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- S A TAMAT e —
T oVALUATICK CF EFFLCT3 OF TCROIONIAL VIERATIONS

There are two ways in wiick the chan'e of prosition
of trhe centre of zravity or motion of mass may occur.
(1) Due to variations in speed of revolutlon of
crankshaft,
(2) By tre distortion of the members of a meckanism
due to elastic properties of the material of
wk:ich they are made,

Trere is distortion of crankshaft due to the forces

actinz upon them: The first are serious because of their ef-

fects on other rarts, wnile the second are serious because
of their effects upon themselves,.

Torsional vibration in an enjine may likewlse be
due either to the chan-e of speed of rotatinz parts or to
the elastic distortion of those rarts., The force impulses
on the pistons cause varying torque 1mpulses on the crank-
shaft ard flywkeel, The speedins up ard slowing down of
these parts within a cycle are due mainly to the forces with-
in the envine and, tierefore, the enzlne as a whole supplies
the reacting torque. If 1t 1s not rigidly mounted, 1its
inertia may be small eroush to permit a noticeatle rocking
vibration., The elastic distortion of crarkshaft 1s the most
important, however, in that at certain sreeds, the rate of
application of tke toraque impulses may coincide with the
natural frequency of the crankstkaft or with some sm2ll mul-

tirle of fraction of this freguency in whick tke impulse



adds adlitional energy to vitratins demter causins 1t to
oscillate with an incre=sins aarxlituie, This may contlinue
until tte rart fails,

Forces stimulatine tersicnal vibrotion are due

(2) 1Inertia forces of reciprocating parts

(3) Graovity forces of recirrocatinz and unbalanced
rotzating parts.

(4) Un=sven absorption of zower at the driven
macrninery,

Tre dampirns forces are duve:

(1) Elastic hysteresis.
(2) Driven mackinery,
(3) Sliskt slirra-e at the urnion of tre two
shafts line-uw,
(4) Surface friction between the moving ard
statlonary rarts,
(5) Energy avsorted by oil film arourd bearin-s,
(5) ZEnergy transmitted by the side thrust of
cranksraft,
Since vibration canrnot arice under tﬁe oction of
constant forces only, the force creatin; and sﬁstainin; a
vibtration 1s always a fluctuating one, Fluctuating forces
may vary in nagnitude only, and are then usually called re-

ciprocatins forces, or trey nay vary in direction orly ard



are tien usually called rotatins forces., IFluctuating
force that causes vibration 1s called an excitin; force, a
disturbiny force or a staking force, Srrins stiiflrecs or
srrin; constant K 1is ziven as tlie force necessary o
stretch or compress the srrins one unit of len~th,

ree Vibration: Wien disrlaced from position ¥

[L L (L2 L7

coes aown and rorce upward becomes rreater,

50 goes ur, due to momentum 1t continues to

o ur froa center, and then due to downward

force motlor slows down ard come3 back,

Triis 13 free vibtration because tlhere 1is no

ternal Tfluctuating force,

s}

Rectorins Force: Tre force wihlch tries to talke

W tack to its orir-inal rosition.

&L

Friction force, wiich may e of comrlex form is

~called daxpinc.

Tumoer of cycles comrleted in one unit of time is
called frequency., Frequency of free vitration is indeven-
dent of axaplitude but it will increase with increasinz
srrins stifineszs ani with decrersin~ welzht of vibratin-
m2ss, Tris frequency of free vibration of a systen 1is

called its natural freguexncy and it ircreases as sa. root

of syrirn; stiffness ¥ and inversely as sq, root of welzrt V.
Surpose now that weisht is shalen by external
force, 1In tiis caze, frscuency of forced vibration devends

only on that shalirn; force, Amplitude depends both uron
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fluctuating force and on the ratio of its frequency to the
naturzl frequency of tne system, and wren tlhis ratlo becomes
unity, the amplitude of vibration rnay build up to a danzer-
ous value. Thls condition 1s called resonance, and tke pur-

rose of most vibration investi-ation 13 to avoid its occur-

ence, The above mentioned vivrating sycten is of simplest

tyre in-so-Tar as only one co-ordincte is necessary to
specify tre motion of mass, This is called syztem of one
degree of Ireedon,

Inertia is merely a Tody rossessins a mass moment

'3

DD’

of inertia J about a particular axis, and torsional stiffness
'C', of thre sltaft takes nlace of s»rin: constant, 'K',
A rigid body restrained to move in two directions

or to rotate avout two axis 1s sz2id to have two Zdegrees of

freedom,.
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Infinite number of dezress of freedom.
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Any irreculer motion of a rarticle zbout sonme
f1xed position of equilitrium nay be called a vibration.

If the kanmmer blows occur when the vibratinz rod
1s at C_ and movinz in direction m, vibratlon will 6bvious-

ly ve dasred, but i1f the blows are timed to

A
1 /F occur at n', tre force of blows will 2id 1in
/ 2 m
1\“35 m  continuin; and anplifyin: the vibration.
/ = ~dp
/
/

Suck a case 1s called synchronous vibretion
or resonance,

Zvery elastic body ras a natural periodofvibration,
i1.e. tizme per cycle of nmovencnt wiich deprends upon 1ts mass,
mouent of inertia, and stiffness, Crankshaft is more comrlex

nan simrle rod, and its natural reriods of vibraﬁion are
karier to vredict, but tre basic idea is the sane,

Excessive torsional vitrations in an encine cause
noise or wear on ~ears ard auxiliary drives, and in worst
cases result in a brolken crankshaft, Just as a prendulum has
a natural preriod of swir7, 30 the =ovins parts of an enzine
mounted on the crarnksrtalft, i1.e. pistons, connectinrr rods,
flywnheel, have a natural period cf torsioral oscillation,
Tne irreular turzinz effort diazran of an en:ine is nmade
up of a large numoer of zine curves known as harmonics,
havir; varylins magnitude and frequencieé. Should tre reriod
of the main forcins torque or ol the various narmonic orders
syncaronize with the natural gerlod of oscillation of the
skalft systen, excessive vibration of snraft will occur., This

state 1s callel rezonance, arnd 13 avoided wherever vossible,
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Wrere a state of resonance occurs in tiie runnin~ speed,
tre amplitudes of twist are kepﬁ down to a safe linit by
stiffenin; of parts wiere poscible, and soxetines by vibra-
tion damper, tut tre danper carnnot be used successfully to
enable tre en ine to run under tie load at criticals, Its
function 1s to tale the enzire tirou~L criticals.
A cranzshaft with a flywhezl at ore ernd forms a con-
pound torsional pendulum and vitrzates as suc:, Torsional vi-
bration may te of two kinds, Tforced arnd free, 'hen subject
deflected from rormal position and 1s then released, it exe-
cutea what 1s known as free vibration. I the rendulunm 1is
dealt with a rapid succession of blows, it 1s forced to vibrate
at tre rate of these impulses, and tris is called forced vi-
bration. Such forced vibration occurs in cranlshafis, but
relr anplitudes are sn2ll and therefore they cause trouble,
First order of vibration wren tliere is a sinzle
nodal point tetween flywleel and crarnk unit nrearest to it.
Tre nodal roint does not vibrate but rotates =2t uniforn speed.

-

All parts of crarishaftis aliead of the nodal point are tien
disvlaced in the same direction, while parts to tke rear, to-

~ether with flywheel, are disrlaced in an orposite direction.
S

First order torsional vibtraticn of six tnrow

cranksraft,
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In case of vibration of second order, two

nodal —oints ore forued.

Fourler's 3erie

Any meriodic or recurrent

(J)

£

cumction of this kird can te accurately rerresented by a
constant mear value and a series of rarmonics (sine curve

function) of wihich the Tirst has same period a ti:e Ppasic

0]

furction, and tve following have the perlods equal to 1/2,

1/3, 1/4, etc., trhat of basic function., Amrlitudes of suc-

crezse in a ererzl way, altrousi each ore 1s not smaller
than tre precedin~ one,

From tilis extlnuwtion we see that the —as pressure
torque ixpresses upron crarmisralft not only a succession of
harionic forces of the same freguency as its own, but also
a seriss of larmnonic forces twice, tihrice, four times, etc,,

this freguency, Tre metiod of resolvinc an irre-ular pericdic
functicon irto its comronent rarmzonics i1z known as harmonlce
aralysic, Torsilonal vibration will dezend uron the firing
order of the er-ire, Frequercy is bvetween 120C0O and 13000
cycles per minute., 3ixth harmonic 1s tie lowest wiich can
cause torsicral vibration of tie first ordier in a six cylin-
der en-ine, Such vibration in crark, navin: frequency of

free vibratioc. of 12000 zer nirute, occurs at

2x 15000/5 = 5000 7.1.i

Led oaide
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Tiis 1is beyonrd orsratin. speed, Tie next barnoni
that may =ive troudle 1is Othk, wiich is in rescrance st an
erine speed of

2 x 15000/¢ = 3333 r.:.a.

Resornance occurs wien q = nil

g= rooural fresquency,
n = nik, haroonic
I” = speed Ter nin,
Ti:is wvibrztlon can e suppresscd by trhe ciolce of a suiltatle

A s e
Ilring oruaer,

=]

ne rext lavortont ifarmonic 1s 12th, wrich 1s in
resonance at 2500 r.p.a. The tiird raraonics are the lowezst

4.

crusing torsicmal vidration of tie first orler, and since their

azplitude is only adbout 1/15 that of fir.t Lharmonics, inertia
torque is not a very incort-nt Tactor in cauiin; tersicnal
vibration in aulti-cylinder ensines, In alrcraft en—ire, since
a useful sreed ranze is mueh less tran in an auvtcenotvile, it 1is

usually rossiblz to aveld the nicsttroublecome critical tor-

a natural rerlod of =zevers vibtrotlon witiin tie desired ovperat-
in~s ron-e,

Tie sinrlest forn of a reriocdic zotlon is a harnonic
ore, *.,e, sire or cosine functiion., and mosti vibrotin

systems have motion:z thkat are nearly rarmonic ani nay e writlen

X = dcos wt. X = axslituie.

wi = anzle in raiiasnd
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rrce Vibration: y
/
4
Kk . 4
-4—(—\_;-1: Y
/)
TT 77 7T 77777 /
W is the irnertia Torce that resists acceleration
‘e G -
= (4 to ri;ht) and trerslore is -ive, for -ive. value of x.

Ti:1s becoues 4, and acts to ri—hit:

Wxae Kx=0
-
= A cos (Wt -%)
Froz wrich acceleration found and a&= fL
w

"atural frequency ol ithe systex 13
b= L [k
m 2 W

If the surin:

to the weigkit W of vibrating mass,

-

Tiven Dby:

stretciied by a force equal

deflection would

oe g : %%

8 gusz—’,—,\[f

s §= deflection
Tzis 1s eascy, since deflection can e Iound or

estinated, T

TJ~ 6 Ce( .

—F l 46
o

Eecause of twist of tie siaft, a counter-cloclwise torgue

c

a resistinz inertia torque (octirs

is exerted, and because oI an-ular acc,

tirere will be

in -ive, direction) of J
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for dynanmic equilibruinm
JO + C6= O
from wixich

- n

fn = 1,C T. = 27\ < --—- (4)
2nN g ¢

per]

By measurinc natural psriod of oscillations, the

value of J of the moxent of irertia about tlhe susrension axis

<

2

nay ve found from equ. (A). Tkis sives

= &
J 4 WC [ ]

After free vibratlorn has died out, trhers renains
only forced viobratlon, wiiich is called steady state vibration,
Steady state forced vibration is haraonic, ard ras the sane
frequerncy as tne sialiiinz force, Free vibration is trke sum of

several harmonic notions of different Irequencies,



Tors

tior of tie re

Torcinnal Syoteon

.

lornal vibration of cranlsizaft rroduces vitra-

cirzrocating parts, and tiie polar irertia of

crankshaft itself is very smzall compared with tre inertia

at eacn cylind

rarts.

Let

G =
I*c=

er, due to thie motion of tlhese recirrocating

Torsioral Arnalysi

6]

»s: (1) Calculate tre ‘orsional ri-~idity of

tize stalft between each rotatin-
menber,
(2) Calculate ti:e moments of inertia of

all the recirrocatin~ and rotating

)]

¢
0
)]

es 1

V3

tie systen.

8.5

(3) Ca

t

=
Q

(=]

ulate the natural frecuencles of

torsioral oscillation of tie systen.,

P
o~
-~

Calculate amplitude of vibration and
re resultins stresses dus to resocnance,

Torsional Ricidity

torsional rizidity of actual zhatlt.

modulus of ri:idity,

nolar mouent of irertia or second monent or area,
actual len-th of shaft,

actual dia. of shaft,

torsioral rizicdity of equivalent

D]
0
b
ct

equi., lensth of shaft,

" dia. of shkaft,
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- - 4
Cz GIn = & W
~ Lo 32
end Ce = 3 x MDe Zut C = Cq
Le 32
s 4
Gx D =5 =MD
L > Le o2

Le, tren, 1s tihe lenzthi of sr2alt of dia, De which wien sub-
jected to a certain torgue, will twist throu~n an an-le equal
to that rroduced by same torque on a skaft ol lenstn L and

diameter D.

o

o

ess

},_Jo
b

PO P o\ <~ T4
Cranl: Shaft 3% o

~ Fal

Reduce cranishaft to an egqulvalent lenstiz of parallel
sitaftins dlaneter ol craniicra

]

Lo = 2Lg 4 .47 4 1,006 Lo(D 4=a %)s 1.2843 (D %42 %)
T (op&-aph) T

Eavin: found the ecuivalent len tih of crani: through, it is
necessary to find the len;tn fron tie flywieel end cylinder

3

end cylinder

[
|_1
3
ct
=
O
IS
N
ct
o
]
g
o
=

to the flywheel, Total equliv
to the last iron flywieel
=Le + - (De)b’-r 5 (De)46 4y (De) et (D4)4::ll 8
5 L '3= = T 5
4 5.3
Tre sraft 1s considered free to twist to a lensth of a
quarter tkhe diaaeter of ti2 Tore, and is tien considered as

integral with tie boss, wihich 15 talien %o twist to half the



depth ofwthe flanze.

w

pN)

Il

For s50lid crani pin and journal

Lo = (Lg + .8w) + 7 LeDy % 4 L.5RD, %

wto

By Carter's formula

- . r + 5
Le = D (=;_%:ﬁ§i + 5;22& lﬁ%%)

Torsional risidity one crark depends upon the con-
dition of constraint at the bearin;., Assuninz that the clear-
ances in tkhe bearin~s are such trat free displacenentis of
the cross section m-m andi rn-n during twist are possible, the
angle of twist produced by torque noment I can be easily ob-
tailned., Tris anzlie consists of three parts:

(1) Twist of journal

(2) Twist of crank »in

(3) Bending of web,

Let Clbe - D%gG torsional rizidity of Journal,

!
|P
(o]

C1 torsional risidity of crank pin,

™
o

"

Is

3
W

E torsional risidity of web,

In order to take into account local deformation

in the web in the resions shaded in the fizure due to twist,

N



the lengths of the jourral and of the rin

to:

14

are tasxen equal

Lg = Lg + .OW

and

LP LP + .Sw  respy.

Tre an~le of twist C of the crark produced by a

torque moment I will thern be

shalt,

uniform cross section of a torsioral rigidity C.

& = Lsllr + Lpiyr +2

In calculating trhe torsional vibration of a crarnk-

every crank can bte rerlaced by an equivalent staft of

The lensth

of equivalent shalft will ve found Iron

in wiiich

in wnich

sigl = O @ a5 calculated above,
z ‘

.

Then lenzti of equivalent staft ©

t e
L 8 C{Ls +Lp (1-3R)4+22(L-R)[ =---- ()
1 co T 3 2K

. - -2 . =
E = R +J)+_’_L32+L_P3*L__+l.g (L_E'fl_:’»_)
4 Cs 2 co 24 B 3 3 G 2F Fl
2
LeR + R-
2 Co 2=z
acain
cx = c3w>G .
3.5 ( c@ 4+ ¥2) which is the torsional rizidity

of tiie web as a bar of rectanculer

cro3s section with



51 =7NTDp E flexivle risidity of crarlkplin

F and ¥y cross sectional areas of cranl: rin and of the web
respectively,

Dy takinz Lp: L, and Cy = Co, ti:e con:lete cone-

straint as it is seen from above eguation dminishes the egui-

valent len—trh of siaft in tre ratio
1
(1 - 3_-)
2 I

Anotter guestion to te corsiiered is tic calculation

of 1nertia of novins nosses

St~

lass m of connz2cting rod is reriaced in two masses
m o= ( %% at crank »in and my, = @1 - ( %% at cross head,
wnere I denotes lonment of Irertia of connccting rod about the
centre of cross head, All other moving masses are concentra-
ted in tre same two points, so that finally only two masses,
i and 1 are talen,

For torsional considerztions, all reciprccating
motion must pe reduced to equivalent rotatinz motion, Ealf
trre weizht of reciprocating rarts may e considered as act-

ing at crank vin.

Tiston wvel~nt of 1t 1s added to recirrocating

rart,

Red = partly 2/3 revolvin~- ard partly recipro-
cotingz,

i = 1/2 weistt of recivrocating varts of
cormectins rod ard riston ¢ wei-hit of

revelvinzy parts of rod,



al=ur
K ¢

Journal W 2 W Dgg Tor solid

k (@]
D 3
= W Dp- 4 d¢© for hollow
b‘
Crank Tin Wkg = W ( 2&2 + Rg) for solid
@)
(&)
= ( D% _+ Ds° + R2) for hollow
IS
=W (L2 + T2 4 a2) for solid
12
x »

1Y

Zalance welight symnetrical about Y-Y.

I = I}:-X + IY..Y

H
[}

= rotational nmonent of inertia,

I, .. Iy_v are found by constructins the first and

second derived fi-ures about both axls and finding radius

of zyration for each,

3T A £ 1 . J
ol Latuiil frequency: T 3
e
L 4 - '
k=) 5

Three mass syctem y
J1, Jo, J3, i, of I, of 3 masses,

1;, 1, lengths of connectins shafts,



x be the

y be tre

-

J..l
distarce of node KQ

from Jl-

Tron J,
2

distance of noile

17

Tre node is ithe roint ol reversal of twicst, Tke
reriod torsioral oscillation of J7 zbout 1ts node 13 ziven
by tie exrression:

T = a2r[Jy C = torsional ri-idity of x lenzth

o
Frequency F of mass J is
r=1 -1 |C but C = & Ip wrere Z is modulus
= = =\ |2 = Lp
T 20 Jl L
of ri~iiityr wvhich
will toke as
11,8 = 10° #/ square
inch

IP is polar noment of inertia ol tre staft in

Inches and L 1s the len-th of the skaft in inches,
o 2

since Fp

1

3

Fo

Jl is exrressed in Lb, in,.

= _50%11.8 x 10° _ x 385 x Ip
an Jp X
= 644003[13 vibrotion per nirute
Jl x
= 5440001
Jr (L. 4 1
-x  1.- y)
= 544000 {Ip
JBY
= F3 equatin; the thrce expressions
=1 él + 1)
J2 ll-K 12 - Y)
= i
37

-- (1)



Zuorecsin: ¥ in teras of [, we have
Y =J1
93
by subotituting

for ¥ in equasion (2) and cquoiir~ (2) and (1)
we et tuwo valuss of =,

Substitutine it in (1) we -2t two frequencies,
represerting tihe osclilatlion of J, Jp. Tre ni-rest fi-ure
reprssents tie oscillation ol Jp 2inst J, and Jz causing
a two node vibration, For imulti-cylinder 1t tzcomes dif-
ficult, tut tixc system can be reduced to tiiree mass systen
and rezults can Tte ottained., In a multi-cylinder en:ine

with flywkeel, totz2l irertla of

(&1

sidered to act at tre centre

o

~

1aa
(

tion. Frequercy 1s obtairned

actinz at centre,.

Sxanrle:

7 R°) of t-e cylinier masse: by .

tre cylinder nasses 1s con-

“

tr e en:lrne Tor close arrro

bv

”

multirlyine the totzl

€5 ani considerirc this

D

Inertias - each cylinder = ,51&in, sec.?
flywheel = 32,7 J in, sec.2
rrarAa e 13 D P/ 3 2
ereroior .LJ.C.S T in, sec,
Firct reduce to equivalent three mass systen.
Consider the inertia as actir- at tiu centre, i.,e, between
cylinzer 3 and 4., Apvly correction facior .85, Tective

L0 a4y

irertia of the cylinder masses:
= .85 x 6 x 318 = 2,54 # in sec,2
= 1020 # in.2



Zquivalent lenctin from tlis mass to the flyruieel

=1 x11 4+ (2 x 1C.23) « &.84 = 34,80 in,
4 42 s

k= ’ [« 325
Let x pe the distance ol ore node fronm the eflective
cylinder mass and ¥ the distance of tie otler node from zen-

erator,

base dwar 3L
[e.23 lo-2% n lo.23 [ 1023 | & ¥4 9-65 Ma- 22

Sinzle node normal elastic (3elew), PAGE 6.

Tr.en gl 4 x =Jx 1Y
. . Y=J) z= 2,54 x = 0,1995x say .2x,

13.25
Jo

1
Jl:C dp 2

n
lFJ
—

Substitutineg for ¥

1 =1 (1
2.855x 227 3 T-x 9.3

from which x = 23,75 in, or 47.45 in.

atural freguency = 544CCO ,l;e
Jj X

where Jl is tre

effective RS of tke cylinder masses #. in. sect
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orne node F « 544000 (10,0
1020 47.45

= 9500 V.F.il.

Two nodes rormal elastic curve, ( SEE PAGE 7)

544000 410

1020 X 23.75

Two node F

133:)0 V.F...

The arrroxinmate Tligures for the two frequenciles
having been obtzained, tre exact fisure rmust now bte fourd by
the torque sunnatlion nethod.

lethod for calculation of natural freauvencies of

torsional vibrotions,

In the ensine with a small number of cylinders and
slow speed, the torsional vitration can be avolded Ty making
shaft dianeter large

(1) Cre tyve of equivalent staft arranzement is ob-
tained by considering each cylinder, flywheel, and alternator
as concentrated nasses connected by elastic sralts kavinz no
mass.

(2) Arother type of equivalent shaft arran:ement 1s
obtained by avera;inz the varlous rasses distributed along
tre sitaltin of installation into a number of connected uni-
forn sikafts, having both mass and elasticity,

Feavy flywheel may be considered concentrated at

certain points of uniform sralts, here are threec masses and
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two sharlfts as cdmpared witk the ei-ht masszes and seven
shafts wihen a concentrated mass system is used. The masses
may be reduced from the bezinrnini to the end, or backward
rom end to btesinning, or from botk ends up to some section.
A natural frequency 1is obtained wken the sum of the masses
reduced from both ends up to any sectlon added to mass at

that section 1is zero,

A
£ o8 T Tre effect of A, acting upon
P 3, thkrou;: elastic shalft C
¢
can be obtaired at 3B by add-
) C i

ing

LD

fraction of A to B,

Ti:ls sum can azain be considered as the first
mass, the effect of which 1s reduced to next concentrated
méss. At this frequency the elastic forces in the shafts
and the inertia forces of masses are in a state of equili-
brium, so that the system wien once set into motion at this
frequency, will continue to vibrate indefinitely (assuming
no existence of dampins influence).

Example:

Consider six cylinder, two cycle connected to a

flywheel and the alternator.

"o
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Welsht of pilston and pin, comrlete includin~ coolinz gear
and oil = 1000 pounds,

Welght of connecting rod = 500 pounds.,
Center of gravity of rod occurs at 0.38 times the centre

line length of tie rod fron the crank pin center line.

cranic = 41
Connecting rod 5

I = Tactor of jJjournals is that of a so0lid cylinder
about its own center line.

4 2 '
Ld #.In.< L = len=th,
=
39

d = dianeter

welzkt of steel = ,2830 #/ souare inch,

I = Tactor for crank pin is th-ot of solid cylinder
a2bout an axis at a distance r, from its own
center line, thus
r 2 = !

L 4 (42 + r2) #. 1n.@
L = lensth of pin,

d = diameter,

r crank radius,

A close approxizmation for inertia factor for vedos,
corsidering each as rectansular par allelopiped, ravins the
samne width and thiclkiness and reizht to zive same cross

sectlon area is civen by:

e N

b = breadth, n = reizit of equi.

d = thickness, rectanzular section,
r = crank radius.



k8]
W

e « I = factor arse

journal = 12 (_];_l;)4 = 4880 #. in.2
, 33 »
rin = 10 (;;)2 (11)° (11)2}-= 35500
4.5 [
Two webs 2xl4xdx2iL5 { (14)2 4 (22,5)2 = (5.5)2}= 94¢50
3.53 12

Piston and connecting rod

112 .52 x 00 + ,5050 (.38 x 500 « 1ooo)}= 120,050
/
Total 255,480
# in.2
J = 256400 = 7544 4 1.2 per inch
PR

Considering the crank three percent stiffer than a unifornm

shart having the same sectlion as tkhe Journal, the value of

C L, may be calculated from equation,
oL = 115800 (11)% 1.03
’
= 17470 x 10 #. in.2

In tke same way inertia factor for crarnk was calculated. The
total irertia factor for the scavenge pump, includinz tre shaft

up to center line ol the first bearins is 70000 #. in,

. . 0000 ' .
%Szzf = C.,3 in, corresmonds to the 1increase in
lenzth of main cranks due to scavensing

pumo.
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FLYWHEEL
ALTERNATOR
S — F:

d 11D A 25

[ =

Eprs. to 45.2 SRS © g S
‘341/3?: _4 of 3% Shpe Py
. i 2, 40 =
to Albovmaid 3¥s — & CRANKS 5.a
SPokES STEME % STEP No-1 {:P258.5 in.
~— ¢-2%.¢5 [< ; - . "
11 58500 (11)%

C
s 25.65

568,000,000 #. in.

L, = 259.5 in,
258,5 x 7544 = 1,950,000 #. in.2

T
—
[}

C; = 17470 x 105/258.5 = 67,580,000 #. in,

O 218,325 . gy = 3,113
o)

Resulting equl. systen,

Cp = 588x10° #. 1n.
= 0,09221
L, = 258.5 1in,

J1 = 1950,000 #. in.2
57580000

Q
=
1]

0 = 3113
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A1l prescnt dar trerds in tre application and
desisn of tiese en~ines have dbeen conduclve to torsloral
vibration difficulties, Tendencics are toward hi—~her speeds
and a greater numter of cylinders, The hicher sreeds have
increased tie rossibility of torsional vibration by raising
the runnins speeds up irto tre rezion ol critical srpeeds,
Ircrease in mass or flexibility wiil lower tie natural fre-
quency.

The rolzer metrod 1s based on the princirle that
tl.e sunm of tiie inertia torques, developed in a system because
ol tie vibrotions, must equal zero 1f tie vibrotion 1s zero.

Examrle:

A 4 cylinier ern—ine with a flywheel runs at 1200

r.c.m, and 13 connected with a cenerator by a flexible courl-

n~, The mass moments of inertia in in., # sec.2 are as

|

follows:

Cylinder ‘jl - J2 = J3 - J4 - >

o _

Flywhreel J5 = 25,0
Courling hub J; = 0.5
Generztor o = 3.75

Tre equivalent lénjths referred to a 35 1inch diameter steel
shaft in inches are the following:
Cranks Lel = 5
Le, = 5.5 Les = Le = 5

fle:xible Courlinz Leg = 45.5

Fub to zenerator Le 41

To deternire tie lowsst natural frezuency with the aid of

&]

Zolzer methrod.



Refore setting up the table, 1t is desiratls to convert

eaquivalsnt len-tr to srrin: scale,

. A a b o _
since Kt = :77?: ond dc = 3 in.
)2 g

12 (10)°m 3%
22 Le

°5,5 (10)°
Le

The v2lues of the sprins scales, tien are

19.12 (10)°

Ktl = Kt3 = K, =
Kep = 17.37 (10)7
Keg = 2.1 (10)°

Kys = 2.33 (10)7 1in. #. per radian
Notes on calculation vrocedurs:

Fow to ascume fr2guencv:

A fair trial value czn be orvt~ained by ~rouping
tosether tie masses trat have a stort equl, shaft len-th or

e
v

scale ©

D

ween trem (ne-leset couvlin~ mass as

1
Tren Jl - J] 4 J2 + J3 -+ J4 + J5

= 27.8

ani Lg = Le5 Y L% = €5.5 in.
K, = 1.105 (10)°

y e 50 JE:(J1 + 3 )
am Jy Jp

. uox\/11031101° (27.8 3+ 8.75)
om 27.8 x 8.75

= 3CC0 c.r.m.

-{(3600 :~O.54 u)}g- 155000 = 0.155
D 8.3




I%em ; § i:mi%ld5 i ) 2J3273%103§ ngg(xfik;({os)i :32
N : . P : : : : KAr
1 .55 ©.0SG3 1.CCO c.cocs Cc.CeCS  1¢.12 ©,0047
2 .55 0,0908 .0653  0.09C5 0.1813 17.37 C.ClC4
3 .05 0,008 .04 CL0L94 ¢.2707 19.12 0,0142
4 .55  0.0¢08 .0707  ©,0C¢c1 0,350 1¢.12 0.01ce
5 25,50 4 ,2240 0516 4.C2C8 4 .3725 2.10 2,03835
5 .50 0.0L2%  -1.,1345 -0.0937 4,2059 2.33 1.63¢4

7 8.75 1.4438 -2.9740 -4,2939  -0,00C0

Refer to avove toble:

Second coluan, inertlia as ziven.

Sevenili column, s=rin- scales (calculated)

The value of W, .~ = 155 (:LO)'5 w111l be aszuned as
the natural frequency., Tren Cill u» the table, Trhe ax-litule
of tie Tirct disx (?1) iz always assuned to be one radian,

By dividing S column/ 7 colunn, we et an~le of
twist, =A%,  Radians = 0,0047

752:741_05 =1 - ,0047

]

o
\0
e
ul
ol

which 1is placed in second line of column 4.

In this example torque rezainier in column (5) is -0.00E0 1in.,

ot

7+ II tiie corr=ct freguency lial been croser, this remainier

would be zero,.



Ti.e deflexlon curve nay be »lotied alonz the shkalt

various disks

QL

by usin; the values of B in column 4, for thb

as shown., 9 o7

(A A 7¢

5L d T

o
0.9953 0-9707 —1-1346 L
It will be seen that there i1s only one node (located

| -2.9740

between disls 5 and 5). Fence the value of 0%? = ,1355 (10)5
and fh = 3880 c.v.m. is very close to the first natural fre-
quency. For torsional vitration the mode of the vibration is
the same as the numter of nodes, 1i.e, the first critical has

one node, the 2ni - two, ard so on,

Calculations:

Folzer tabulation »rocedure 1s a widely accepted
method for calculation of torsional vibration charactericztics,
This method can Le simnlified by arplication of the distrituted
mass concept to scme parts of the equivalent mass elastic
systen,

Since with present equipment it is imprictical to
meazure all tlhe amplitudes and torgues in entire system under
all operatinz conditions, Calculation, laborzitory testing,
and en~ine measurenent should therefore be considered as

mutually dependent techiniques for suldins development.,
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ndamental calculation metrods:

g

Torsional vibration involves tre resnonce of a
'mechanical network' of inertia, courled by shaft flexinili-
ties, to a seriles of comrlex reriodic excitin; torgue, avplied
at several voints and with different phase anzles. A 'cut

and dry' nmethod is used,

.
Cereral nstiois:

(A) Fundazental simzlifications
(1) ZEquivalent systen: Distrituted factors

lunped into eguivalent concentrated

(2) 1Irnertias: Dy noraal calculations,

meci:arical intezrator, or test,
D ’

v

(k) Zlasticities

(2) ZExzecitin; torque: Actual sin~le cylinier
torgue vibration curves expressed as
fourier series,

(a) Earuzonic aralysis of zas torque
diazraans constructed from indicator
card.

(b) Ilathematical expression for inertia
torque vibration, erpressed as
Tourier series

(3) Damrinc faciors: verycomrlex and vari-
able, derend on the shaft material and
siress, Tearins, riston arnd rinc friction,

courlins absorntion, electrical eddy
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currents, prorellesr, etc, The best
gulde i3 rzrevious exgzerience on compar-

avle ern—ines,

'~

(1) Use of Folzer tatle
(2)

Disrecard of daxarin~ to avoid out of

'3
o
i)
[
o)

comoronents,

(3) Judicilous reduction of comrlex systens by the
use of the distributed mass with tarles and
curves, srowins perfornance of simrlified
systeus,

(4) Fornation of alsebraic e@uations for balanc-

inz FEolzer tables

(5) Use of tre standard calculatinz machines
(3) Use of srecial %...,2. slide rule calculatinz

board
(7) 1Iectanical vibratinz models
(8) ZElectrical oscillatins network
(9) 3Specialized calculzaiin~ machines
(10) Tre vectorscope

(11) Earmonic aralyzer
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Bl

etrods of caolculating torsiornal vibration:

First, it requires the deterunination of a sultanle

mass elastic sysiem exyressed in numerical terns, ravins ap-
rreximately equivalent torsional vibration characteristics,

This is called 'Equivalent systen', 'mass elastic systen
etc,
It recuires numerical evaluation ol the inertia
factors and stiffness factors for all the moving parts of
re installation. After that, it requires the calculations
i0or:
(1) natural frequency
(2) peak amplitudes or stresses at synchronisn
between natural frequency and stimulatinz
impulses
(3) forced vibration amplitudes or siresses at
various frequencies of stinulatin; inmpulses
zquilibriunm system 1s obtained by considering
trre moving masses at eacn cylinder, Iflywheel, alternator
and other lame compact perts as concentrated masses connected
.by elastic shafts having no mass. Tnis is called ‘concentra-
ted mass system'. Another is obtained by averaging various
masses distributed along the shafting of the installation
into a numver of connected uniform shafts, havin; both nass
and elasticity. Tkis is callsd 'unifornm shaft system'. A
third type uses any combination of concentrated masses,
elastic shafts without mass and elastic with mass called

'combination equivalent system',
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A natural frequency 1s defined as the frequency
at which a sustained vibration of the system may occur if
no damping exicsts, and stimulatinz impulses are removed,

In using this Holzer table for natural frequency calcula-
tion, trhe iritial value of unity is assumed for € for mass
# 1, and the rest of the values are comrleted, The require-
ment for natural freguency 13 é_I P2 e =0 . Various
values of P2 are tried until tris condition is realized.
Columns 3 arnd 5 give tne relative amplitudes and moments of
vibration at natural frequency wiien thkis occurs, ani the re-
lative stresses due to vibration at this frequency can be
calculated,

Tnen if tihe actual amplitude oI natural vioration
at any mass is known accurately by tzst or calculatioﬁ, the
actual vibration strezses may te conputed,

Calculation for pealk amplitudes due to several
impulses actinz at various masses may be made by equating
enercy input = energy absorbed by damring, IT the impulses
are mg COS (pt - 43) actins at the masses indicated by s,
and the amplitude at the first mass is €5 sin (pt - &). The
enercsy input equation 1is

E =76 £m,6,

where 6y1s the relative aarlituie at the various

masses3 given in column 3.

£n,8, -&(msé;sin 42 + (£n,8, cos )2

tang = £ms6; 8in ¥
£m,6, cos #;




If tie masnitude of impulses are all the sane
sucit thot m = m. Th.e encrgy esuation 1is

E = mTOmENS

wiere €6, = ( €6 sj.nvvs)2 + (885cos%)?

tan § = €8s8in v,
295 COS %

Usin O, &p - 8y, 45 - & ..... in tlace of &, 4, &, the
thase ansles all refer to the instant at wkich the maximun
value of the first imrulses occurs in this case,

b=t 4 ton -1 £6s sin (% - &)
$8, cos (& - 41)

Nunerical values of n are obtained by narnmonic
aralysis of the applied torque curves or torgue / AR curves,
wiere A 1s plston area ard R i3 crank raiius, I m the maz-
nitude of rarumonic curve

my torque / A R curve

Tren m = ARay

Curves Tor my due to ~as pressure are appended,
Tre erercy loss due to a narine rroreller may be stated as:

_ 2 .2
=mrlfe, §

where ee is tre relative anplituie of vitra-

tion at the rropreller as uiven by Holzer,

Avera-e value of 2 1is

f =35 __1

r.l:‘o:no Qa

mean stalt torque & the

rob-:-o

Py
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at which the variation occurs r.z.m., of skaft speed at which
vibration occurs. Aassuninc toraue variess with the square of

r‘.p.m.

f = z5 T o)
25 r.; mk (?.p.:‘

wrere Q, ard r.p.m& refer to trz values

b

full sreed.

£
c*+

An exrirical formula for the damping alons the steel

shafts, dus to interral absorztion of erersy and other unknown

effects 1is

70 (a*3 - a k2 e Mt @°’

K =
1010 (@ - g% )23
—23 23
= 70 OM" BF
. 1010 d 4 9

where L 1s the lergth of staft.
d2 and d; outer and inner dia.
1 vibration twistin, moment in tre staft corresrondin~ to
tke relative amrlitude in Folzer table

If

t<

e = 1rput erercy for €; =1
K, = dampin~ energy along the shafts for e, =1
Tre amplitule 1s ovtained by equatinz the input and daumping
energy as rollows:
E e, = I 27
1.3 ™

a0

X, If K_ vroveller damring

el=

energy for 6 = 1
Annlituie we get by
- 1 2 - 2.
E, 81 = K, 1% 4+ I, 677

E, =Kk, e + K 613



from wixlch value of © nay be determined., 1In this
case K, 1s taken as zero. 8, = Eh/K?

Folzer table can be used to conpute undanrs
forced virvrations at any frequency by usins two tables, one
for sine conrorents, and one for ccsine comzonents-of im-
pulses, At a natural frequency tte anclitude of vitration

alons;

tiie systen for a2 unit amplitude at some desizned sec-
tlon are called the relative amplitude of n=2tural vibration,
Column 3 gives relative amplitude when €1 PF e = C.

Tre solution for uniform shaft equivalent system
mey oe carried out grarkically by using Lewis polar diavram,
In this case 1f calculations at resonance ars made, tLe
ener-y eéuation for equal inrulses alon;‘the uniforn shaft
1s tkhe same as yreviously stated., There €1 1s tre amrlitude
at tre rte:inrin~ of the systenm and és are tre amrlituies on
tie relative anmplitulde curve at various cylinders., The
values of ésmay be measured from tke rolar diacran, Lewls
term €B 1s tre same as £65 ~iven here., The enrirical
formula for the dam:ins alonc. steel shafts cons dered with
distributed mass: Xa
E=70 (dpt3 . q’?) 0,23 T

1089 (apt - d-f) 2.3 4,

varlabvle len~th alon~ the shaft
= 1z the vioration twistinc moment alon: the
sitaft corresrondin’ to the relasive amrlitude

curve



Solution for combination type equivalent systen
may be carried out by rcduction metlod., Thils method reduces
the masses from ore end to itihe oiher or from both enrnds to
gome section in any manner convenient,

Sclution for tre coudirstion tyre equivalent

systen.
Recduction metrod of calculationrn nalzes use of follow-

irs 1iea,

FiGore PRG6E 2!

A and B are tlLe concentrated masses,

C chaft without nass,

Tren at a gilven Ifrequency, the effect of A actin~
on B throush the elastic chaft C can te oltzined at B by
addin~ a certain fraction of A to 3. This sum can azain be
corsidered as tie first mass, trhe effect of which can Te re-
duced to the nciit concentrated mass., ©mlastic shafts are
called steps of line ur. Concentrated masses are rlaced te-
tween stexs,
$ = stiffrness factor # in/ radiacn of ghaft twistins moment

H(#.in.) and deflection © (raiian)

i ce

1]
W
no
[ ]
n
Hy
ch
~
9]
o»
Q
ro

¢ = in./sec?

392

G = shearins modulus of elazticity ( #/ squere inch)

ol
T

factor or wei-ht polar monment of inertia (# in.e)

e

J = irerti

fo
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J = sectional polar moment of incrtia of cross section of
“)

‘a shaft (in.

rt polar moment of irertia ver unit lensth of a step
S 7 2
witn aass (#. in.</in.)

K = number of typical step

= len~th of ste»m (in.)
M = twistinc moment (#. in.)

-

% = frequency of vibration in vib./sec.

P = frequency constant = 27n
T (¢ n) = 180 tan ¢ n
¢mn
(¢ ) = ¢ nptan ¢ n
180

X = len;sth variarvle for step (in/)

K = constant in de-rees applyin- to step with mass,
¥ = constant in decress aprlyin- to step,
©® = amrlitude of vibration in raiians,
& = amplituie of vitration in decrees,
¢ = 350[_J = 18,3 [J_
:C c-

Sirnzle subect mears trat tre symbol arplies to the sten
navin; runcer of subscrirt. oSubscrint made of two fi-ures
means:

01, 12, 23, betwsen steps whose nuiaters are included,

0l, C2, 03, re-innin: of ster wiose nuaker iz ~iven,

L1, L, L2, L3, end oi ths siep wnose number is ~iven,






Steph 1

e

< p 2
| | PR BN
vy 23
o4 f; 03 f& 4L >
°2 12 §
Trus ee' - ega = eIZ
&, - eqx-u = 8 ( -eneral)
¢e = eo.eﬁ = ee.en (e nurer of end step)

A vrime nmark (') nmeans that the masses are beins
reduced from tre be~innin=. ('') means masses are bein:

reduced Irom end.
X
Jol = Jol'

J(;QI - J:el v J

cy
]
gy

Le €,e+y
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Interpolation formula Zor natural freguency n.

ny = assuned value of n,

N, \3
\\\\ // r, = Tirst approxization,
n ~\\¢/ n- = 2rnd arczro:xins

-

\1
n=mp 4 b
.'54
Al bl = l'll - 1‘12
m, -
By = n3 - np
Ny ™ “4
n \\ Y \ </ n = Tirst assuneld value
\\\ m \ 45 no, = Iirst approximation
L &
Ma nz = 2nd aszuned
n, = 2nd approximation
n=n +(nL n2)A1 AL =1y n,
A, , A& -
+ 2

A2-n4-n3

Relative vibration twisting moments

(1)

for steprs witrhout m=2ss

IOk

Ck

5730

(2) witk mass

-
IS

e - *
( 0,K+/ eo,K )

1c0

= ..(l{_T_)"2 Cﬁ nxsin (¢ nx +¥)
4



Forimulas Tor tre reluction methrod of calculation:

(1) For reducin~ the inertia factors Iror

bezirning toward the end

(a) For steps witkhout nass:

JeK - JpK l - 5
1 - Jok T

(b) For stevs with mass:

‘
the

(1) If tre first ster has no cocncentrated

mass at the bezinning

=

L} ~ —
J = 130 Jytan_ b w=07 T (§ n)
m 151_ n
(11) If first step kas conceptrated nass

. step
tan Yk = %gn J;&
o0 Jd
[} " k '
Tex =180 J tan (b + Yk )

7T"¢kn

(2) For reducin; irertia factors from end toward

tze deinning:

(a) For steps with mass:

(1) 1If the last ster has no concentrated

nmass at the erd

J = -lSOJe tan @Ge n

o€ ™ fe n

5T (¢en)

(11) I tke last,.step kas a concenirated

mass at the end or for any otter

step

" ’
tan (¢kn + Y ) = - fan Jex

I

180
n
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ok T - Jex B°

(3) At natural frequercy:

[] n

% k= + ‘o " %-u’ = O
! -
or Jek * .{,’KH + JK,KH

wnich is tie same as

Jok + C{* = C, J(k < Jek = O,
[ ’”"
or  Jex = J'
Jex Jex
(a) For step withkout nzcs:
ﬁ-ﬁ1+_
S Jex
(b) For steps with mass ¥Y" - ¥v' = 0O
If tre first step has nass and no con-
cent:ated mass at the be~inrin~ T (p7 n) = - Je 02
Lol (& il [ e] ia Sy Aaall ~Z e l l d - 'C—L :
l [
(A) Relative ammlitude curve
(1) For sters without nass:
"n '
Otk = Jox = _Jok = 1 - Jix T
A rode occurs in tkhe Kth step when Bfk is -ive,
e,K

(2) For sters with mass:

.

ek = o(‘::os (@zn X 4 Y

where ek -o(cog YK
I< os‘cos ( ¢ n o+ Y, )



42

& K
(2) Vivrotion twistin~ moment:
(1) For siters without mass:
U . o
(2) Tor steps with masa:
e - (M2 C ¢ ne«sin ( n X +Y)
150
= i sin nx+Y¥)
o =-(M)% ¢ ¢ n
180

(C) Viorotion stress in any uniform circular rortion of a

5 = 16 dpi
n (c12ZI - dl‘*)
Where dp and dj ares tre outer and inner dlaneters

of the section

(D) FeaXz axrlitudes:

Erergy input equation due to a nuabter of equal impulses
of different phrases 15 siven by
m cos ( pr - %) actin: at various points 5 fron

Lesinnin: of a sten with nacses is

E-né_ge;,isﬁ
180

or if thke impulses are unequal in macnitude

180
wrereo& is tlie constant f<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>