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ABSTRACT.

This paper describes an investigation of the
dampihg influences occurring in multi-crank engines when
in a state of torsional oscilllation. The ma jor part of
the experimental work is carried out on a four-cylinder
petrol engine, The crankshaft 1s of the four-throw-two-
bearing type and its torsional flexibility is examined
analytically for the condition of no constraint and
complete constraint at the bearings, Torsion experiments
are carried out with the crankshaft in place, and the
results are in glose agreement with analysis,

In the vibration experiments a Geiger torsiograph
is used and resonance conditions are examined, Extreme
methods of lubrication are adopted and the outstanding
influence of lubrication in the control of amplitude at
resonance 1s demonstrated, For the engine dealt with
the principal source of damping is traced to the main bearing,

The dissipation of energy in an oil film, due to
Journal vibration is examined analytically and expressed in
terms of Journal displacement, From an investigation of
the jourmal displacements caused by crankshaft oscillation,
it 1s found that practically all the input energy of vibration
could be accounted for in this manner, thus confirmiﬁs the
experimental abservations,

The results are finally reduced to an overall non-
dimensional factor which is practically constant for the
range of frequencies investigated.

Regults from a number of multi-crank engines on which
further experiments had been carried out were avallable and
these, toge ther with other published data, are also reduced
to this simple non-dimensional form, The value of the
factor 1s not constant for the different engine systems, but
appears to be correlated to the elastic curve form at the
engine, and an average curve taken on this basig is presented

as a guide in design.
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INTRODUCTORY REVIEW.

In modern machinery where periodic torsional
torces occur it is generally necessary to include in
the design procedure an investigation of the torsional
characterlistics of the dynamical system, This phase
of design is essential in marine installations, and 1it
is compulsory in high speed reciprocating engines
including the automobile and sircraft types. In all
these spheres many examples of severe torsional
vibration are on record showing the penalty of
reganance ultimately taking the sinister form of
shafting failure, Milder cases of resonance usually
result in some form of disturbance, coarse and
unecanomical running or irregularity of operation,

The problem of determining the torsional vibration
characteristics becomes one of first estimating the
natural frequencies of torsional vibration of the shaft
arrangement, There are various methods available for
this calculation, but for multi-elastic systems, the
most common is the modified Gumbel - Holzer' method.
This involves the determination of inertia quanéities
and shaft rigidities and their reduction to an
equivalent dynamical system having torsional
characteristics equivalent to the entire running gear,

The accuracy of the natural frequency calculations
chiefly depends upon the estimation of shaft
flexibilities, the main difficulty occurring in vibration |
forms where crankshaft rigidity is important, However,
with further data continuing to support recent empirical
formulae for crankshaft stifrnesaa, calculated
frequencies can be relied upon to within 3 per cent.

Thus the primary problem ot determining natural

1. Holzer, Die Berechnung der Drehschwingungen., Berlin, 1921,
2. Carter, Engineering, July 13th, 1928,
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frequencies and vibration form may be regarded as being
sufficiently clear from an engineering point of tiew.

With the natural frequencies determined, there
foilowa the possible critical speeds since theoretically
these occur when the periodic torces synchronise with
the natural frequencies. FPortunately only comparatively
few are violent enough tao cause damage, Some of these,
however, are so gevere that their synchronism must be
avolded entirely since even a passage through the region
would be serious, Hence the further problem of
assessing the magnitulle of the several criticals becomes
important.

The simplest baslis for this examination 1is the
energy method developed by wydler3 and Lewln4. This
methad depends upon the fact that at rescnance the
vibrational energy given to the shaft by the periodic
forces is absorbed by the damping forces alone, PFaor
reciprocating engines the periodic lnertia torques are
definite and the disturbing torques due to the fluld
pressure can be calculated with reasonable accuracy ifrom
the indicator cards, Hence, since the free vibration
form is assumed at resonance and the input energy 1is
prapertional to the vector sum of the praoducts of
harmonic torque and amplitude of vibration at which 1t
acts, the relative value of this energy for a particular
vibration form can be estimated closely for each
critical,

At thls stage 1t will be possible to predict
whether the operating speeds are clear of criticals
which are expected to be severe, In many slow speed
engines this can be attained, but with heavier engine
masses, greater number of cylinders and higher running
speeds, the avoldance is not altogether a practicable
possibility, In such cases, methods of evading severe

resonance conditions must be employed, such as

3, Wydler,"Drehschwinzunzen in Kolbenmaschinenanlagen"
Berlin, 1922,
Leuls,Traans,New Yori c,of Nawal Arxchit g and Marine
4, Leuls,Traas,.New York So a%n&‘ Febd %32;_ :
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read justment of mass and elasticiiy for frequency change
or rearrangement of firing order, crank angles etc,,
in conjunction with vibration form for cancellation of
certain impulses, Even correct phasing of the load
if it has sultable periodic variations can be emplaoyed
to attain minimum vibrational energy at resonance,

In all such methods, success 1s posaible to a
varied degree since the avoldance of extreme criticals
very often introduces those of minor order which still
might be dangerous. In many oil engines running at
present the operating range lies between severe
criticals, while the high speeds and wide speed range of
automobile and aircraft engines makes it impossible to
avold altogether the occurrence of criticals in the
operating range, These cases are Quite common and 1t
becomes necessary to estimate the actual values of. these
criticale at and near resonance in order to decide
whether it 18 safe deliberately to run at these speeds,
This involves & knowledge of the damping influences
and factors controlling amplitude at resonance,

The damping property of any particulﬁf gsource
is usually known when the energy absorption is expressed
as a function of amplitude and frequency. Where torque
characteristics permit, as in the case of propellers5,
it is possible to derive damping factors, such that the
amplitude of vibration when damped mainly by this source
can be calculated with sufficient accuracy to be of
practical value,

However, 1t 18 qulte common to have other modes
of ¥ibration with a node prabtically at the propeller so
that damping from thie source 1s ineffective, This
class of vibration is similar to that which occurs in
air-craft drives, engine-generator sets, and many other
spheres, The damping occurs at the engine and shaft
but its nature and distribution is indeterminate,

5. Porter, Trans. Amer, Soc, Mech, Eng., A.P.M.,51 - 22, 1929,
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It appears that there have been no detalled investigations
carried out from which the nature of engine damping could
be elucidated, Information from actual engines 1is
usually limited to an overall value from one important
critical and it appears impossible and unreliable to
consider the damping from the engine frictlonal tordque
characteristics, There 1s also a diversity of opinion
as %0 the most rational way of considering the results.
Wydler3, Holzer', Carters, &c,, take the nature of englne
damping to be unknown, and reduce observations to an
equivalent overall viscous damping occurring within the
engine, Bach modifies the factor slightly, expressing
it in terms of cylinder area, mass or equivalent
amplification factor,

On the ather hand, Lewis4 cansiders that there
is no damping within the engine since there appeérs to be
no frictional torque variation with speed change. He
therefore assumes that all the vibrational energy is
absorbed by hysteresis in the shafting, the overall
damping taking a form based on the hysteresis results of
Rowett7. However, from a list of overall results given
by Porters, it 18 seen that hysteresis energy is but a
fraction of the energy absorbed.

Object. In view of these opinions it was thought that
an attempt should be made to investigate the nature and
distribution of damping influences in engline torsiomal
ascillation ana factors controlling amplitude at
resonance on a small scale plant suitably arranged so
that effects of mass, frequency and amplitude could be
examined, together with lubrication and piston ring

effects,

3. 1. 4, Loc, cit,
§. Carter, Aerao, Research Comm, R, and M. No.1053.(E,22) 1926,
7. Rowett, Proc., Roy. Soc. London. Series A, Vol, 89, 1914,
See Lewls loc, cit,
8, Porter, see discussion in paper by Hartog. Trans, Amer,
Soc, Mech. Eng. A.P.M,652-¥3,%97%0,
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PART 1. EXPERIMENTAL PLANT AND ITS CHARACTERISTICS.

Description of Plant.

Since the investigation consisted mainly of
studying damping within the engine, a plant was required
such that large oscillatlon took place only at the engine.
and that amplitude and frequency could be varied,

A four-cylinder Dorman petrol engine, 24 in, x
43 in, stroke was driven by a D,C. shunt motor, through
& long flexible shaft, the speed of the motor being
controlled by a number of resistances in series with the
armature circult, Two relatively heavy fly-wheels fixed
close to the armature gave a combined inertia much greater
than the engine running gear which consisted only of the
crankshaft, connecting rods and pistons. In arder to
vary the natural frequencies a number of split pulleys
could be fitted close to the engine masses,

The cylinder head was removed to eliminate
the uncertain periodic torques intraoduced by the pumping
effect, particularly in the case when the piston rings
were removed, When running, inertia torques arise in
the engine and incite torsional vibration in the engine
and motor masses, The source of vibra, ion occurring at
the position of maximum amplitude on the dynamlecal system
gives the best position for developing the greatest
vibrational energy.

The masses and shaft flexibilities were such
that one node vibration, stimulated by the large 2nd and
small 3rd order torques could be studied. Fig. 1 shows
a general view of the plant,

The engine and motor flywheel units were
fitted to heavy baseplates as shown in Figs. 2 and 3,
these being secured by fitted bolts to two rolled steel
jJoista 8 in, x 6 in, x 20 ft. long. The girders were
further secured by placing at sultable distances apart,
two stools which also served to support plummer blocks

carrylng the long shaft. Thus the whole plant was



Fig 'Z. /=" af Engine R .~ Torsiograjpll
6.~ 0>/-Wg// for gravity supply to main - be,arir\g )

C.— D&ad - Centre tiyvl*vig



F;g. A \AeW at Engine.,

A- V2-ad~ce-ritre. timing ,

Figq .3, 1AgW Motor
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rigidly connected to a solid foundation,

A flywheei and extension sleeve were heavily
keyed and pinned to the armature shaft, the extension
sleeve carrying the weight of the flywheel on a ball
‘bearing, fitted to the motor base plate, |

The shaf ting was’supported by three plummer
blocks and was connected to the crankshaft by a solid
flanged coupling. A heavy belt pulley, keyed and pinned
to the other end of the shafting was bolted to the
extension slesve on the armature shaft by three fitted
bolts, Filgs, 4a,b.c. show in detail the arrangement
at both ends of the éystem.

From preliminary runs it was found that all fittings
had to be heavily keyed and pins countersunk and fitted
into the shaft, This was important as small slips would
absorb considerable energy. The vibrations were more
severe than anticipated and saddle keys and ordinary
pinching pins failed to hold and proved useless, Wwith
the most severe oscillation, the revised fittings proved
succesaful, as there was n& evidence of slip having taken
place.

At speede removed from resonance, smooth and
satisfactory running was obtained.

Bearings and Lubrication, The motor was a 2 pole D.C.

shunt type rated 3 H.P, at 1500 r.p.m, The armature
was carried on two ring oil bearings and the extension
sleeve on a ball bearing, The plummer blocks supporting
the shafting were of gunmetal, one being placed adjacent
to the pulley flywheel and the other two conveniently
spaced along the shaft, The engine crankshaft was of
the two bearing type, having a long white metal bearing
at the aft end and a roller bearing at the forward end
of the frame, Normally these bearings were forced
lubricated by a pump, gear driven from the crankshaft,
but this was dismantled for simplicity in engine running

gear and gravity feed substituted to the white metal
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bearing. Fig. 2 shows the gravity feed supply.
The connecting rods had been designed for splash
lubrication, but with constant dismantling this was
not, considered conslstent, so the oil sump was
removed and the lubrication of the rods left to

deteriorate to the boundary film type.
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INERTIA MEASUREMENT.

(a) Rotating Parts, The Polar moment of inertia of
all rotating masses was determined by the Bifular
Suspension method and checked by calculation where
possible, Strong cord suspended from a cross-girder
wag used to support a carrier into which the abject
could be centered with its longitudinal axis vertical,
The length 8 of the suspension was apﬁroximately
10 f£t., but this varied with the welght on the carrier.
The distance I from the axis to the points of )
attachment of the cords was /1%% n.. By vibrating
through a small angle the time to complete 100
vibrations could be found to within a fraction of a
second for three trials.

The polar moment of inertia I was then obtained from

usual equation :-

I,¢

T= 2T
(W+w) r*

where T = time of one oscillation,
= M of I of carrier + M or I of object.
=141
w = weight of carrier,
W= " " object,
The resuits of all rotating masses are given in the

following table:

Inertia of Rotating Masses.

‘ weight Polar Moment of Inertia

Part. |___1bs, 1b, in, seck
Armature, 47,01 0,660
Armature Flywheel. 25,00 1.21
Pulley rlywheel. 36.75 2.64
Planged Coupling. 6.98 0,09

17" split pulley 8.13 0.880
2" " " 5,40 Q0,241

LR A " 4,70 0.165
Crankshaft 39.00 0.422
Wooden pulley 3,05 0.007
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Connecting Rods. The c.g. of each rod was abtained

by the knife edge test. For the radius of gyration
about the c¢.g. the rods were treated as compound
pendulums and the oscillation method employed.
Suspending the rod by the knife »’edge in the small end
bush, the periodic time 1or 100 vibrations was found,
and the radius of gyration k determined from
1’=27T(£fi-75-2— where. X 1is the distance from the
point of guspension to the c.g., and j the
gravitational constant, Repeatins the process by
suspending the rod on the knife edge at the big end
bush, a similar value Ior k was fouhd. 411 four
rods were treated thus and the average of the eight
values of kﬁ wags found to be 10,85 1n®,
Reduction of Connecting Rod. Before reducing the

piston and connecting red to an equivalent polar moment
of inertia, it is convenient to substitute an equivalent
dynamical system for the connecting rod. The usual two
mass substitution, together with a correction couple is
adopted in the reduction as explained by Kerr”, The
rod is thus equivalent to a mass W) reciprocating
with the piston and a mass W, rotating with the
crankpin such that W,u = W,v where U and Vv are the
distance of the masses from the c,g. of the rod,
This, nowever, gives an apparent moment of inertia 1or
tne rod about the c.g. of BW’UV , in pléce or the
correct value 9\&}?2 , W being tne weight of tne
rod, Iv 18 tnerei’pre necessary to introduce a
correc.t.lo.fx couple T = —g(kz-—-uv)% acting on the rod,
where ¢ is tne angular acceleration of the rod,
Fig, 4¢ gives particulars of this reduction,

On une basis of kinetic energy the complete

piston line can now be reduced to an equivalent polar

moment of inertia using the expressions given by Cor'm.s\c10

9. Kerr, Trans, Inst. BEng. Ship. Scotland, 1927 - 28,
i0, Cormac, "A Treatise on Engine Balance using
Exponentials".
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RECIPROCATING MASSES.

The Kinetic energy of the reciprocating masses is :-

_szvz_ 7z mw rz(e, +ecosb + ezcos20 + e3cos30 +---——)
= Q_Z}UJZ

where [, 1s the equivalent polar moment of inertia;

hence Ir = mrz(eo + e,cos0 + e,cos20 + ezcos36 +--—-)

For crank/conn. rod ratio A = 0-2795  the values of

e° 9 e, ) ez e’.c., al‘e :*

051016 |0-/1425] |—0-5002] |—0-14395|-0-01015 | 0-00/47 0-0002/ |—0-00002

From Fig, 4c the equivalent reciprocating masses are
1.7Y 1b, hence the equivalent polar moment is :-

ij = 0-01275 + 0-00356 cos8 — 0-0i25 cos26 — 0-0036¢0530 —0-00025¢c0549
/b. Ih.SCCQ.' ‘- ————-—

CORRECTION COUPLE.
K"nel'/c} (uv k)¢ ‘Lﬂ-(uv /:a) (5 +5,¢0520 + 5 co540 4=
l )

ener
997 _ 4 l'i(uv -kz)w (-—ooasqsz — 0-03901 cos 28 +0-0007q cos46 |
l 3 " —0-00002 cosée"‘-*");
= EI Mg [

(4 j

where Ic is the equivalent polar moment of inertia due
to the correction couple, From particulars on Fig, 4c
this becomes :- l }

I. }g - 000066 —0-000647 cos26 + 0-2000/ cos46 - - - —~ — '

Ib. in.sec?
If",* Icl } = 0-01209 + 0-00356 cos® — 0-0/3/5cos28 — 0-003b0 cos 36 t
. In. Sec !
Big End Rotating Mass. = 0-00024cos46 - — ~ = - ‘
2 ; L
I = l"..?__"_ = 1—5—8—,‘—5—6—4 0-023| lb n. sec.z |
9 386 :

Hence the polar moment of inertia for the piston and
connecting rod 1is :-

IF- Ib. in.sec? = 0-0352 + 0-0036¢os6 — 0-0/32 cos 26 — 0-003b cos 36— 0-000Z cos40

— o w—— e——

TORSIONAL RIGIDITIES.

(a) Extension Shafting. It 1s seen from the general

view of the plant in Fig. 1 and from the details in
Fig. 4 that as arranged, the main torsional flexibility
is provided by the long 1 inch diameter shafting.
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Reversed torsion tests were carried out on & 15,000 in.

1b, Avery machine with the object of detectinglhysteresia

on a length of 1 in, diameter bar from the same material.

From these tests, which are reported later in page 46,

the elastic properties are :-

Modulus of Rigidity 12.0 x 10° 1b. per in2.

Shear stress at 1imit of proportionality 13,2 ton per 1n2.
The reduction of the tlexible parts beyond

the pulley flywheel, Fig. 4, to equivalent lengths of

1l in, diameter, can be calculated with little difficulty

- since 1t comprises circular sections, As these parts

are short and rigid, any errors made in the assumptions

will have negligible effect on the final result,

Beginning at the countersunk pins, where the shafting

flexibility is essumed to finish, the flexibility

comprises that of the pulleyvboss, flange of the sleeve,

and sleeve up to the pins, From there on to the

armature flywheel the rigidity is the composite effect

of the heavily keyed shaft and flywheel boss, after which

the armature shaft is simple and straightforwerd.

Reducing vo an equivalent 1 in, diameter shaft this is

approximately 4,89 in, from armature mass to the fly-

wheel and 0,95 in, from the flywheel to the belt pulley.

Thus the two flywﬁeals may be combined as one mass,

connected to the armature by a length equivalent to 5.4 in.
Aﬁ the engine end, the shaft elasticity in

the flanged coupling which has double keys, can be

reasanably assumed to be effective in the boss for'a

length equal to the shaft dlameter, Tre flexibility

of the coupling is taken as that of the boss slightly

stiffened by the flange,

fp) Crankshaft, The crankshaft is of the four-throw-

two-bearing type, and is relatively stiff compared to

the long extension shaft, Nevertheleas, since tl.e

vibrations at resonance would be most severe at the

crankshaft, and important damping forces would also
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appear at the bearings, several problems arise which
must be investigated, It wag therefore considered
essential at this stage to éxamine the flexibility
of the crankshaft in detail.

As shown in Figs., 4 and 5 the forward
Journal 1s fitted in a roller bearing 1 in, long,
having a push-fit clearance of 0,0004 in, and the aft
Journal 1s supported in a plain white metal lined
bearing 4% in, long with a running clearance of 0,0025 in,
Thus the aft Journal will have a maximum lateral displace-
ment 1Whta bearing of the order of 0,0013 in.'which'
value will be reduced by 511 film thickness, It was
decided therefore %o meésure the twist with the shaft
in 1ts own bearings,
Method of applying Torque, With the engilne casing

bolted to the heavy baseplate, a secure foundation was
provided, Pacilities were also available for securing
the forward end of the sghaft to the engine casing by -
means of a flange, ke&ed to the shaft and bolted to the
casing, as shown in Fig. 5. At the aft end the torqué
is applied at the original flywheel which is keyed to
the tapered portion of the shaft, Since the keys are
of the Woodruff type and a sliding fit is employed in
each case, the length of the shaft under torque is
equal to the'lensth between the centres of the keys,

In orﬁer to apply a pure torque to the
shaft in place a special gear had to be arranged.
This ultimately took the simple form shown in Fig, 6.
Two ropes carried by a wooden beam are attached to the
circumference of the flywheel, one directly and the
other after passing round a ball-bearing pulley secured
to the baseplate, The beam is carried by a rope
passing over a support pulley and is balanced by a
similar beam which acts as a weight carrier, Both

beams are supported by pulleys with hook-attachments
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to ensure further the application of pure torque,
The support pulley was secured to a roof girder,

Method of Measuring Angle of Twist. The method adopted

for observing the angle of twist is that of measuring
the travel of a spot of light on a scale reflected by a
mirror attached to the shaft, Although the forward
end of the crankshaft 1s bolted to the engline frame,

it 1s necessary to fit mirrors at both ends in order

to eliminate the deflection of the frame itself,.

Two pleces of %’ in, outside diameter tubing
were employed, one fastened to the flywheel and the
other forward of the fixed end, as shown in Fig, 6.

The tubing was set ta hold adjustable mirrors of a
Martens mirror extensometer at a suitable distance
| apart for the telescopes, and was stiff enough not to
be affected by vibration, The mirrors were carefully
set in the vertical plane passing through the axis of
the shaft., Two telescopes and scales were arranged
&8 in the Martens extensometer arrangement.‘ The
difference between the readings from each mirror at
each small increment of torque gives the angle of twist
for that increment on a length equal to the distance
between the centres of the keys, when multiplied by the
constant depending on the scale distance.

Frictional Effort. Since the method of applying the

torque involves a falir amount of friction both in the
pulley gear and in the shafting, a preliminary experiment
is necessary to determine the law of frictional effart,
The only changes made to the apparatus to accomplish this
were the freeing of the shaft at the-fornard end and the
introduction aof a spring balance as shown in Fig, 7.
Observations were made of loads and corresponding balance
readings for progressive steps of 20 1b. load. Similar
readings were taken during unloading, On unloading the
relation between the loads and the spring balance reading

is, of course, valid only when the energy stored in the
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spring avercomes the frictional effort, The spring

balance had an open scale reading from 0 to 300 1lb.,

and a callbration showed an error of only ¥ 0,25 1b,
Twe trials were made and the plotting of the

results as in Fig., 8 gives the law of frictional effort

as :-

Loading :- F = 0-205P + 60 .

Unlosding :- F = 0°205W +60

-— —

where F 1is the frictional effort, 1b, in, and P anda W
are the efforts for loading and unloading respectively,

Porsion Experiments. Two tests were made with the

scale distance changed in each case, In each test the
load was gently applied in steps of 20 1b,., and the
corregponding mirror readings noted until a torque was
obtained which was considered to give the limiting safe
stress on the shaft, The load was taken off in ateps
of 20 1b,

The readings were reduced to the effective
torque applied to the shaft from the frictional effort
equation, The fimal result of the effective torque
is plotted on a base of angle of twlist in Fig, 9, where
it is seen that two experimental curves are obtained,
one for loading and the other for unloading, both
having practically the same gradient.

The two curves also show an apparent initial
twist but this, however, does not exist, Since only
the gradiemt of these curves 1s required, a corrected
line can be drawn through zerc to represent the gradient
for both eurves, Thus the experimental relation between
the effective torque and the angle of twist for the gauge
length between the centres of the keys may be expressed
by 6= 0-1530 degrees per 1,000 1b. in, torque.
CRANKSHAFT BY ANALYSIS. In order to determine the

effects af constrained lateral displacement of the

journals for the extreme conditions of no constraint and
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of complete constraint at the bearings, an analysis, which
1s a development of that uged by Timoshenko” for the
simple crank, is given.

Before the analysis can be accomplished, it
will be assumed that the actual crankshsft has been
reduced to a simnlified form conslsting of plain webs,
Journals and pins as shown in Fig, 10, These reductions
will be dieccusced laber, For the simplified form the

following terms are usged :-

g9 = P'c’f , Where C = GJ.
- - IT_O(" = torsional rigidity of equivalent
Co q']; 32 e G shaft of diameter d, and
p length £, .
C, = C;I = 5112:‘{1 C; = torsional rigidity of journal,
= C;]; = _Id4 G = torsional rigidity of outer
32 2 crankpin,
C,=0CJ, = " = torsional rigidity of centre
3 C; 3 crankpin,

torsional rigidity of the outer web twisting
about Q0,0 . This rectangular cross-
section is arbitrarily chosen with sides r and
¢ to take approximate account of the local
Yielding of the webs at the juncture of the
pins and webs,

3 .3

. - ¢ r
Ty Py

o
fl
O
&~
i

C. = qj; = torsional }l;isidity of the ingide webs about 0202,
where

J = C: (2"')3
5 34 [+ (2]

' torsional rigidity of web, twisting about P, P, .
Again the cross-section is

rectangular having sides h, and ¢, , hence :-
r. < h,
4+ 3-é[c,’+hf]
C = C;J;= torsional rigidity of web twisting about b, Pz'
r c2hs
‘]; = 3‘6[c: + h:]

= = IL4 = flexural rigidity of the outer
B EI 64 2 E crankpin,

h\
il
H
Y
1

11, Timoshenks, Trans, Amer, Soc, Mech, Eng, 1922,
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B; = EIs = flexural rigidity of the inner crankpin.
4
= IL
Ld; E
B4= EI4 = flexural rigidity of outer webs with
) respect to bending in plane p, p,
= he' E perpendicular to plane of figure.
12
2
/'7152 E " L]
= = = " "
35 EIs 12 plane /azlbz .
2
[Z2 = Ig'dz = cross-sectlional area of outer pin,
F3 —_ " = " " " " centre pin.
1 .
F_; = h,XC, = cross-sectional area of outer wep taken on

0,0, .

!
F5= h X C == cross-sectional area of inner web taken on
0,0, .

E+ = rx ¢, = assumed cross—section of outer web taken on

PIPI '

F5 =(2r)x 62 = assumed cross-section of inner web taken on

A

Twist of Free Shaft, - No Bearing Restraint - Pig, 11

shows a diagrammatic sketch of the crankshaft with
twisting moments M applied at the centre line of the
Journals, and Fig, lla, gives a side view of the deformed
shaft, The total twist of the half shaft 4 +to f
consists of the sum of the angular deformations of the
portions ab, bc, cd and ef . The Jjournal and
pins are subjected to pure torsion while the webs are
merely under the influence of bending.

The angle of twist for each portion is then :-

o= Mafe, ;6= Mhye ; bua= Mafes
G=hfcy ;  Bg=Mb=c,

while the angular deflection due to the bending of each
web is equal to the angle between the tangents to the

curve of flexure at its ends. Since the bending moment
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1s equal to the twisting moment Y and is constant at

each cross-section, the curve of flexure of the web 1s a

circle, The torsional displscement, when the web is
considered as a beam of length(i) 2r and (ir) r , 1s
then :-
9” - 2Mr . §" = Mr
=L RALLES
be Bs de 34

Reducing this to an equivalent shaft of uniform diameter

having the same torsional rigidity where (), = M£,

we get :-

f frh/f C{az h h b
o JN ] =(i2+le+ P 0 2 L2 r L),
Shafl’, a /'of C3 CS Cz C4 Cl Bs T B.q ()

Lateral Deflection of Journals for Free Shaft,

The lateral deflection of the journals due to torque on
the free shaft is easily obtained by considering the
effect on the journals due to each component part.

Thus for the half shaft :-

(1) the twist ..rgﬁ& of the centre pin ab causes a
3 . »
lateral displacement at the journal of :- — Maz”/a s

(2) the twist Ma, c of the outer pin <¢d caupes a
lateral displacementzat. the journmal of :- <+ Ma/cz 5
(3) the bending of the centre web be ana the twisting }’
about 0,0, causes no lateral aisplacement at the f“
Journal ; -
(4) the bending of the outer webd de and the twisting L
about 0,0, causes a leteral displacement at the
journal of +Mr2234 and +Mh%c4 respectively, :
The net lateral deflection of the journaig for

the complete shaft 1s then :-

= Mr? Q. _ 9 L h | _____
26 5, +2Mr{c2 c +2C4_ -— - (2)

occurring in a plane perpendicular to the plane of the

throw,

Effect of Complete Bearing Restraint. If this lateral
disnlacement is restrained by the bearings, additional

forces and couples are introduced, involving a force A

and a moment M, at each journal, acting in the plane
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(3) Pin c-4d,

2
(1) Torsion of nin = (M;CA") a — -~ = (o)
2
a, 2
(i1) Bending of pin = {A (02+h7.) +A1} Az

28,

o

R :
= ZAB {31. a? + a'z (az"’ hz) +4, (az+ hz)?} h “(H) |
2

(11i) Shear of pin  — b’Aza. _ (12) :

24 F,
(4) Wep d-e : ,
(1) Twist of web = {A(az"'hz;“' +2Ll7')} r - ——(3)
2
| r (M_A4 )zd
(11) Bendin: of web = f/ ;{_
o 284
— Mzr - MAr? +‘3(‘(A2f'3) (4)
28, - - ou
k4
(iii) Torsion of web about 0, 0, = (M "EAI‘) h‘ - - (15) )
2C
2 2 +
(iv) Shear of web = g% + —XZAG-,%' — —  — (¢

The straln energy of the half shaft a to e is then the
sum of the terms (3) to (16),
Considering complete constraint at the bearings,

the disgplacement due to A 1s zero, and therefare -§-¢- =0

0A
Differentiating the strain energy and substituting M ::Ak ,

we obtain:- k =
< LA ar +2(a"+éh‘)z+ 2rt L ar | 1a2+a%(a,+h )+ a,(a +h )2
Cs 3rB Cs 38, ' C, rg|¥ ‘2 9%, |

2
+(az+hz+a.+éh.) r +rh,+xaz 42X Yh, R (TR 1 +xh,

4 38, Tac, rak Tar] TrEG TGEr TaR, Trar,

. a| r h, az

0 + + —_— - — —_ e ]
(Cz 28,  2¢, ca) (1)

S¢

Also, slnce —é‘ﬁz 0 , the angle of twist §

3A = oM
Differentiating and expressing A in terms of /Q, we obtain:-
N S I .
k)% ar _h R)™ rf_r 2R/
6=M ( +5-+ 2+ +-—-(l- )+ (8)
C, B ¢ C, B\ ¢
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or fram 6 =M°€/c° the equivalent length is :-

8., =Co ('*ﬁ)az_,_ 2r+h¢ +(”T?)a'+£_(l~_r_)+ (l—fE)h' -_(lga)%

a /'o (4 CB 85 Cg C2 84

These results were checked by applying the slope
deflection method to each component, Complete agreement
was obtained. For the condition of no bearing constraint

=co or A=0. Hence, the substitution of R= oo
in (/8a) reduces that equation to the expression (1) for
the free shaft,

Similarly the factor k for the single-throw-
twa-bearing shaft, 1f completely restralned, can be
determined from equation (17) by substituting a, and

h,,_ = O and applying the force A at the plane
passing through the centre of pin a,. This reduces
exactly to Timoshenko's'' formula.

Reduction of ghaft to simplified form. Reductions to a

simplified form must be made before the equations are
applied, Some of the simplifications used are arbitrary-
such as dispensing with facings and slightly increasing
the journals and pins to account for the local yilelding
in the webs at their point of juncture, Such effects
cannot be determined exactly owing ta the changes in
section and direction, but certain points which act as a
guidance may be noted,

For instance, in order to determine the value of the
bearing restraint correctly, it will be necessary to
retain the same longituwdinal spacing, i.e,, the distance

I "

from the point 4@ , Pig. 11, to the centre line of webs
must be the same as in the actual case so as ta caver
exactly the bending of pins and the torsion of webs,

In this case, therefore, there will be iwo sets 6f
dimensions to be applied simul taneously in the equations,
one for the twisting of the pins and the bending of the
webs, and the other for the bending of the pins and the
twisting of the webs, The two sets are shown in Fig, 13,

The slight stiffening effect due to the enlargement of the

11, loec. cit.
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centre pin at ‘a has also been reduced to an equivalent

length of uniform diameter,

Calculations - Shaft Values,
4
¢, = EdlG =0.9208 x 11.8 10% = 10,87 x 10° 1b. 1n? ;
d, = 1.75 in.
C, = 10.87 x 106 1b, 1n? B, = 13.8 x 106 1b. 1ng
C?. ,___ " x " " " ' B's = " ox " " "
C_’, = . " X 1] " " B_4 - 27.6 X L] " ”
c‘} = 47,0 x " " " Bg =31,3x " " "
C; =145,0 x " " " 2
¢, = 5.68x " " v T B
4 ¢ " "
Fa =
Cs = 7.95x " " " .
F"’ = 2,18 "
F; = 2,48 "
F" = 5.3 "
F, = 10,70 "

The coefficient & = 1,2

Prom equation (17) the value of k becomes 285.0 in,,
hence for complete constralnt the equivalent length
between the bearinsa becomes 28,, = 15,072 in, of 1,75 in,
diameter shaft, Algo for unconstrained condition,
2€, = 15.090 1n,
Gauge Length aof Shaft,

Equivalent length between bearings = 15.08 in. of 1} in,
diameter shaft.

Porward journal = Y,25+0.15 in.= 1.40 in, of 1} in,
diameter shaft,

I
Extension to centre line of key = 1,25 in, of I in.
diameter shaft,

= 7.32 in, of 1% in, diameter shaft.

Aft journal = 5 + 0.15 in, = 5.15 in, of 1% in, diameter
- shaft,

Aft journal to centre line of key = 0,93 in. of shaft
having taper ?.75 to 1,6 in,
= 1.13 in., of 11 in., diameter shaft,

.'. Gauge length of eyuivalent shaft = 30.08 in. of 1% in.
diameter shaft.

M{ _ Mx3008

Hence =
0 Co 10-87 % 10°
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or @ = 0-/1585 degrees per 1,000 1b. in. torque.- —-{(19)

A plot of this result on the graph of experimental

values Figz, 9 shows thet the curves practically coincide,

Lateral Deflectlon, Substituting the shaft values in
equation (2) the net lateral displacement of the journals
for the complete shaft 1s 0,00023%2 in, per 1,000 1b, in,
torque, The effect of this displacement will be referred
to later,

Equivalent Shaft, It will be noticed that with complete

constraint the consequent induced web torque 1is merely
2.35 per cent., of the torque applied at the journals,
This small effect, as indicated by the complete analysis,
has little or no influence on the torsional rigidity.

On further reduction the length of the crankshaft between
the bearings is found to be equivalent to 1,607 in, of 1 in.
diameter shaft so that all piston lines will vibrate in
phage and the engine mass can be considered concentrated
at the engine centre line, The remaining portion of
shaft from the journal to the coupling is easlily
reducible and the final reduction of the complete eslastic

system 1s shown in Figs. 4a and b,
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Mass Arrangements and FPrequency Calculations.

Throughout the experiments the mass at the
motor was kept constant, but in order to vary the shaft
frequencles, svlit pulleys were fitted at the engine end,
The fo;lowing»uotation 18 adopted for the various mass
systemn :-

Mags Arrangement,,

No pulleys fitted at engine end. Nam;?fén.
12 in, diam, pulley " " " " M2.
11 and 12 in, diam, " " " " " M3,
17 in, diam pulley " " " " P14.
2 - %7 in," o " M5.

To include the number of pistons in each
scheme, the corresponding suffix is added. e.g.

M.I.IP.,' M/.ZP. efe..

With very close reduction it 1s possible to
reduce the M|/ group to equivalent three-mass systems,
The extreme case MI.4}9. is shown in Fig. 14, The
frequencies as a three-mass system are :-
One node vibration :- 1123 v,p.m, and two node vibration :-
5950 v.p.m.

In the one node vibration the ratic of amplitudes are :

b . 1.042  and b5 = 6,86
6, 6,
Treating as a two-mass system, with masses (1) and (2)
cambined,
Jt = c0 1950 x 5-17 = [IZ3 V.P.m. as above.
2T [ 4.51 x0-6598

. . 6 _ 45 _ .
Katio of amlo/:f'udes — —g-i- = ;isqs 6-84

It 1s obvious therefore that the assumption of a two-
mass system 1s jﬁstified.

In the remaining groups, 1t was most convenient
0 fit the pulley masses close to the coupling on the
side furthest away from the engine, as shown in Pig, 4b,
This slightly modifies the conditions at the engine end

and with close reduction a four-mass system is possible,



-
— i

—_—

L T 1 Le
_— vpm.
//-/ \1p 1215
. “TI48" of 'di shdff. f-= 7‘{60 /b n/raJsz 1182
o E];l'b 1152
Mass Systew. M.1. Ap 1123
In _— /1 e v.p
: vpm
- - | 1p. 1042
o TTHG of (' sheft  F= $070 - 8060 2p 1024
= T ke |3
Mass _System M2 4p 990
= - =¢ V.pm
/'/ - -!P—— 967
145" T"dia_shoft _F= 8i40 - 8125 Dz}a 954
- ’ lb. in.| rad. lj 3p. 939
Mass 5)15/'em M3. 4p 926
—
ye L
— ) 1b 830
144" of : ""1"dia. shaff. F= 8180 — 8ibo D 2p 821
- lb.in | rad. Diﬁ- i:;;
Mass S)ls fem. M4 4p 508
| T
Ao — [ ypm
' _//p. 7oz
142" 0f 1'dia _—<halt. F=8280— §275 D 2p 6497
1 b infrad. D 3p bdb
=8 Mass System. M5, 4p 693

_f_/_j_/_é_ _Eyu/va/en/' Two - Mass 5jsl”em5_

Vibration

To rslanai Farms,




Mass Armngemenf’s as E?w‘\m/cn/' Two—’M;ss Sysfeas.

Frequencies  mass ratios and _relabive amplitudes.
Table. 1. | Piston Series.
Mass al Mofor End Ta = 4-51 lb.in. sec*
Mass Masg af Mass Equivalent| Torsional |Natural Relabive
Arrangement Enjc;:;ne. K;:o*—r-' bf,:i:i F/a;b,hry Frczlucnc]. Am’:ahf‘uo(c.
Ib. in. sec?| e masses L1 (L ladal v pom. ¢
M1 IP. 05542 | 8§14 148 7q'éo /;15 1-123
M2.1p. | 07952 | 5-6b 146 §070 | 1042 | 1177
M3 1p | 0902 | 47 1447 | 8140 967 | 1-213
M4 1p | 14342 | 314 | I143:9 | 880 30 I-319
M5 1b |2:3142 | 1195 | 1421 | 2280 | Toz2 | 1513
Table. 2 2 Piskon Jeries .
Mass - at Motor End. I, =45/ [b in. sec®.
MI.2p. | 05894 | T65 48 T96o | 1182 l-lz:l
M2 2p | 0-8304 | 544 | 1461 | 8070 | (024 AR
M3 2p | 09954 | 453 | 1449 | 840 | 954 1221
M4 2p. | 14644 | 307 1440 | §180 £21 1326
M5 2p | 23494 | 192 | 1422 | 8280 | 647 | I'521
Table 3 3 Piston Series.
Mass af Motor Frnd. Im =<4-51. Ib.in s’
Ml 3p | 0bz4b | 722 | 148 | 7960 | 1152 I-139
Mg,gj'y_ 08656 | 521 146:1 | §0bo | 1007 1192
M3, 3'}7 losob | 437 | 1450 | 8130 | 439 1228
M4 3,17_ I-5046 | 30 144-1 | 8170 914 1-333
M5 3’[0 23846 | 189 142-3 | 8275 | 696 1529
Table 4 . 4 Pislon Seres.
Mass aF Motor Fnd Im = 4-51. Jb.in.sec?
MI 4p|06598 | b34 | 143 7960 | 1123 | I'146
M.ZJ;P 0-9008 | 5-01 146-2 | §0bo 990 l-Z0
M3‘4;, 10658 | 423 I45°/ gl125 926 -7236
M4 4p | 15398 | 2-93 1442 | 91bo §08 I-34]
L—’t’f ,4Jb zl’_i__'__ig 1-865 /42~4 _3_2;15 693 /536




- 24 -

Taking the extreme case M5.4P. y the final

calculation of fundamental frequency is given in tabular

form 1n Fig. 15. The frequency obtained is 695.5 v.p.m.

and the ratio of the amplitudes %’t— = 1,86.
As a two-mass system, taking thezéquivalent

masses at the c.g. of the masses at either end, the

frequency becomes :-
8275 x 693
f=£ 1 = (925 vpm
45t x 2247

The ratio of the am/pl/fudes —gi- = %—% = [-862
. 2 .

Hence the two-mass system i1s again quite apnroximate as
regards frequencies and amplitude ratios,

The complete 1ist of frequencies, mass ratios,
rigidlitlies etc,, for the equivalent two-mass systems are
given in tables 1 to 4, for all the mass arrangements,

and the amplitude ratios are indicated in Fig, 16,

Torque Calculations.

In the motor driven system, the important
periodic torques are stimulated at the engine by the
inertia-resistance of the reciprocating masses and the
connecting rods, Periodic variations due to gravity
" effects and engine frictional torque &lso arise, and
although their effects are generally small it 1s necessary
to examine thelr relative value, It is convenient to
express all the torque effects as a Fourier serles, The
reduction of the inertia and gravitational torques to this
form is given by Gormac’o, Kerrg,etc., for a constant
speed of rotation W and may be stated briefly as follows:-

(a) Inertia torque due to Reciprocating Mass.

= —-9_“7,1;%: in which v 1is the plston velocity.

Expressed in series form thls becomes :

T, = g-wzrz(ts{nw’/' + tsinzuwt + gs;nsurm———-)-— S

9., 10. loc. cit,
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The calculated values for t , 1; , 1; , &c,, for the
crank/ conn, rod ratio A= 0:2795 are :
f Ty A 1; 15 T, 'ﬁ

0-07125 |-0-50021 |~0-215943|-0-02030 | 0:00366 |0-00062 |—0-00007

(b) Inertia Torque due to Connecting Rod.

By adopting the two-mass substitution and correction
couple as explained in page 9, the lnertia torque of the
rod on the crankshaft can be obtained. Thus the torque
due to the equivalent reciprocating mass 1s given by equ,
(20) while the correction couple, expressed as a crankshaft

torque becomes :

1 ce *
L I
For z? =0,2795 equ,.(21) becomes :

2 2 . .
7; = g(uv— k)w (—o-oaqmsmle + 0:00159 5i1n48 — 0-000048 sin ée-—~)

(¢) Gravity Torques,

Since the crankshaft 1s dynamically balanced,
gravitational torques are due only to the piston and

connecting rod, For the recipracating mass these become :
T, = Wr(sin® + 01425 5in20 ~ 0-0015 sin40 + ==~~~ )

and for the revolving mass W, of the connecting rod
the gravitational torque is h&r$h19.

Substituting the values of the equivalent
recivrocating mass and correction counle as gilven in
Fig. 4c. the resultant torque due to a single piston
line 18 @ Inerh'a + qrm/l.fj =

T = w’{aoo:g $in@ — 0-0/32351n20 — 00054530 —o-aooss«'n4e+--}

+ {7'313:}19 +0-578 51n26 -'0-0054734}1464»———} H;),l‘n.

The orders concerned in the investigatlion are
the 2nd and 3rd, and for speeds ranging between 300 and

600 r.p.m. the gravitational effects are of no consequence,
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(d). Engine Prictional Torque.

The frictional resistances at the engine
affecting the torque are due to the piston rings, side
thrust on the cylinder walls, gudgeon and crank pins
and maln bearings, When the engine was running, the
lubrication of the piston, gudgeon and crank pins
ultimately became imperfect and in a later investigation,
referred to in page 50, the relative values of the sliding

friction coefficients and periodic frictional torques were

obtained,
For the 2nd and 3rd orders the frictional

torques were found to be :-

(-0-0003 w”cos20 — 0-000b ™ cos 36)

+ ( 672 cos2e +‘ I-16 cos 30 ) lé n. ker F/'sfon,

in which the latter bracketed term is that due to the
piston rings. There is therefore a slight modification
to the main inertia terms at speeds in the region of |
300 r.p.m. due to the piston rings but at 600 r.p.m., the
effect 18 quite negligible, It 1s thus seen that the

main periodic effects to be considered are those of inertia,

Equations of Motion.

Two-mags System

The motor is called upon to drive against
frictional resistances and engine inertia. Let the
mean resistance be called K and let In, and I,
be the moment of inertia of the motor and engine masses
respectively and IP be the equivalent moment of inertia

of the piston line,. From page 10,

IP —.:.(0-0352 + 0-0036 cos® — 0-0132 cos28 —0-003bcos30 — - - —)
1b. in.sec®

Also let 6, and 6, be the angular displacements at the
motor and engine ends of the shaft and let F be 1its
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torsional rigidity., Then [f T and V be the kinetic
and potentlal energles of the vibrating system, substitution
in the I..zaagr*a.nge12 equa tion

d (4T
Z/__{—b—;—) - %g'— + % = Imkresud Forces - - -(22)

gives the equation of motion which on further reduction

may be written as follows :-
Lé,= K = F(6,~6,)
I, 8, +[0-0352 + 0-003b c0s6 — 0-0132 eos26 ~ 0-003bcos36 —— [,

2
= —K ~F(9e—9m)+ 93[0‘00185010 “0'013251}:29-0‘005451;439-—‘:7
- — — - (23
These equations completely express the motion of the

motor and engine, On t.hé right hand side of the second
equation 1t will be noticed that the coefficlients deduced
in this manner agree with those obtained for the
resultant inertia torque given on page 25.

Also, since mean applied torque K = mean
resisting torque K ) F(Gm —6¢> must contain a
corresponding part equal to K, which represents
the mean twist of the shaft due to the mean driving torque,
Let the motions be represented by fluctuations about a

constant angular velocity w , then

8, = wf +«£ +x

b = wh +y oo

where o4 18 the constant angular twist between 0,
and O, and 1s such that fk =K. x amay

represent the torsional oscillations.

Substituting equ.({24) in equ,.(23) the equations

of motion become

Imi + F(‘x-}) = 0

(Ie + 0-0352 +0-003b cos6 — 0-013Z ¢0526 ~ 0-0036 cas 36 — —)}

+ F(y-—x) = (w+y')z(o- 0018 $1h 6 — 0-0132 51n 28 — 0-0054 s/nse—--)
————— (25)

12. Timosnenko, Vibration Problems in Engineering. p.p. 119,




- 28 -

Discugsion of the Equations,

No general solution has been established for
this type of equation even considering the inertia of
the motor masses to be infinite snd metrode of
anproximation must be adonted. By substituting a new
irdevendent veriable, determined by 6= wl tre etduation
of motion can be reduced to the approximate form :-

Z

(a+bwsze)wz§g: +Fy = (u7+;})2/751?129~~—-(2")

in which :} represents the angular oscillation and 2
the crank position, By considering small oscillations,
an approximate solution of this equation has been
developed by Goldsbrough'>., He concluded that, due to
the periodic variation in the inertia term, there is a
range of instability in the vicinity of the first order
resonance condition, but for =211 other criticals there
is practically ne range of instability but only a
definite critical epeed, Trie apfears to heold even
for very large reciprecating masses as represented by
the ratlo ‘ab' = 0-47.
In the systems adopnted for the present
experiments the extreme value of -éL is only 0,08 hence
for the secomd and third order criticals it 1ls reasonable
to suppose that there will be no distortion of the motian
due to inertia variation and for these criticals it is
sufficient to apply the simple mean 1inertia,
In the vicinity of resonance the oscillations
are large and the consequent change in the inertis forces
cannot be ignored, As a first approximation, however,
it is necessary to consider the vibrations small. Thus,
the free vibration equations may be taken as :-
Li+ Flx-yl=0 1 _____ ~ 1)
Izﬁ - F(x —-y) = Pwsimnuwt

Since the oscillations are measured at the engine end,

it 1s necessary to obtaln the value of gﬁ.

Eliminating X from these equations gives :-

Goldshro 0
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vece

hf{ig + ([m-f-Ie,)j = szs/n.nw’f{/ - -—‘I"';zwz

Solving for y the ampl itude of oscillation at.the engine

becomes -

Pw"{ | = —-——"sz'" }
!Y{ - 22] Lol i
n {—————F (Im+Ie)

— — — — (29

If the natural frequency is k ~, then k1= F(I'"+I°)
21 1,1
Substituting and reducing equ. (28) finally gives :-
e 2
Amplitude _PF_ _ P’ :
2
at engine = ’Y’:; oLl z 2Ie - = = — (=)
J n*w'— k

If Im is infinite equ. (29) reduces to standard form,

Modified Inertia Torque,

Using the value obtained from equ. (29) in the
vicinity of resonance, the inertia torque may be corrected
for the effect of large amplitudes of vibration, and a
further approximation obtained for the resultir; notion,

- The value of the modified inertia torque at resonance
condition may be calculated as follows :-

The motion at the second order critical speed
will be G, = wt + y cosZWf, hence substituting

[

2
for (9)e in the expression :-

A2 . . ) ,
(9) (0-00185m9 - 0:0/13251n26 — 0-0054 51n30 — 0:000551n480 — ——-)
e

— from equ. (‘23)—,the corrected second order inertia torque

becomes ;-

—0-0132w'sm2ut — 0-0395 wzyzs:hzwff. b. 1n. per /m’sfon_

Similarly the corrected third order is :-

—0-0054w’sin3uwt — 0:0364 Wy sin3uf.  lbo.in. per piston .
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The Measurement of the Torsiomal Oscillation.

The torsional oscillations were recorded by
a standard Geliger torsiograph, This instrument consists
of a light pulley and a heavy flywheel, mounted concentrically
on the same axis, and connected to each other by means of a
flexible spiral spring, The light pulley is driven by a
short stiff belt from the shaft and tollows the shaft
vibratory motion exactly, but the heavy flywheel, being
driven by the flexible spring, rotates at practically
uniform veloclity, provided the frequency of the torsional
oscillations 1s well above the natural trequency of the
instrument,

The relative motion between the pulley and the
flywheel 1s transmitted through a lever system to a ven,
which traces a record of it on a strip of paper driven
by clockwork, & range of magnification of the oscillatory
motion of the shaft is available. The clockwork can be
get at various speeds and from a timing vibrater in
conjunction with a revolution marking dgvice, the average
speed for any particular revolution can be calculated.

In the present experiments, the revolution
marking device was operated from a simple electric contact,
situated at the top of No. 4 cylinder, as shown in Fig. 4b.
making contact only at the top dead centre of this cylinder,.
Thus a complete cycle was indicated on the torsiograph
record, At speeds above 450 r.p.m, this dead centre
timing failed to operate regularly with this simple contact
and an attempt was made to fit an insulated ring to the
shaft having one half of the circunference copper and
the other mica. This, however, was only moderately
successful and was finally discarded, particularly as a
complete cycle was clearly 1ndicated‘on the vibration
record itself, and a speed calculation therefore could
be accurately determined, Ags a precautionary measure,

speede were also observed Iirom & tachometer,
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The timing vibrator, having a frequency of
1,500 per minute was operated electrically,
Geiger torsiograph belting was employed and with
the instrument secured to a woaden base suitably placed
at the recording position as shown in Fig, 2, the belt
centres were approximately 21% in, A wooden pulley of
about 5 inch diameter had been fitted at the forward end
of the crankshaft to drive the torsiograph, buﬁ the
oscillations were so large that they could not be recorded
from this pulley. To keep the vibrations within the
limits of the instrument, the belt drive had to be taken
from such positions as the steel centre of the pulley and
the 1 inch diameter shaft, aft of the engine.
Method of recording the Torsional Oscillations.

The receording of the oscillations for any
partlicular experiment was carried out by taking continuous
diagrams and slowly increasing the speed of the motor in
uniform stens throughout the complete speed range available,
An examination of the diagrams showed that it was only
necessary to investigate the 2nd and 3rd order critical
speeds, so particular attention was given to these
conditlions,

On repeating the records in the vicinity of
resonance, the speed of the motor was again increased
very slowly by steps, and when the instrument was recording
the maximum amplitude, an attempt was made to sustain the
motor at that mean speed. With reasonable care, the flne
resistances controlling speed enabled this to be achieved
and thereby allowed the amplitude to build up:"a. maximum
value, which may be taken to represent the ultimate
conditions at resonance,

In all experiments, the critical speeds were
approached both from a lower and a higher speed.

In cases where the recorded amplitude was small,
another record was taken, the pen of the instrument belng

reset for a higher magnification.
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Experiences with plant.

Preliminary Experimental Work.

The vibrations were more severe than
anticipated and breakdown of the ordinary pinching
pinsg and saddle keys at the couplings resulted.

This was overcome by making all keyways and pins
countersunk and of a more robust design, The reviged
fittings proved succeseful in withstanding the most
severe osclilllatliong, and there was no evidence of

slip having taken place.

On recording the vibratione at various
posltiongs along the shaft, it was found, by comparing
the maximum amplitude ratio with tﬁé mass ratio of the
engine and motor masses, that false records were
obtained at the engine due to belt slip on the glossy
surface of the small diameters whenvtransmittingklarge
oscillations, To surmount this, adhesive tape was
carefully wbund round the Gelger drive positlons and
an examination of the resanance Vibration form carried
out with the object or verifying the records obtained.

The mass arrangement used in thils
investigation was Ml.lp, and the particular piston
employed was No. 4 with rings. Torsliograph records
were taken at the forward anl aft ends of the engine
and also at the motor flywheel as shown by positions
A,B and E on Fig. 4. As only one instrument was
available, repeat runs had to be made at the different
positions, Before records were taken the apparatus
was run for some time to enable the lubricating
conditions to become stable.

| Strips of the records showing maximum
amplitudes at resaenance are given in Fig. 17, from

which the following results are obtalned :-
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Maximum resonance amplitudes.
Position . 24 order . 3@ order.
+ degree rp.m. |fdegree v.p-m.
Forward Of Engine. A.| 1I-5 ;0-4 502 407
At of Engine B. -4 boq 493 403
Motor Flywheel D . 1-38 6ob 0-59 400

The records taken at the engine show very good

agreement and the amplitude ratios indicating resonance

vibration form are :-

Enqlne amb/:‘fude. — l1-45 = 8.30 and 447 = §-40

Mo;'or amﬁ/if’udz . -3¢ 0-59

The corresfwnd:h_q mass ratio s — Motor masses = £14
Engmc masses /

Further records were taken at various pnositions on the
shaft about the node, and these are also .5iven in Fig. 17.
Plotting the maximum amplitudes on a base of distance
along the shaft, Fig., 18, the position of the node from
the c¢.g. of the motor masses is found to be /5°3 fn.,
against [b-/ fn., by calculatlon,

The average natural frequency from the records
is 1208 v.p.m, while the calculated value is 1215 v.p.m,
similarly mass system M3, IP., was examined, the
torsiograph records being given later in Pig. 19, The

(see fig. 62),
regsults obtainedi were :-

Maximum resonance

Pasi?"/'on. amplitudes. 279 order.
Forward of Eng:'ne Al T 6-32 ° 480
At mofor f/ywheel D. * 1'440 472 .

The amplitude ratio is 4'2% , and the mass ratio
4b% . The averége natural frequency from the
records is 952 v.p.m. and by calculation 957 v.p.m.
Prom these preliminary results at resonance,
it is concluded that the theoretical two-mass vibration
form is followed quite closely, and that with the

precautions taken for the belt drive, the torsional

oscillations can be accurately recorded,
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Part II.

INVESTIGATION OF OSCILIATION ABOUT STEADY MOTION,

(1) Importance of Lubricabion.

Early experiments during the exploration
of the apparatua showed that lubricatlion of the white
metal main bearing of the engine was important in the
control of amplitude at resonance. Normally this
bearing was forced lubricated by a pump, gear-driven
from the crankshaft, but this was dismantled for
simplicity in engine running gear and gravity oil feed
substituted,

Before applying the gravity feed, trial
runs were carried out, mainly for the purnose of
estimating the range of the apparatus, At the
commencement of these runs, the bearings, big ends, and
plstons were given a copious supply of oil. It was
observed on continuous running that when operating at
resonance the maximum amplitudes for the same critical
speed were at first moderate then increased in value
until after some ﬁime a final maximum value was reached
which could be repeated thereafter.

This behaviour seemed to suggest that due
to the limited supply of oil to all sources at the englne,
and general decrease in viscoslity due to warming up, the
film conditions had degenerated to a constant state of
greasy friction resulting in a reduéed damping effect.
With the light loads it was quite safe to run for long
periods as there was no sign of overheating.

Crankshaft Main Bearing.

With gravity feed to the main bearing,
however, and the same general oiling of the plstons
and big-ends the resonance amplitudes remained quite
moderate and there was no appreclable increase after

continuous running,
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Big-End Bearing.

The effect of lubrication of the big-end
bearing at the crankpin was investigated and in order to
intensify the effects, the gravity feed to the engine
main bearing was removed, and the same initisl oiling was
given to the pistons. Splash lubrication of the big-
ends was arranged by fitting the original oil trough
into which the big-en;;gzsped. In the normal design,
the o1l trough was supplied continuously from the forced
feed system, and as this had been removed the supply to
the crankpin bearing and trough was maintained inter-
mittently by a syringe,

After continuous running there appeared to
be no definite change in the maximum resonance amplitude
from the previous trials with imperfect lubrication all
over, It was thought, however, that the splash
lubrication as arranged was ineffective and with
continual dismantling was not always consistent.

The gudgeon pins were lnaccesslble while
running so that greasy friction will exist at all times,
both on account of inadequate oil supply and the type
of motion taking place,

Pistons.

With the cylinder head removed, oil could
be poured into the cylinders while the machine was
running. The pistons proﬂpde beyond the eylinder body
and push the excess oil out of the cylinder, Thus the
0il supply to the cylinder walle is really maintained
by the trace picked up again by the piston at top dead
centre, 7

After continuous operation and renewal
of o0il supply to the pistons while running, 1t was
observed that although slight variations in resonance
amplitude took place there wa; no decided change in

maximum amplitude from the previous trials.
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This was taken to mean that if a film did
form at mid-stroke, its eftrectiveness as a source of
viscous damping was diminished by the frictional work
done upon it, in conjunction with the heat received
from the cylinder walls,

Conclusion,

For the apparatus, as arranged, only alight
variations resulted from changes in the piston and the
big-end conditions, but marked changes in amplitude
occurred with changes in the main bearing lubrication.
Hence in the subsequent experiments, attention was given
to the lubrication conditions particularly at the main

bearing,

Experimental Procedure and Range of Tests.

I, Imperfect Lubrication Series.

(a) The effect of different pistong was
investligated on mass-gystem P1L |P- . Each plston
was trled singly, and in order to obtain large amplitudes,
thus emphasizing the effects, gravity feed was removed
from the main bearing, The piston and big-end were
given an initlal supply of oil but before taking records
the apparatus was run for a considerable time to allow
the lubrication to degenerate to the greasy fllm type
and to ensure similarity in conditions. In all eases
the piﬁtons were fitted with their rings.

Torsiograph records were taken at position B,
Fig. 4,aft of the engine, several records belng taken
at resonance, Trecings of representative strips of‘the
records are given in Pigs. 20 to 24, for the speed range.
The records chosen, represent the maximum amplitudes
attained at resonance.

(b) similarly the two, three and four
piston arrangements on the "1L, mass-system were examined.
For the two piston series, piston Nos. 1 and 4, and Nos.

3 and 4 were employed giving the effect of in-llne and
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opposed pistons respectively,

The records for the speed range are given
in Figs, 25 to 29 where again the records at resonance
represent the ultimate amplitude when no lubrication 1s
supplied to the main bearing and greasy friction

prevalls throughout the engine,

II, Series with Gravity Oil Feed to Main Bearing.

(a) Pistors with Rings,

With gravity feed to the maln bearing and
initial oiling of the piston and big-end, torsiograrh
records were taken after continuous running from mnass-
systems MI.IP.; MLZP. and M|4P Records are
given in Figs, 30 to 32, and again they represent the
ultimate amplitudes.

(b) Pistons without Rings.

With similar lubrication conditions, but
with the piston rings removed, & torslograph
examination was mads of mase syctems MHP.; MLQP; Nl.3’3.;
and P“34Pu\

Further examination was made at resonance
when oil was supplied to the piston while running, but
little or no difterence in maximum amplitude could be
detected, and the records shown on Figs, 33 to 37 may
be taken to renresent the final results of the two sets

of exnmeriments,

ITI, The Effect of Frequency on Resonance Amplitude.

(a) Gravity Oil Feed to Main Bearings.

The additional mass-systems M2 M3 M4
and "75 , giving a range of natural frequencles were
each examined under the following conditionsa :-

(i) one and two piston series with piston rings.
(11) one, two, three and four piston series, without
riston rings.

Torsiograph records are given in Figs. 38 to 61,

(b) Mass-system [ﬂBJP.with rings but with the
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gravity feed removed giving imperfect lubrication
conditions was examined and the representative records

in the vicinity of resonance are given in Fig. 62,

Iv, Power Tests.

Observations were taken of the power input
te the motor over the speed range, the pistons being
fitted with and without rings, These tests were
reGuired mainly for checking the energy dissipated by
vibration at resonance, However, since the ammeter
had to work on a 0 - 30 ampere range on account of the
total power, it was found that definite increases in
current taken,in the vicinity of resonance,could be
read accurately only for the cases where excessive
amplitude occurred, Hence observations at resonance
are reliable for mass-system p1LJ?P. series only
and these are plotted in Fig, 63.

In this figure the full line & to E
represents the additional power absorbed when slowly
approaching the critical from a lower speed, After
sustaining and balancing at resonance an additional
increase in power causes a general acceleration of the
entire system until balance is found at F . This
effect is also shown on the Torsiograph record P7l:4fl*
no rings - Fig. 37. Similarly the chain dotted line
from F to E is obtained by slowly decreasing the speed
until resonance is again reached, A period of
"deceleration follows any further decrease 1ln power,

This general behaviour is most marked with the very

large amplitudes,

Analysis of the Torsiograph Records.

For similar vortions of the records,
representing balanced conditions, the average speed
of each revolution of the shaft was calculated from
the paper speed and cycle displacement, It 1is necesasary

to calculate the vaper sneed throughout the entire
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roll since variations occur due to the clockwork drive
and diminution of paper roll diameter,

It 18 seen from the records that the shaft
oscillations sometimes appear superimposed upon a low
frequency wave arising from the instrument itself,

There is no possibility of the shaft oscillations being
amplified by this sufge, since the natural frequency of
the instrument used is 58,5 v.p.m, and is well below
the frequencies and running speeds examined in the
experiments, It 1s quite a simple matter to subtract
the high frequency shaft oscillations from the record.

In order to determine the amplitude of
any particular order of vibration, those due to all the
other orders must be further subtracted from the record.
Harmonic analysis of such small diagrams, traced by a
pen of Séiﬁm,radius, working on a pivot, can only be
done with difficulty,. Fortunately 1in the present case
the 2nd and 3rd orders are the only ones of any lmportance,
and combination of these two ratios with different
phasing 1is a simple matter,

Taking amplitude ratios for these orders,
suggested by harmonic analysis of some of the records,
the vibration dlagrams in the-vicinity of 2nd order
resonance with 3rd order forcing and vice-versa can be
easily built up.

The exciting torques are —Q,$mZ8  and
"’Q3 sin 386 , 8lving rise to motlons ~Y, 5I.n(29 -o() and
-y, Sin(za —o() respectively, where o 1in the extreme
cases is O,%F and T. In the vicinity of 2nd order
resonance, the 3rd order motion is +, sin36  where
y, > 3& , hence in passing through the 2nd order
critical, the curve changes from *ysznZQ +Zs:h39 to
+y25:h29 +.l/3$l'ﬂ39. At the critical the curve is
+}/2c0529 +y3$lh39 . Due ta the paper moving from
left to right, these equations are drawn by the

torsiograph as given in Fig. 64.
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Similarly in the vicinity of the 3rd order
critical, the 2nd order forced vibration 1is ‘-:é 51126
hence choosing suitable amplitude ratios 3;-< Y, the
changes in the record for the extreme conditions are also
glven in Fig, 64,

As the gpeed increases Fig, (f) tends to Fig,.(a)
with change in relative amplitude ratios.

The diagrams are quite representative of those
appear ing on the torsiograph records and therefore a
close study of them practically explains all the records
at the speeds concerned,

It will be noticed for the 2nd order that the
type of diagram below resonance is the reverse of that
above, and at resonance the form 1s very distinctive,
having a flat boundary at the top. For the 3rd order,
diagrams on elther side of resonance are of similar form
but have different phase angles, while exact resonance
glves a decided form, |

Close scrutiny of the torsiograph records at
the lower speeds where the dead centre timing operated
show that the phase angle 1s indicated fairly well at
resonance, but it is not possible to obtain the correct
value on elther side of resonance particulurLy with slow
and irregular paper speeds, No great loss of value 1is
incurred, however, as the essentlal features at resonance
are given clearly.

Further examination of the diagramson Fig. 64,
shows that the double amplitude at resonance for any
particular order can be obtained by taking the mean of
the maximum and minimum double amplitudes. This also
applies above and below the critical speeds for both the
2nd and 3rd orders.

This simple procedure was adopted when
measﬁring the amplitudes from the records, For the tests
with the opposed pistons, the records are quite simple,
since the vibrations are due entirely to the 2nd order

+Araile
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Thus for each revolution of the portions af records
analysed the amplitude and corresponding sneed was
determined, and ammlitude-speed curves plotted for each test.
These graphs are given in Figs, 65 to 77, for all mass
arrangements, and the corresponding undamped vibration curve

for the engine mass plotted in accordance with equation (29).

Description of Resultas,

Taking Pig, 65 giving the results from the mass-system
lﬂl.lP., it is seen that the general curve of experimental
amplitudes follows the theoretical quite closely althoush
there are slight irregularities, but these are within the
limits of accuracy of speed measurement from the torsiographs.
At resonance the frequencies agree to within 3 per cent.
It can be shown that WitﬁTgmall damping present, the
difference between the frequency at which maximum amplitude
occurs and the resonant frequency is about 1 per cent,, so
that 1t is not possible to detect the difference by the
torsiograph,
Effect of each piston.

Each piston zgives practically the same curve and
maximum amplitude so that all pistons may be regarded
as belng similar,

Lubrication,

It 18 seen from Fig. 73 that the effect of main
bearing lubrication is very great in the control of
amplitude, The maximum amplitude attained jhen imperfect
lubrication prevails is practically twice that when oil
is supplied to the bearing. The same marked difference
is seen with the 3rd order amplitudes, By comparing
the 3rd order resonace records for the same masa-systems
under the different lubrication conditions, the effect
18 also portrayed by the differencesinjfype of diagranm,
With the greater damping, the ratio of the 3rd order
resonance amplitudes to the 2nd order forced vibration
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i1s much smaller than with the imperfect lubrication,

thus causing a greater distortion in the resultant

disgram,

Piston Rings.

It 1s also seen that the vibration amplitudes
when the pistons were titted with and without rings are
practically similar in all respects.

The remainder of the graphs for mass-system

M{., and also for M3, all show precisely similar
features.

Phase Angle at Resonance.

So far as can be estimated from the
torsiograph records, the phase angle at resonance, as
ghown by the nature of the combined diagrams and also
by the dead centre timing at the lower frequenciles 1is 900.

Resonance Amplitudes.

The maximum resonance amplitudes for the
2nd order vibration and their corresponding critical
speeds are plotted in Fig. 78 and envelope curves drawn
for the series with the different number of pistons.
The series II and III with gravity oll feed to the main
bearing show the variation of resonance amplitude with
frequency when vibration is stimulated by a periodic
torque varying as the frequency squared.

A similar behaviour in amplitude variation
appears to exist for the one-piston-imperfectly-

lubricated series,

The relation between the various piston
arrangements for the two types of lubrication is shown
for mass-system Ml. on Fig 3.1t 1s seen that the nature of
each set of results 1s similar,

The 3rd order maximum amplitudes are also
given in Fig. 79, but the values are not so clear as
those of the 2nd order on account of their small

magnitude, A further plot of the 3rd order 1ls made
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on Fig. 78 where their relation to the 2nd order values

1s seen.

Analysis of Results,

(1) Energy of Vibration.

The vibrational energy given to the dynamical
system by the harmonic torques is equal to the energy
dissipated by all the damping actions in the system,

The energy input of a harmonic torque Q sinwt 3
glving rise to a vibration 951‘!4{“’1'*4)) is TQ6 5'."4’
per vibration and at resonance, where 4) is 90°, it
becomes a maximum, From the analysis of the torsiograph
records it was concluded that the vibration was ostensibly
sinusoidal, having a 90° phase angle at the maximum amplitude,
Hence the vibrational energy at resonance 1ls taken to be

TQ6 , where 6 1s the maximum resonance amplitude
shawn on Fig, 78, and & the amplitude of the harmonic
torque given in pagesZ5and 29.

This energy is dissipated in heat and appears
as additional power supplied by the motor. On Fig. 63,
the calculated resonance power ig shown superimposed on
the mean bower. By comparing the experlimental values
of total power at resonance with the calculated, for the
different conditions, shown at A, C, and E, reasonable
agrecment 1s obtalined, Thus the vibrational energy 1is
confirmed,

The derived energy values are glven in Tables
5 - T, for the 2nd and 3rd orders, The amplitudes are
taken at convenient critical speeds from Fig, 78. and the
corresponding mass-ratios of motor and engine from Fig, 80.
It is seen that all the 3rd order quantities are very
small, hence for general effects,attention may be
cancentrated almost solely on the larger 2nd order values.

The various sources of dissipation within the
experimental plant may now be discussed with a view to

examining thelr nature and relating their relative values

to the total energy dissivated,
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Examination of Pogsible Saurces of Dissipation.

In considering the possible source of
dissipation, the system might be divided up into
elements comprising the motor, shafting, piston, big-end,
and crankshaft.

ta) Damping at Motor.

At the motor, electrical damping and slight
frictional effects occur,

The D.C. shunt motor was coupled so that speed
regulation could be obtained by wvariable resistances in
the armature circuit, With this arrangement there is
constant excitatlion, hence the back e.m.f. E, 1s
strictly proportional to speed, When a decrease in
speed takes place a correspinding decrease in back e.m.f.,
occurs, resulting in a corresponding increase of armature
current Ia and consequent increase in torque and vice
versa, Thus changes in speed introduce changes in torque
which oppose the speed changes.

If the speed is given hy w + nwx cosnwt ,
then the damping may be determined as follows :

Mechanical power to the shaft = EIa

- (v—é)f L)

where V 1is the voltage applied to the terminals and Ra.

the resistance between the terminals,

But E = kw + nkwx cosnuf
Substituting in equ,(30) and reducing, the periodic torque

coefficient becomes N

q = Rnw x

m Ra
Hence the damping work per vibration = TQ, X
2 2 )
= m.x 12 kﬂx m.”:z. —_ - — (31)
136 R,

where %W is the natural f’wzuencj ?‘ the system.
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The reslatances of the armature and the field,
taken after a run, were 2,2 ohms and 378 ohms respectively
hence in the equation E= V-IK, | I may be taken
as the totai current at resonance, From Fig, 63 V= P58LJ,
hence the corresponding gradlient /2 for the back e.mf. E

at resonance,is given by :-

— _ 22 x folal power
kR = 158 158 w?

By estimating the total nower at eacl. critical anecd,
the apnropriate values of k are determined nnd tliese
are given in Tables 5 to 7.

A congtant vwoltage across the armature terminals
has been assumed, but the voltage absorbed by the
resistances i1n series wiuh wne armature will also wary
with the current changes, since voltage drop 1s the
nroduct of resistance and current. = Thus a decrease in
speed which causes an ircrease in current and torque
will also cause a decreased voltage apnlied to the
armature which will consequently tend to decrease the
speed still further. This secondary action which tends
to augment the initial speed change will thus tend to
diminish the effect of the electrical damping torque.

It will also be noticed that x 1ls the
amplitude at the motor end of the system and w#will be %:
times that at the engine, r being the mass ratio.
With natural frequencles ranging from 1,200 v.p.m, to
700 v.p.m,, ' wvaries from 7,92 to t,94. Hence the
work per vibration due to electrical damping which
varies as the square of theAamplitude, will be quite
negligible at the higher frequencles but will be
slightly more effective at the lower, where the vibration
at the motor end begins to assume comparative values,

Calculating the electrical damping from equ.(31)
and inserting the values in tables 5 - 7 1t will be
seen that this damping is almost negligible throughout

the tests.
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Similarly the frictional effects occurring at
the ring-oll bearings are considered negligible on account
of the mass ratio, and also the brush friction being
constant can have no effect,

It may be concluded, therefore, that there are no

damping forces of any importance induced at the motor,

(b) Shaft Damping,

For the shafting, the dissipation of energy will
be that due to hysteresis in the shaft material. The
small plummer blocks supporting the shaft are not
consldered effective as damping sources.

Hysteresis in Shaft Materilal,

Internal friction of shaft material has been
shown by RowettV, FSpplT4, Kimballjs, and othiers to be
independent of velaclity and to be dependent only upon
amplitude. Below the fatigue limlt the energy dissipation
due to this cause is comparatlively small and 1s not a
definite value since it changes with the condition and
history of the material, As found by Lea76, it tends to
decrease when the stress 1s below the fatigue limit and
increase when above, so that there is na simple law,

An attempt was made to measure the hysteresis of
the shaft used in the experimei:tal plant by forced
vibration experiments about rest. The masses at the
motar end were removed and replaced by a 6 in, crank and
connecting rod driven by a_g%' in,, eccentric at the
motor, Even with this small eccentric it was found to
be necessary to keep the crankshaft coupled to the shafting,
otherwise the amplitude at resonance would have led to
fracture, The introduction of the constant friction
damping in the apparatus completely obscured the very
small hysteresis effect hence no reliance could be placed

upon any hysteresis results deduced therefrom,.

T. loc, cit. "

14, Foppl, Die Dauerprufung der Werkstoffe, p.p. 99.
5. Kimball. Trans, Amer. Soc. Mech. Emg. 1926,

16. Lea. Proc. Roy. Soc. Series &, Vol. 93, 19156 - 17,
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Reverged astatic experiments were then carried out,
A length of 1 in, diameter bar from the gaine material
was arranged in a 15,000 in, 1b. Avery reversed torsion
machine; the ends of the bar were machined triangular
to sult the grins, A gauge length of 24 in, was
enployed and a standard angular scale messure with vernier
could be easgily read *o 0-02{ This corresponds to &
torque of 17,1 in. 1b. and a shear stress of 87.2 1b. per
in?, It was recognised that this was not sufficiently
accurate to detect small elastic hysteresis, the
experimental error being about ten times too large tor
this purpose, but would serve to measure large hysteresis
effects should these occur within the stress range of the
experiments, Reveraed torsion tests were carried out
accordingly with progressive torque ranges but no
hysteresis was apparent for the range occurring in the
vibration experiments, The torslion test was then
completed in the usual manner until the reduced area
at the grips gave out,

The results are plotted in Figs, 81 and 82, and
glve a shear stress at the limit of proportionality of
13,2 tons per 1n2. Fig., 83 glves the results of a
tensile test on the same material using a Lamb's mirror
extensometer and the proportional limit ias found to be
31.2 tons per 1n2. These results are representative
of the shafting material which had been cold worked during
manufacture and had been given no subsequent annealing,

The maximum shear stress occurring in the vibration
experiments is 8°3 tons per in° and is well within the
proportional limits, hence it 1s impossible to detect
elagtic hysteresis from these simple tests. Since the
effects appear to be quite small, and are really beyond
the experimental error of normal extensometers, it is
reasonable to assume for comparative purposes the regults
of published data in order to assess the probable
hysteresis damping.
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The experimental data for a2 range of steels given

. 14
py Rowett7, Foppl , and Dorey17

, are plotted in Fig, 84,
This represents the available information on hysteresis
that 1is directly applicable to damping calculations.

The particulars of the steels are given on each curve,
Using Rowett's values, Lewis4 expressed the hysteresis

below the fatigue limit as :-

-0 2:3

W= 13Tx0 -i 1b, in, per in? per cycle. — — (32)
where ]g is Balf the shear stress range in 1bs, per in2.
This expression is subgtituted for Rowett's values and is
seen amply to cover the hysteresis properties for all the
ste2ls, below thelr avproximate torsional fatigue limit,
with the exception of the annealed C Steel-Foppl, and
the normalised 29 ton mild steel forging which had been
previously overstresged,  Above the fatigue 1limit the
hysteresis value increases, and Dorey shows the change
occurring at a shear stress apnroximately between 0,55
of the toresional elsstic limit and 0,20 of the ultimate
tensile stress,

For the shafting in the exp-rimental apparatus
this change point will be about 7.25 to 8.1 tons per 1ni
shear, This value was exceeded only in one series
of tests when a stress of 8,4 tons per inf was attalned,.
Hence, since the material was cold worked during
manufacture and no subsequent annealing took place,
the Lewis equation may be taken as giving a liberal
estlmate of the hysteresis damping in the experiments,

In the twa-mass system the stress in the elastic
member ig uniform throughout the length, hence on
integrating for the equivalent shaft 1 in. dia, x 148 in,
long the total hysteresis becomes :-

2-3
Tx 137 x 48 £
10'°x 2 (2-3 +2)

4-2£* b in. per cycle. — — — - (23)
10" %

W

il

7. 4. loc. cit.
14, ibid, ’
17. Dorey, Trans. Inst. Mech. Eng.(1932) (Advance Proof).

-
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Using this equation, plotted in Fig. 85, the hysteresis
energy ls calculated for the stresses represented by the
relative amplitudes and 1is given in tables 5 - 7.

Consider a snecific case from table £, dith four
pistons, the amplitude for the gacond order critical speed
of 500 r.,p.m. is 0.241 radian, giving an input energy of
184.4 1b. in, per vibration, The maximum stress in the
shaft 1s 4,92 tons per in% and from equ, (33) the
corresponding hysteresis is 14.5 1b, in. per vibration,

From a similar examination of the tables, it must
be concluded that the energy absorbed by hysteresis in
the shafting material is less than 10 per cent.of the

input energy for the lubricated series and less than 25

ver cent,. for the imperfectly lubricated series,

(c) Dampingz at Piston and Big-8nd Bearing,

At the piston and big-end, frictional influences
and 1lmpacts arise, From the exneriments on the nistons,
the effects of pouring oil into the cylinder while running
at resonance did not result in any decided change in resdnance
amplitudes from that which prevailed when lubrication was
not continuous, Similarly, there was little or no difference
iﬂ amplitude when the pistdns were fitted with and.without
piston rings, \

The type of lubrication present at the p;ston
with or without rings is inherently of the solid to semi-
fluid type; it was concluded that if a partial film d4did
form at mid stroke the viscous resistance/would be small
on account of the dé&reaae in viscosity ;f the oil
consequent on the frictional work done upon 14,

At the plg-end bearing, the experiments showed
that no definite change in resonance amplitude could be
effected by intreducing the normal splash lubrication
together with syringing, It was concluded that the

lubrication arrangements were incomplete and that semi-

fluid friction prevailed.
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This was further tested by an analysis of the
friction coefficlents at the pigton, gudgeon pin anl
cranxnin, on the bagsis of the resultant torque due to
golid friction,

Ihe forces due to side thrust on the cylinder walls,
gudgeon pin and crankpin were expressed by the usual Fourier
gseries and reduced to frictional torques on the crankshaft.
Absolute values were taken since this torque always onposes
mobtion, Farmonic analysis of the resuliant curve reducel
the torque to a mean value nlus a series of periodic terms,

From a series of power tests away from resonance,
given on Fig. 6%, the mean torque required for the piston
and big-end system with and without rings was derived from
the difference between the total vower and that required
to drive the motor and crankshaft alone,

Compsring the mean torgque so obtained with that.
calculated, the averaze friction coefficient onerating
at the cylinder walls, gudgeon and crankpins was found
to be 0, ¥7. Alsa the frictlon torque expression due
to the resistances at these surfaces was approximately :—

/h./bg

2
T=w {-—o-oozé —0-0003 cos 26 — 0-000b cos30 — ~-—— ,
per Iblsfon ,

and that due to ring friction :-

T=—10 +672cos26 + I'16 cos30 ———— nlb. per /bnsfon .

Tests were carried out on the Deeley 0il Teater for the
0il used and frictional coefficientsfor Ni.Cr, Steel on Cast
Iron and Ni.Cr. Steel on White-Metal were found to be 0,189 and
0,196 respectively.

Since there is always a slight reduction in the Decley
values with speed, the results compare favourably, and show
that there can only be semi-fluid friction at the piston and
big-end bearing,

Effect of Semi-fluld Friction as damping.

Semi-fluid friction is composed of solid and viscous
friction, The solid friction always opposes the motion

and is entirely independent of the veloclty,
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If perlodic speed variations occur in a rotating shaft
and the absolute velocity is unidirectional, the solid
friction can have no effect on the periodic motion other
than merely controlling the mean position about which
the varlations are taking place, Tre action 1is thus
simllar to the effect of gravity on a mass suspended by
a spring; during vibrations the gravity force is always
in balance with’the initlal tensile force in the spring
produced by the statical deflection,

For unidirectional motion the velacity wr
must be greater than the vibrational weleccity hnwré COsnwf,
that is unidirectional motion is determined by +1N6 < |
both for rotation and reciprocation,

There is no record of any installation in
practice in which ©16 > although in the experimental
plant tke extreme case with imperfect lubrication gave
a second order amplitude of *0-454 radian., This is
Just below the limiting value * (0-50 radian for this
order,

Pure solid friction wili therefore have no
effect in the dissipation of the superimposed vibrations.

With fluid friction, however, speed variations
glve rise to viscous tractions which result in
corresponding energy dissipation, Hence with semi-fluid
friction, the damping effect will be viscous in character,

Finglly in the piston line, vibration impacts
are liable to occur, quite apart from those due to
rotation, If the rorces induced by oscillation exceed
the driving loads at any time, the clearances will be
crossed twice during that vibration, This occurs in
practically all engines when large osclllations take
place,

The consequent damping will be due to the
concurrent influences caused by the relative motion at
the clearances rather than by the impact itself, This

relative motion might be regarded as being simlilar to
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slip in which case both the constant and viscous
resistances overating will come into play.

iawever, 1in the experimental piston line, tlhe
driving pressures nt the clearances are light and the
o1l films are only partisl, hence no great dissipation
is likely to arise from this efrect.

It may be concluded therefore, that the damping
influences attributed to the piston and big-end bearing

are small and can only be expressed in an overall aanner,

{d) Daaping at the Cranishafls.

At the crankshaft, the main and roller bearings
are the sources of frictional resistances, The roller
bearing recistence will poscitly be seuni-Tluid in nature
but will be so small in magnitude that it can be
neglected.

The experiments showed that the lubrication of
the main bearing was very important in the control of
amplitude, The ultimate amplitude attained at resonance
when no oil was supplied to the bearing was practically
twice that which occurred when gravity oll feed was
fitted, This positive demonstration under these extreme
conditions points to the dissipation of the oil film as
the main source of damping and therefore it 1is necessary
to examine this dampling more fully.

Damping in the Main Journal Bearing.

In the case of a film lubricated bearing, the
viscous drag will respond to speed fluctuations, giving
rise to a corresponding viscous torque. As a first
attempt the simple case of damping due to the periodlc
viscous torque will be considered,

The torque on the journal due to the shear
force of the layer of film adjacent to the Jjournal is

18
given by Boswall as :-

18. Boswall, 'The Theory or Film Lubricatlion” p.p. 270.
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AuR 47T(ai+2)
m (a"—f)z(ZazH)

=
i

— — — ()

where, )\ 1s the viscosity of the oil in c.g.s. units.
u the peripheral velocity at journal surface.
R the radius of journal,
mR  the eccentricity.
NR  the difference of radius.
and A 1is the ratio, ';';,':"’ .
Ascsvuming that the gpeed varlations are small
and do not affect the eccentricity, tre film thickness
will be that due to the steady rurning conditiona,

Let .the velocity of the shaft gurface be
U = 7(6 cosy'f' + U

where 7 is the angular velocity.

——

Hence substituting 4  for M4 in equ. 34) Lle

periodic torque coefficlent becomes :-

T = An R0 [ 4m(a?+2) _ —— _ _ (s5)
7 T
m (a*- 1)2(2a + I)
from which the work digsinated 1a the bearing of length L

will he -

2
2 . .
W= FGszR L 41(a +¢2) 5 ﬁer vibration. — - (36)
m(a"—l)’(za +I)
The values of aq and m are determined from
the running conditions of tre bea.r‘iile;.

Normal Running Conditions.

Fraom Boswa,ll18 the working position of the
Journal is given by :-
£ A
2 2
12 )\a Rs Ns
n= 0:00123a —_— - — — — (37
{(az-l)é(mzﬂ)} { W, [+7)

where >\a is the average viscoslty in c.g.s. units,

RE " " padius in inches.

Ns - speed in r.p.n,
W, " load in 1lbs, per inch width,

18 loc, cit, p.p, 273,
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The bearing is V.75 in, diameter with a clearance of
0,0025 in., hence N = 0,00143, The effective length

is 4 inches,

Normal Running ILoads,

By graphical analysis, the mean load on this
bearing due to inertia and gravity is 131 1bs. with four
pistons at 600 r,p.m, and 22 lbs, with one piston at
300 r.p.nm,

Viscosity.

Fig. 86 gives the viscosity-temperature
characteristics of the oll, determined by a Redwooad
vigscometer and reduced to c.g.s, units,

The 01l enters the bearing at 56 °F. with a
viscosity of 3,34 c.g.s. units, and owing to the
temperature change in the lubricant this value decreases,
The average viscosity throughout the bearing must now be
determined and the apvoroximate method given by Boswall18
is adonted. For the calculation the tollowing
quantities were experimentally determined :-

Specific gravity at 56 °F, = 0.924

Specific heat = 0,43
It is assumed that 50 per cent of the inlet oil is

necessary for lubrication, the remainder covering end

leakage and conduction, For the loading condlitions at

600 r.p.m, the approximate calculatlon ultimately gives :-

N= o04T81° _ _ _ - _ __ __

where A is a tentatlive average viscoslity and T.of:. the
corresponding tempe rature rise of the lubricant. This
must conform to the average viscosity curve deriwed as
shown in Pig. 87. A plot of equ.(38) cuts the average
viscoslty curve at the true condition. -
Similarly the value for 300 r.p.m. was abtained
and it was concluded that the average viscosltles 1n the
bearing tor the normal running conditions could be taken

asg :- R.P.M, 300 400 500 600
Aawer. c.g.8. 2.3 2,2 2.1 2.0
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Substitubting in equ. !37) the value of A Dbecomes

444 for the condition at 600 r.p.m, Hence for the normal

running conditions the jJournal will be practically

concentric with the brase throughoub tle sneel range.
Revertling to the work dissipated in the bearing

the large values of a simplify equation (36) which on

reduction becomesg :-
W. Per vibration = 0-61 )‘47 92 n. ,b - - = “(3‘?).

a result which could be obtained directly by taking mean
values,

From the experimental vwalues in table § the
amplitude for the second order critical speed of 600 r.p.m.
1s 0,241 radian with four pistons, giving an input energy
of 184,4 in,lb, per vibration. Substituting the
appropriate vslues in equ. (39) the energy dissipated
is only 8,9 in.1lb, per vibration,

This result might be considered as belng the
minimum applying to the concentric position only,
Therefore, to take inta account the effects of misalignment
as interpreted by a variable @& value in equ, (36), a
plot of this equation for various values of 4 1is given
in Fig. 88. It is seen that there is very little change
in the energy quantity for values of éccentricity that can
obtain,

From these results lﬁ must be cdncluded that the
damping in the bearing is not due to simple shear reslistance
caused by speed fluctuation, Such a result is not
unexpected since similar viscous tractions are operating
in normal running conditions and no abnormal friction ensues,

Damping due to the film appears only at resonance
and must arigse from the vibrational energy at the bearing,
and also from the periodic deformation of the journal
caused by the inertia tordques aof oscillation,

It is neceseary, therefore, to examine these

distortions.



s Ce A e e e . . - . - - [y e s

Inpt e e , S
< drpelenergy Fo 88 . Effect of cccentricity on
184 1 ib. L9393 .. _f]ce" , )( ceenlriey 28

Cncrgi f" V'.brﬂhl\n Jlﬂc 4,‘0. Sv:..P{e shﬂ

i

N resistance on jour'na{, _ i
~ | B
. g Case:— 274 ooger erifieal speed = oo r.pn
. ' ' ' {
5 ﬂ rasonanca amfp/ih.ab. (4 p:sh«.s)r- 0-24( radian
1001 “‘{T , T T T T TRpUt weERy Y CPeF Vi on T =184 nf
L Fe <
LErd Lo, - .
‘g LN Energy dissipatad by siwile j’ #4 . Yb
- ~ _: ., : - " o~ y - = * Log ]
- 3 §, Shear nsws#uefz f_a_lame ) et
.3 NE ﬁ ' ’ o
< QL i -
S ; o
5 : £
§ : ?- -9
i
o| i . .
' 3 | $ -
a = N8 _ mdius Afferenze - -
. mR ec:enl'n'z.ify;,’ : 5 C :
| i f




- 56 -

Elastic Deformation at Journal due to Inertlia Torques

of Oscillation.

The 1inertia torques of oscillation are a maximum
at the ends of the swing and the reversed effective
forces at the crankshaft act in the plane perpendicular
to the plane of the throw,. The roller bearing may be
taken as a simple support, but the long journal bearing
must be regarded as a distributed oil film support,
offering resistance to displacement, For simplicity
the long 1 inch diameter shéfting 1s disregarded since
it 1s comparatively flexible,

Considering the forces as being concentrated at
the crankpin centres, the forces and couples acting on
the crankshaft are shown in Fig, 89, The inertia
forces acting at the crankpins are balanced by a torque

M at the jJournal where a constraint is intraduced
by the oil film resistance,

With the constraint removed, the extreme
deflections of the shaft axis are showm in Fig, 90,

The flexular rotation at the supports is similar, but a
slight relative displacement takes place on account of
the torque proceeding from the journal to the cranks,
The forces and couples on each component, are shown in
Fig, 91.

Using the shaft values given in page 2/ and
applying the slope deflection method to each component,
the lateral dilsplacement at the journsl ab 1is founa

to be :-

+ 012 M ey

10
and the roftation at the journal becomes :-
* 0202 radian .
10°
where M is the inertia torque in 1lbsin,
For the mass system MI4P the polar moment of

2
inertia of the crankmasses 1s 0,66 lb.1ln.sec . and the
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natural frequency 1200 v.p.m, With an amplitude of
0,24 radian the maximum inertia torque becomes 2,500 1lb.in.
Hence with no constralnt, the lateral motion at the

extreme ends of the journal is as shown on Fig., 92,

+ 000138 . in.
+ 0-00078 . in.

Outside edge (a)

n

Inside edge (D)

The maximum travel available, due to clearance is
+0.00125 ..

It would appear therefore that the possible
deformations of the journal are quite appreciable.
These motions will be constrained by the bearings and
will be superimposed upon a rotation having large speed
fluctuations, It 1s quite impossible to calculate the
energy dissipated in the oil film under such complicated
conditions, However, since an approximation as to the
magnitude and nature of the effect is required an attempt
is made to examine the possible dissipation in the oil
film,

The Dissipation of Energy due to Journal Vibration,

in a flooded Bearing.

For simplicity it will be assumed that lateral
motion of the journal i1s the main characteristilc.

Consider an oil flooded bearing of infinite width, in
which the journal is given a periodic lateral motion.

That 1s, the centre of the journal at the strip considered
has a motion TA cosy t along the bearing centre
line YY' Fig. 93. The oll contained in the interspace
1s therefore given a periodic circumferential flow,

Since the film thickness is small compared to
the curvature and the effects in the two passages are
slmilar, one passage, \/o‘{' may be considered as two
plane surfaces developed as shown on Fig., 93, In the
bearing, the film thickness at A remains practically
constant hence the top plane is taken as oscillating about

0 such that the end Y has a motion rA cosy'l'.
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Considering unit strip dz , perpendicular to
the plane of the paper, the volume within the interspace
.remains constant, hence the mean velocity of the oll,

"&' at x may be obtained as follows:-

volume of oil to the right of X = QR
= A +(;€- ~ —é‘-z)r‘ﬂ cospT
2 S
..jgf—'zlz—:{%—%— I’Aysmpf — — — -(40)
but di{i‘) = U X hf _ = = = (4;)

where hf. is the distance between the planes at position

X and time, T .

rcosgf) — ——- — —(42)

Thus /11. = A(’+

Substituting in ('41)’*c.he mean velocity at X becomes :-

m —-(4—-——)ry5m97" _ )
(/ + 2" rcosyf) '

Also, with infinite width the lubricant flows in oné plane

only, giving the pressure condition

bx—‘)\bu - - - -

where >\ 1s the viscosity of the oil.

From this equation

' 2
Uu — ..I._. _A_E 1_. — ..y_él- —_ — —_ - (45)
A x\2z 2 |
and the mean value across the section 1s
2
A dx 12

Pquating the mean values of U from (43) and (46) and

substituting for h.,. , 8lve :-

P _ /2>\rp(,4 )slnyf
dx A (l+%’£rcosy7“)

- == )



But from (453)
.b_u_,_f_é_.( .._h_.>
d X ax(d T2

3£ =252y -h)simpt
2(I+ %’-‘-rc:osg'/')s

]

| (é&)z _ qrzy*(ﬁ-21‘-2)2(2:/-@)251'"297‘ (4
ox A4(I + <X rcoSyf')

~

1
Now the rate of dissipation of enerzgy per unlt volume 7

for the pressure condition given by (44) is :-

2A(3e)

Hence, rate of dissivation ver unit area (dy- dz) a, X

/2/\()“

)

2 _ 2%
éArp ‘2—'-‘_1") 5/*197‘. o éfﬁ)
2x
A(/+ 7 rcosyf)

Therefore, the total rate of dissipation F , per unit
strip (az),

— 6)\!’ (""”")2$/npf dn
(I+ rcoSpf)

After approximate integratlon, (50) becomes,

— (9)

F:== 12)\(25f?f3

5A
or for the comnlete circumference,
2 2_3 43
Arip?md
10 A where d is the Journal diameter,

Hence, work per vibratlion per unit strip is :-

d 2
19-5 T )\yr

- — = — —(s)

19. Lamb's Eydrodynamics 4th ed, pn.p. 575.
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Assuming a mean viscosity of 2,0 c.g.8., units, the work
dissipated per unit strip is :-

W= 195%536x20x208x12 xnr’
1728 x 10° X 0-:00(25

= 2.42 7r2 . b Ih. /O&r mch. Per Vibmf/;:)n.

From the nature of the journal deflections as shown in
Fig. 92 the oil film at the outer portion of the bearihé a
to X , will suftfer the greatest distortion, Taking the
energy as being dissipated in this half of the bearing only,
the oil film dissivation will ve 484 pr% . 15 in. ner
vibration,

Applying this equation to the four plstom case
where the natural frequency is 1200 v,p.m, and the input
energy 184 1b.in., per vibrgtion, the value of r becomes
0.55 if the total 1nput.is assumed to be absorbed in thils
-manner. The corresponding mean amplitude of Jjournal
eccentricity 1s 0,00069 inch,.

Thus considering only half the beariné as being
applicable to equation (51), the amplitude of journal
eccentriclty is of the right order of magnitude, thereby
cbnfirming the results demonstrated by the experiments
with and without gravity oil supply.

It isiinteresting to compare the somewhat
similar lubrication effects caused by the whirling of a
Journal in its bearing. In this case the simplest
aspect of the problem is that of a journal rotating
round its own centre with an additional rotation of the
eccentricity about the bearing centre, | The forces
induced on the journal by such actions have been examined

by Robertson20 in a paner which has just been published.

20. Robertsan, Philosorhical lagazine, Jarn, 1933, p.p. 113,
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Fig. 94 represents the nroblem,

F%y 94 .

0 1is the centre of the bearing, C ‘that of the
sournal and OC the eccentricity € .  The radial
clearance of the bearing 1is ) and the radius of the
journal v . The rotations of the journal round C -
1g W and that of the eccentricity round 0 1is 9 .
The component force on the journal, normal to' the

eccentriclity reduces to :-

2w ALP f 7
F [ZTT r u}'-—-?ﬁ (2‘*‘][2)("')[2)%_/

and the component along the eccentricity is :-

[/zerLr]( f gf

Now in order to compare these effects with those

sugzested by the apnroximate analysis it is ohly necessary
to determine the work done during a whirl,
Considering the sunerimnosed effects, the force

in operation during a whirl of constant eccentricity is :—

[247r)\L r][(2+f) fz)]
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from which the work done is :-

er whirl = 67::1 - 292 >\Ld3y fz _ .
W per whirl = 2 . ; T +fz)(l-f2)5 (52)

fz The: work done 1s therefore a function of

: 2
(Z-I—f")(l—-f")‘z’ y which 1s practically proportional to f

for values of f less than é‘ after which it gradually

’
increases and then tends to infinity when f approaches
“unity. This is a typical lgbrication exnression
indicating rapid increase in resistance as the Jjournal
tends to come in contact with the bearing.

- However, for the \{z,a.lues of f less than 7
the expression (Z-rfzj(/--][z)E has a practically

constant value of 2 , hence the work per whirl reduces to:-

)

W per whil = 29:6 XJLO’BW‘Z N ——

#ith the exception of a 50 per cent, difference in
coefficient, this expression is exactly similar in form
to equation (51) obtained by considering the dissipation
due to viscosity for the approximate journal motion,

Now both these expressions (51) and (53)
indicate an apparent limiting capacity of bearing damping
when ‘f is unity, but at this severe condition it 1s
certain that the resistance of the oil film would increase
rapidly. It would seem therefore that the correct form

of bearing damping shouldl- include the typlcal bearing
2 2
expression, (2 +f )("'f )z .

However, in the present experiments, examination
of the energy quantities in relation to the simple

2
expression 4:84 pr shows that the maximum value

’
of f for the lubricated series is 0,55, Even for the
imperfectly lubricated series, where the maximum amplitude
wags so gevere that the limiting condition tor unidirectional

motion was almost exceeded, the energy quantity would only
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be sufficient to make _f = 075, Therefore the
simple expression should be quite capable of répresenting
the bearinz damning in the experiments.

Again with extremely small energy quantities
of about 1.0 1b,in, per vibration such as occur with the
3rd order vibrations, the corresponding eccentricities
are less than /6_4 inch, As this 18 relatively small
andl hardly ap»reciable, it is probable that the damping
effects at the bearing will not be proportionately
developed, and so the method of analysis presented above
would sive an overstatement of the damping., It is
considered inadvismnble to extend the analysis to this
case so far as 1t has been investigoted since the
amplitudes and energy Qquantities are extremely snall snd
indefinite, A change of the system to increase the 3rd
order energy quantities would really be necessary to
examine the matter further,

However, it may be taken that the simple line
of analysis is competent to explain fully the damping
influences in. the relatively large and deflnite amplitude
vibrations of the 2nd 6rder. This damping expression
implies a straightforward felocity damping and therefore
suggests a further examination of the results on an over-
all velocity damping basis.

Overall Velocity Damping.

The most rational way of dealingz with veloclty
damping 1s by means ot a non-dimensional factor. This
factor is derived from the equation of motion for the

single mass-elastic system, The standard equatlon is :-

Mj +Ry. + Fy = & smwlh (54)

where Mﬁ is the inertia torque due to the mass, M in

enginesers' units. lb.in.seca.

Ry is the damping torque, K beins; the damping factor,

1b.in. ver radian per sec.,
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sz is the elastic torque,

Qsin kff is the applied harmonic torque,
Also D = - «li“ = the natural frequency of
21 2m/ M

the system,

At resonance the non-dimensional factor
becomes -ﬁ%?— and gives the ratio of the actual twist
to that which would accur if the external torque were
applied statlcally. This factor has no dimensions and
is adopted by =2.C. carter? for single crank engines,
and is the most general way of dealing with thls system,

The calculations showing_the reduction to
this factor for the present arrangement are given in
table 8. The effect of each group of pistons is shown
on Fig, 95 by plotting the factor on a base of number
of pistons,. ‘

From inspection it is seen that with gravity
oil-feed to the main bearing the values show very good
agreement for each niston series thus confirming the
validity of the non-dimensional factor, If a mean line
be drawn through the points a slight positive gradient
is obtalned suggesting damping in the piston lines, but
this is very small on account of the ilmperfect lubrication
existing in each line,

For the serlies with imperfect lubrication at
the main bearing the gradient is larger and 1s possibly
due to further damping caused by the very severe
amplitudes developed, Taking mean values for each
group of pistons, the average ratlo of damping for the
lubricated condition to that for imperfect lubrication

is approximately 2 to 1.

6. lac. cit,



Table 8 Non- Dimensional Factor . 77-1&7'_._
779 order. Qrawfy o:/ feed fb mMamn bearmg_
(continued  from fable )

< One [ms/'on series ————><—Tuo piston series ———>
cribical’ M mput | R Input | R r
speed | D encrgy |Try? }15;’1& ﬁ& energy. —"'7] ,x;‘r:gl_l
rpm | lbinsec inlblis inlosed 7 " Lnlbjvib o ,Zfa’ My
boo | THT 125 | 2.22| 564 | 00787 392 | 525, T47 01035
500 | 922 4494|0603 | 813 | 00882 616 | I-61 510-04 0-1089
400 | 3401 |- 74| 0151 | 11150 | 00860 | 5-56| 0378 4TI 01098
350 | 170-8 J-00 | 0-0748 13-42| 0-0787| 3-12 | 0-180 | 1733 0-1016

e~ Three Plsf'on series.— < — Four rbl;‘»/'on series —
crifical
T o ey | & | £ T
r-pm. | linsec | inlblib. o:rIZZa My. w-lbfvib .l sec e J
" boo T1-7 933 | 11196 | T-80 | o-logh 18;-412-65 &5 | 0-136 |
500 %—2?38-13 3-77 | 10-11 | 01098 | TzZ| T 20| lo-of 0- 1086
400 |134-0|12-27)|0-824| I4:90| 0-1110 | 224 |-513| 1482, o-1108
350 |170-8| 657 0350| 1880 | 0-110 | 11-92| 0-647 18-50| 0-1083

/mf;er—feef' lubrication series .
mper =

24

order

critical s'beed. 56o "f’ﬁ
My= TT-4 b see.

4 Of Input R
prstons| cnengy. ﬁ'yy =Ty R

P m.l‘{v,L ’I—Z 3% M 7.

I |24-5 942 |26 |00336
2 |766 {198 | 3-87|0-050
3 |1704|3540|4-82 |0 0023
4 3392|594 | 57! |0-073¢
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PART III.

APPLICATION OF THE NON-DIMENSIONAL, FACTOR TO RESULTS

OBTAINED FROM PURTHER EXPERIMENTS CARRIED OUT ON MULTI-

CRANK ENGINES,

In view of the constancy of the non-
dimensional factor in the exmerimental apnaratus, it was
thought that it might give a proper basis for analysis
of a number of multi-crank engines on which torsional
oscillation investigations had been carried out,

The first attempt at a solution of the
problem was the determination of an equivalent
amplification factor for multi-mass systems, By assuming
the free vibration form at resaonance, and applying
strain energy methods, this factor was reduced to give
the ratio !— actual torque at the node —— torque at
the node for equivalent static twist to the free vibration
form, A number of engines were reduced on this basils,
but the results were not quite suitable for direct
application, in view of the length of calculation necessary
on such an empirical basis,

However, since the main bearings and big-
ends of these engines are all lubricated, the distribution
of damping and inertlia quantities throughout the engine
can be averaged, Hence the easential features of
reduction are retained if the average damping factor per
cylinder be reduced to the non-dimensional form l%FL
where M and R are the inertia and the damping
quantities per cylinder respectively.

Where the crankshaft is stiff relatively
to the flexible portion of the system, the twa methods
merge into the simple single mass form,

Method of Analysis,

For calculating R ’ only the conditions
at resonance need be considered and the energy method

developed by Wydler3 and stis4 1s adopted, At résonance

3. Wydler, loc. cit.
4, Lewls, loc., cit.



- 66 -
the vibrational energy Supnlied by the stimulating
impulses 1s absorbed entirely by the damping forces.
Consldering the single crank system as represented
by equation (34), the work done at the cylinder by
the periodic torgque during one vibration at resonance

is :-

W=TQy —- — — — — -

while the work absorbed by the damping at the same

point 1is :-

D =TRoy* — — — — — ().

Extending to a multi-crank engine and
considering a particular order, the total work done at
resonance by the corresponding harmonic torques at all

the cylinders during a vibration will be :-

W=T="QY% - - - - - &

Z:"err is the vector summation of the energy
quantities at each cylinder, due account being taken
of the phase relation between the hérmonic torques
at the various cylinders, The free vibration form
is assumed at resonance and with internal combustion
engines, the torque coefficients are equal in magnitude
throughout, The vector summatlion may then be regarded
as applying to the relative amplitudes taken from the
elastlic curve at each cylinder, but acting in the
phase of the harmonic torque under consideration,

Let ok be Seasured amplitude at the
forward end of the engine, where the corresponding
relative ordinate af the elastic curve 1is unity, then
if ‘y,, '3; , jg , etc., are the corre9p5ndin5

ordinates at each cylinder, the total work becomes :-

W=TQuZly, — — — — (%)
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Similarly the #ork absorbed by the damping forces,

congildered concentrated at each cylinder, is approximately =
D-‘—“ngpo«zzm L - (59)
, ,yr q

and from equations (58) and (SQ)the overall damping factor

per cylinder 1is :-

Taking the average mass per cylinder, the non-dimensional

factor becomes :-

My Mw2W g
R @ 2"y |

Expressed in this manner the factor may be
interpreted as the ratio of the induced inertla torque
at the cylinder masses to the applied torque, 7%* |
being the acceleration,

This interpretation is quite in accordance with
the conception of oil film dissipation due to inertia
reaction at the big-end and engine bearings,.

Derivation of Factor for all Classes of Englnes,.

The results of torsiographic investigations
which had been made on a few engine systems by Professor
Mellanby and the author, together with those obtaned from
various technical journals, were analysed on this basils,
Since engine damping only was required, allowance was
made for propeller damping where this occurred,

The necessary details of each dynamical system.
together with the information required for the calculations,
are given and the final results appear in tabular form.

On examining the results it will be seen that
there 1s a wide variation in the non-dimensional factor,

corresponding to the form of the elastic curve at the
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engine. Now, in the derivation of the damping factor
it has been assumed that the damping actions, such as
occur at the big-end bearings, are directly dependent on
the amplitude at the cylinders, However, the damping
at the main bearings of multi-crank engines 1s not directly
expressed by the émplitude 5t the cylinders, but 1s rather
a function of the reactions due to web distortion on the
crankshaft, Now for similar crankshafts, the form of the
elastic curve at the engine may be»taken as a simple
measuri'of the Journal displacements and can be expressed
by —Z—;-"—er- , where m , 1ig the number of cylinders and 6,
the relative amplitudes at cylinder r , This factor alsa
indicates the poslition of the node relative to the engine,
Plottins.ig?_ on a base of ___égi;, as shown on Fig, 109,
a better classificatlonmis obtained,

The value :E; 6 hasg the possible limits 1 to O,
corresponding to the caZL where the node 1s well outside
the engine, and to the case where it occurs exactly at the
engine centre line respectively. In the ey first case
the engine vibrates as one mass while in the latter, one
half of the engine vibrates in opposition to the other,
This range 1s practicslly covered by the list of engine
systems given, and it will be noticed that the tirst and
second modes of vibration tor engine system in Fig, 96b,
practically give the extreme values of j%#i_.
Particular attention may therefore be given to this engine
since the non-dimensional factor obtalned for each mode
will indicate the possible values at the limits of the

vibration form factor,

Engine No., A?

Two dynamical systems are available as shown in
Pigs. 96a and 96b, where it will be seen that the one-
node form on the test bed Fig, 96a is bractically
similar to the twa node form at sea Pig., 96b. A T3 order

resonance condition was observed in both cases where

a. 6th Report,Mar.011-Eng. Trials Comm., Trans.Inst.Mech.
Eng. 1931, wol. 121, page 268.
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the elastic form factor was apnroaching zero, and a 3rd
order critical was obtained for the value of the factor
appraximately unity, |

During the torsiographic investigation of
the system in Fig, 96a, the circulating water was shut
off from the brake, which was thus running free and the
engine was driving agalnst its own frictional resistance.
The damping at the brake is therefore negligible,

In Fig, 96b for the two-node form, the engine
was working under power and a node occurred practically
at the propeller, hence the damping at the propeller is
also negligible, The results from the two arrangements
may therefore be taken as a fairly reliable indication
of the damping at the engine for low values of the
elastic form factor,

Estimation of Damping.,

It is necessary to determine the value of
the harmonic torques and these depend to a certain
extent upon the mean nower torque, The 7% harmonic
order arises in the engine and is due entirely to the
gasg press;res. Indicator cards were available for
the speed range and a harmonic analysis of the
corresponding torque curves was made only for the
orders required,

At the 7% order criticals the average mean
effective pressures for the two cases were found to be
20,4 and 118 1b, per 1n2 for Figs., 96a and b respectively.
Hence, from a plot of hamonic coefficient on a base of
m.e.p., the corresponding values at these two conditions
were found to be 2,10 and 2.85 1b, per ina per inch
radius respectively.

From the firing order given in Fig, 96a,
and the appropriate engine phase dlagram, the vector
summa tions of the relative amplitudes at the engine
are as given in Figs, 96a and b, The engine had six

cylinders, 24,41 in, diameter, 51,18 in. stroke,
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therefore for Tig, ¢6a, T4 order one-node critical,

the harmonic torque ner cylinder becomes :-
5118 .
Q = 2:1x468 x Y = 25200 [b.n.

I'erce, from equ~tion {(G0), the overall damning factor is :-

R per line = 25,200 X 4-0lb x 574
99-2 x 3-04 x 033

I

58400 . Ib. sec.

and consequently from equation (61) the non-dimensional

factor is found to be :-

My _ 365xi0°x4942<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>