellor
vibraetory strese were made for verious airepeeds, engilne
gpeeds, snd engine powers.

The wake behind the wing supplied serious excitation
for an ediewise reactionless vidbraticn of the propeller
at a frequency of tivice the propeller speed; the resulting
vibratory strese increased coneideredbly with mirspeed dut
wag pPractlcally lndependent of engine breske wean efiective
pressure for constsnt airspeeds. The effect of downwash
upon the reactionless vibration was very small; changing
the angle of attack of the wing from 0° to 3.9° produced
no detectable lnoresse of downwash excitatlon and little
incresse of wake excitation, A simulsted full-span split
flap on the lower surface of the wing gréatly increased
the vibratory strese snd prohibited the running of tests
over the stress peak at airspeeds higher then 140 milee
per hour,

No flatwise reactionless vibration was detocted,
Probably because the mirepeeds were low for most of the
eriticel engine speede and hecause the harmonic components
of weke excitation were smell.



INTRODUCT IOXN

The operation of a single~rotating propeller with
four or more blades bPebind the wing has created some
concern becaugse of the expectation that the combination
of wako and downwagsh might supply serlous excitation for
a roactionless type of vibration, Because roeaoctionloess
vidbrations of a single-~rotating propellar may occur at
all frequoncies other than 1, kB, and XB +1 times the
propeller spoecd where k 1s8 any integer and B 1s the
number of blades, 1t is obegerved that the propeller must
have more than three blades to vibrate in a reactionless
manner (referonce 1), A propeller vibration is reaction-—
less 1f the vibratory motions of the blades aroc such that
the vibratory bending moments andi the vibratory forces of
the several blades cancel each other at the propeller
shaft; consequently, reactionless vibrations occur omnly
wilth aeroiynamic excltation and are not possessed of
engine damping, It was believed that with no engine
damping the vibratory stresses caused by the wake and tho
downwash behind a wing could be unsatisfactorily high,
inasmuch as the vibratory streeses would be limited only
by aerodynamic damping, bty hysteresie damping of the
propeller blades, and by damnping produced by motion of the
blade shanks in thelr hud sockets,

Tests were conductod in the LMAL 1lg-foot high-speod
tunnel #ith a wing mounted at thrust.~axls level ahead of
a four~blade single~rotatinzg propeller, Measurements of
propollor vibratory stress were made for various alrspocds,
engine powors, and condltlons of the wing for the complete
engine—-speed range, Most of the testinz was done, however,
within the limited range of ongline spocd for which a prom—
inent reactionless vibration occurred,

Members of the staff of Hamilton Standard Propellers,
Division of United Alrcraft Corporation, collaboratsd in
conducting the tests and analyzing the records,

APPARATUS AND MRTHODS

The singlo—rotating propeller tested 1s described as
follows:
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Tyve « » « + « &
‘iaterleal . . . .
¥uuwber of blade
Diameter . . . .
Blade design . .
Hudb design . . .

Ramilton Standerd hydromatic
' . hAluminum alloy
« ¢« s« o« s o Four
12 feet C inches
« « o « 6487-12
« » s « . 24D50

The propeller wae driven by a Pratt & Vhitney E—-2800
engine geared 16:9 and mounted on rubber mounts in a full-
scale stub~wing nacells. The englne—propeller—nacelle
combination-is shown in figure 1.

The pusher condltion was simulsted by mounting e
wing at thrust—axis level shead of the four-blade propel-—
lear. The wing, which bhas an HACA low—drag airfoll sec—
tion, was inverted merely becruse of convenlence, this
way of mounting having been desirable for conducting the
vibration tests reported in reference 2. Filgure 1 shows
the wing mounted ahesd of the propeller to simulste the
pusher conditlion. The dimensions of the wing and the
locetion of the wing with respect %o the propeller for the
wing set et an angle of ettack a« of 00 are shown in fig-
ure 2. The wing was located in such a way that the blade
gections et three—~fourthe the propeller radlus operated
at epproximately twice their chords tehind the trailing
edge of the tspered wing., The,elmulated split flap used
for one of the teste is fhown 1ip figure 2, In order that
the simuleted flan would be attached to tke resr spsesr of
the wing, 1t wes somewhat forward of the usual flepp posi-
tion, )

Osclllogreph records of propeller vibratory strain
were obtalined by a method fully descridbed in reference 2.

ZBlectrical strein gages were mounted longitudinally
on all the blades st the eshanks and near the tips. The
gages were mounted on the cambered — that 1is, the front —
sldes of the blades (fig. ). Because the maximum stress
of a blede surface for a given propeller radius is at
maxlimum blade thicknese for a flatwise wvlbration, the tip
gages were mounted to measure stresses at maximum blade
thickneeses. ©Some gages were mounted on the wing.

The strain gages on the propeller were connected to
a 8lip—ring device, which in turn wees connected to volt~
age amplifierse. The strain—gage resistences varied with
the strains to produce fluctuating voltages the alternat—
ing componentes of which were applied to the amplifiers.



The gagoes wore calibrated in sueh a way that there was a
known relationship between the mlternating voltages and -
the straln variations,

The alternating—~voltage outpute of the amplifiers
vere appllied to oeclllograph elementes of a recording
oecillograph, and strain variatioae were recorded oo pho—
tographic peper, There were 12 amplifiers and 12 oscil-
lograph elements,; one of the chennels was used for record-—
ing a timing wave on the photogrephic paper. The timing
wave consisted 1in periodic impulses occurcing each time
a given cylinder fired. Tnese impwlse records were
obtained by prooer connection frow a sperk—plug lead to
an oselllograph elementv-. The purpose of having s timiug
wave representing englne speed s to express the frequen-—
cles of vibration in terms of elther engine spsed or pro-—
peller speed, in order tnat the cause of the vibration
can be determined. A direct recorc of propeller speed
would have been just as eviteble. (See reference 2.)

A1l the amplifiers were calibrated eimultaneously
at intervals during the test by applying a known alter-—
nating voltage to their input terminals., The amplitudes
of the resulting oscillograph traces were moeasured after
the tests, and a definite relationship between oscillo-—
grapb awplitudes and emplifier {input voltages was thoredy
obtained. ZFXach inch of emplitude on the photographie
paper therefore 1epregonted & known amplitude of strain
on a propeller blade. Stress values were determined by
multiplying straln values by the modulus of elasticity
for aluminum,

The stetic natural freouencies of reactionless pro-—
peller vibrations with Hamilton Standard 6487-12 blades
were prcdetermined by measurement snd are shown 1n the
following talble:

requanoy

2
Mode (cpa)

~ 16.7
I 70.2
Flatwise 137.8

187.5
1 230.5

e Y re——

Edgewise 45.8
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The four—blade proprll~r, resting on its hudb which was
unrrestrelined, was exclitnd at one of tha blade tips with
an electrical exciter of varieble frequency. It was con—
8ldered not necessary to resetralin the hub bacause, for a
renctlonlees vibration, the vibratory bending moments and
vibratory foreces of the four blades cancel each other at
the hub. From a low frequency, the rxclter frcecquency was
gradually increased; when the various recctionless vidbra-
tione apperarerd, the freguecncles were acourately deter-—
minnd. Osoillograph records of strain ware taken, using
elactrical strain gages for pickups; the frequencles of
strain variation appearing on these records were deter—
mined ascuratnly by comparing them with the traces pro—,
ducrd by an accurately calibrated, @lectrically excited
tuning fork, Frequencies for the first five flatwlso
modes and the firet sdgewise mode were determined. Because
the present report deals principally with reactionlces
vibrations, the method of determining statlic natural fre-—
quenclos of nonreactionlcee vitrations 1s not discuseed
hanreiln. A mor~ couplete dlscussion of the methode of
mcasuring static natural frequenclias of a propellar is
s#lven 1n referecnce 2.

A prop~ller vibration 1s termecd flatwise 1f the
vibratory motions of thr blade srctlions are primarlily
porpendicular to the blade chords; wheremas an edgawlee
propellar vibration is one with the vidbratory motions of
the blade sectione prinserily along the dlede chorde. Sone
flatwise motlion generally exlsts ncer the blade tips dur-—
ing edgowles resonance because ¢f the coupling supplied
by the blade twist.

Centrifugal correction factors wers applierd to tha
statlic natural frequencles of reactlionlese vidbration in
accordance with the accepted formula, which 1s ~axplained
in reference 3,

f® = £,2 + Kn® (1)
where
£ natural freguency at a glven propeller speed
fo s8tatlic neturel frequoncy
n propeller spead

and

K e constant for a given mode of a glven propellsr



The method of predicting engine speeds for reaction-—
lees vibrations of frequencies 2n and 6n is shown in
figure 4. The values of KX used for figure 4 are as fol-
lows:

Firet £1atwis® MOA® + o « o « « o o o « s o o o o ¢ 1.7
Second fletwilse MOAEe .« ¢« « « o o s ¢ s o o s » o o D6
Firet edgewlee mode . . . . ¢ s e . e s s s o o s s 1412

The eritical enginm speede are those at which the etraight
lineg intereect the linee representling natural frequencies.
Cnly tha first and the second flatwiee modee and the first
edgewlse mode are consildered for flgure 4 because, wilthin
the engine operating speeds, the straight lines represent—
ing frequencies of 2n and 6n do not intersect the
natural—frequency.linee for the higher modes. The reac—
tionless vibratlion havling a frequeancy of 2n 1s of most
importance and the reactionless vibration of frequency 6n
1e also of interest. Zxcitations having frequencies
higher than 6n were expected to be negligible.

The test conditions are given in the following table:

Engine bmep Airgpeed Kngline speed
(

i
{ 1d/eq in.) (mph) (rom)

~ngle of attack, C°

100 . 15 to 280 5 _ 900 to 2850

150 i ale 80 i 1250 to 2850

200 p1E0 vo 280 4 1250 1o 2860
= ]

Angle of atteck, 3.9°

100
150
200

100 to 185 2400 to 2850

—_———

-

Lngle of attack, 0%°; simulated eplit flap on wing

100 h

150 j} 100 to 185 2400 to 2859
200 ] :

o
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GENLRAL DISCUSSION OF PROPELLER VIBRATIONS
CAUSZD BY A WING AHLAD OF THE PREOPELLER

S8izable exoltation forces for reactionless propel—
ler vibrations are expected if the propeller aperates 1in
the wake and downwaeh reglon behind & wing. Although
nonreactionless vibrations having other excltations are
aleso lmportant, they are outside the scope of the present
report.

In accordance with the result of an enalysls show-—
ing that reactionless vibrstions can occur for all fre-—
quencies other than 1, kB, and kB+-+ 1 times the pro—
peller speed, e propeller must have more than three blades
to vidbrate in a reactionless manner, and & reactionless
vibration of a four—-blade propeller can ocecur for frequen—
ciee of 2n, 6n, 10n, l4n , . . (reference 1). It may
be noted that a reactionless vibration can occur at a fre-—
quency of 2n for propellers wlith four or more blades.

The wekxe behind a wing may result in a serious reac-—
tionless vibration of &g propeller with four or more
blades If the frequency of axclitgtion 2n 1s equal to
s natural frequency for a reesctionlese vidbration. Each
blade of the propeller passes through two low-—veloclty
reglons per revolution. The perilodic change of forward
veloclty with respect to each blade causes a perilodilc
change of angle of attack of each blade, Perilodic forces
therefore act upon the blades to produce a propeller
vibration at a frequenoy of 2n. The effect of a change
of forward veloclty acting upon the propeller blades 1ls
shown 1n figure 6. The greater force occurs for the
lower forward veloolty because of the greater angle of
attack. The decremse 1n magnitude of resultant velocity
Vo, however, slightly offeets the effect of the change
o? the angle of attack, Typical total—pressure and
static—preseure variations in the wake region are shown
in figure 6. ,

The excitation provided by the wake ie not sinusoidal,
and exoltations at frequencies thst are harmonics of 2n
therefore exist, These harmonic coumponents, however, are
smaller then the fundamental component, The excitation
having a frequency of 4n will not execite g reactionless
vibration of a four-blade propeller. Although an exolita—
tlon having a frequency of 6n can produce a reactionless



vibration, the third hermonic component of wake excitatlion
is expected to be quite emall and to give 1little trouble.
Higher harmonlce of wake excltation ere expected to be
negligidble.

A reactionless vibration heving a frequency of 6n
can be g first, & second, or a2 higher mode, devending upon
the propeller gpeed, The highest mode that can be obtalned
with this frequency of 6n depends upon the upper limit
of propeller speed, the natursl freguencles of the modes,
and the increase of mnatural fregquencles of the modee with
propeller speed., (See references 2 snd 3.) For modes of
vibration higher than the first mode, the vibratory veloc—-
ity of some parts of tha blede 1e 180° out of phase with
that at other parts of the blade (see fig. 7): mnd, with
the excltation acting in the same sence over the entlire
blade length, esome parte of the blade absord energy from
the excltation, while the remsinlng parte dissipate energy.
If a renctionless vibration of frequency 6n appeared at
a relatively high nropeller speed, 1t would be one of the
higher modes anéd theref.ore gubject to the cancelation
effect. The carncelatlon effect 1s somewhat decreased,
however, because an excitation acting near a blade tip is
moraea effective than the sgmre axcltation acting near the
blade shenk,

The pres~nc- of downweeh behind a wing 1e expecterd
to supoly excitetion for a proprller vidretion at s fra—
quency of ln, ss ehown in figur~s 8, The downward compo—
nent of velncity in the vlen: of the propeller disk in-
crrages the anglo of attack of a propeller blade during
onn—-kalf revolutloa of the propeller and ‘ecrecascs this
angle during the remaining on~—half revolution. This
periodic change of anglo of attack of the bladees causes
poriodic forces to act on th~ bladee and tharefore results
in & propeller vidration at + frequency of 1ln. Also, the
rnsultant verlocity Vi of the alr with reepact to the
blades is verliabl~ with the sem~ frequency as the angle
of attack and aids the orriodic change of anglc of attack
to produce thr vibration. Tho vidration at a fregneucy
of 1ln rxelted by the downwash 1s not reactionlees dbut,
if 1t occurs simultenecously with the reactionlrss vidbra-
tion, 1o exprcted to i1ancrease thn grriousnees of the raac—
tionlses vibration excited by the wake.

Incrcesing th~ sngle of attack of & wing causrs an
lncrcaee of dowanwnsh angle and, ms a rosult, s vibretion
=xcited by downwash would b~ expected to become mor~ pro-
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nounced, Although the wake behind a wing follows the
downwash, the change of magnitude and shepe of a wake

profile 1s smAll for a change of angle of attack less-

than about 5°. (See reference 4.,) A relatively smell
change of wing angle of attack 1s therefore expected to
produce little change of a propeller vibratlon excited
by the wake.

The uee of & split flap on a wing 1is expected to
broaden and strengthen the wake (reference 4) and thereby
considergably lncrease the propeller vibratory stress
occurring et a frequency of 2n. A split flap on the
lower surface of a wilng also directs the alr downward be-—
hind the wing and 1s expected to lncrease the excitation
et a frequency of 1mn,

For constant airepeed and proovéller speed, the pro-—-
peller vidbrations excited by the wake and the downwash
behind a wing would be expected to be lese affected by
the engline brake mean effective pressure than those pro-—
peller vibrationes excited by the 2ngine,

The trailing edge of a wing may poeslbly vidrate
because of aerodynamic excitatlon supplied by a propeller
operating close behlnd it, if ite natural frequency is
equal to the frequency of excitation (reference 2). The

. frequency of importance 1sg Bn; each blade passes the

closer part of the tralling edge once per propeller revo—
lution.

DISCUSSION OF R=ZSULTS

The results of the present test are presented in fig—
ures 9 to 12, The stress peaks are labeled with vibration
frequencies 1In terms of propeller spesd n and eaglne
speed X — for example, 2n and 4%3. The stresas peaks
of the curves representing total vibratory stress have
more than ome frequency component, and the frequency com—
ponents are glven in order of importance, Some of the
stress curves are glven only for a frequency of 2n; these
strespes were messured with a wave analysger.

A prominent propeller vibratlon having a frequenoy
of 2n appeared at an engine epeed between 2780 rpm and
2840 rpm., (See fig. 9.) This vibration was evidently
edgewise, inasmuch as the firset mode of edgewise vibration
at a frequency of 2Z2n was predicted for an engine speed
of 288C rpm (fig. 4). The engine—speed prediction wase
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somewhat high dbut is congidered good, any prediction with-
in 50 rpm being satlefactory for test purposes. The
curves of figure 9 are plotted for the leading-—edge posi-
tion of the shank for two reasone: (1) For an edgewise
vibretion, the strerpsses at the shank are maximum at the
leading edge and 1809 around the shank from the leading
rdge, as discuesed in reference 2 (the leading—edge posi~
tion ie in line with the leadling edge at approximately the
. 42-1n, statlon of the blade); and (2) For a firet mode df
vibration, the meximum stress mlong & blade 18 near the
propeller hub becauee astress depends upon c/p, where ¢
ig the perpendicular dietence from the neutral axis to

the sxtreme fiber and p 18 the radius of curvature of
the neutral axis.

The effect of alrspeed upon the vibratory stress for
the edgewise vibration appearing at an engine speed of
2820 rpm ie shown in figure 9, These curves demonstrate
that the vibratory strese increased with airepeed., Part
of the total vibratory stress was produced by engine exci-—
tation, ae evidenced by the fregusncies 4%!L 1N, and

7
15N,

The effact of engine brake mean effective pressure
upon the vibrgtory stress le¢ shown in figure 9., The vi-
bratory stresses having frequencies of 2n ochange omly
8lightly with brake mean effective pressure for a given
alrepeed; the very slight varistion cen be due to experi-
mental error., The vibratory stress of frequency =2n
would be expected to be vractically lndependent of brake
mean effective pressure, me previously diecussed; however,
if the total vibratory strees 1s composed of some engine—
exclted components, some engline daaplng exists that may
vary wlth brake mean effective pressure to produce such
s8light vuriatione of etress as founéd ian figure 9. -At
first glance, the bottom curvee seem to vary consideradbly
vith engine brake mean effective pressure, but 1t must-be
noticed thet the ourves are plotted for slightly differ-—-
ent airspeeds.

The downwash behind the wing should provide excilta—
tion_at a frequency of 1n. With a wing angle of attack
of O°. traces of vibretlione having & frequercy of 1n
waere found for an airspeed of 280 milee per hour, dbut no
indication -of the frequency 1ln appeared at the lower
airspeeds. (See fig. 9.) The effect of downwash upon
the total vibretory stress at the engine speed of 2820 ropm
is small, probably because a frequency of 1ln at thie
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angine sepeed 1s not a naturel frequency of propeller
. ¥ibration and because the downwash 1g limited 1n a con—
etricted air stream of 16-Foot dlametor. = - - - -

Changing the angle of attack of the wing from 0° to
3.99 produced little increase of propeller vibratory
stress., (See fig. 10.,) This result shows that the wake
and the downwash behind the wing were affected little by
the angle change. because the presencoe of the tunnel
wall 1s bellaved t0 have limited the downwash, the loca-
tion of tha wake would be expected to changoe only slightly
when the wing angle of attack ie increased 3.99., In
accordance with reference 4, & change of 3.9° in the wing
angle of attack should produce very little change of the
magnlitunde and the shape of a wake proflle.

The simulatrd split flap on the lower surface of
toe wing greatly increased the propeller vibratory etress
at & frequency of 2n. (S8ee fig. 1l1l.) This increase of
stress ig attributed to the strengthening and the broad-
enlng of the wake, Although the presence of the simulated
8plit flep was also mxpected to cause a vibration of fre-—
quency 1ln, mno such vibration was detected, With the
usr of the simulated split flap, however, complete re-—
sponse curves were not obtained for mirspereds higher than
14C miles per hour, bocause of the dangerously high
stresscs pnticipated.,

Figure 12 ie a strese curve covering the entire
engine—speed range, Although a flatwise vibration hav-
ing a frequency of 2n was predicted for an engine speed
of 1160 rpm (fig. 4), no such vibration wae detected,
Probebly because the ailrepeed at the critical engine speed
was only 21 miles per hour. In practice, the veloclty of
the alr with reepect to either the wing or pusher propel—
ler would be low for an engine speed of 1150 rpm. During
the test the résulth of which are presented in figure 12,
the cement bonding the gages to the blades softened some—
what. The actual magnitudes of the strreseses are there—
fore approximate, but the frequencles are correct and
provide a reliable indication that no vibration having a
frequency of 2n was present,

FHeitMer a flatwise nor an edgewise vibration having
a frequency of 6n was detected (fig. 12). PFigure 4
cthows that the critical engine sperds for vidbrations hav-—
ing a frequency of 6n are 300 rpm, 830 rpm, and 1350
rpm, of these cases, only the second flatwise vibration
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occurring at an englne speed of 1350 rpm would be expnrcted,
because the first critical speed le below the operating
range end bocause the airspeed 18 low for the second crilt-—
ical speed. 'The fact that no vidbration having a frequency
of 6n wae detected near the blade tips for an alrspeed

of about 110 milee per hour and an eangine epeed of 1350

rpm indicatese that the third harmonic component of wake
~xcitation was small.

The strese curvesg of figuree 9, 10, and 11 show that
the reactionless vibration of freguency 2n excited by
the wake ig serious. The vibratory stressea consideradly
axceeded +2500 pounds per squsre inch for the shanks.
Inasmuch as propellers with more than four blades are also
subjeot to reactionless vibrations at a frequency of 2n,
the wake is expected to provide serious exoltation for
adgewise reactionlees vibratiins of propellers with four
or more blades,.

¥o vibration of the wing was detacted that ‘could de
attributed to maercdynamic excitation provided by the pro-—
prller,

CORCLUS IOHS

The results of vibration teste with a wing mounted
at thrust—-axis level ahead of & four-blade single—rotating
propeller to elmulate g pusher condition in a comstricted
air stream of 1l6—foot dlemeter indicate the following
conclusions:

l. The wake behind the wing supplied serious exci-
tation at a frequency of twice the propeller speed for
an edgewise reactionless vibration of the four-blade pro-
paller.

2, The vibratcry etress for the resctionless vidbra-
tion increased congideradly with airspesd, but was prac—.
tically independent of engine breke mesn.effegtive pres—
sure for constant airspeeds.

3. The cffect of downwash upon the serious reaction—
leses vibration was very small. Changing the angle of
attack of the wing from 00 tn 3.99 produced no detectable
increase of downwash excitation and little lnerease of
vake excitation.
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4, A simulated full—span split flap attaghed to the
wing greatly increased the excitation and pr blted the

"running of teets over the stress peak at'a;rspkeda higher

than 140 miles per hour. .

6. Agreement between the predicted and the measured
velue of engine speed for the reactionless vidbration was
satisfactory.

6. ¥No flatwiso reactionless vibration was detected,
probably because the alrepeeds were low for most of the
critical engine spoeds and .because the harmonile compo—
nents of waks excltation were emall.

Langley Memorial Asronautical Laboratory,
Fational Advigsory Oommittee for Aeronautics,
Langley Field, Va,.
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