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S IIHi mary.-I nlroduciion.- This repor t is based upon the first applica tion of the torsiograph described in Reference I,
the observat ions being made in the course of development of the inst rument. Subsequ ent applicat ions have been
to Merlin 61 and Sabre engines, with results which are given elsewhere .

Rang(' oJ I nvestigation.- The torsiograph pick-up unit was fixed into the pinion-driving shaft of a ~feTiin II engine
on a hangar test -bed and records were obtained at various crankshaft speeds from 900 r.p .m. to 3,(XlO r .p .m. , and with
blade settings ; 16 ·5 dcg., 20 ·5 dcg.. 22 ·5 dcg., 25 ·5 deg. and 29 dcg.. measured from tile pro peller disc at 42 inches
from the shaft axis.

The observed cyclical torque oscillat ions haec lx -cu analysed into harmonic compo nents and the causes of thc
cor responding modes of vibrat ion arc examined in the report. To assist t his examinatio n, some vibrograph obse rvations
were made and also a mathematical an alysis , which is given in the Appendix.

COllclllsions.~There were three predomin ant modes of " forsion-bending " vibration , for which the blade-bending
vibrat ions were : fundament al flapping, first overtone flapping , and a combined fundamenta l edgewise and first
overtone flapping : a t 15 dcg. pitch anglc, t he respective frequencies were 3,150. 5,000 and 6,050 c.p.m.

Owing to the proximit y of the natural frequency of the system in the axial di rection to the frequencies for fundamental
md first-overtone torsion-bending modes, t he axia l-bending mode of vib ra t ion was strongly coupled wi th these torsion­
bending modes . The torsional componen ts of these complex coupled modes were recorded by the torsiograph and the
frequencies were found to be 4.200 and 5,600 c.p.m. for 15 dcg. pitch ; the magnitudes were comparable wi th those for
tht~ torsion-bending modes. It is probable that the coupling occurred between torsion-bend ing and roIling oscilla tion
)f the engine on its mount ing. but thi s hypothesis was not supporte d by the vibrograph observat ions whereas
ipp ropriat c axial vibr ation was recorded by vibrograph.

The resonant frequencies for all modes of vibra tio n dec reased with increase of blade pit ch except for t he first­
.vcrtonc-pro pcllcr torsion-bendi ng mode, which was almost a fixed-root mode of vibrat ion and onlychanged in frequency
It t he higher pit ch angles. for which the frequency increased a little.

The fa ll of resona nt frequency with increase of pitch is inconsistent wit h the accepted torsion-bending theory assuming
L rigidly held thrust race and it is doubtful whet her a full explanat ion can be found without fur ther experiments in
vhich chan ges arc made in the rigidity of t he engine mounting.

By plott ing ca lculated deflect ion diagrams for the torsional system. it was Ionn d that the modes of vibration wit h
!II antinode in the shaft containing the torsiograph occurre d at 19 .000 c.p.m. and 34,000 c.p .m. As the torsiogra ph
'an give no indication of resonance at these frequencies, it is dear that for complete Investigation of the torsiona l
-ibration it would be necessary to make observations wi th two torsiographs, t hereby avoiding" blind spots" in the
n'quency range.

J udging from the corresponding stresses in the crankshaft, t he two-noded mode of crankshaft torsional vibra tion
ppc nrs to be relatively unimportan t hut it has been foun d th at this modo of vib rat ion mar gtve rise to high st resses
1 the propeller blades.

Thruughcut the records. a 21st engine order vibration of small magnitude was present , which was caused hy tooth
ugagcmcn t . and a 42nd engine order vibration was present on some of the records .

The conclusions reached in the present invest iga tion are in certain respect s somewhat tenta tive because they an '
used UpOIl observat ions made at only- two points in a highlv complex vibrat ing system.
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1. b ztroductioll.-The observations were mad e to obtai n precise information concern ing t he
torque oscilla tion in the pinion-driving sha ft of a Merlin engine by mean s of the new instrumen t
described in Reference 1 and to determine, in par ticular, how this oscillat ion is affected by
propeller pitch angle.

It was found that the observa tions could not be accoun ted for completely on the basis that
the propeller shaft thrust race and ax is are fixed in space. Accordingly , vibrograph observations
were made on the engine to deter min e some of its oscilla tions in space. These observations
showed t ha t axial movement had an import ant place in the torsiograph results and. in order
to ga in a fuller understandin g of the coupling effects that may arise between ax ial oscillation
of t he hub and torsional-flexural vibration of the crankshaft -propeller sys tem, t he behaviour
of idealised systems was examined an alytically. This ana lysis is given in the Appendix .

It happened t hat . in the wide ran ge of vibration frequencies exp lored . modes of v ibration
occurred such that the pinion-driving sha ft was at a torsional antinode . For the corresponding
vibration frequencies there is, in effect; a " blind spot " in the torsiograph records : t o explore
these modes would .involve making observations wit h two torsiographs.

The experiments were carried out \v-ith the engine mounted on a built -up han gar-bed structure
as shown in Fig. 1.

2. Particulars of the Engine and Propeller.-The followin g are some part icu lars of the engine
and propeJler used for t he experiments.

Engine. Propeller.

Xame
Serial Xo.
Type

Bore
Stroke
Reduction gea r ra tio
Compression ratio
Forked connecting rods . .

) h-r1in II
1959
12 cy linder 60" Vee

5 '4 in.
6 in.
0 ·42 to I

. . 6 to J
9 ·9 ill. cent res

f Xamc. . .
f Serial Xo.

Type ..

I :\0 . of blades ..
)faterial of blades
Diameter
Weight
Momen t of inertia

de Havilland
5678
5/4 hra cket t ype. wit h fine and

coarse pi tch settings
3
Dura lum in
12 ft. 6 in.
368 lb.
1.330 Ib ' lft . ~

Genera l : The equivalent dyna mic system is shown in Fig. fI - ignoring t he supercharger and driven accessories.
Aircraft for which desig ned': Batt le·l .

3. Descriptio" of Experimellts.- - T he R.A.E . serrated-condenser pick-up unit I was expanded
into t he pin ion-driving shaft and coupled to a cont act t ype slip-ring unit. The la tter is shown
in Fig. I fitt ed in place of t he constant-s peed unit in front of the reduction gea r cas ing below
the propeller sha ft.

The blade-pit ch operating cylinder was held at its outer limit by engine oil pressure. and
torsiograph records were obta ined with t he blad es set in five successive positions, namely :-

16·5 deg.; 20·;; deg. : ~2 '5 deg. an d 29 deg . at -4 2 inches from the shaft axis -.
T he spot of the ca t hode ray tube of t he accompan ying electronic apparatus was phot ographed

with a moving-film camera and records such as those shown in Ref. 1 obtained . Time markings
were mad e on the records by using a 50 c p.s. tuning fork and engi ne-drive» contac ts were used
to give markings on t he record once per two cranksha ft revo lutions.

It was fcund that the only clearly defined resonance t ha t could be observed on t he ca t hode-ray
screen occurred at 2,000 cran kshaft Lp.Ill. Photogra phic records were ta ken in steps of
100 r.p.m . from 1,000 r.p.ll1 . to the speed which was obta ined at t he maximum boost (61 lb .
per SI.I. in .) with t he severa l pitch sett ings.
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FIG. J. Hangar test bed installat ion of Merlin II .
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4. Calibration of Records.- The D,C. amplifiers of the electronic apparatus permitt ed the
amplit ude on the film to be calibrated against capacity change of the tuning circuit in micro­
micro-farads. Init ial rig tests were made to determine change of capacity in terms of angular
movement between the gripping points of the pick-up unit. From th e above two calibrations
and the calculated stiffness of the portion of the pinion-drivin g shaft straddled by t he instrument ,
an overall calibration of amplitude on the record against torque in the shaft was obtained.

5. Torque-Oscillation in the Pinion-Driving Shaf t.- In Tables 1 to 5 are shown the results
of analysing th e records int o their const it uent harmonic components. To enable these to be
plotted about corresponding mean torque va lues, mean torques were calculated from th e co ast
pressure by using performa nce data given in Ref. 2. For speeds below 2,000 r.p.m., extrapola­
tions were made by taking (for the points obtained) th e mean value of the constant C in the
relationship : B.H.P. = CN3. where N is the cranksha ft speed.

In Figs. 2 to 6, t he harmon ic components of the torque in the pinion-dri ving shaft are shown
plotted about the mean-torque curve for the several blade angles concerned : the marked effect
of blade pitch is apparent .

In Fig. 7, the resonances shown in Figs. 2 to 6 a re plotted on a base of blade angle: the radii
of the circles indicate the amplit udes of the harmonic torques and the numbers on the
circumferences the orders of the vibra tion. The curves A to E group th e main resonances into
dist incti ve modes of the complex system.
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6. Distribution of Harmonic Torque in the System.- \Vhen int erpreting the results, it should
be borne in mind that the dist ribution of harmonic torque in the shaft system can not be fully
determined over the frequency ran ge from measurements taken at one place in th e system.
For exa mple, th e ratio of t he torque in the pinion-driving shaft to that in the propeller shaft
varies according to the mode of vibration and therefore varies with frequency. Values of this
rat io are plot ted in Fig. 8, which shows the equivalent ungeared crankshaft-propeller-sha ft
system. These values were obtained by working out the Lewis Table for a number of
freq uencies, taking an arbitrary angular amplit ude of oscillation at th e tail end of th e shaft.
At 18,800 and 34,100 c.p.m. , the ratio is zero because the harmonic torque in t he pinion-driving
shaft is zero. At t hese frequencies th ere is an ant inode at t he measuring point with adjacent
masses vibrat ing with equal amplit ude- so that the torsiograph records zero harmonic torqu e
regardless of th e severity of t he vibration : there is, in effect, a .. blind spot " in t he records
for these part icular frequencies.

At 15,300 and 25,800 c.p.m., the ratio is infinite because th e harmonic torque in the propeller
shaft is zero.

For a general torsiona l vibration investigation, observations require to be made at two points
in th e system or , alt ernatively with two types of torsiograph at t he same point. Below
9,000 c.p.rn., which is the region of main interest in the present investigation, the ratio does
not differ widely from unity.

It should be noted th at a floating-flywheel type of torsiograph has a " blind spot " when
t here is a node at the measur ing point - not an antinode.

7. Discussion of Results.-Modes of vibra t ion represent ed by curves A , C, and E , in Fig. 7
are recognised from previous knowledge of the propeller characte rist ics to be as follows :-

A . Fundamental" flapping " of the propeller blades with a single torsional node in t he
shaft.

C. First overtone " flapping " of th e propell er blades with a single torsional node in th e
shaft .

E. Coupled fundamental edgewise blade vib ration and first overt one .. flapping " with
a single torsional node in the sha ft.

The criticals corresponding to curves 15 and D cannot be reconciled with t he accepted
torsion-bend ing t heory* nor with coup ling of torsion in the blades wit h bending. An exp lanat ion
of t hese modes must be sought becau se the behaviour of t he torsiograph on t his and ot her
engines has given confidence that it records t he torqu e oscillation in th e shaft with good
accuracy, that it is unaffect ed by lateral oscillation of th e pinion-driving shaft , and th at it does
not give erroneous readings. This confidence has been supported by subjecting the instrument
to transverse vibrations of 0 ·002 inch amplit ude on a vibra ting table at frequ encies from
o to 10,000 c.p.m. and by a number of check calibrat ions mad e in th e course of the experiments.

At one stage in t he experiments, it was t hought tha t the torsiogra ph had been set towards
t he limit of it s range of linearity but , on strippin g and re-assembling th e inst rum ent tw ice,
t he records repeat ed th emselves each time: th e apparen t distort ion of t he records was found
to be due to reversal of torque in t he drive under conditions of small transmitted torque. The
torq ue oscillations analysed in this report are, in general, t he mean of three sets of observations.

7.1. "la in Modes of Vibration of all E ngine-Propeller System.- An engine-propeller system
can vibrate in th e following main modes :-

(a) Torsional vibration of th e shaft system coupled with bending vib rat ions of t he propeller
blades.

'" Torsional vibration of tlu- shaft svstcm associate d with flcxurnl vibrat ions of the propr-lk'r bladt-s, tln- tlu-us t ran'
lx-ing rigidly anchored.
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(b) Whirling vibrat ion of th e engine on its supports coupled with bending vibrations of
the propeller blades. The whirling vibrat ion of the engine may be elliptic and it
includes tran sverse and vertical vibration of the centre of gravity of the system and
angular vibration about transverse and vertical axes.

(c) Angular vibration of t he engine about a longitudinal axis coupled , in geared engines
only, wit h torsional vibrat ion in t he sha ft - system and bending vibrations of t he
propeller blades.

(d) Axial vibration of the engine and /or shaft masses coupled with bend ing vibration s of
t he propeller blades. -

Commenting upon these in turn :
(a) This is th e t ype of vibration to which most attention has been given hit herto, usually

with t he assumption tha t it suffices to replace a geared shaft ing by an " equivalent"
ungeared system: tha t is to say, th e engine body is taken to be infinitely rigid and
to be of infinit e inert ia .

The resonance frequencies of the predominately torsion-bending modes represented by
curves A, C, and E, of F ig. 7, have been plotted in Fig. 9 on the (calculated) single-node curves
of .crankshaft-frequency against "admittance" at the propeller hub, and t he approximate
admittance curves for t he propeller inferred in th i~ way are shown chain-dotted .

-- , ..
FIG. 9.-Admittance curv es for torsion-bending mode of propeller dra....-n for point at root of black .

Fig. 7 shows the resonance frequencies falling- wit h increase of blade angle. For cur ve C,
the frequency is little affected by blade angle, the greatest effect being a slight increase at large
blades angles. The constant frequency is pra ctically t he frequ ency for fixed-root first-overt one
" flapping " vibration of the propeller blades.

The fall of resonance frequency wit h increase of blade angle is inconsistent with pure
fun damental torsion-bend ing and is doubt less associated wit h the coupling with the mode'
examined under heading (d).

(b) Whirling oscillation of t he engine is coupled with flexural modes of vibration of the
blades but, in a symmetrical system, the aerodyn amic and iner tia forces and couples
associat ed with whirling can produce no result an t torq ue about th e sha ft axis and
thereby excite any torsional response in the shaft masses. In an actual system .
irregularities of t he blades might result in such torsiona l excitation bu t t he magnitude
would be negl igible.
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(c) The mode of vibration described in (c ) above is analysed in th e latter part of Part II
of Ref. 3 but for epicyclic sys tems only. Examination of the matter on this basis
gives a small value for the coupling effect associated with torsional yielding of the
gear case and/or engine body. Den Hartog & Butterfield published an article" in
which an example was given showing a large effect but in correspondence with
Professor Den Hartog at the time he agreed that the assumptions upon which the
example was based do not represent normal practice.

Observations made with a vibrograph fitt ed off-cent re on the reduct ion gear
housing showed a resonant vibration of 1st crankshaft order at 2,000 f.p.m. but the
general evidence was that this coupling can be ignored in the present instance.

(d) Here coupling act ion between modes (d) and (a) is brought about by the propeller blade
inclination at all blade-pitch angles. This coupling action has been disregarded
hitherto 'although a number of instances have occurred du ring the strain-gauge
measurement of crit icals where the observa tions could not be reconciled as coming
under mode (a). .

The appearance of the two unexpected critica ls Band D can be accounted for on the basis
that freedom for axial move ment splits int o two modes both the fundament al and the first
over tone modes of flexural blade vibration in " flap ", Fig. 7 shows that the frequency for
modes H and D decreased with increase of pitch angle.

The matter of axial vibration and coupling with th e torsional modes will now be examined
in some detail.

8. A xial-Vibraiion A!easurements.- Measurements of axial vibration were mad e by bolting
an RA.E. vibrograph to th e generator flange on the engine. The result s of analysing the records
taken are given in Tab le 6. Thi s analysis was difficult because of the smallness of the amplitudes
and to the fact that a large number of harmonics was present but near ly all t he resonances
observed in the torsiona l system are present in some degree in the axial-vibrat ion records.

Curves Band D of Fig. 7 give the frequencies 3,850 and 5,470 c.p.m., respecti vely, for a
blade-pitch angle of 23 deg. at which angle the vibrograph records were taken. From Table 6
it \vill be seen that the axial vibrations corresponding to th ese two frequencies are as follow :-

Forcing frequency : 4th engine order at approximately 1,000 r.p.m.
Vibration frequency = 3,950 c.p.rn.

amplitude = O·0006 inch.

Forcing frequency : 31 engine order at approximately 1,500 r .p.m.
Vibration frequency = 5,300 c.p.m.

amplitude = 0 ·00 1 inch .

Forcing frequency : 21- engine order at approximately 2,200 r.p.m.
Vibration frequency = 5,600 c.p.m.

amplitude = 0 ·00 12 inch .

8. I. Jlathematical Examination oj the Vibration oj a S implified System 11lt!oft,jllg Axial
V ibratioll.- In t he Appendix, an expression is derived for the natural frequencies of a simplified
system having three masses, representing a shaft and propeller , attached to a mass which is
free to vibrate axially. The values of the masses and st iffnesses have been chosen to represent
the experimental system as regards low-frequency modes.

The effect of the axial system at various blade-pit ch settings is shown in Fig'. II by the
splitting of the curve a,b,c,d into the two bran ches k ,c,d and a,b.j.
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Another mode of vibration is introduced by the a xial coupling (represent ed by k,c and b,j )
and the low-frequency mode (that is, the mode mainly influenced by t he flexing of the prope ller
blades) has its frequ ency lowered at pitc h angles beyond 20 deg. as represented by t he charge
from curve a,b,c,d to curve a,b,;. •

Thus when there is an axial syste m having a na tura l frequer.cy of vibrat ion relative to t he
main system of about the same frequency as that of the syste m alone in fundam ental torsion ­
bending, another mode of vibration will be found in th e torsional system and th e fundamenta l
torsion-bending frequency will be lower than the value with the thrust race rigidly held or wit h
the natural frequency of the a xial system itself remote from the fundamental torsion-bending
frequency.

The existence of cur ve B of Fig. 7 is thus explained and the existence of curve D is explainable
in the same genera l manner; however , the theory given in the Appendix does not explain the
falli ng off of frequency with increase of pitch angle, presumably because the syste m is over­
simplified .

9. Vibration Excited by T eeth of Gearing.-Throughout the records, a 21st order vibra tion
was present , i.e, one impulse per toot h engagement. This can not be a resonance of the recording
instrument or equipment because it appears at all speeds. A small 21st order resonance occurs
at 2,200 r.p .m . for blade pitch angle of 20 ·5 deg . of amplit ude 1,000 lb. in . torque in the pinion
driving shaft . A 42nd order vibra tion appears at various speeds wit h blade ang les of 22 ·5 deg.
and 29 deg. A vibration of 105th order appears t hroughout t he records , that is , five vib rat ions
per tooth engagement.

10. S everity of Component H armonic T orques Corresponding to the Various E11gi11e Orders.­
The lower orders of the harmonic torques are most important from the point of view of st resses
in the pinion driving shaft . Higher orders of 4i- , 6, 7! and 101 engine speeds are present bu t
only of small magnitude. The higher orders may be very important from the point of view
of propeller vibration by resulting in high st resses ncar the tip. Any forcing impulses t hat may
be at about 19,000 c.p.m. have not been detect ed owir g to the occurrence at t his frequency
of an antinode at t he location of the torsiograph- so that t here is equal amplitude of vibration
of ad jacent masses.

I l. Conclusions.- T hcre were t hree predominant modes of torsion-bending vibration, namely
fundamental, first overtone flapping, and a combined fund amental edgewise and 1st ove rtone
flapping of the propeller at 3, 150. 5.000 an d 6,050 c.p.m. at 15 deg. blade pitch angle respectively.
Due to t he proximity of the na tural frequency in t he axial direct ion to the fund amental and
1st overtone torsion-bending modes, the axial-bending mode of vibra tion was strongly coupled
with t hese torsion-bendi ng modes, t he torsional component of this complex mode of vibration
being measured by t he torsiograph. The torsional components of these complex modes of
vibration were observed to resonat e at 4,200 and 5,600 c.p.m. at 15 dcg. blade pitch angle.

The resonance frequency of all modes of vibrati on decreased with increase in blade pi tch
angle except for t he first overtone propeller torsion-bending mode which was almost a fixed
root mode of vibra tion and was almost constant, increasing a little for t he high val ues of the
blade pitch angle.

The fall of resonance frequency with increase ill blade pitch angle for the fundamental torsion
bending mode can not be explained by t he accepted torsion bending theory assuming infinite
rigid ity of t hru st race. This fall of frequency is considered to be due to t he coupling of the
axial-bend ing and torsion -bending modes. The coupling produced an important effect because
the natural frequ encies of the axial system, and the associat ed forces were of t he same ord er
of magn it ude as t hose of t he shaft propeller sys tem. The stresses resulting from the torsional
compon ent of the a xial modes are of the same order of magnitude as those resulting from the
torsion bend ing modes.
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From plotting t he deflect ion diagrams for th e torsional system it was found that a mode of
vibrat ion with an antinode in t he pinion driving shaft wit h adjacent masses vibrating with equal
magnitudes occurred at 19.000 and 34,000 c.p.m. No ir:.dication of the torsional vibration
in the range of these frequencies wi11 be given by a torsiograph placed in the pinion drivin g shaft
and hence for a general vibration investigation of the torsional vibration, readings at two points
would be necessary to avoid " blind spots" in the frequency ran ge.

All t he torsion bending resonances referred to above are one-noded crankshaft modes.
Two-noded crankshaf t modes were record ed but were of less t han ],000 lb. in . to rque am plitude
except for 7! order forcing frequ ency at approximately 2,610 r.p .m. of 19,6(X) c.p.m. for a blade
angle of 22 ·5 deg. which gave 4,000 lb. in . torque amplitude. The two-noded mode of vibration
may give rise to high stresses in t he propeller blades.

Throughout th e records a 21st engine order vibration of small magnitud e was present which
was caused by th e teet h engagement, and a 42nd engine order vibration was present on some of
t he records.

The conclusions reached in th e present investigation are in some degree tentative because
th ey are based upon observat ions at only two points in a highly complex vibra t ing system.

A more comprehen sive invest igation would invo lve simultaneous observations of propeller
stress and of translat ional and angular motion of the hub and of the engine body.
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APPEN DIX

Atlaly sis oj the Nat ural Frequencies of Coupled Axial and Torsional Vibration of Three S ingle
N ode Sy stems L inked Together to R epresent the L ow Frequency M odes of an

Engine-Propeller Combination.

The engin e-propeller system and its mounting is idealised into the three single node syste ms
(shown in Fig. to) linked t hrough the propeller blades and hub. The hub and propeller shaft
are considered infinitely st iff to the thru st race, and the engine is represented by a mass linked
with ax ial flexibility to a mass representing- the aircraft . This forms the axial system with the
resolved component of t he propeller .

•

1..4', . "

FIr.. 1O.-Thn'c single node systems connected to represent coupled a xial and torsional vibrati on
of engine-propeller system with mounting.

The cranks haft and propell er hub arc represented by two masses joined by a member flexible
in torsion, and t his forms the torsiona l syst em with t he resolved com ponent of the propeller.
The propeller blade is considered as a mass on the end of a cantilever .

Let /1 represent the polar moment of iner tia of the propeller hub.
/ 2 represent the polar moment of inert ia of equivalen t engine mass.
Nt represent t he mass of the engine .
N 2 represent t he mass of t he aircraft.

M represent t he equiva lent mass of one propeller blade.
cPl represent the angu lar deflection of the hub.
cPt represent t he angular deflect ion of the equivalent crankshaft mass.
x represent t he deflect ion of the propeller blade mass normal to t he chord .
.1'1 represent the axial deflection of engine mass.
Y2 represent t he axial deflect ion of aircra ft mass.

R represent the distance of the C of G of equivalen t mass ..11 from-torsional axis.
(J rep resent the blade pitch angle.
Cf, represent the torsional st iffness of the cran ksha ft.
C,. represent the st iffness bet ween engine and aircraft .

and C~ represent the stiffness of the propeller blades norm al to t he chord.
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The stiffness of the propeller blade along the chord will be taken to be infinite.

Equations of motion in axial direction :­

d'N, Xl + C, (Y, - y ,) - 3C, (x - R+, sin 0 - y, cos 0) cos 0 = 0

d'yN, de: + C, (y, - y ,) = 0

Equations of motion about to rsional axis :-

d'+ .I, dJ" + c, (+, - +,) - 3RC, (x - R+. cos 0 - y , cos 0) sm 0 = 0

d'+I , dt,' + C+ (+, - +,) = 0

Equation of motion normal to chord of propeller.

d'x
M dt' + C, (x - R+, sin (J - Y, cos 0) = 0

Solving above equations, the frequency equation may be expressed in the following form, which
is convenient for plotti ng :

sl0 2 8 = w' - Xw' + Yw' + Z
Sw' Tw' + U

where x = 3C, G~l + "~) + C, (~, +k) + C~ G.+ ;)

Z = 3C,C, C, [3~I (~, + "~) + N,INJ G~ + D
( R' 1 )S = 3C, - +-

/ 1 N 1

.. \ R' ( I I ) 1 ( I 1)1
[J = 3C,C, C, II ,I; N, + N, - N,N, 7; + i;
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To approximate to the conditions holding in the experiment , take : I I = 20 lb. in. sec."
12 = 22 th. in . sec. s.

N, = 32 .~4~\2 ~ 3 ·623 lb . sec.v in.

N , = _ ~OOO = 12 ·94 lb. sec. ' lin .
32 ·2 X 12

M ~ 80 = 0 .207 lb . sec.' /in.
32 ·2 X 12

Nat ura l frequency of substit ute crankshaft with node at hub of propeller 5,600 cycles per min.
56002 4 2

Ctf, becomes 12 - 6(f2
:t = 7 ·56 xI0 81b.in./radian.

Natural frequency of substitute engine and airframe system with no propeller 4,500 c.p.m.

C be N1N, 4500' 4~ 2 0 634 10 ' \b I', comes Nl+N~ 602 = . X • m.

and natural frequency of substitute propeller blade with node at root 1,875 c.p.m.
18752 4,,2exbecomes .M 60

2
' = 0 ·01 X 106Ib./in.

The above expression was plotted giving the curves a,b,j ; k,c,d and e,j,g ,h of Fig. I J.
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10 N ~ "lI $0 ioO JO e.o 'CI

~l1 .\." r io.
~~Tt.. co
ro ~ 0 _0

FIG. 11.- - Curves of natural frequency of simplified sys tem assuming propeller blade .
to be infinitely rigid along chord .
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In order to find the effect of th e ax ial system on the coup led system mass N ) was assumed
to be infinite.

The frequency equa t ion is t hen :-

w' - w' 13C, (3~f +~.') +C. G,+D! . ( l i N' )+ 3C,C. 3Jf I, + 3.\f I ' + 1,1, ~ 0

The above numerical values have been subst ituted in this expression and t he resulting
frequ ency cur ves are a,b,c,d and e.f,g,h in Fig. 11. The difference in the two systems occurs
in the region b,e, which for the axial system coupled splits into two branches b,c and b,j.

The influence of t he axial system extends over a small range of frequ ency in the region of the
natural frequency of the axial system . In Fig. 12 th e frequ ency curves have been plotted for
a similar system to one previously plotted but with the inertia and torsiona l stiffness +of
previous values. In this case , the resulting frequencies are widely separa ted and the difference
in the torsional resonances du e to th e axial coupling. cannot be det ected .

"'000"," 'I,,(,IU••,.
TCM. CM"\..EO.' ~'.

•
f-- I

.. - - 1-- - ---

,
~.TIlIl "" '"C~EN("

I~or TOIl,~IOM .~ ~Y~TV'I

~ """
~U\l~.I,\. ' 1tCiM«

.,
0 IIor." .1,\. ~Y!>TE'"

HIlT C~~EO

•;;;
" ,- -- - - •.. •

-- -- - - --

,
" .. .. " se .. '" ~

"

,
~~ I """ /U'"
, 1}rCM ,eu....
r ell , , 0' .

,

r r~ E

FH ~ , 1 2 . --<"~1II"ws of natural frequen cy of simplified system. assuming propeller blade to be infini tely
rigid along chord va lues of moments of inertia ~ of those taken for Fig". 10, hut torsional

In-quencv. axial and flexural conditions the same.
('un'C's a, b, C, d and c, f. g. II an' frequen cy curv es calculated for torsiona l and flexural system.

assuming 110 coupling with axial sys tem. i.c-. .\', infinite,
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TABLE I
Hormonic Analysis of Torsiograph Records

B lade A ngle 16°_;;1)'

500

9,000

; \ Jllplitndc
Lb. I ll .

Order I

I

Frequency
Cycles

Per ~fin .

,
r

2,100

2,200

2,000

Order

,
Frequency

Cycles I
Per Min. '

' ,000

1,100

Engine
R.P.M. A~b~~~~C , ._r._~~f~,~ 1

1
_

:1,000 _ 1:1 5,000 I, 5,000- 1- - ' 1- -1

<,000~ < :1,000 21,000 -r-IOl- 1
___ _ _ ,_ _ C_.1_,OOO_ I 21 300 Jl__ 5,250 !~"! 7,000

3,300 i 3 7,000 I <,200 I 2 l ' ,500

-1 ,400 I of 3,500 II 5,500 -: . 21 6,500

23~ 21 -100 I! -1 ,4011 !. 2 .---~~ .500-'
1,200 I -1 ,200 ! :l l 3 ,500 i 2,300 :--- 5,750 - ;--2-1- - j----o,-(j(-)(j- - '

- --.-- - - 1- 3 ,600 . :I I ' ,500 Ii <,600 '1-" -2-T--3-,0-OO-

I 25,200 - 21---1 ·lOO 1[----;,400 - ' (i,OOO -~T-'- --2,500 ..._-

--'-,300- - - - 1- -· -1 ,550 ---'T--:il --··I-· - -C-','-lOO---:f------~ - '------4 -,8'-10 -- - -~' ! - (, ,l~M I

--- - ----- - ,. I'" ---'.- - - --- ----- - . - - ---- -! :U:JOO~. , :uro [t 50 ,~ llO : :!I H()

- -- -- I- --~250 L. --=~_J -1 ,000 . 2,500 6-:250- 1----;"1- ,-- ~.(;)- ..

i 27,300 ! 2 1 . I. 500 ! ~_______ 5,000-'~-;--=-I~~ 8,(0}

1,-100 -1,200 : :1 1 5,000 I I IS.7~1 7! (illO

====i==; ::-;-2~I -l---<': -~:~~= 2.H~=! - -- 5: ::: ~=_2~;- :- ;:::==
- _.- - --1---- --- ,- .- -....-------- ...-----,- ...------ - ---- - T ----- -- --·

I ,SOO , 5,250 :J~ I 1,000 II ! fi,20n I 2 • 7,nno

1,000

:t7,SlMI ~ t 1:1,,''1fMI

1,9011 5,700 " 8 ,000

-4 ,7S0 1,500

:N, OOtI :!I 50n

Arnplitnde i , Half Hange
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TA BLE 2
l l uruwn h: ./Jnulysis of Tors iogruph Ncw rd_,

IUade A ngle ~.wu~50'

Engine
K P.M.

1,035

1,110

J,190

1,2(iO

1,&M1

Frequency 'ICycles
Per Min .

3 ,105

3,H20

21 ,750

2 ,700

3.3..10

23,300

2,9~)

:1,570

25,000

a, 15O

3.700

26,400

2,760

3

21

21

3

21

2 5,.5(10

2,500

Engine

2 ,210

Frequency
Cycles

Pcr Min .

4.000 -l-_--j._
5,000 I

42,000

3,210

4,280

5,350

45,000

",420

5,520

46.500

4,().tO

5,800

24"'00

48 ,800
---i:-- · ----I-·---j~--

--------
1,520

1,58l'

(';~ 17 "

2,400

H,IJO() 21 2,500

"
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TABLE 4
IIannonic A nalysis of T orsiograpk Records

Blade A ngle 250 - 50'

2 11,0002 1

- - _ .- ._- .._--- - ---
I i ,

!Frequen cy Frequ ency
,, ,

Engine Cycles Order , Amplit ude -
:1

Engine
I Cycles I Order

Amplit ude
R.P.~1. P(,T :\Iin .

, Lb. In. R.P.)!. I Per )oli n . Lb . In ., :,

I
,

:1

1,035 -1 , 1-10 • ,
11,000 1,810 -1,520 I 2! 3,000,

I
,

. ,660 . j . ,000 , 5,-130 ! 3 6,000

! il
,

109,000 105 300 13,f){)() 7j 3,500
•---_. ;

1,190 -1 ,760 • ,
:l,75O i 38,000 21 500, ,,- -

5,360 . j I 5,750 190,000 105 ,;00
i

125.000 105
,

100 'I 1,9'20

I
. ,800 ~l I 8,000

1,260 -I..lI O 3j i 1,000 , 1-1,-100 71 2,500,,
i

5,0-10 • , $.500 -10,300 21 1,000
• I, , ,

5,630 . j • 1,000 _ 1 20 1,500 I 105 .'lO___ - I 1---
ZH,4O\) 21 I HOn , 2,000 5,000 I 21 I 12,000

!

I
--, - I

,

132,400 105 I 200 -12,000 21 I 800
I

i 5,000 :J! i 7,2...:;0 210 ,000 I 105
,

1.430 I 200
_ II

1=5,100-;I 5.720 • 2.750
,

2,040 2 j i 11.500,
---

90,000 ' 00 21-1 ,000

5,220 3} (;,750___' ~__- - -- - - --

1,490 -I ,no 2,750 2,1-10 5,850

-15,000

11 ,500

I I .~ ,;00 "

:11 ,300 21 soo 2,210 5,520

1,1"-10 2 ,000

5 ,710 21

200

s,noo

I ,GOO 5,070 ~,500

,- - - - - - -

.';,9'_'0 :H 5 "M}()
- - - - - - --- -- - - - -- - - '- - -- -

:!I -lU)

---- - - - ----- -- - '-- - - - j
177,500 :;c II I

Amplit ude is. Ha lf Range.
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