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' -ABSTRACT

.This. Lhesis"présents/ the free vibration response, transientf‘response. and opiimal

@ AN

deslgn of” arlathe under translent condmons The opt.lmal dalgn is based\on minimizing

'the maximum dynamxc displacement response of the system o \

The -&i_ﬂérgntial equation of magtio chérapterizing the behaviour of a lathe spindle-
workpiece systemSis_formulated based on the Euler-Bethoulli’s 'equat;ion. The matrix

differential equation of motion is obtained using finite element technique. The boundary

J .
) condltlon at the live center is t,aken as hinged connection. In order to economlze on CPU

)

A
time and memory, the sytem matrices are condensed by using the dynam\c condensatlon

r:‘.

technique. - , - '

4 - - ’ . »

Al

The free ibration response of the system is studied by varying parameters such as
the bearing gpacing, the bearing stiffness etc. The effects of these variations on the static

deflegtion, the natural frequencies and the rate of decay of free oscillations of the system™

-

are analyzed; The condensation of the system matrices is don€ by selecting the appropri-

ate number of masters by comparing the natural frequencies of the condensed and uncon-’

-

densed_systems:Tﬁe free vibration response of the system is studied by assuming the ini-

tial velocity vector to  be equal 1o gero. ' e

-
A

A method cp_mpriéing of the finite element technique and n;odal,anaiysis is used for
st.udyi;g the systém behaviour under transient cutting conditions. Th_e'respor‘:se of the
system due to aln impulse and exponentially decaying pulse excitations is obtained. The
effect of the variat,io:'m‘ of system dc;ig'n variablés on the maximum dynamic displacement

response is presented. Based on these. variations the optimal values of the variables are

obtained.
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INTRODUCTION -

1.1 M‘achine Tools .

. Machine tools brédilce worliing parts for_all machines and equibmcnt used in all

major dmslons of lndustry They are used to cut. metals and to produce meta] parts of

all sizes and shapes to very close tolerances “The machmmg of metals generally mvolves‘

cutung, ,ahaplng, or formmg Ma.chme tools cut shape, or.form metal parts (i) through

~the cutung and removal of metal chips by the use of edge tuols, (u) through sheanng

and’ (lu) through the controlled corrosive action of either chemlcals, electnclty or sound.

In the th|rd }vre recently developed method, a combination of electncal and chemical

. action is usecl in machinjng ultra - hard materials. .

PO

. Machine tools operat.e on en.her a reciprocating or a rotary type principle i. e, either

thc tool or the worlr.plece reclproca.t.es or rota.tcs For example, the lathe utilizes a smgle

point, t.ool wluch removes metal in the form of chips as it travels Ipngltudmally slong

‘workpieq:e which is l-evcllvix_xg. The relative inotion between the tool and the workpiece js

the essential principle in maclxininé metals to produce workpieces having the desi

- shape, size and surfacg,_ﬁqlgll. 'llll Qh\é next sect.lbq, a brief desc;'iptibn'about the l.utn"ng .

operation is presented. o \

.
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' 1.2 The Turnuﬂg Operatmn .

Iz a lathe, the metal is rcmoved in the form of chips by a cutcxng tool movmg along
\

the workpiece as ﬁ, revolves. A t,yplcal lathe is shown in Fig.1.1. The | power generated in
A

\
the motor is transmltted to the spmdle through beits and gears. The spandle-workplece )

l
system is shown in ing .1.2. The spindle is supported by two bearlngs and the mass and,

the stifiness along the spmdle are nonumformly dlst.rxbut.ed along its aan. The chuck is

norma]ly considered io be an mtegral part of the splndle and therefores to be mcluded in

" any mathematlcal mdrdel Cut.tmg tools are made of hlgh speed steel or carblde tip brazed

or clamped to a sohd plece The tool is fedtum nght. to’ lefl. (refer to Flg I .2) and the

machmlng of a workp:ece is camed out in two.stages. The first stage usually called 1]

roughmg operauon, consists of removmg large amounts of material, In the second sta.ge,

known .as ﬁmshmg operation, very small amount_s of m_atenal are removed to achieve

. ‘dimeneional accuracy and 'aceept,able surface finish. _

R

'The'pierfermance of roller bearings is determined by the clear.ance.‘ Normally;‘ the

bearings are preloaded to make the clearance as small as possible. The selection of bear-. -

, ~

mg stiffbess is done based on turning operation, since a lathe is essentially used for turn-

mg There are small amounts of dampmg in the bearmgs in the form of fnctnonal damp-

7o

“u B - -
lng‘. . ’ ’ . : - ) ' a
. .
B . . :
-

ln a machine tool system both the lnternal and extcrnal dissipative {orces exist.

lnbernal dampmg, arising due to d)ssnpat.lon wlthm the matenal is in the form of hys-

teretic dampmg Thc bcarlng locatlon and the workplcce tool interface are key aonrces‘of

uexternal damping. '_I‘hese two damp_lng eﬂ'eéts_ can be combined’ wnhopt any slgnlﬁcant :
loss of accuracy, -

H
‘Q'

It - . N - R ‘. N . 3

The cuttlng form in the three orthogonal directions (refer l.o Flgl 2) have very '

large ﬂuctuatnons in their magnnude The main cuttlng force is in the 2 direction and it

[P UP
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' - ﬁmsh.'_

. vnbratlons.

P ' /s
e -t .
LY

. ‘e o

o . . ¢ o [ .
‘bas beers found [1} to be the main force which cohtrols the surface finish of the workpiece. °

Thege,cutting forces cause vibrations in L,hé spindle-workpiece sysle'rn.., Th.is is discugsed in

the following section. o e T

G . . S
LI . |

r?V':brn‘tionu in Machine Tools \ . ‘ e .
» N . l ' : ' B -

The machmmg of metals and other mate

Q

\

the workplecc material; (n)/ Lerrupt.ed cutt.:ng, (iii) dlsturbancw in. 1:the workplcce or t.ool

t.he r.ut.t.mg process The tolerable level of relatwe vnbrat,lon between wol and workpxece
» ‘ X
ln the roughmg process is gulded by tool hfe In ﬁmshmg operatlons, surface ﬁnlsh and

/ l
r

' machlmng accura.cy det.ermme the tolera.ble level, The control of ihesé vxbra.tlons by a

proper desxgu of machxne tools’ lqéthuu essentlal for a Ionger tool life. and gooci suﬂ‘ace

i i . HE
. . b e . ot
, " - - . . ‘
' f .

131 Vibri.tions Due t-o inhbmogéneitiel in t'h]e Workpiece
Harcl sp}s in the Jnat.enal bemg worked,. im] art small- shocka to the -tool and the

WOrkplece as a result.of whlch vnbratlons are set ur These t,ranslent. dnsl.urbanca build’

~

thrust. If the l‘rcquencles o!’ these ﬁucbuatlons comclde with one of the nkat‘ural lrequencnes :

P ‘ \

of the st.ructure, forced vnbratlons of appreclable ampht.ude occur. The brea.klng away of

between t.he workpnecc and the tool. aPhesc vibrations are due to: (1) mhomogeneltnes in .

1als is accompamed by relatlve vnbratnon .

‘ dnvcs, (w) vsbratxon transmltted through the fo ndation, and (v) vibration genemted by ’

" up to vibrations of Iarge amphtudes as a result of dynamlc mst.ablhty Durxng dlscontlnu- -

. ous chlp removal the segemntatlon of chip elements] results in a ﬁuctuatmn of t.he cutting -

a buxlt-up edge from the tool face also- unpart.s unpulses to the’ cuttlng tool which result i in

t

{

: o

[N

R Y
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h ted through the ﬂoor is achxeved hy the use of. wbrauou molators 2

' 1.3. B ‘V'xbrations G-eneln{.t'edl by thd Cutting Procdu‘

resorted to. -

, N ' Co
1.3.2 Vibrations ]‘Ju'e to Interrupted‘Cutting'

Impulses of appreciable magmtude may be xmpart.ed to the tool when machlmng

- P

mt.errupted surfaces. The resultlng wbratxon usually is not severe m case of smgle

poxnted tools but ieads to senous effects when using tools of multnpﬁcuttmg edges i 1e, in

X

)

the mllhng process. T S o .

- ’
- o

"1.3.3 Di.sturba.ncea in .thelWorkpiece and Tool Drive i

v

There is a dxstlncuon between nbrat:ons ansmg in drives that 1mpart rot,at.lona]

motlons and in drwes that. unpa.rt rectlhnear motxon Vlbratlons ruultmg from rotatmg

S/

unbalanced masses, gea.r and belt drwes, fall under the ﬁrst graup. Thq second group
‘compnses free wbratlon resultmg from ‘shocks caused by rectprocaung unbalanced

' mnsses and a type self-induced y:bratlpn frequently” encountered with slide dnvgs.

1
’

¥

1.3.4 ‘{Iibrati;:ns Tranamitiggd from ,oi:her' M?a;:luines K I

2

: Vibrat.ion generat.ed in machines ia ti‘ansniit.t.ed tilrough thé foundation to other

mac!unes and may set up forced vnbrat.lon in these The 1solat,lon of vnbratlon transmlt.-t _

— -

>
[y

The cut.t.mg of mct.als is frequent.ry accompanled hy a: vmlent \nbrntlon of workpiece .

.nnd cuttmg tool l:nown as machnne tool chatter. Chatter is.a self-mduced wbratnon It is

l.ughly detnmentat to trool life and surface ﬁmsh In the ehm:nzmon of chatter, cu}tkng

¥,

| condmons are altered firse. If this fails, an: mcreme of atlifness bel;ween the tool and the 1

workpiece and damping. of disturbances impinging on the tool:or im proved tool deslgn is

e
Lo ' N
v

S
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(iv} . The dyna'_‘mic"x;euponse pft_'he workpiecé l-xhder:c.utting 'f'org:e 'excitg.tio:n, and .

tions.

L3 . ) P

14 Va.rious' Considera.tions in' Mach‘in'e-Tool Design

:

A machine’ tool |s made’ up of several machme components A good des:gn of a

machine tool requu-es that. all of 1ts components be desugned wn.h utmost care and precl-

sion. Thus a detalled statlc and dynamic analysis of each of the components is to be car- - ‘

\
.

ried put to ensure'a praper a design of the machine tool The presenc mvest:\gauon,'_‘

whlch is, a study of the dynamiic behavnor ‘of lathe splndles, is a step in that dlrectlon.

e owr ! ;9“\:

3 ..ﬂf:: M : ) < . : = i -
The impox;tant@i’:’ﬁg'@emtioﬁs in the design of machine »tvool\s_ ate as follows: AN
3 B - ; - . . : . . "',;-""' . L ’
{i) The st._ability of .the :;tructure', S < Cobe. s,

(i) The nature of ‘the cutting forces, e

' g + .'. ) o ' o . s ...‘, ‘
(iii) The t‘yp'e of the damping, v . CLL T ,

' ) - . . : .
-t . . . 1 N

(v) The selection of optimal design parameters.

-

' -
”

A literature survey on all the topics mentipned above, are presented in the following sec--

t

, ' 1.4.1 The Stability of the Machine Tool Structure
/ . ’ - ‘. N ! : . .I : - * . - * ,' * ‘ ,

The. machme tool structura are usually made of cast u-on or mild steel .Analog and

“

: dng\tal computers are- often used in the dmgn of machine tool frames whlch require com-

v

plex mathemat.lcal analysis. Se\w}c;-al researchers [2-4] analyzed the maclune tool respomse
by rcpresent.mg th¢ struct.ure by a: number of lumped masses which 1 were jblﬂed together
by. elastn: and welghtless beams. The response of ench mode was, ,computed separately“

and then they were - added vectonally in the complex plane A atudy of a machlne t\oojéﬂ

-~
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drive anAd‘ structure was carried out on an ‘analog computer by Cuppan gnd-Bolling'e'r [8). A

 system of differential equations ryas used to represent the machine tool structure and was'

. solve(i for vatious system parameters. Thé thecretical reétiltsl were then experiment;l]y L e
" verified. . .
I d ) . ' v i L
1.4.2 The Cntting Forceu B o . !

Researchers m the ﬁeld ol' tnanufact.unng have been attempt.lng to underst.and the

. nature of the cuttmg forces durmg a machxmng operatlon for more than a century The
machines of the cut.t.mg process was, studled by Merchant |6 7] Dependmg on the onent.a-

L tnon of’ the cumng édge to the relatwe motlon of the t.ool snd the workprece, the cuttmg

process was dmded ipto two parts an ort.hogonal cuttlng and an obhque cuttmg The '
theory and equatl s of the cuttlng procees were developed’)by which ;h httle approxl-

___—-—‘
matlon, any orthogonal cumgg process cpuld bé anafyud Lee 18] studled t.he maclumng

as a plastle ﬂow of an ldeal plastlc mat.enal and thereby obtalned the st.rus and the stra.ln

' dlstnbutlon in the system. ‘An excellent treatment of the mecllamcs of ilf;( ting proceoa

lsg’l?enmlOl. - - : .~“  S o 'F

14 3 The Dampmg 'of the Machina Tooh‘

Severa.l authors [10-12] have s;.udled the eﬂ'ect. ‘of vibration on a machme tool and lts

eﬁ‘ects on the quaht.y of the workplece produced The dynan:nc sta.blhty is one of the I'ac- ’

‘tors aﬂectmg the qua.llt.y of a machme tool The dynamlc stabxln.y determmea. the max-

’ |mum mat.erlal remmral rate t.hat can be attamed without chatter. This i is further relal«ed

" 1

t.o the dynam:c stxﬂ‘ness of the machnne tool, whleh in- turn depende on the.statnc auﬂnus' .

ana ou the dampmg of the machmc t.ool nlﬁct,ure oo L e

The dampmg in 3 maclnne t.ool c!n be due to (a) struct/al dam;;ing, and (b)ifrie- o

- Y

‘ tronal dampmg Fﬂeuonal dampxng is the msin source of Dergy dlmpahon in muhme'v-

. t,ools. Thls danfpmg, in maclnne toola, causes energy dlss:p t.lon ab guldeways, joints etc. :

. L .
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P .- . -

. v

T T . o =

-
a

W f/‘ﬂn..s‘—hyhh T IC T

o e B A A

- L.‘H‘

N



<
t
. P
i 1
.:A 3 .
* T,
5
-
-
! . !
] .
N
! -
i -
. 3
: >
. 7
i /
{
* -
P
e *
v °
i w -
H 3
[
'
i,
LI
! ¢
! 3
I '
/T
3 .
)
¢
B Y
S
{
'
)
L]
i »
! I
i
: '
i
H
!
___/

_ tiog available from the area of stability of rotaung shafts. The stablllty of symmetncal ; B

" shaft. However, Robertson [19] favoured alaw by whlch dampmg forces were a funcuon .

_ viscous medxum theory has been utlhzed in the prasent mvesngatlon. The conplmg of s g.

'deslgner to estimate the performance of & mac]une t.qol..Smce it-ls lmpracncal. to per-

. form an‘lanalyais that ijxclu’des the spindle, the drive system and~t,he sFructure, a pra.cti; |

-system under stochastic excxt.atmn The two equatlons were solved lndependenzly by £

a assummg that there Was 10 cross coupling. Rakhlt. [1] analyzed a Iathe spmdle-workpnece ‘ !

.‘. : . . : [ - : ) Tan e
» AY

.
-
e ma ¢ i ot 2

3 L , : T Lo '

'eFlexuranibration ofRota.tmg Shafts. . s

. " The response o( the machm\e zoo!s .can be ass&ed by ma.kmg use of the infoma-- .

and unsymmetncal sbafts was carried out in [17,18). It has been reported that i in t.he. B ot ;

JY -
by - N

absence of lnternal dampnng, instability of transverse motlon occurs only at certam criti- -

cal speeds of | rotatlom in, case of symmetmzl shafts, whereas, in case of unsymmetncal ST ¢

. > M * ) ~

shafta, for a whole range"of :peeds Klmﬁball [16] suggcsted that the mternal frlctlon e o

mlght be caused by elastic hyst.eresla wluch acts as a damplng forcea rotating thh thev-

: o '{"ﬁ R
of change ol' strain. Nexther of t.hese theones have been found to be exact ‘Theé rotatmg /*

A

L] . * l

. t,he t.ransverse and the torslonal modes of vxbrat.lon was studl%d by Bagcl [20]. ) o

. . .. * " . -
o - . e . L o, ) e

1. 4 5 The Dynamle Response of Mlchme Tools o ' B ' e S

- v

'I:he study of the"dynamnc mponse under actual operatmg condntnons .ennbles the .
' .

N b

e aolutlon would be to consider each system lndlwdually aqd to carry out the l

N

gsponse study. In order to lmprove the performance of the maolnne tool the -

Bt various pomt.a on the struct.nre, haa to be known. The’ Iltera.t.ure survey dl

| LN

the dynamic response of machine tool splndlu is presenCed in this section.

LTS

Sankar and bsman [21] stndmd t.he spmdle-dyns;}m;‘.s using tivo-degree-of-freedom e :. ﬁ ) |

¢

" syatem by“f!rmpntmg the system by two degreea of freedom. In thlu work the aﬂ.ual
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« cutting force was measured pﬁd its power spectral density was_experimentally obtained

‘by using a frequency at_;aly:er.' 'I“h_e mathetatical n'iodel‘did not include the live centér

: connection and the workpiece was held only at the chuck. ’

Various researchers have used ana!ytlcal [22: 24] and graphxcal [25] methods for

——

analyzing the la.the spmdle behavior under the static and the dynamic concjmons. The .

o>

mult.l-degree-of-freedom steady state analysls of a lathe spmdle was carried out "by Bol-

-

force was assumed to be acting on thc chuck In t,hls analysls the boundary condmon at

- the workplece-hve center mterfm:e ‘was'pot lncluded in the mathemnncal model. It was

'Y

’ concluded that the dpproach whlch uses the ﬁmte dll[erence techmque,,to formulate the
&

-?.model of- the spmdle, and the solutlon of t.he equat\om uamg ‘the aualog computers, is an _.

.' ' eﬂ' clent and useful met.hod for analyzmg the vanables lnvolved in the optlmal design qf

b i}

the spindle. It was nlso concluded that the extenml damper should be located at the free

‘end of t.he splndle\ In [24 26] the nnturnl frequencles of the syat.em were computcd

’ analytlcally and experlmenta[ly Ba.sed on -a root sum squared criterion, the boundary

condmon at t.he workplece-lwe cent.er mt.erf»ace was cla.ssnﬂed as hmged connect“n The

T

variations of t.he ﬁrst ﬁve natural . requencles and the correspondmg mode shapu, as'a

functlon of the bearufg stlﬂness, were also studled. The appllcauon of the fairly recent
‘ techmque, such -as the ﬁmt.e ‘element mathod to study -the dynamnc response of machine

/t,ool pmdl& can be found i ln {26] 1n this work the dynamlc response based optintal

/ design of a lathe splndle under experimentally measurcd random cut.ttng I‘orcea was car-

ried’ out. The optimal deslgn was based on minlmlung “the ma:;umum mean s’quare dis-
placemenc response ol‘ the workplece under the action of random cuttmg forces. The
modal analyals in conjunction mth the finite element techmque was used to calculate the
' mean aquare dtspacement of the workpiece ,

[

- . . . .

ks

‘ hnger [22]. The spmdle was represented by a seven degrees of freedom and the hnrmomc ) v

e n

b | e RO gl
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The dynamic charactécs such as dyhamlc respc\:nse and the phase ang!e as a’

Y

function of rotational speed of t.he splndle ‘were expenmentally studles by Morse [27) and
K _ﬁfxllem&ng—[ﬂ&}..‘\ S L
‘ - » . N . A : i .

. Te Y .
1.4.8 The cheptance Tests of: Machine Tools .

N

It -has been ret:ogmzed by researchen n the area of machlne tools t.hat, static tests

[}

[29] only 1§llcate whether the machme is properly mahufactures:. That is, the static

agceptance tests do mot give a complete descnpt.lon of the béhavnour of machlnes under

ot

act.ual machmmg condmons Tobias [30] mtroduce;, for the: lirst t.lme, a met.hod for t.est-

' |ng the dynamxc a.spect.s of}machme tools. Se(eral dynamlc ocbept.ance tests |31.33l were

- later proposed ln |32 33) dynamlc accept.ance ‘tests’ for machme tools were propo‘sed

a

based on 3 eoeﬂ" clent of dynam:c stlﬁneas. The mathematlcal model conslsted of either a3

. : slngle degree or twb degree-of-freedom nonhnenar system and't.he procees waa aasumed t.o

'

be st.auona.ry wnt.h a gausslan dxstnbutlon lt was concluded that. the proposed accep-

- tance tesbdt:t.ermmés the dynaxnlc resnst.ance avallable in a machme t-ool under actual cut-

[ T, . ' . 3

ung oondmo_ns.

[y

s 2 ‘ '
. . w o e o .
‘

. ~'1.417 o'ptin{al De'oign P DO . . '. o
; S Deslgn of st.ocha.stacally exelt.ed Iathe aplndlea baaed on optmﬂ:al aelection of parame-
’ l.er{ can.be found in |34] ln ,t,lus work & dlrect search 0pt.unlzat|on .wae used to select. , '
’ 7 optlmal bearlng 5tlﬁneo; and bea.nng spaemg ol . s . T ) Lo v

.o - ‘o -
‘ ‘ e
In order & estabhsh t.he quallt.y of machme tool there are severa.l charactensucs :

e .

. . hat. are worth Iooklng mto. Some of theae deslrab]e characterlsuca .are' (a) t',he damped

E free Oscnllatlons of the system subject.ed t.o initial dlsplacement and (b) the translent \

+

response ol‘ the eystem under.a shock-or an unpulse exeltatlon.

) e e tans v

t

o
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1.5 Objectives ' ! ’ .

“lowing are the objectives; -

4

- 12 -

.Based on a review of t.he available literature, it can be lnferred that stiidies such as

b

the transient or the free vibration characteristics of a inachine tool as a measure of its

performance have not been done earlier. This is. the object.lve of the present lnvestlga-

tion. A brief descnpt.\on of the ,obgecttves is presented in the next section.

L]

P

In this thesis a method for obtaining the flexural response of ‘the.lithe spindle-

workpiece system subjected to‘(a)\ a set of initial displacement excitation and (b) the

transient excitation is developed. The system is modgled as a multi-degree-of freedom
- damped :systém' using' the finite element analy;is. The system design parameters such as
) the bearing spaclng, the bearing’ stlﬂ’ness etc., have been vaned with a view o opumlze :

the desu-ed chamtenstlcs such as the rat,e o[ decay of the damped free osclllatmns or

the maxunum dynamlc dxsplacement response of the ayatem. With this in view, the fol-

i
"
! .

A

1) The study of ‘the static deﬂection'characteﬁstins of the system; using the finite ele-

o

‘ment method.

2) The adal}s’is of the free vibration response.of the system due to a set of initial dis-

"
v ?

el i,

-

placements.

3) Thedynamic condehsation 'of' system matrices to achieve computational efficiencyn
. - /-’ - » " ' a

i

4;)' The development of a methodology for studymg the tramuent response of the lathe

splndle-workplece system modelled 8 a multl-depee-of-freedom damped system.

. . . - . : ' . '
A B . ) Y
. . .

'5)" A parametric stu"dj:of design variables such as the bearing stiffness, the bearing

spacing, and the dan}ping on the maximum dynamic displacement response of the
system. : o l v

.
a

bt e 4w
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8) The optimal selection of the system parameters to minimize the maximum dynamic

Pa—

i displacement response of the system, employing a nonlinear programming tech-

nique.

\ : >
? In chapter-2, based on the finite element technique, the lathe spindle-workpiece sys-

; tem is formulated as a multi-degree-of-freedom damped system. The mathematical model

consists of bearings represented i)y a Al'mem'- spring and a viscous damper. Further, the

boundary condition at the live center interface is taken as hinged connection. The "

dynamic condensation technique is discussed and the equations lieg:essary for condensing

W _ “the system matrices are developed.
A ‘ 3 > N |
Yo In chapter 3, the free vibration behavior of the system is discussed. The criteria for.
- \ . . ' :
v ‘the selection of the master-degrees-of-freedom for the condensation of system matrices, is

the damped free oscillations to veach 66.86% of the initial displacements are obtained.

The variation of the static deflection and decay rate of free oscillations as a function of

[ —— -
i

design variables are studied.

.

workpiece system is dc_veloped.' The, transient rcgponse of. the system 'due to a unit

\
v .

: impulse and exponentially decaying pulse are obtained. The parametric study on the
maximum dynamic displacement response of the system is carried out. S

. . ) P t .
. Chapter 5 describes the optimum selection of parameters and,(’the optimization

» - technique used for the system under consideration. The systém is optimized using a

-

direct search method known as the complex method.

1

- Conclusions and recommendation for future work are presented in chapter 6.

. " Y
" . presented. The static deflection characteristics of ‘the system and the time required for -

' - . In chapter 4, the method of obtaining the transient x.'esponse of the lathe spindle- .

s ek

[ S e
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. 2.1 Introduction

CHAPTER 2

*
A}
N

b

THE MATHEMATICAL MODEL OF THE LATHE -

SPINDLE—WORKPIECE SYSTEM )

* L 4

‘

It is known that the surface .ﬁnish of a-workpiece is dependent upon its dyqami?:

response due to the cutting forces. The higﬁpr the response, the rougher is the finish.

. Thé 'flexural response can be controlled )a{ an optimum selection of parameters such as

. "’.‘ ! N
bearing spacing, b;\aring stifiness etc. In order to achieve the -optimal conditions, a

mathematical model of the lathe spindle-workpiece system is necessary. In this chapter a

comprehensive mathematical model of the lathe spindle-workpiece system is developed.

~

In the development of any mathematical m'odcl,.- there are several assumptidns made. A

_ detailed discussion of these assumptions is presented in the next section.

-

2.2 Assumptions and justiﬁi:n.tion-\'

Following are the several assumptions made in the formulation of the mathematical

model] :

T

1) Since there is no relative tr;nsﬁtion between the chuck and the workpiece, the

workpiece is tak;q as an integral part of the spindle. "

[ ]

a
]

7

'2) The eflects of shegt deformation and rotary inertia have been assumed to be negligible .
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3) The change in the diameter of the workpiece is assumed to be negligible since the

depth of cut in the finishing operation is very small compTed to the dimensions of

the workpiece. . -

- . [

4) The spindle-workpiece system is taken to be statically and dynamically balanced .

and to be operating at a constant speed,

5) The dominant mode of vibration during the turning operations is considered to be

the flexural vibration of the spindle-workpiece system: The torsignal oscillations of .

the spindle-workpiece system due to the combined flexural t.orsic-mal‘ action of the’

metal cutting forces are assumed to be insignificant and therefore neglected in the

mathemat_ical model.

-

6) The bearings are assumed to be rigidly mounted in the housing due to the presénce

.of an interference fit between the bearing and the 'housing."

i

7) The bearings are represented by a viscous dax_npei- and a linear spring iﬂ t.he'mocviel,l -

sin,ce't.he inner races of the bearihg are considered to exhibit some viscous damping

-~

and stiffness properties.

v

2.3 The Mathématic_&l Model o ' T ,
N 4 - R
< ' H . 5 ! ;.
+ The equation of motion of the spindle-workpiece system shown in Fig. 1.2 ean be
formulated by considering it as 'a bat in flexure. "The Euler-Bernoulli's equatio.h of

motion, govegning”the flexural vibration of the spindle-wo-rkpiece system, can be written
. - * \ . -

as [35) ‘ ¥ o Fo
%[E]'(x).:%(_x.»t)]g_m(x).g_:y.a_(xvt)-kl(x)y(xl,t) : | \
cef )R ey (1)

-~
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E= moduius of elasticity,
AL I[(x) = diametral moment of i;nnia,v
mi(x) = mass per unit length,
y(x,t) = defiection along the system,
k(x) = stiffness coeflicient,
c()'c)' = daﬁping ‘coeflicient, - .
fe(xt) = externally applied fo;'ce, and

. E r
L T t= - time <><:~/

-

s The eﬂects of the rotary inertia and shear deformation are neglected i in Eq(2 1) as

o 1ndu:ated ea.rllcr The terms on t.he right ha.nd side of Eq.(2.1) correspond to the inertia

. force, ‘the elastic force, the damplng force and the ext.ernally applied force respcctwely

The boundary ‘conditions to be aamsﬁed in ﬁndlng a. solutlon of the Eq. (2.1), are:

=

1 4 . B . . . N . ]

(i) At the free end of the spindle the shear force and the. bending moment are zero.

(i) The boundary condition at the workpiece-\ive center conmection can ne assumed

cither as hinged or clamped If- a.ssumeias hlnged the bendmg moment and the

deﬁectxon, must be zero at the connectlng point; or if the above menuoned connec-

' tiom is assumed a3 clamped then the slope of the deflection curve and the deﬂectlon ’

must be zero. It was found [24]) that thc hinged end-condmon is a bewer represen-j

tation of the actual behavior of the syatem Thereforﬁ, in the present modcl the

workplece-lwe center conpection has been represented by a hinged connecuon.

The system is divided into f,welve lumped elements as shown in Flg 2.1. ’I‘he fourt.h

order pa.rtlal dlﬂercnual equauon, Eq (2.1) can be solved ‘to mvestngate the dynamu:

Attt e i ———— XS
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behe\;ior of the lathe spin‘dle—workpiece system with the following boupdiiry conditions;

©

At the live center, the boundary condition would be hinged connection which can
) ) ) .
be mathematically written as

' . o Y .
The boundary condition for the free end of the spindle ¢an be mathematically

o

represented as ot
- B . 3% (x,t)
e EI (x )3;‘;(" Meme.

7 ‘ ) ‘.\\ - 1 ) ' ' T ) .

~ coa [ oy - -

Cand [E[‘y(x).xz_( , ),L;L =0, | ‘_ (2.3)

' . B \_ . - N ‘ . B
Where Lis the ‘total Iength of the spmdle-workplece system. The variable x is meaaured ,

) from the live center towards the free end of the spmdle ' RN

., ’ r . : . .‘ - \

.2 4 The Method of Solutlon A

Eq (2 l) together with the sssoclated boundary condxtlons 28 represented by . -
Egs. (2 2) and (2. 3), can be solved by finite dlﬂ'eren:e method as used by Bolllnger [22}, or- |
it can be solved by ﬁmte element mef,hgd [26]. In [26] the advantages of using the ﬁnlte .
: element method over the ﬁnlte difference method are dlscussed Therel’ore, in the present '

- 'study, the ﬁmte element technlque has been chosen l‘or studymg the dynamle behavior of -_

WY

the spmdlé,-workpxece system. A o ' N
2.4.1 Tha Finite Element hrfethod- o . e . . / .

The ldea behind the finite element method is  to provnde a' l‘ormulatlon whlch can

‘ explont digital compute antomatlon for the analym of complex ayatems The method
3

:
Y G
— " .' H o

f . Lo '-“ . . . ) '1 ..A"

d’ﬁ?ﬂ%‘" o =0. ' - (22).

>t ———cAne 4
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regards a complex structiire as a finite assemblage of discrete elements, where efery such:

element is a continuous gtructufal member, The displacement at.any point of the con-

e v

- . : [ . ’ . .y . B
* tinuous element is expressed in terms of a finite number of displacements at the boun-

daries of the element. By requiring that the displacements be compatible and the inter- ‘

Y ]

nal forces in balance at certam points shared by scveral elements where the pomts are

known as joints, the entire structure is compelled to act as one entity.

»
. . o ., >

A beam element in bendingis shown in Fig.2:2. The beam element will be assumed

to: be a stralght bar of uniform cross-section capable of resns(m\g the axial forces and

bendlng moments Thus the element is aub]ected to shear forces f \t), f4(t) and bend- '

ing moments f ,{t), f it) undergo both translatlonal and rotational d|spla.cementa The

dxaplagement at any pgu:@ in‘the beam ia‘expressed as [36] ,

S k=S N )

o . . : ) P ‘
Where, N; (x4) is the shape function, z, is the local position coordinate and y; (t ) is the
. N i . . R ‘ ..f ] .

joint displéc_ement. It'cnn be lnferred frox_n the Fig. 2.2 that
. y'(p’t )-yl[t ) ‘ .;xll.(xllyl- )le-o‘.'=‘y:(t )’ ) . >

Yy

1
jx

f‘*:.

it The sohition .of the dil!erential equat.ion govern'ing thé static bending of a unil‘orm

bar, with lnema term set to zero, glves the general expresalon for the sha.pe l‘unctlona
The, set-of shape functlons is then found by applymg' the houndary condltxons gwen by

Eq.{2.5). The generalued dnsplacement at a.ny pomt on the beam is expresaed as- [36]

331

y(xl.t)-(l— - )y.m+(---_——'+ )tm)

1
£
N

- _'mr%‘k“&”ﬂ.—r-h(tl- ' (2.5) .

has st

- ‘.)uu}.n:h—;.wnm L
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‘matrix wull be prcaem. at these element,s and is gwen by

3x,? Xy s . i _ Jo '
- LIS (SF+ IR | - L (26)
The kinetie and poteptial energies of the béam element al'l‘i; given b')Ar -

\ .o

' - i 2 --
"R(t)a—;-’jom [%%("lv‘)] dx, . (27)
and- L ‘ ', " : ' 7
_"‘ l" . azy V,' 2.": - ’ .
P (t) = —2-{ El [ W(x Ivt) ] . dxl. ’ ’ . (2.73)

"-u"'
. . -

The equatlon of motlon for tbe element. can be written by substltutmg Eqs (2. 7) and (2.7a)

in. Lagranges equatlon of motion. After a i'ew mathematlcal steps (shown in the Appcndnx A)

&

“the system of dlﬂerentl_al equations of motion for the element .can be written as

.'L'.".

el ]

In Eq(2.8) [m] [k} are elemental. mema and stlﬁness matrlces and {y(t)} {f(}} are local

'dlsplacement and force vectors. The stiffness ‘matrices for elements 7 and 1 (refer to Fig. 2 1),

f
are dlﬂ‘e‘_nt. due to the presence of the bearings. The stiffness matrix for these elements is aug-'

K]

menﬁed by a matnx, which is givenas . - - . > '
Ky . |
N — 00 0]
) . 3 0 , .
' : 6 oo o}
s Ky (2.9).
- ' 0 0.___' .
¥ -3 0
N 0 0 0 0|

- -y N ‘ 4

' where, Ky is the bearing stiffness at the elemem. in conslderat,lon. ln addmon, a dampifg>

©

T

] . 4 —_—

'lm.l{&'(;)'}frlk'I{y(t')}={f’.(t)}-- L 28y

L N e
T p
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-0 00
. 0 0 0 0 ,
0 0=
DT
0 0 00 ¢

Where Cy- is the dé'\mping present at the element in question.

The equations of motion.for a beam element given by. Eq.(2.8) are derived in local coar:

‘. -
a dinate.s {y(t.)} The' differential equations of motion for the beam elemeﬁi are to be writ,d-
L 4
ten in terms o z’set of global ordmat.es to obtam the equations of motlon for the com-
plete struct.ure, Choosl a global reference system the dlsplar.emenl. components along
. the local coordinate s'ystem can bé resolved mf,o components alpng the global reference
system by the transformation E ' ‘
{y}*-ll-l(f} P 9 (2.11)
Where [L] is the matnx of du'ectlon cosmes and {-y } is the dlsplacement. vector in glo-. '
bal coordmates The kinetic and the potenblal energnes can be written.in the form’ of the
o . : ‘
' gxple matrix products as S . S R T
N oL o
REGG R0 S 1y
and s \, . . ' : . ‘ e ‘
.. P ‘%{v Fixi{y) . ‘ (2.12a) °
. : . -~ '. o : : S
- ) e s . , ‘
Whereas the virtual work has the expressiqn , o -~ - / 4
-\’. W = {y. }T {ry) C (2.12[1)"
\ -t N ’ - ) 3 ’(
By mtroduclng Eq.(2.11) into.Eqs.(2. 12}, (2.12a) and (2. 12b) the equation of motion =
of the beam elemenl. in the global coordmat.es can be written as
"‘ o. ' / s

. ———b—da——
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o EIFO +HEHFD ) =(TO) . @)
Where, ' _ - 7 / R .

'ﬂﬁﬁurmnyh,: O

% . -

.WH=HFHHULLW.‘ TiuM{

" s . ' . . .'h' "

Q »

\:sfm(@ that the structure consists of n. Jmnt dlsplacementa and P elementa, the rela-

tign between tbe element dlsp!acement vector a.nd g[obal dlsplacement. vector can Be
written as - ' .

]
o

2]

Where [H],,isa rect.angular transformatlon matrix and s denotes tge number of

- the elements Q'Ee mMnx [H ], hu Bs many ToWs as { y' )s and as mahy columns as

L4 . 5

{Y } has rows. “Fhe elements of every. rowl of IH ], aré. all zero, with the exceptmn of h

one element in each row whlch is equa! to umt,y T he posmon of the umt clement in

. every row is such that Eq. (2 15) reprmnts' an |denuty Tt ahould be l;pted that a glven e

“joint dlsplacement can occur |n aeveral of the vectors By a.ddmg the contnbutlon‘s of all

‘the elements th/klnehc energ for the comy_l_ete system can be written as -

. . N
1 : - - . L]

A . . s : ‘ o ':, J.
R'_*.-‘-%l)_f_;l-{y‘)},“[ﬁ,l. 8 -

Dlﬂ'erent.muon of Eq.(2.15) gnves . ‘ ‘

{T}.=[H1-J‘7} e .p'(' " U )

* Combining Eqé.(?.l'l:) and (2.F3j°one obtains B ‘

R'-;.ﬁ{Y}TlHF Iﬁf]-lHI.{Y} e

Ve ,

{F(J)}=-iL1T(r~(?nf e '(2".145)"

.k (y‘}' ‘=[H ]; {?' } .- Va=1,......,-p“ T .; (2.'15) .

Lo e




¢
e
" .
» A . N
B ¢ . . N ,
. .ot 1 e - - JE—
- o
i
Fo. . [ ¢
. ’ -24- :
3 3 4
3 * . '

4 .
o . .. .
3 ‘ ) . S ! .
; - Where - . . ,
- . [ ] . - - -
. . .
¥, e . ’ < '

| |
SR

oo : R

1
Ap—
g

\ ‘e

, , . is the stiffiness matrix of the complete system. Similarly [C], the damping matrix of the

- s dmr i e =+

. . : . . e o - .
. . . a .
. . : ’ S
‘. . A . .. N ‘, v
. s . . . .
, FN . . .o . ;
- . - e, . l . A .

- coiplete isyntcr; can be représented in the form e

b Cl=)f}l.H B le ) [H e ol (22
. ] sl . ) ) . . .

P : N I o v S - :
P i ) Where [€ ], is the damping matrix associated with the 4% element in the global ‘coordi-

‘nates. The vu-t.ual work must be the same,“vhether it is expmsed in terms of vnrtunl

N , o dmplacements and forces corresponding to %he memblage of elcment.s or.in t.crnfs of .
a : A ' )
R those'comspondmg to the complete system Hence R
AP . . A ’: . .'. ) . \_. . ' . “ .
W= i{wrwuxful. T

L 3 PR

=1
L]

toc L o 'ﬁMl—éﬂﬁUlﬁthw L (2:19)

~ represents the inertia matri_:_( of the system. Foliquing the same procedure the potential

energy can be };vrittenaa ' . . . S
e ; : ‘ :

‘ T .,."' i » . L. - - -

. ’ N 12, - ~ A — g

. "\ .o .P“’Ei‘{y"}rlﬂluflklngI- {Y}

] ) P . ot . & 5 . , . . ..

. o !*g - o .. | ) . . )
. =T K (T} ! .
‘B N . o e . . . ' ,

i © Tt Where, oL ‘ S ' : -
Pl B "R IKI=BRLTIEL L - (22,
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‘where {F}‘is the vector of the joint non-conservative forces for t.he complete syst.em Substituting

. . Eags (2 18) (2 20) (2.22) and (2. 23) into Lagrangee equation of motion, the matrix dlﬁerenull

‘ . ’ equatlon ol’ the complete spmdle—workplece system can be derived in jh_e form r
S e MY ) HIC T H (K {Y ) =(F ()} (2.24)

* " In the present analysis, the matrices [M), [C| and [K] have a size of {26X26).obtained after assembling the

. .
. N I

M e v o < om i el st - bt it s P21

[ v , , v
: ) elemental matrices. ‘ o e -
v i , ! N %
. ) - FE . .
Y

b

" 2.4.2 The Boundary Condxﬂbns

i - . e - CE

Before so]vmg Eq(2 24), boundary condluona are to be apphed to remove /l:f\d body

L mode Smce the hve center connectlon is taken as® hmged connectlon, the ﬁrvﬁ/ omponent, of the
e D

dxsplacement vector {Y} *ﬂ‘(:lld vanish. As a consequence of this, the size of matrices in

N Eq(224)would be (25.x 28). . -, .

2.5 The Dynamic Condensation
A S

‘e

Isrge CPU time and storagc When t.he system hu too many degrees of freedom for economical
treatment, thae degrees of freedom can be reduced by rnvokxng a techmque knoWn as, dynamle
; cqndensat.lon\.[a'l]. 5 S ' : . \\.

, . o * ! '\\

.
0y . . ~
<

The degrees of freedom to be retained are known as the masters and the degrees of free-

.o \ ’ v . 5

dom to be discareled are known as th'e slhves Tlie selection of master degrees of freeddm,,r an

5 oo alave degrees of freedom, d is xarried out by ecannmg the diagonal terms of matnce: [
[K] The degree of freeflﬁ i, for |ch the ratio |s Iargest is selected as the ﬁnt slave The gro- .
cess is continued, ung [ the required number of slaves_ax:e..s‘bosen.‘ This ensures an aceurate
¥ ‘ ) B ‘ . ' . ' L3 - Lo .
e ; _ +- < representation of lower vibration modes in the reduced system. i“ -
Gy e L : - ‘
; ' .
I ' » \‘
. i ’ - .
;- t L4
i
1 I , @ b s +
‘3

The size ol' matrices In Eaq.(2, 24) is such that the dynamic response calculat.mns require

.

an(? "

a
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- . . Y
: ‘ The dynamical equation.of motion is rearranged in the form {38)
: ' 9 ' .
i . . (Me] V [Mea] | [Ye(t) [Cal i [Cal [[Y:(t)
o e =L E T K T _-'--: -------
Mu]"} Maa] | Yat) [Cral™1 [Caal. [ (Yslt)
H - \ * . .
; ’ . .
! Kelt Wl |[Ye(e)
" th o rmmmal et = (F (1)} (2.25)
| “~ . ke Kl [[Yat) S
: - . S '
f . The tr'an:formﬂation matrix = for reduction, is obtained based on the principle
g o ' . msumptmn that for t.he lower frequencles, the inertia forces on alave degrees of freedom
" are far less lmport.ant than elastic forces trnnsmltt.ed by the master degrees of freedom
. The relation between Xhe dlsplacements of the actual and reduced system can’ be written
. as‘ [38] i .. .. - . *
R 20
() = {y )] =181 (D)
e . ' .
| ( e s T (00 B T
) : !Kdd] 1Ku | T\ '
s
/ The dynamieal eqnaunn for the condensed system can be written as
S . _— (MY e+l I{Y,0) -
;o , L AR {Ye) ) = () ), e am
. & . ‘ s . N . ! ) . X
i L . Where \
.‘ " L ) ' -~
R ‘ (Mo ]=[#]7 [M]]2), n (2.27)
: . ,:' R K ' Ca ' ) . 3 4
4~ : ' (G |=[e[T[C][e] 9 . . (2:27b)
b o K I=1@[7 [K][e], S (2.27¢)
i : N - - :

(SN
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and | T ' | \
| | (Fe()} =[] (F()} : | (2.27d) \
2.8 Conclusions -,

In this chapter, an'a;ppropriate mathematical model of the lathe spindle-workpiece

“‘“""—s. g
system has been obtained. The matrix differential equation of motion is formulated by

making use of the finite element technique. In order to achieve computational efficiency,

" the system matrices have been condensed by using the dynamic condensation technique.
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CHAPTER 3 ,

)4

-~

THE FREE VIBRATION ANALYSIS OF THE

LATHE SPINDLE-WORKPIECE'SYSTEM

3

3.1 Introduction
oD

A better performance o \
achieved by a deslgn, based on both the static and dynamic analyaes of the spmdle-

~ ¢ 1 Wl ]
workpiece system. A design® based on the stat.lc analysxs is not suﬂiclent because in

actual machxmng operations, the spindle is subjected to dynamlc cutting forces [29].
Various researchers have uskd analytical [22 -24] and g'raphlcal me&hods (25] for analyzmg
the spindle behavtour under the static and dynamlc conditions. The analytlcal met.hods

used are: the Iumped*parameter method, t.he finite difference method, and the finite ele-

..y
ment method The free vibration study of the lathe spindle using finite element method,

3

was carried out 'in [28]. In this work the natural frequencies were obtained in two ways:

analytically and experimentally. These values were compared and variation of the first
’ . | .

. five natural frequencies and corresponding mode, shapes, as a function of the bearing

stifness were studied. - \>
P « .

f ¥ e
One of the several desirable chnractenstlcs of a lathe splndle-workplece syatep is

+ . {

that. its deﬂectlon due to the cutt.mg forces should be a8 unall as posslble It lmphes that

the vibratory reaponse of ‘the system should be reduced. This requires high static or-

dynamic stifness as the case may be. Another [eat\rre a machine . ool ;pindle ahoui,d

@

“machine tool under actual‘machining conditions can b"e _

A e i ot L A e ko W &

[P —
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using these reduced matrices.

-99.

have, is that, if it is given an initial displacement by applying a static force and allowed
to restore to its original configuration by withdrawing this force, it must do so very
quickly. This phenomenon is called the rate of decay of the free oscillations. There are
several parameters which should Be considered in ‘the design of the lathe spindles such a:;
the bearing si)acing, thé bearing ‘stiffuess, the workpiece diameter and the damping. A
suitable choice of these parameters can lead to gdes‘ign that would have the above men-

.y . —
tioned desirable characteristics.
L

Jn the last chapter, the dynamic,{equati(‘)n of motion of the systelm.'for the present

‘ investigation was derived uﬁing the finite element technique. Since the system matrices

, nvolved are’ Iarge, 3 dynamic condensauon t,qchmque was used to reduce the size of

t.hese matrices. In this way, the dynamic behavnour of the spindle could be analyzed

-

_ In this chapter, the free vibration response of the syste::n is studied by varying
parameters such as the bcé.ring spacing, the bearing stiffness etc. The effécts of these

variations on the static deﬂect,ioﬁ, the natnral frequencies, and the rate of decay of free

oscillations are analyzed. To carry out bhese analyses, the system matrices are reduced

first. This rediction process 15 done by selectmg the nppropnat.e number of masters by

/’
comparing the natural frequencles of the condensed and uncondensed systems. After this . -

ta

step, the free vibration response of the system is at.ﬂ'dled'by applying ¥ static force on
the worki:iece which pi-ovidca the initial displacpment vector. The initial velocity vector
is assumed to be zero. ‘ N

3.2 The Free Vibration Rupbnse of the System . _ o s

\

\

U

~The-differential-equation-of-motion-of = lathe-spindlesubjected to-initisl displace

ments can be obtained from Eq.(2.24) by setting t.he. right hand side vector equ'al‘to,z ro.

g

i mLu,..,[MwMum.Ym R
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Tais'can be written as .
[Ml{f'(t)!/+'[Cl{Y'(t)}'+[Kl{Y(t)'}=={!J} ' (3-1)

"

The free vibration response of the 'system is obtained by solving the above equation with

the given initial conditions. In Eq.(3.1) [M], ]C] and [K] are the inertia; the damping and

the stiffness matrices of size (nxn). These matricts are real éymmgtricz_i matrices.
[ 1

. 3.2.1 The Eigenvalues and the Eigenvectors of the System * - -

Then accond ol;der diﬁerential equat.ions in Eq.(3. l) can be uncoupled. by'rewi-iting

- t.hem as 2n first order dlﬂ'erenual equatxon.s {39). The reduced equat.lons are formed by_

- lntmducmg a 2nx1 state vector, deﬁned as

r

‘- (wun= [-Y(‘ ,} T ey
. Eq(3 1),w1th the help of Eq(3 2), can be rewmt.en as ‘. ' | _.
A TROI+(BIWE =0 & | 63
:  Where, ' | | ‘ . . )
m=—[“& . ]
- ! ) , BN . . - : : ] 1 )

[B | - ‘[:[l'b'l

s s ; R .

one can wrlte

l-]] S (3-.4)_}..'

[A] and (B are real symmetrical mntnces of prder 2n Premultiplying Eq(3 3) by (A ]" '

L
L
.
LW i
Y :
‘E
=§'
]
s
T

e g

o o,

e

"

\

*

-y

4

EWE - [H] (W)} = (0} i @8

-




. The characteristic equation of the system can be written-as

»
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]

wheré [H) = - |A )™ |B). The eigenvalues of the system are obtained by assumipg 3 solution of the

form

W) = (et L ey

"Where a is-a complex nymbef and {¥} is 2 20x1 modal vector with complex elements. Substituting

.
oo

Euamyggﬁwym&

v T

A elllm-ivy=(o) e,

I&L-qudf IR _ w&

(3 8) can be solved w obtam ‘the 2n elgenvalues whlch are necessmly complex con;ugales A modal

'vector {¥} is found by substltuting an eigenvalue ain Eq (3 7). The inodal matnx [¥] can be obtained as

‘A hnear combmat.non ot the exgenvect.ou ahd is of Lhe order 2n. Th\s can be expressed as

a— -

vat g

[RFES

.
T e e by

' [\l']=|{'ll},{lll}, ------ (¥}l L. B
3 2.2 Free V‘bntion Modal A.nnlysln e K " ’
"The reduced equatlohs in Eq(3 3) can bc uncoupled by means of modal matrix |¥]: Intro- '~ |
’ .
‘ ducmg a new state vector {Z(t.)} -as deﬁned by the transformamon '
i. . * . ‘ . . .
(We)y=lvi{ze)) - - (320)
" into Eq(3.3) and prcmulﬁplyiﬁg-ﬂxe resulting equation by [¥]T, one 6b_tains’ -
. R . . ' . - . : , i ‘ ) . ]
CIACHE@))+ B2} =(0) - 7 (d1) !
. where,". ‘ B B
N :
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./
* -32+ )
o {
fA*]=[e|T[A]l¥],
E ’ ” »
, and N / “ | ‘ c. 4 * .
1 2 T
Bel=(e" (B¢l . @)
The matrices [A *] and |B *) are diagong), ﬁenée Eq.(3.11) represents a set of 2n indepen-
-dent first order differential equations. The solution of Eq(3.11) can be written as
i % (t )n Zi P i i=-l',._....,2'n . (3.13) \\\
% . . ! L] i . ‘ ) . \_. é
Where Z,, is the initial condition for the i coordinate. The initial conditions fox‘qch' : .
4 of these coordinates can be obtained using Eq.(S:Ib]*anﬂ.cafn be writ.t.en‘a.s , \ . i
i : o o " ‘ X '
; (z(o)}= T4 W)= or {Y}-l{ (3.14) .
. Tﬁe elgeYvalues @y in Eq (3. 13) are in general complex and can be expressed as -
al‘ = -.ﬁ .-"l" j 4} ) ) ,f "j ‘ ' o ’ (3.15) .
‘ Thus, the solution in Eq(3.13) can be w;itte: as’
" X Y h(t) = Zb e {cos (w) t)'+ sin(u."t)} ~ (3.18) "
- For stable/systems, G is always posmve The dlsplacement vector {Y(t)} is obtalned by z )
: ) _ i
usmg the transformat.xon glven in Eq {3. 10)‘whnch can be written as ‘ i
) oy Y
¢ - - T . - - - ’
THY = vy =1vi 20y SR g
! 3 ’ ' - ’ -, r ) ;
' K . . ) ’ - “I
3.3 The Dynamic Reduetion of cha'symm Matrices . :
\ N H
i

Gdmasl
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for different instants of time. Thus the number of computations become excessive. This

requires large computer memory storage. In the case of spindle workpiece system it is
known [1} that the quality of the workpiece is directly related to its dynamic response.

Further, the joints on the workpiece have higher displacements ap compared to jotnts on

-the apin&le. Therefore the criteria l'or‘..t.he spindle design should be to minimize the work- C\

piece response. - o h\’

The system matrices [M], [C] and [K] can be red'u;ed byAthe dynamic reduction
. technique, descrlbed in chapter 2, The reduced matnces IM b [C ] and [K, ] can then be’

snbsmuted in Eq. (3 1) and I'ollowmg the procedure outllned in section. 32 one can :

“obtain the expresslon for the dynamlc d:splacetnent. vector {Y {t )} of mastqr degrees of

‘

{Y(t)}~|w qun R 1) B

3.3.1 Thc Selectlon of the Number of Muter Degrees of Freedom

A_12 hp Demoor type lathe, model no. 821A shown in Fig.l.l is chosen for this

,fhvestigation. The workpiece is assumed t§ be made of AISI 1020 steel. The fva_n;iations in

' - the mass and the stiffness along the spindle workpiece-system are shown in Figs.3.1 and

3.2 resﬁectivglf.{Thel values of the \‘raridus‘parameters are.given'in Table 3.1.

The reduction of system 'matrices is done in such a way that the lower vibration

. modes are accurately represented in the conﬂenseﬂ syst‘ This is carried out'by.'ch'oos-
. ing the degr.ees of freedom having large mass to stiHness\ ratio as master degrees.of free-

" dom. In order to choose th.e number ol‘ master degrees of freedom for an effective reduc-

“tion, the damped natural frequencles were computed using Eq(3 8), .for dlﬂ’erent number

i .
—of Taster degrees of [reedom The rcsults are shown in Table 3.2 In this table the

R 1 . N



|

tlhniors - -

Dl i b D bl T s e i

JPIEY AL S SR

. . e
S -
m .
\ . . }
< ._SPINDLE " e WORKPIECE _,,
o b . \ .
u
- .
v ¢
] _
o~
.
@ .
. ' * "
n
w_.
8» "' " o :
Eg‘ o 'R
wd !
»n ™ , '
wn ) " L
E2 -
- .
. ]
/.
‘e~
o
6- 3
o
@ .
Sh. o~—a—23———o—¢s——o—ss——--~o—s:——1—rs‘ :
" "BISTANCE FROM THE FREE END- (M) —
Flg. 3 1 The Vurlutlon of Mass Along the Svstem
.
- . R
h ¢



im e g e vt i 1A

”,

-~

) DISTFINCE FROM THE FREE. END M —

Flg 3 2 The Vurlation of Stlf.fness Along the svstem |

¢ @
8 -35- ’
B
o e SPINDLE > WORKPIECE o -
(=] .
el ' o 1
" ' '
. / .
o *
) « ;
§J | 3
15,
e g !
s - ;:
*ol i :
- R
3=
w?‘- ?
g",’ .
e SO
(=] E : .
Hz' . :
- R
(/9] . )
.g e
Jm. . N
oy o |
) R 3,‘
g: - ” . 5
- & — . o i
v 7 ’7
. ‘_ N .
~—°b—oo—-—crzr— "y —o'—sr*—u—sz——" 15




-,

=306

K Table 3.1

*

L4

-

Parameter Values of the Lathe Spindle-Workpiege System [26] /
{ ;

|
|

Parameters

"Values of the Parame

ters |

The Modulus of Elasticity
/ The Mass of the Chuck

!
/

The Stiffness of the Front Bearing (K )

*  The Stifiness of the Rear Bearing (Kr)

',The Diameter of the Chuck ‘

206.456 x10°
m

34.012 Kg.
0.254 m
2.2703930% 10°- L.
i m

 7.1172202X10° 2

The.Dami)ipg at the Front Be;xri_ng Location (Cp) - 28.632x10‘i;‘-5—°3—, -
‘The Dampiﬁg' at the Rear Bearing Location (Cr.) 122,328 lq’is—cf—
- - Y \ . ’
The Length of the Workpiece 03302 m
The Length of the Spindle 0.8223% m \
The Diameter of Elements 1 -5 0.055\m
e The Diameter of Element 6 | 0264 m
€ - L R .
The Diameter of Element 7 |. 0.200 m
] The Diameter of Element 8 «0-228 m .
The Diameter of Elements 9,i0 and 12 ' 0170 m
' The Diaﬁ:et& of Element 11 '0.188 m.
]
. ' e hd ¥
, 1
Ay l . . . .PJ
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. Table 3.2 o o ¢ .
: - " , - . . o
N The D;Ipcd Natural Frequenclas of the Condended System " a
:the‘ Nusber of The First Matursl Frequency|The Secoud Naturel Prequency|The “Third Natucal Eregueney | The Fuuﬂ.h-lhtur:sl Frequency|The Pifth Na_tutmncy
Master Degrees | ° (Herte) (Hertx) ®{Herrx) 17 - (Herts) 3 : {Harzz)
. 3 - of Freed s ~ . - [l 3 .
. Frequency Deviation Fraquency Deviation ' Freguency Deviation . Frequency. Devistlon Fuqu!ncf Davlutidn
. - - . . » ) . =
A . S 535.1821 d 68.4933 796.302 121.2563% 1610.706 413485 5334.271 . 3832,3230 12931.960 9214 .427
) ‘ - 6 520.6648 . - 3.9760 | 780.2669 105.2214 1227,347 - | 29,785 1897180 145.7320 | 3416.960 1699427
. ‘ 7. 5177612 1.0724° 776.4613 1004156 U7 ez |o21nae T ] 1e96a710 v ] 145,236 szytﬂ\ 1576.939
; - 8 - 517.6447 “q.qssz- " 772.0093 "87.4158 1218.360 40,798 1692.293 140.3450 | 4685,229 967.696
. ’ . . - . . . . - - - .
j -9 " 517.6258 0.9370 7248312 49.8357 1214.135 - 16.573 | | .1658.304 106.3560 | 3971.084 2535551
1. . . N R . T L. .
- '.: . - 1 517.2473 /0.5535 1# em9.8925 - 14 .B4A70 -1210.175 ° 12.61) N 1592.012 "« 40.064 3959.630 242.097 .
i ’ n - 5167045 0.01570° 675.8264 - 0.7809 11587261 r.699 1555.252 - 1.304 3780.806 63.273
4 12 16,6294 -0,0594 674.2815 | -D.3040.° 197,647, |.-0.085- | 1552.000 S o0.gs2 - |-8722.216 4,687
N - ’ v I . . s . -
13 516.6220 . =0.0668 "814.7330 =0.3125 ° 1197.644 ’_0.035 1531.999 0.151 | 3Nn2.18 §.650
» . . . |
.l 5166306 -=0.0%82" o4, 7502 -0,295) 1087, 644 ~0.08% . 15%1.988 0.040 3722.180 = 4.647
. : - . . CE L : .
: 15 516.6199 :0-0%9 674.7430 . ~—0,3025 1197.648 - ~0.086" 1551.992 D.044 *3722.15%6 4.621
! W - ¢ S - M
A EE , e - . ¥
g 25 SIB.SIGE 0.0060 675.0455 - ~0.0000 - 1197.562 0.0000 1551.948 0.000 3717.57) 0.000
. * t . [ N . .
. : . s N . D ° <
. . - - . w0 B . ) -
- - » . 3 " s b N < ° : ‘ |>\
) Nt - . - . . u/ X L " - 4 . ~ Te * .
: : T . ° ’ ’ 7o . ’ : )
- he : = N - s ‘u f -
. R r s . o’ N »
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- number of masters were varied between five to fifteen. It also shows the natural frequgn-

>

B P

cies corresponding to twenty Bve degrees of freedom i.e., without any reduction. It is evi-
l . - »~ » .

dent from this table that lesser are the number of masters, greater ia the deviation of a.

T
* -

' ,parhcular nattral frequency of the condensed system. As the number of master degrees

*

of freedom are 1ncreased the natural frequencnes of the condepsed system apprcach the

"3

: : the deviations approach from thc posmve snde for all the natural frequencles. However,

! a LY » " the dewatlons tend to be sllghtly negative as the damped natural frequencnes of the con-

4

« ' densed system approacl; theug‘orrespondlq.g values of -the uncondensed system, due to '~

! ) errors in the computations of the eigenvalues. ‘Sccnndly, higher the natural frequeney
- . ! - ‘ . - +

} hd . greater are #jc master degrees of freedom required to attain a certain deviation. For
example, if there are nine master degrees of freedom, then the deviation for the first

: ¥ ‘ : .tllatur-al frequency is 0.937; wherea's, for the fifth natural frequency, it is 253,55 f”':l:hiere-

i fore, to include the eﬂ'ect,s of first five modes acctu'at.ely, twelve degrees of l'reedom

\

: ' ' should be ret.mned in the cadensed system Th:s is because the devnatlon in the ﬁfth

-

natural frequency is within a reasonab]e axhount
.o f . § : ) T
* . : : h - f < ) ‘{4. .

3.4 The St‘tie Deflection uf the Splldle-Workpxge Syltem .

<o e g

_—

b ———y

The static analysis can be carried out by equating the merua and damping l'o'es in
Eq('?‘l?) to.zero and each of the ‘externally apphed l'urces Vo a cqnst.ant value, which

e then reduces td C ‘ o -
o ' [Ke [{Ye}={Fe}, .. ).
b : .

Where | [K:] and {F.} are gnren by Eqgs.(2. 27c) and (2. 27d) {Y }is t.he vector contalmng '

the time mdependent deﬂectlpns of master degrees of freedom Eq(3 19) can also be

o s

, : - expresaedas * - . Lo

——DN e
. ™

r
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w{Yel=[K " {F}. "~ (3.20)
) . v ]
- The deflections of ‘master degrees of freedom can alsc be obtained by solving the original

system. A procedure similar %b_the, one used for the condeuwaystem leads to the equa-

tion ’ . L - ‘ )
e . o ' »
- {Y}==IKI"{F} (3.21)

z

Where, {Y} i is the vector contalnmg the deﬂeeuons of all the degrees of freedom of the

lathe spindle system In order to estabhsh the dynamic condensauon t.echmqne to the
"

v

static case also, t.he deflections correspondmg to the master degrees of freedom are

obtained ueing Eq.(3. 26) and compared with those ebtained from Eq (3.21). The results
\e.

l

, 3%€ pmemed in Table 33 As can be seen from this table, t.he deﬂecuona of maater

1

?
degrees are identical to the tlnrd declmal place.
. ’N . ) '

3,.5 The becly Rate of the bamped Free-Ouc';llations

"%

»

The damped free osclllat.lons of a8 smgle degree of freedom system is shown in
Flg33 where the boundmg curve is obtmned by passing an exponentlally decaymg

curve through the’hmma of each cycle. The equation for,such a curve is gwen by [35}

’ + e

‘ K

Ult)=mV, e ™ (3.92)

" . Higher the valne of r, faster is the decay rate Usmg Eq. (3 22), the time T . reqmred I‘dr‘
; t.he de*t.lon U, to reach V*, a certam percentage of the initial deﬂecuon, V,, can be

obtamed Dnﬂerent. snngle-degree-of-freedoq: systems, subjected to.the same initial exci-

tatmn, will have s d:ﬂ‘erent. value of rin Eq (3 ‘22) Therefore, the tune interval during "

wlnch the deﬂecuon. U, decaya to. a v:lue \'4 ‘, will bc different for ench of these aystems.
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Table 3.3

.!\

The static deflection of the w8rkpiece N

Stiffness of the bearing == 2.2703939 ?<10°

Damping at the Front Bearing = 28631.831

N
m

N -sec

Stiffness at the Rear Bearing. = 7.1172232 xm'%

_ : Sy, .
Damping at the Rear Bearing —.%327.‘966 N—w—:i

Diameter of the Workpiece = 0.0508 m

Bearinzt Spacing == 0.4699 m’

‘Length of the Workpi.eée = 0.3302 m-

Fi = 0.3037%10° - °

N
\ x

>

L I .

L

R e A T

e piab s DA

The Static Deflection x F1 (m) :'
| The Degree of freedom | Twenty five degrees of Twelve degrees of ‘
| | freedom system (Eq. 13) | (reedom system (Eﬁ'.\k?:)‘ .
ot . . ' : ‘ L ?
"3 5 8.0098769 » 8.0808782 ‘
L 5 . 14.208430 14.208425 &, i
- ST T o
o 7 12.916407 12016380 :
0 . 6.0548600 - 6.9548063
~ [ | 28451432 2.8450790
i » S i : . 1
i ¥ A
z | o B
i R * .
% % & ' ‘.*
\""‘h$ : ' ’ . .
" ‘ ¥
T T i
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Thus the*ea,t/system would be the one for which the value T *, is the minimum.

h.

The multi-degree-of<freedom systems have similar curves but the response is due ‘b
the summation of all the modes. The ampht.ude in this case gets modulat.ed becau.se of
the presence of several modes. In thxs case, the bounding curve can_be obtained by
fitting an exponentially decaying curve through the maxima of the oscillagona by mak-
ing use of the least square analysis. Once the equation for such a curve is o.lap.ained, the
time T*, requiréd for the qscillations to reach certain percentage of the initial displace-

- ]
ment, can be obtained using an equation similar to Eq.(3.22), which can be written as

U, =-vme"{-’. o ) (3.23)

3.8 The Effect of the Sy’stem Parameters on the - *

Damped Natural Frequencies

\

Th;" free ’\—f—ibration beha;riour of the lathe spixyﬁﬁaﬁ‘h due to'the interaction
* between the elastic forces, the inertia forces and the flexural rigidity of the system The

 effect of the variation of the bearlng spaclng (Ly ), the diameter of the workpnece (D.’)

-

athnng stiflness (K, ), on the damped nat.ural frequencles is descnbed

*

Fig.3.4 shows the effect of the variation of the bearig spacing on the damped

natural frequencies. The bearing apacing is varied by ﬁxir‘xg the front beariixg and moving
#he rear bearing. The first natural frequency is most sensitive to ¢hanges in bearing spac-

ing wheteas the ﬁfth nam.ral frequency shows the Ieast vanatlon

The effect of the variation of the workpiece dnameter (Dy ) on the damped natural
l'rcquencles is shown in Fig.3. 5. Higher the dlametcr of the workplece stlﬂer is the sys-

tem. Therefore, higher should be the natural frequencles. The effect is very nlearly
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shown in this figure. This figure also shows that the larger diameter workpiece tends to

affect the higher modes more than the lower modes.

The effect of the variation. of the front bearing stiffness (K, ) is ‘shown in Fig.3.6"
The stiffness of the rear bearing is kept constant and the front bearing stifiness is varied
from K, to '6](, . The second na;\lral frequency increases with the front bearing stiflness.

The rest of the natural frequencies are not sensitive to changes in the values of K, .

3.7 The Effect of the Syatem Pnrnmeten on the

. .' Static Deﬂectlon of the System

The static deflection charactenstlcs o!’ the spmdleworkplece system were computed

L

uslng Eq(3 20).. In this analysls, “the minimum of t.be maXImum deﬂecuon along the
splndle-yvorkplece was chosen as the de;wed characteristic of the systep;. Several par rj
ters such as the bearing spacing, _tBe workpiece diameter and the front bedriiig stifiess

weré varied and their effect on the static deflection of the system was computed.

3

The effect of the bearing spacing, Ly, on the static deflection is shown in Fig3.7. In

this figure, the deflection at a given joint is maximum when the rear bearipg is located

at the middle ol the element fumber cight (refer to Fig.2.1), whicb means that the bear-

ing spacing is mnmmum The m:nlmum joint deflection is obtained if the rear bearing is

- located at the element number twelve The effect of the diameter of the workplece on the

static deﬂecuon is shown in Flg3 8. In tlus case, the deﬂectlons al any jm'nt decrease as

L4

the dlameter of the workplece increases. Thls cad be explained by the -fact that the sys-

't.em stiffness i increases as the dlameter mereases mult.mg in detreased deﬂecuons Flg 3.9

shows the effect of the front‘ bearmg stlﬂness (K¢ ), on the system dlsplacement The

maximum. deﬂectlon nt any given K , takes place at the mnddl’ol’ the workpicce. As K¢

s inereased t.he deﬂectlons decrease, but t.he rate of decreue in tbe deﬂecuon becomes

less as K reacha a very high value
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3.8 The Eﬂ‘eekt‘:f System Parameters on the

for the rear bearing is at the twelfth element.

- 50 -

1

Decay Rate of Damped Free oscillations

&
The decay rate of the free osclllatlons were studied by applying a static force at the

'mlddle of the workplece and caleulating the deﬂectlons at the joints using the stiffness

matrix only. The static force was then withdrawn and the time history of the free oscil-

lations were computed using Eq.(3.20). The CPiJ time taken for obtaining the response °

-~

using Eq.(3.20) was about one-third the time taken for obtaining the response using
Eq.(3'.2;1). A typieafdisplacem‘ent time plot of a joint on the workpiece is shown in

Fig.3.10. It shows the, displacement history at the midile of the workpiece. As can be

- geen .in this figure, the dispiacexﬂent peaks decay continuously as time increases. An

exponentially decaying curve based .on least square ana.lysis, wa3 ﬁtte& through the. max-

. ima of the amplitude modulat.ed curvg This decay curve defines the upper bound of the

free oscillations and can be very useful in the deelgn of the lathe spmdle—workplece sys-

Tables 3. 4 3.5,3.6 and 3.7 show the variation of T'* which is the time correspond-

tem,

ing to §6. 66% of t.he lnmal dlsplacement -of the exponent.lally decaying cufve of the ,

Ny
multl-degree-of-freedom system. T able 3.4 shows the variation of the T*asaf unct.lon of

. the rear bearing Iocatlon The bearlng in the existing dmgn, is located at the middle of

the eleventh element As this beaﬂng is mnved towards the. frout bennng, T ‘Uhanges

qulte s:gmﬁenntly It is mlnlmum if the rear. beanng, is located at the twelfth element.

whereas, it is maxin;um, if it is located at the ninth element. Thus the. desirahle location -

v .D
. ) " RS

The eﬂect. of the vanat.non ol' the workplece diameter on T * is shown Table 3.5. It

is evident from this table 'ﬁat dlﬂerent diameter workpieces would have varying decay -

ratese There' are several minima and maxima. The global maxima corresponds to the

v
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' Table 3.5

i

A

A

" The Effect of the Workplece Diameter on T * .
¢ £ 2270000 % 100 X C; = 28.632 X 10° Nezee
[ s . e X m - R col m
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Table 3.6
The Effect of the Front Bearing Stiffness on T *
| ‘ _ 4
K, =2.2703030 x 10'-:} G m2862X 10’-4’-:;‘155-- .
S -
. €, =22.328 x 108 2=tee I
Lo m K'
/| Front Bearing T*x10
Stiffness (secs) ~
N . ' -
th(‘nT) - |
10 8.55350 y
1.5 8.85780
20 | \8.09500
§ ‘ .
25 10.2533
| 3.0 8.23770
Y 10.5750 - -
40 ' 871120
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Table 3.7
The Effect or’ﬂ:q,Lbcntic;n of %hp External Damperon T*
. \
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~ : e : . -
, K = 22703930 x 10’% ¢; = 28.632 x 100 n:“

: ‘ B K |
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..om K,

External Damper Location | Tex10® |* J
- at Element Number (secs)
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. in Table 3.8. There are several maxima and minima in this case also. The glob

. y
cox}g!uaions can be de.

wark_piece diameter of 0.032m. ‘ /.

»
The effect of the variation of the front bearing stiffness on the decay ratzlis shown

maxima

corresponds to a front bearing stiffness equal to 3.5 times the rear beariné—stiﬂnes.i. The

global minima oceurs for a front bea.ﬂng stiffness equal to the rear bearing stiffness'i.e., it

s

requires a very soft front bearing. The front bearing stiffness is usually much more than

. . . . [y
the rear bearing stillness, . ' K

-\ . o !
‘ycrnal dampers can be used to increase the decay rates of the free oscillations. A

given amount of damping would have different effect. on the decay rate depending on the
location of the damper. Table 3. 7' shows the variation of the T* corresponding to
dnﬂerent \damper JOFM-IO,IB. 'Thls table shows that the best result can be obtmged by

locating the dampeﬂat the twelfth element. If the damper is located at the sixth ele-

-

. mE‘:*, which is the location of the chuck, the decay rate would be quite fast.

—_——

3.9 Conclul!onl * ' 7 .

In this chapter 3 method for t.]:e static and the dynamlc analyses of lathe spmdle-
workpiece system is pmented The finite element technique is wed to formulate the
niathematical quel ol the lathe spindle system. The l;eaultmg matrices are then con-

densed, and the computations are carried out uwsing the condensed matrices. The ana-

" lyses léding to f-he design of th'e lathe spindle is based on thg varistions of parameters

such as beéring spaciilg, diameter of the workpie&e. bearing stiflness and dam;;ing The

ﬁrst objective is to minimize the statxc deﬂectlon at the maximum deflection location.

The gecond objective is to minimize T4, . the time taken by the damped free oscnllatlops .

¥

. to reach 66.06% of the initial displacement. Based on this invesiigation the following

4: % . Ly _J
: - - .o~

iy, ity s 8 a5 s
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1) The damped natural frequencies increase with the increase in the bearing spacing

and the diameter of the workpiece. , ) ‘ '
' W ; u
!
2) T*is mininn)n for a3 maximum bearing spacing.
o ‘/:‘.

! - . P

=

| 3) T * isdiflerent for different diameters of the workpiece. There'iglno specific trend in

this case. . R
=

4) T * isvery low if the front bearing stiffness is low.

»
v 4

Vi ’ <

5) The free end gf the spindleis the_\)eag location'for applying'lextei'nal damper for the

minimization of the time, T *.
: ' 7

8) ' The static deflection along the workpiece is "millximum,fo} a m‘axim'u‘m‘bearing spac+

,‘,ing.‘ o .

P
-

7) The static deflegion at any-joint decreaskh as the diameter of the workpiece is

¥

increased. _
. ¥

P

‘8) The maximum static deflaction, for'any given value of K, , takes place at the mid- .

-~

dle of the workpiece. As K; is increased, the deflections decreasé,

¢
- .

9) The dynamic condensation can also be abplied in’statie analysis, without any loss
* ' ' ’ .
of accuracy. S -
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 CHAPTER 4

T‘HE TRANSIENT ANALYSIS OF THE LATHE .-

- S
SPINDLE-WORKPIECE SYSTEM -

4.1 Iniroduction'

ln act.ual machining operuuons a lathe spi dle-workple‘:le system is subjected .to l

both the transient as ‘well a3 the steady state excnatlons (40]. Thercforc a lathe should

be deslgned in uuch 2 way that lt performs satlsfactqnly under both t.hesc cxcxtatlons.
Several resenrchers [30-33] have mvestlgabcd the: dynamlc behakur of machlne tools . -
‘ and suggestcd«that. the dynamxc stiffness coefficient, Kq , thCh is inversely related to the

" dynamic displacement rcsponsE bé considered’ ss the most i:ﬁpﬁﬂant. parimeter, as a’

» !

. measure of the p;:rformanée of such systems. Thg mathematical model nsed in [32,33]

- conslsted of tither a single de'grec'z two degrees of freedom nonlinear system and the

cutting. process ﬁas assumed to be stationary wit]i‘é Gaussian distribution, The lathe is

a complex stmcture, which reqmres sufficiently large degrces ‘of freedom to analyze its.

®

behmour These researchcrs modeled tha machme tool as 3 single or two degree of free-

- dom system, In case of a single degree of l‘reedom sybem an exact and aunple relationship

)

between Kd and the sysl.em paramet.e‘l-s can be wrm.en [33] However for two or mulh

degree ol‘ freedom systems [34], these expressmm,g_t_a mvolved ]n such altuanons the

dynsmic performance of the muhlne tool can be assesed by deﬁning Kd at a gwen

degreeof I're:jom as




% .

sy Where the ma.tnces [A] [B] are gwen by Eq(3 4) and

- 50- ’ v . -
. 1 - .
(Kd')l ="_Vl—' . ) »~ '

Where, W, repres’ént.s the dynamic displacement response at i®* degree of (reedom,

u

In this chapter a method comprising of the finite element method and the modal
. - ' ) ’ - ' ‘ ' ‘. . !
analysis is used for studying the system behaviour under an'impulse and exponentially

decaymg pulse excitations. The effect of the vanatlons of system deslgxﬂ variables on the

max:mum dynamlc dlsp\%cement response, wlnch is lnversely related ta K4, has been -

studied, The . maximum dynamlc dlsplacemenb response or the maxlmum. response is,
'delined as the dobal maximum of. the response values alpng the syst.em under a partlcu-

lar t.ransnent. condlt.lons The computat.lons are done on reduced mamces to economlze

on the compnter memory storage ind CPU t.tmc._ . .

A

A

_ 4 2 The Tranllent Ruponse of the Lathe Spindle—WorkPiece Syatem

The dlﬂerenunl equmon of motmn of i system snbjected to extemally apphcd

forces is glven by Eq (2 27) ‘This can be expressed 3

IMI{Y(t)HICI{Y(t)}HKI{Y(t)}-{F(t)}. e
. lntroducmg a 2uxl state vector, W(t.)} } deﬁned by Eq (3 2), the above equahon can
© be rewmte{ &%’ :
Y . _
".. ‘ ﬁ.f") o o E
A1) )+{Bl{wm}-{s(tn S (I

L HERTN - : : P

o | o --{é({)'}--fg{’ﬁ] S s

B Co Co . ' S
* The modal muatrix - [W] s obt.a:ned by solv:ng %homogeneous part. of Eq(4 2)
descrlbed in chaptcr 3. The set of equatnons glven by Eq(4 1) can be uncoupled by

1 ke w [

N ‘ .

\"“—'

ki W w = e
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means of the modal matrix [¥]. Introducing a new state vector, {Z(t)}., as defined by

Eq.{3.10) into Eq.(4.1) and ptemu!tip]ying Eq{4.1) by ffll]T , one obtains

[A*LEER+B] (200) =TN @) S (43

Where [A* }, [B*] are diagonal matrices and can be obtamed by Eqi(3. 12) The Vector_

K {N(t.)} can be obtained by 1 usmg WIowmg reiationship:

{-N(cn—iw(s.(m. | o T (44)

..‘Eq.(4§ represents a set of 2n first order differential equétions and can be expressed as

1

- The partlcular sofution, wn.h zero initial gonditions of the above equatlon, can be '

obr.alned by the convolut.lon mtegral .
_— o L

-

-

n) = {.h,(c;fm,('f)df )

‘Where b, (t-1)- isrthe impulse re:?ponse funetion.

4.3 The Impu lse Response

- . . .
-y :

The syst.em response due to a unit unpulse lnput with zero:imitial conditions is

called its impulse respome A unit unpulse & ), is mathemaucally deﬁned by t.he follow-

) mg re!atlons -
-~

6(!)’-0"."fort7‘0

and - : B o L 4";"'

r o ) ’ - : .
[He)d m1 . L f (4
“©0 2 L . . B U . o
{ v

an Bif6) +by zl(;)‘; N'.(t) felin. L (asy

-

o 7 ¢ e B
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The impnls;: occurs 4t t=0. Any function having the properties: défined as above is
N ‘ '

o called the Dirac delta function. In pulse testing of real systems, an excitation can be con-

sidered “as an impulse ifsiié duration is very short compared with the natural period of

the systém.' The equation of motion “along the i* coordinate, with an excitation
Ni{t) ==§t) can be expressed. as , 4

\ ' P . . ! ) ° ‘ ) .
' g Zo(6)+by Zyt)=8t) t (4.8)

This can be also expressed as S e ' i
- ' _ e -

¢ ket e AV i

’ o L vil(t)ﬂl zl('i)“"—l;(t'—'l . : | C (4.9)

., N . - . .
/
L]

by ' o S
Where = -%. Assuming that-the system is at rest:before tl'le unit-impulse &t ) is

. . applied; t]:is_ can be expressed as ° Co

. Smce 5t) is apphgd at. tml, it is ovennth at > o+, Thus, (1) the system becomes

unforced for t > 0%, and (2) the energy mput. due to S(t) becomes the initial condmons .

at t = 0"' The initial condatlons at t = 0‘* can be, found by lntegratmg Eq(4.8) once (or

0‘<r. <ot Thus/

’ s
o+ ot

'au j —L dt +b'. f Z -'ja(z)dt - (4.11)
. ® . o

. . .A . . ) . . ‘
'From Eq(4.7), the"ﬁrs} int;egmtion of 5t ) gives a nni't value. Hence the right. side of the

mﬁmtesnmal mterval is also zero. Thus,

o

sl Z.(cr)l-l S (R E

’\; ’ Uangq(MO)thmgdncesto o ,.I" » L

-

Z|l0')=-0 ‘» . ’ ':l (4.16)‘

_ Fquation Is equal to umty Slnce z.(z) does not become mﬁmta, its lnugnt.lon over the .

o e
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‘Which rep-resent._s the initial condition at t == 0¥, due to unit. impulse, The homogene-

))us equation equivalent to Eq(4.8) is

: . s B
5 © agly(t)+byZ(e) = o, . ©(4.14)
“With the initial condition given by Eq(4.13). However, the solution of Eq.(4. 14) can be
* obtalned as {41] . LA ) .
? \ i
- - LY S
‘ T > Z.(t ) = Z, (0+) ¢ = -:l— ’ : to- (4-15)

" The impulse response function h {¢ -r); dué to a'unit impulse applied at t =1, can be -

written as -
" T - \
o ‘h(t-r)——;u—-a.-fort:»f' v : .
-‘b—.-" . o . ¢ - i’
h(t-r)=0 . for t<r . . C L. (4le)

‘ 4.4 The Ruponu of the Lntho Spindlo Sylten; Duetoa Unlt Impulu

e
The dynmuc response of the systcm subjected to a unit impilse applled at various - )

locations can be obtained by writing the exéatlon vector {F(t)} in the form: [42]

- & 3 ' ? -
] J‘.- . ' I : ‘:' - o . .4
(Fe))= Lol e
- Q . \ - . o

- Where '.he unpulu is apphed llong the 3 coYrdxnaWTbe expmston for the general- :

ized force vector nsmg Eq. (4.4), can be written as
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LI

m e

) The ;-equnsg {W(l.)A}uealn be pb;ni;:ed using Eqs.(3.2) and '(3.1()‘);l .

‘n, ate 5 (t) Hence, using Eq“bl 15) the mpom can be obtuned as §

8
Ed 'OJ"( a
— ,." L 6 ) "
{N({t)} = [¥]T "9"
&) ;
é }
. .. » ’ /

i) A

t

?

0 L
=[5 e Tway

3

b

The component of the éenerglizeii forge_ vector along the i'* coordinate, can be’

- Written as , L - N RN

:.Nl(t)""ﬂl.nk 5r(t') o . ] . (419)

nate, ising Eq.(4.15) can be written as

lu'z|(t)+buz|(t)- 1,,'._“6(!) i'—l,_:...,Qn - '~ ,(4.20)I

*
v

e ol LT . ' ' )
T Zx(t)-.l‘i*:u—";-. =l 28 . (421)

. N B 1] o« * . ‘
Y, » R . - o . 3 Lot . R
‘. . . N S ‘ .

. e
-
= N .
) . :
. / - *
. ' ‘ .
- 13
. . 4
o . ’ 4" A
. e - -~
. a
r

. The dynamic. equqtfo_tis of motion‘,[br a system subjected,t.‘o an impulse along ' coordi- -

. Thu is a ﬁrst urder equatlon wlth the' foreing term bemg an unpulae equal ta

.
A Pl Ly il
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4.4.1 The Raponao of the Lathe Spindle System Due to an

Exponentmlly Decaymg Pulse —_

If the system under consideration is subjected to an exponentially decaying pulse

instead of an impulse, an equation for the response of the system in principal coordinates
. : .

:can be written as. . o,

) ay Z.‘(t)+bn;|(t)- Made Po et i==1_% . Lo L (4.92)
. . T ' \ ¥
. Where, r b o X ,
' » * . o t o ) ' - ‘ . ©
- P =P, e'-“-- T (23

* B e T . Yoo L v, ¥ oy v,
p. . ’o o . . L .‘ . ‘s . o
».

’ \ Yo
Subs,tlt.utmg Eq(( 16) mt.n Eq (4. 24) a.nd aft.er dmng the necessary'mtegrat.xon one can —w—
P

\.ﬁ W . . .- *

o,

write L R ,':-

T

*I,H-f Poe
(ﬁ+7)an - o *g' o

| Zl(‘)f
__\’“.‘ o R - . "

'Agaln the dynamrc mponse vqctor {w(t)), can be obmned by makmg use ol‘ Eqa (8. 2)

and(310) S D

> . . \

4.5 Tho Eﬁ‘nct of thu Loca.tiou o:l' the Impu.lu i.nd thu _ ‘1

Exponenthl Puhe on the Workpiece Relponle , - N
The system lnatncu were reduced nnd the dynnmuc response of the entu'e syatem

7

was obtalued as descnbed earller, for variots Iocatlons ofgz{:t unpulse and exponenually
v I U

'-'-‘usmg t.he convolutlon xnl.egml given by Eq(4 8), can be wnt.t.cn as
C . . SRS N ,“J' e
e n:-'h‘.’ ' ‘( o ,f e ,£'~,' T
- " z.tz)-h.u—r)m.wp Ay T ey

' ls the equandn of the pulse Assuming zero lnitxal conditxons, the solutlon of Eq(4 22), -

*

}o.

[l (ﬁ-t'h)‘ 1 _ R . (4.‘25) .
. k '

'
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decaymg pulse. The maxunum dynamlc dlsplagement response, Wy, (@t various joints for

dlﬂerent. locations of the pulse, is shown in Flg“ pnd 4.2. It. should be noted thhtsehe

. maximum dtspla.cements at the joints did not take bilace at the same mstaut of tlme due
! ‘ . LS

to the dampmg in ‘the syatem However, the maxlmum dmplacemenbs at the Jo:nts were

iy -
1.3:7 C oy . {3

\?A

i / calculated te. ldentlfy the sectloﬂs where ‘the cueﬂic:ent. of dynaml‘: stlﬂ'nesa, Kd, would o

be the least. The maxxmnm dlsplacements at jolnts give a pu:t,ure ‘of the dutnbuuon ol‘ )

K, along the splnd[e-workpiece system. As shown in Figs. 4 4 and 4.2, t.he maximum dis- .

placement has t.hc the -llghest value at.the mlddle ol' the workplece, fol- all the locat,lons -

of t,he force. In addltlon to this, the maxlmum dlsplacem'ent at tlns location has a globa'l" .

axxmum value if the t.ranslent. f8rces are also located at thu posmon. ln oﬁmr words
- ﬁf . [}

: xf t.he t.ranment fofces are located at. the Jomt number 2, the maxlmuxh dynam:c rgaponae .

P

-

; av thls locatlon la the highest of all the values obt«amed for t.ranslent-forces located at ‘
i

T ot.her Jolnt,a. It .unplxea that the’ dynamlc auﬁnm coefliclent as'deﬂned lp [32 33] at thls -~

locatlon, is mlmmum. Th‘refore, EdeeSl@ of the spmdle, the pmmeters shou!d be -

S selected’ in such a way tim ‘the maxlmtun duplacementr response (Wm,, 4t the Jomt .
NEHE 7 0 number 2, due to the force at, this _|omt is mlmmum P . E - T
D R % The Eﬂ'ect of the Bearmg Spa.cmg on W . “.' 2
'4-'.".&..t o .- ’ . v * ;. L P -

"

B o T -correspondmgot-o the pomt A (refer to FlgA 3), would yleld the best result In-F:pH

the value of W det‘.reasea rapldly w}bh the increase in spacmg at ﬂmt and thel{/t.’lm a

ﬁi, 4 n‘ jj“"'4.k

spwng correspondmg to: t.he pomt. A; shown in Flg 4 3 would be the optuﬂum spaclng

s s ) ‘.4 4. ln thls study, the front. bcanng was ﬁxed and the Iécatlon of the rear bea.r‘h"g was-

o T «vaned As can. be seen ln. Flgtl3 th% values of Wy go t.hrough a uinlma and maxlma as
i

, constant val* more or legs One can lnfer from bot.h of I.hese ﬁgnres thit t.he beanng.

The eﬂect of t.he Vanamon of the bearmg spacmg on W, , is shown in Figs.4.3'and =

;zhe bearmg spacmg is changed It i is, obvgoua fmlp thxa ﬁgure that the beanng apacmg.v_, .
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l 4.5.2 The Effect of the Vuﬁition of the F)ont Bearing

~— .Stiffness on W -

H

' The change in Wm with” the vanatlon in t.hc front hearing stiflness due to a umt

lmpulsc and the exponem:ally dccaymg pulsc are shown in Flgs 4.5 and 4.6’ respectlvely

In these figures,.the val,ue of W, goes thro’ug_h several maxima and minima due‘ to the *

8 ;tiﬂ'neés variai.ions. As can be seen in Fig. 4.5, the span of the stiffness variation has been

"divided into three regions. This subdivision-of the span is based-on the. maximum value .

! } aﬁor a given lodation of the excitation, For exam[,ile,. in region' I, the design should

3 l ’ be"ba.sedldn' the location of the excitation at j;)int. number 2. This is because, one would

. . , . . ST )
" like to minitmize the maximum dynamic displacement W,:, for all the possible locatiops
o

of the lmpulse. ln reglon i1, on the other hand W,, has the hlghest valire :f the impulse

.

‘ ls lucat.ed at the joint number 1. in region I, again Wy, ha.s the hlghest value Jf the

%

*

. o . ‘.l/\ ’ B
value corresponding to the point B..The glabal optima in Fig.4.6 would be a stiffness

. value corresponding to the point C.

S . s
\ s /
- 4.5.3 The Effect of the Location of:an External Dampeﬁ

The external dampers are used to reduce the vnbrauon amphtudes of w

"

- Befare these dampers are applxed to the system, their location where maxlmum benefits.

«

_ dle“wjth this point in mind. The results obtained for the impulse and exponential pulse

are shown in Figs.4.7 a;xd.4.8 respectivols'. From these figures, it is c} 'vat W, under
goes diﬂ'?p%lfaxima and miliima due to the variation in the loc#;i;, «in the case of
' impulse excitntion; v;hercaa the response doesl not change very much in th& case of
expodehtiai pulse excitation, Secondly, the best location for this application would be at

the chuck. in both cns.“_. : *

~

could be realized, must bej known. The location of the damper was varied along the sgm—

lmpulse is located at joint 2. The optimum stifiness for this case would be a stiffoess -
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. varied between 00254 m to 0 1016 m and. zts effect on W, was, studied. ‘The results o .
obt.amed are shown i in Tables 4 1 ;nd 1.2. It is evldent. from these tables, that the max-< ' . | ¢

imum value occurs, for all workplece dlameters, at. jomt 2 1rmpect|ve of t.he Iocahon of |

Cthe forge. & -7 AR S o '.,=,-;

' splndle desagn should mvolve the study of the dynamlc response due to the vanatmons of |

" 4.8 Con c’lue.ipn's

‘ workplece system is presented The method is a combmauon of the finite e|emeut. tech-

‘ mque, the modal a.nalysls and the lmpulse response teehmque The ealeula.twns are done

- the system wps based on the mlmmxzatlon of the m,mmum drsplacement response Two

(2} . There A an optimum bearing spncihg for‘which W, is minimum.

‘ ..- N ' : . a ‘ . ‘ ' ' . . ¢ N
" {3) There exists an optimum-fﬂ!ﬁe_aring stiffness for which W, is mihimum.': ’ roLoo

R ' : ,‘ \ T e 75« ' v ! ’ o o '
4.5.4 The Effect of the Workpiece Diameter on W,

Dxﬂ'erent. dxameters of workpleee are machmed on a gnren lat.he Therefore, any

the workplece dlameter In the present. analysns, the dlamet.er of the workplece was.

o

-guu.'-g—n Wb ot -aega!,pl_rm‘-'...-.a'

"

In 't.his chapter the method of ‘obtaining the t.ransient‘resp'bnse o'l' the lathe spindle—

.\
I3
e b e, g

on reduced matrlces to save CPU tlme aud o economize ‘on the storage. The deslgn of L )

'.

%, CoN
t.ypes of transient excrtauqns are eonsldered These’ are; the xmpulse excltauon and the : N

_" .

exponentlally decaymg pulse: The eﬂ'eets ol‘ the vsrlatlons in the beanng spa.cmg, the

front bearing. sttﬂ'ness, t.he Iocat.lon ol' the ext.ernal damper and the workp:eee dmmet.er, '

on maximum dynamlc dwplaeement response (W ) vrere stndled Based on these studles

t.he followlng concluslons can be clrawn-

P

(l) The gsammum dynamuc dxsplacement. response, ms 18 maxlm?m for the tool loca-"
. . T § . i .
tion at jomt numbcr 2. R : o A

¥

¥
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(4) The maximum dynamic displacement response, Wy, ‘decrenses -as the workpiece

¢

. diameter increases.’
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F 3 = 39.370079X 104

Duplacement Wa Due to a Unit Impnloe
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Table 4.1

B e T

T -

The Eﬂect of the Workplece Du.meter on Maximum

Diameter of the |

Maxnmum Dlsplacement Wo Due to tl}e Umt

Impulse at Jomt Number sz n

Workpiece, m _

1

-2

3

A

e

1 0.0254 |
0.0381
0.0508
0.0035 -
0.0762
o889

0.1018 .

* 14.85818400

. N

425,08848000
107.37678300

. 50.67078400

29.23339400

11.39999400

. '4.49369430

1650178900

113050470

5_05.0735300

§7.7865870
32.35951500 |
17.9692460 |

o081 " |

557.9979000

' 1255708500
 50.6352070

P

30.0422660
.w.oonsoo" "
11.3980000

83078334

L 230.2254000
* 64.7248560 |, °
.32.3718950

10.8822490

06808648 |

7.1388460

7.0762160 |

——

.
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The Eﬂ'ect of'the Workpiece Dumeter on Mnxamum
‘ Disphcement W Due to an. Exponentul Pulle .

- F4 = 30.370079 104

. _‘ Diameter of the
Workpiece o 7
A

Mmmum D\splacemcnt W due to the Exponent.ml

pulae at Jmnt Numaber xF4,

1 .

..2

o -

4

0. 0762
~ 0.0889

00254 -
" 00381
. 0.0508 -

0.1016

V. 00835

773.2130200-
126.8184600 -
45.5005390 "

24.8717600
0.3502504
76022009

. "4.2751306

"1011.198800
L 3

36.2385750
il

13.5667820

R
,188.5928200
- §9.7388580

14.224008p

7.3224811 -

*T71.323630

,
176.133300 -
49.220003

764978

.12.861356

13.216300

" 287.719040

70875201
| 25.003601 | .

21.815707
10.337247
10.720077

7.214740‘]' 7.0192300

~
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. N CHAPTER 6 - g o \ ) i
. a‘ . ‘;' ‘ ) b". Lt ' ' T " " :
‘r _ ) ; . » R . . R 4
Ty .THE OPTIMAL, DESIGN OF THE LATHE -,SPINDLE- R er I
. . .o . - v . V. -
% - - - . ‘~ . B o, X R N "‘i
o SYSTEM UNDER TRANSIENT CONDITIONS . _—— \ S ,
. Tage ' . - . X ‘.‘..'\. lA.‘ o ‘
1 : . ¢ ' ' . : T ) ‘. . ‘.. ‘ Ty
% * I - ' ’ :‘ b N ' ": . . "";’_-" l\,w '-.- . ‘..‘ N
t 5. Introductlon —", o R .~' T :‘-' BCIPIRE
. In cha;ker 4, the eﬂ'ect.s of the t.oN !ocaugn, the beann} spacmg, th\#mnt beanng . R ‘ :
. suﬂ}}as, the diameter ol‘ the: workplece and” the loca.txon of an external dQInper on thb 7
ma)gmum dynamic displacement response, W, were presented It was concluded that.. PR
& - : e » e J’ -
for the tool location at Jomt number 2, the valuu of W,, attamed a global mmumum. Lo
. - ‘
The values of Wg, due to transient- farce modeled a3 sn lmpuhe, ﬂ?g hlgher than for SRR A
. - .'," " ., A
sfﬁnlar [orce godelpd as an exponm'mally decaylng pulse. Based on tlua analysns it was\ | / PR
concl\t(‘ied that them exist optnmunj values of the beanng sﬂmng, front beanng stlﬂnas k'_ t ‘ s '
' .\- ! . .
and locauon of the ext.ernal dnmpe/r for a n&nlmum valne of the maxzmum dynamic dxs- e .
L
. placement response. ln this chapt.er a method for ﬁnclmg the optlmal partﬁ;ter valuu R SIS
\ “ LPARI
ducubed Actual optimization of the lathe spmdle-workplece system is camed.*ont by Coe ) .

" - making use of a nonlmear programmmg techmque known as t.he com/plex me{hod W , T o

N . . - - w o .
o . ' N , R . S / . , *
Lo . ' s s . . . i , K , ‘.
. 5.2 Formulation of the Problem . - - e e - :
. . . \ 4 H . . | % y
. i , o ' Y - " . . o ). v R Y _' .
. The first task iq;‘ optimizatibn of any mechanical system is to select,the design vari- ., <, '
T I " ) - W o “A;‘ R AR T .
.- ™ R ' - -~ . - - 4
O . ‘ . w
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‘ \‘“\ ' m)meters namely, the beanng apaclng, the front, bearing stlﬁ'ness, ana “the locatiod-of~ - /

T '_ ™ "' k\\ \ .
Ll ' s an external dampcr, are chosen for the optimjzation. The valnes of the dynamlc dlsplace- 3 ‘//‘ .
HE -at '\ ~ o -~. 'y !

/ment response were found to be the lnghest fora unlt. mpulse locat& at jolnt 2 Hence,

e k . the objective would be to minimize the maximum dynamlc \dxsplac@ent. response of tho_

o .
- - ~.

"y ... workpiece for the tool located at Jolnt 2, The differential equation ‘of mwon of the sys-’l .
o tem should be solved for several seis of demgn parameters before the opt:mum -solution

B E. o " can be found Tlps reqmres large computer time. Therefore the computatlons should be

PYRNS | \

P [ . i o done on. reduced matnces to overcome tlns diff culty. The dynamlc condensatxon tech- T

\\

,
mque d&cnbed in ch&pterz was used to reduce the syszem mntnces ;
‘~fl‘ . N . . St N . £
v ﬁ .". Ce T “ or . '. . _ .

5.3 The Stntement of the Optxmin.tnon Problem -

~

v ’ ‘ The optnmxzatxon of t.he lathe splndle-workpxece system can be mathemat‘lcally.

statedasfollows . o : - : . ' L

\ S . . minimize max{(Wa) ¥ =15 AR )

N . . . »
\\. N -

the maximum dynannc dlsplacement response of the workpleoe

' ~ . i . i !
. : - Sub]c?t.to: o ' .

) - . . .
7. L g L)< Ly <L,® . C (52 -
¥ \“\ . \,\\\ A . o . ‘~\_\.‘ o . . . e . . .
. T b o Ld(‘)s' Ld SLd(‘)“m_ ' R
K Wh\e're\land u represent. the lower and npper bound valuu of theduxgn vambles. ¢

. L T .
R : .o - f .
. , . N - -
R e S . . . - - : . .
./ . ‘- . : _ - : X
. 4 - ra . N . - /

' - . Y ¢ -80- . : .
(. R . ] . PV = . - . - PV
R PO PR | N . L] . - i c N o s ;

i . R .

?
2
. " ablés for the opumxzatlon ancd on the analym presented m\Chapter 4 thxﬁ@ /
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B4 The Complex Method o o
\ ' + ~ .
The opnmu.atxon of the praenl: system was camed out usmg t.he complex method

] A
[42,43], whlch is normally\used to solve const.ramed mmlmlzat.ton problems of the type \

e e e

' Minimize f (X ),

. Whe\i'e,‘ X is a vector of variables x; xz,....X, ‘to be optimized, subject to

~. {83
v’\ \ [

. . ; S "\(5.4)

i « ’ ‘F » s ) 4 )
o , The basic idea in the compu method is the formatmn of a sequence of geometnc figures

oy T

- R each having P 2q41, vemces inaq- dlmenslonal space. The principle is fo compare the

valuea of t

x.\\ | plex gene llyttomds the opl:unum pomt dunng the iterative :q‘/h‘é:geqeral

dlrectlon of a scarch is ta]ién ina direction away from the worst

that the movement passes tbrough the ccgter of gravity of the remaining points.
Y . . ¥

i . \\‘ ‘
BN
1y The first step is to ﬁnd P >q+1 pomts, satisfying all th\n constramts. Alterna—
\

t.lvely, one can stm with only one feulble pomt- X4 and the remaining p-l\pomts can be

.4.1 The Iterative Procedure

found by generat.lng random numbers and umng the relation o

. ! :
y

Xy, = xl(l)+i'l.j (xl(l);.xl(l))

im=1,2,...,q and jm=23,.....p {6.8)

the ih}.éwa'l (0,1). It is to be noted :that the points x',,x A p are generated accord-
! \ ing. to Eq.(5.5) and ;alisl‘y the side const(iints, Eq.(5.4), but they may. .n’ot. satisfy the
1 . . S~ ' ) \ B ’ .

.
)
v . . . oo

objcct.we funmon at thelq+1 vertlces of the complex and move this com- *
7 e

' Where .xy is the i** component of the point X s,and-1; is 8 random. number lying in .

t. It is chosen s0

4

'S

L B I Y SR s o Tt T o Rrrpe yes iy et U S
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- ' const int.s given by Eq(5.3).

M e O S
L

‘As SO0D 23 3 NEW po:‘t‘x g is g'enerated (Jn‘ .,p), it is found whether it sa.tlsges

e ..

R

-all the constraints. If any of the constraints in Eq(B .3) are violated, t.h?trlal point X |
s moved hall‘ way towards the centrold of the remaining, already acce_pted points. The

catrold X\, ol alrcady accept.ed points is given by .

L

, . WXy m Xy v ' | (5.0)
. ' oL . -1“1:-: ) L ' :

o If the trlal pomt. X s violates some of the constramts the process of moving halfwa.y u}

ot ld i 1%

\ " \-\ " ~towards the centmnd xo is cohtmued until a feasible pomt X is found, By proceedmg

in thh}fashlon the rcqmred feasible polnts X, x,, Chee xk are l‘ound‘
. '\ t‘“\ . —"' ’ . ‘ » ’y‘ ‘ . - ' ) . ".‘
o 2) The objective,function is evaluated at each of the p.points. If the vertex X,
- B corresponds to the larg\ét function value, the proc:u's‘bf reﬂeeiibn’, is used to fird a new
. point X, a$ ~ R
Tl N . f\ ) N .
C 'x.,=(1+s)x;,-a"x. o R "(5.7)

Where 0>1 (to start with) and X, is the cec}md of all the vemcea except Xy

Xe=-Lo $ ox, - (5:8)
- I-l,l#l ) . :
v " ‘\ .l L <& ‘ ] * -

N 3) The point X, is to be tested for feasibility. If the point X, is feasible, and
£ (X,)< f'(X,) the point X, is replaced by Xj, and the process of seflection is
repealt.ed with the. new set'of trial points by -going to step 2. it (x,j_>_r (Xu) X, is
found by ~redulc:ing L in Eq(5.7) By a factor of 2 and is tested for theQatiafaéticn of

f(X,)<t (x,) The pmcedure for ﬁnding s new point X, with a reduced value6f ¢ ls ,

IR repeatcd until the value of 8 becomee amaller than a prescnbed small quantity.

T e [ it s e At 3 i W T et

i
-
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. \If an improved point x r with X, )<t (Xh) cannot be obtalned the pomt x

is dlscarded and - t.he ﬂmle procedure of rcﬂectlon is restarted by using the point X '

—— -

mstead of X},. X, isthe pomt correspondmg to the second hlghest function value
&
- ) .y

4) lf the reﬂect-ed pomt. X,, at any stage violates any of the' constramts it {s moved

half way in towards the centroxd untll it becomes feaslble, ie.,

. ' . .
.~ - . - f
r e e

&“. (xr)ng"a %(xu +x,) .. ]Q TT59)

5) Whenever t.he complex gets modlﬁed by a replacemem, of X ,, by X,, |t is tested

—

e,
>

.specified small number. -

—fer convergence bonvergence i a.aaumed wheneVer the followmg condltlon is sausﬁed

) L e

\

" Where X is the centroid- of all?he p,ver_ﬁces of the current complex, and c-_;>l\l is a

"

5.5 Results nnd Discussion of the Optimization

~

The constrained optimisation results of three parpmeter opnmlzat.mn scheme in-e
shown in Table 5 1. The results show that the exlstlng values of the bearing stiffness n&:d
the beanng spacing are higher than t.he opmnal values. lt is to be noted that the values
obtained by slngle paralneter variations are very much dlﬂ'erent. from those obtmned by

multi-parameter optimization.

‘ Table 6.2 shows the 'improveme"nt sttained by m}nimizing tﬁe objective function

“values by multi-parameter optimization. In each of the s;ng]e parameter optimizations

‘the opt{mal ‘objective ‘Tunction values are higher than the opziqml values .obtained by

multi-parameter optimization. In other .words, the optimal design using the cbﬁlplex

\.']%]g[ux)-ux,n}*<¢, o -\(510),

e pe o Low

-
SRt et dee Y

e et B S

L
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P -84- . T : S °
3 ‘a . _ . ’ -
‘l
“method is'an improvement over all.the three single parameter optimal designs. -
.. . ' » , ) ) B o - - { . ' - ’
- y : C , . T Y. ' "
R . , ) AR
» 5.8 Conclusions * ) c : . . .

[n thls chapter a method for the optlmai des?ﬁ& the lathe pmdle—workplece sys-
~ tem is presentcd The-method is a no?near programmmg technlque, called the complex.
method. The lathe spindle ayst,em was opumlzed by makmg use of- this technlque. Ba.sed

on t.l:ns study the following conelumons are drawn°

T (1) The multn-parameter opumlmtlon by the eonstranned nonlmear programmmg t.eeh- :

nique lead.s to 3 desngn vechor, whlch is qulte different from t.he one obtamed by sin- B

. gle parameter optlm:zatmn. . -

. R
EAS - . L
| . U ._1.;"

(2] There could be a slgmﬁcant decrease in maximum dyuamxe displacement response . "'\“'!b\\

Wa, lf t.he opumal design vector is used instead of the existing demgn vector. In
) other words a modlﬁecl desngn of the lathe spmdle-workplece system mstead of the

“existing deslgn, wnII improve the dynamle performance characterlstlea of the lathe.

5
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i . N . Table 5.2
. { . : o
Dj - - . . . l" -
| l . ComparhI:n 81 Optimal Values of the Objective Function v N
. : . - ' o )
I | .
£ Lo :
L R TP - . ?
< : Type of” \  Design Variable(s)-. Optimal Values Percent Deviation |
o . Optimization /. Opkimized . of the Objective | from Multi-Parametér
R , . ) ‘ . Function | Optimization » | -
; S 1 L
i : Single Parameter | Bearing Spuin‘il.b m 0.00013 © . 6.54)
Ce . . ’ ) ! ’
: . Single Parameter | Front: Bearing ’tif fness (K¢)+|  0.00135. .o 10,640
;: ’ ’ . . * ' L ‘ g . .
P Single Parameter | Location of the External Damper 0.000125 2.44 i
Lot Multi-Parameter | Ly K¢ & Ly 0.00012208 - -— :
. A
. . o .
“ N
. . -
‘ o ) ' ) , - M
. . ‘F . : - -
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T CHAPTER 6
.- CONCLUSIONS AND RECOMMENDATIONS -
‘ ) - .‘ - ’ N ' .
i ,:\,\ . !i, [ 2

3

) : “ i
N -

The work presented in tlm thesle is a computer anded analytlcal mveet.ngauon and .

; .:desngn of lat.l:e spmdles The metlmdology preSented in thls work, can be’ utlllzed in the: \

- desngn of a lathe spmdle-workplece syst.em in: orde\r to achleve the requlred performance

Achmetertstlcs ol‘ t.he mnchlne under actual cuttlng\ nditions. The desrgn ol‘ a lathe
spindle is influenced by several parameters such as :h\%

stlﬂ'ness, the Iocatlun of an external damper etc. These parameters slroulckbe selected in.

such a way that the maximum dynamic duplaeement. response is a minimum.

T

»

the lathe spmdle-workplece system. Since the system matrices lnvolved in_the model are

large, they are condensed by mdung we of a technique known as computatlonall

efficiency. ’

~ .

The static deﬂeetl6n° characterist.ics and .the free vibration behaviour of the system -

snbjected to'initial dlsplacement were analyzed uemg modal analysis, The actual compu-

s

tatrons wetke done on condensed matnces The eelecnon -of the number of master degrees

-

+ of freedom for condensanon, was determlned by al accurate representation of the frst.

* five namral frequencies. The eﬂects ol’ vanous pnrameters such as the bearing spatcing,

the bearing stiffness, on the static’ deflection, and on the free yibmlon response of the
A ' . " : ‘ R . B A .

. . . :
. . . .
M .
3 - -
' . »
: = - L. ¥ . -
3 . R .
- N - . ..
'
f

aring spacmg, the bearmg

The ﬁnlfe element teehmque has been used to l'ormulate the mathem’at.rcal model of -

PO N e N e



-

N i » Ak’ . ) ’ . ~ \\I ,- 88 -' . ‘ . ) ~
’ s \\ ‘ ‘
system, were analyzed. The dynamlc mpons of the syst,em was obtmned by 1mpulse

oy respoﬁae t.echmque, and t.he tranalent behavxou“ t.hc splndle was analyzed by varying

the above menuoned system parameters Finally, the optlmal desngn vector of the lathe
“':-.

»

». . spindle-workpiece ayst.em was obtamed by nonllnear p’rogrammmg technique. The deslgn

L _ vanables for tlm purpose were; (a) the beanng spacing, (b) the front bearmg stiffness,
- \ .

~ and (c) t.he location of the external damper.

v ‘.

.
XN

X ' . .

F
Based on the presen;.mvestlgation the ollow){ng conclusions can be drawn
(1) The mte elemegt. techmque and th nTodal analysis have been utilized in develop—
ing.a m thematlcal model of the Iat.h spmdle-workplece system :
v . . o . )
'V (2) The dyn\mi¢ matrix conﬁensatxon technique can be used to'condense the system
. P pi%rices to achieve computational efficiency, without incurring any significant loss '
. + . - ' .
of accuracy. R A R .
! (3) The damped -natural fref;\:enciés ii_lcréase with the increase in the bearing spacing
. and the'diameter of the workpiece. : .
R : ‘ ¢ > .
r {4) /The time, T T, is minimum corresponding to the maximum bearing spacing.
j‘ | , . .. . ) \\ . N . -
{(8) Dlﬂ'erem. didmeters of the workpiece result in djﬂ'erent values of T *. There'is no
speclﬁc treﬁ “in this case. . ! ' \\ ‘
\ L 1
. - . . o - c
{8). The front bearing stiffness should be very low for .the'tix\qe, T*, to be a minimum.
o ; . ' A . » .
(7) The free 'end of the spindle is the best location for appl}f\ihs'gxterhal damper for- - .
. " . . . . ' . ® ‘ . . . [
, minimizipg T *. ~ ‘ i o .y\

3 . B . +

ey e e v
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/
. ' o .
: cel o o B ~ . | ,
fe y ' : . . ‘! . N

T 4 ., -89- . P
L ' I : |
§\> ; . ; (8) The maximum dynamlc dlsplaccmcnt response, Wp, is maximum for thc tool loca- B
TN & ’

t ‘: ” Lt . . . [ Lo i
N, !/ tion at the joint number 2. !(' i
.k ! : . :
yoy - S i . .
| o LW B
3 S~ ; (9) There exists an optimum bearing spacing fof which W, is minimum. /. E
R / ’ . ; :

. . (10) There exists an optimum front bearing stiffness for which W, is minim}'un. D
. L) . » .. v . |‘ ;

A N YL IN .. o . :

. (11) The maximum dynamic displacement response, W, decreases as the diameter of ]

+ .- _ ! X . . l

~ the workpiece increases. a ' .o

! 3

{

T . . . . ' ’ ’ . , . .
\ . .o ! - - . Lo * , R . 4

( 12) The multl-paramet.er optimization by the constrained nonlinear: programmmg tech-

e S mque 'leads to a design vector, which is quite different from the one obtalned from
i : A B . ,
: - ', Ty single parameter opt.nmuatlon. . : : . [ . .
R T (13) There could be a significant decrease in the maximum dyhamfc diaplacemeni * ;
!\ response, Wy, if the -optimal “design vector is used instead of the Iexisting,‘ design i
1] ) B . : E
: : vector, S - = . ‘ . ‘ ‘
\(14) The pl;oposéd method can be used in the design process to achieve bet * .
i . 4 ' )
* \ mances of lathes under actual machining conditions.
o , . :
i - Ty ;.
8.3 Limitations of the Investigation T
a2, ‘*\ . . } .
sy o h ! ) . X T
: . ‘ \ _The present investigation is subject to the following limitatiofis: - ‘
I ' ' . 4
. (1] The cffects of rotary inertia and shear deformation have been assumed to be negli-- I
H ~ i T ) - ] .. . 8. .
/ e , .' glble.- : . | - s - " ) ~ ,_ﬁ‘ q
s _ (2) The splndleworkplece system has been a.ssumed to exhxbn 3 hnear behawour. ' _
H (3j The bearmg stlﬂ'ness and t.he dampmg have been a.ssumed to be mdependent of fre- o



-

- 90 -
, quehcy\. :

(4)* The bearings are assumed to Ee'exhibiting linear load versus deflection characteristic.

‘ . - .
8.;1‘Beéommehdntioni for Future Work
‘ o

C

The 'investigation present.éd is concerned with the >study of the ﬂextirail.:es’ponse of

« the lathe apmdle-workplcce system under actual machlmng condmons This' work can be o

f 'extended to include the followmg. P ‘ Lo
"‘ » L - - “

* '

(1) Nonlmear mﬂness charactensucs of $he bearings supporting t.he spmdle sys

@t

';\

L} N : e .‘>/. . -

(3) Reﬁnementa ol" the n;at.hematii:al model to include the eﬂ'ects ‘of shear deformation_
and rotary mema The elemental stiffness and inertia matnces rupechvely are glven

mAppendGC - | R . .o

(4) Ar approach snmlar to tlm thmv-«‘z be extended to study the spmdle-dynamlca of

‘other machnne tools such as the hcbblng, mllllng, shapu:fg eu:
- \

; ) i
° N . . o t *

©(5) The element matrices can be based on the a_ax'isymmetric solid element having asym-

"metric forces. o ’ e g ‘ _ *,

. ‘. : - -

-

s

— s
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'APPENDIX A | ’
. MASSAND STIFFNESS MATRICES OF AN ELEMENT

The klnetlc and potentlal energies of the bea.m clement can be obtiined by uubstltutlng
Eq(2 8) into Eqe {2.7) and (2 Ta) The kinetic energy can be wrltten as'[36]
— ‘ \ '
R(t)= %Im ["”""”} &, .
- o

|156y12(t)+4l’ Fo(t) + 156 ¥4t )

IO'D-

@

AL+ 2x220 ¥ i) ¥ ot ) +2X5474(t)¥a(t)

-

S2X13 1 J4)F o(t) 42X 13154t ) G b)

-2x3 0250 )¥ ot} -2X 221 ¥4t ) ¥ (t)] L. (A1)
‘ i 7 I - i
Similarly the potential energy can be written as . . b

C : ' z
P(l)-%{m ’;_zy‘_z_(xht]] _d’l
-.%...}my,’(c)ﬂt’ 3(t)+i.2y,’(t)+ldl’y;?(t)

+2xe:~y.(t)yz(=)-2xm‘§.(=)y\,(t)+2xaly.(tmgt)-zxomc)y,m

v

R O RSP
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' -98-
+ 2xXA2yoft)y4(t) -2x6 1 h('{))’A(t)} (A2)
" The virtual work can be wriiteﬁas[%] - - \b : .
V Y l-_— ‘ 4
W = E £y(t) sug(e) - (A3)
C _ o
I Where ‘ k
- | y N 3x? 2x} ' ‘
fl(t)=_£r[x1,t)(l-—l—-+ '—7,—)dx1+r1‘(t) . (Aaa)
. . t X1 . Xlz u' x,” ; ) : ; -.
=) (Fe2 T ey (As)
w7l T '
f,(:)—jr(x.,z)( xE D) gt o) o (A%
.o { Xx’ xls i .‘ . : ' ’ B
: ',l(t)'-."{ f (’!hl)(“?',ﬁ)’ dx + - &t) , (A.3d)

- are the joint forces, in which f (x,t) is-the dist‘.rib;uted nonconservative fqrce ‘and f*(t)

(j==1,2,3,4) are the forces exerted by the adjacent clenents on the eleme;xt considered.

- . . . R . \ : .
. The Lagrange.’s equation: «;:_f motion for the Sjst.em can be expressed’as ~ .

H —d— aL (t) aL‘ =8 | ) -‘ . | | ' . .
@ [ o Q, j=1.234 A (A4)
- Where,L*(t)m=R(¢)-P(t). L
‘ : e

motion for the element as S . !

Iml{vtt)}+lbl{u(t)} ‘U(t)} ’
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b

156 22 54 13l
mi | 220 42 131" 313
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. . APPENDIXB
- DESCRIPTION AND LISTING OF THE COMPUTER
. - s 0 v, - f :

PROGRAMS

The’ requlred cnmputatlons were: done on a Vax 11/780 digital computer, usmg a

package of programs !developed in, FORTRAN language by the author These programs '

Lo make use of several subroutmes avmlable wn.h the IMSL package Each of the programs
are self-suﬂ’leient. and can be run on any system I‘uclht.at.ed with’ a FORTRAN compller

However, mput. datn files and the IMSL subrouunm menmoned at. the bemmng ol' each

of t.he llstlng, arousentlal for all these prugrams )

PO
RN LN

The first program FVIBA computea t.he st.:mc deﬂecuons, responsc at the mlddle S

e
e e i e RS P U P .

e S ‘ comput.ed and globul- matrices arc, then .obl.alned by asse:ublmg. Thls program: uses the -

. ) o ) * * o
. Il -+, . " uncondensed matrices. '

The seconrl' progrmu FVIBC 'ia a variable dimenaibned prograxu This program can

densed ﬁrst, dependmg upon the number’of master degrees oI‘ freedom chosen The set.of

.t | o lnmal dxselacement.s is found out and the symm responae is computed for dlﬂerent

lnstants of tlme By least " squnre analym, a curve is ﬂtted through the maxima of the .

.

of the workplece and the damped natural frequenclcs of the system Input data consnsts R

' of values of system paramet.ers and the statlc force apphed The elemental matnces are '

RS S be run for dlﬂerent number of mw.er degreea of freedom The aystem matmes are edn-




R R

response and its equation is found out.
' B .

a

i o,

TVl’Bl and TVIBE are tl:e programs“used for obtalnlng tl:e response of the lathe

s

spmdle-workplece system subjected to an lmpulse and exponent:ally decaymg pulse exci-

'gauons respecuvely. These, program; -are als\o' variable ‘dimensioned and can be run for.

_different - choices of ‘master degrees. of freedcjm’. The computations are carried out using

the condensed matrices, o ' C

Program OPTM is. developed for the opumal desngn of the lathe spmtlle-workplece

. aystem The maxunum dxsplacement response of the workplece subjected to a uhit

v 1

unpulse whlch is the object.we funct.lon, is computed by the subroutme UREAL - In thm'

) subronnne, the-three: deslgn vanablea a3 descrlbed in, chapter 5, are stored in the varic "

°.
3

able X The distance of the rear beanng and external damper’ from the rre&end are _—

' stored in X(l) and X(2) respectlvely "X(3). contmns the ratio of the front beanng stiffness ° *

Yo the rear beanng stiffness. Subroutine CMPLX baeed on the complex met.hod finds

.

thcoptunal design vector. o . e R f

Py — -y

A0 |

s h e
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C TION RESPONSE OF A 'T00L SPINDLE SPINDLE .
CIHSLSUBWINESUSBD:IEQ ICEICIEANDLINVZP .
C '

-

ctt*tt*t‘l’t*t*t******t*t*t**t*t*t**l‘

c*******tt*t******I*****t**ttt**tlL ) ) -

DIMENSION SL1(12), 501(12),f1(12).m25 ,25, GRK( 25, 25)
DIMENSION GCC( 25,25), <.m(zsJ 6), cx(zs zs) GC(zs 26); !00(25)

" REAL KF, KR, 20( 25)

COMPLEX W(50), SB(SO). 2(50,50),21(50, 50)

OPEN(UNTT=5, FYLE='YZ.DAT*, TYPE='OLD" ) o S

ctl'lll**tl’!!"l‘!l’!l"*'!II"**I!I‘*'* ~

_12"

"READ(6, *) (SDL(L); sni(n),n-s NCE) - E

REA6, =) NUE, NODES, NR. -
mn('s,*)sz,xr,m I St I
REAX6,*) D1,D2. - . s T
READ(6, *) WL, WD

REAX 6, *) F1,P2 g R
REAX6,*).D12 - Lo ' CLT
DO 12 I=1,5 B . S
SD1(1)=WD- Y \ T 5
SLI(I)=ML . N B

" CONTINUE, - S

CALL M(SDJ. SI1, SE, Kl" KR.D],.DZ D12/, NUE, NODES, NR,G Gl m)

c*tttitl t****'**tt*****!*t*ttl‘*t*tt*

CRERRRTR xttt'R***tt******!l‘tt**t*tt*

15

opmtmrmum-'mmr.mn-rmn _ I P

r
r3

DO 15 I~1,25.

" DO 15 J=1,25

GK(LJ')-G(I-‘-J. J+l)
CALL DEFTL{GXX, P1,F2,Y00) |

c*l'i*!**tl’fl‘*l’t***ll‘**‘l‘l‘*l*l’ l’l’*l‘*l‘t**

OPEN(UNIT-12, FILE='ZX1.DAT’ muh'm-)

c***t*‘l’ttttt*tt*l’i’l‘l’r**l‘*"t ERXXXANEN K

110 °

. 901

113°

-112

120

160

'PDMT( 12X, 'REAR BEARING IDCA‘I'IW AT '.IS. znm"./)

WRITE(12,110)" WD. . Q '
FFORMATY{ 12X, "WORK pmcz Dmur.'mnt mcnr:s ',rJ.o /)
WRITE(12,901) ’ ;
PORAT( 12X, 'STIFFNESS VALUES orrmsmnnmms 7)Y
WRITE(12,*) KP, KK . . . o
‘WRITE(12,113) RR - - : l

FORMATY 12X, ‘RATIO OF FRONT BRG sTIFF 1O REAR. BRG. STIFF " F10.6,/)

WRITE(12,112) NR . s

-

WRITE(12,120) PF1,P2

" FPORMATY 12X, ' INITIAL nxsvm:nmm IN DNCHES DUE TO FORCES ',
. 10.2,2X,P10.2,/) . : . _
WRITE(12,*) (YOO(I),I=1,25)

CALL 100X( GX, GM, GC, GKK, uu,ecc,w;z ZT).
WRITE( 12,160)

, I'OM'I'( J.ZX.'DIAGDL VALU!S or ma IIN.I'RIX /)

(.

~



Lol

103

WRI'I'E(lz *) (GMM(I, I),I-l 25) T
WRITE(12,140) ° -

140 PFORMAT( 12X, '‘DIAGNOL VALUES OF s'rxrmss mmx'./)
_WRITE(12, *}] (GKK(I,I).,I=], 25) .
WRITE(12,130) , ‘
130 FORMAT('12X, '‘DIAGNOL VALUES OF DANPING MATRIX *,/)
' WRITE(12, *) {GOC(I,I), I=1; 25)
t2=0,25/1000.0
DO 20 T=1;1000
T1=FLOAT( I )*T2 ‘ .
CALL RES(Z,7I, mow,'n zonwonx) -
"WRITE{7, *) DNORK, 'r1 o )
20 CONTINUE W T L
" .wnnz(lzzooz), S '
2002 romr(lzx,'sr-zvnmzs',/) vl N,
. . DO 2001 I=1,50 . o o L
[ WIC L )"AIMAG(W(I ) )/(44. 0/7 0) : N ‘ -
‘. WRITE(12,%) W(I) p S '
‘2001 CONTINUE b e I
c*!*III‘*'-I*!*tt*ltl‘*t**t*t**tt!t*ttt ‘

C SUBROUTINE POR FINDING EI@VALUES AND MODAL IB'I‘RIJ(

c***ﬂ't't* *t't*tttti‘*tl’k*"t*‘ltttttt'i‘t

25

- SUBROUTINE mat,m.ec,m,am,ooc,w,z ZI) AN . d ) .

DIMENSION GX(26,26), GM( 26,26 ), GC(26, 26 ), GRIX( 25,25 ) , GMM( 25,25 )
DIMENSION, GOC( 25, 25), GMI( 25,25 ), K( 25, 25),Gnc(zs 25), tm( 25 25)
INTEGER N, IA,IZ,M, 1B, IER,IJOB, IDGT * - '...

REAL umnm(voO),mszoo),mso) - .

COMPLEX W(50), Z( 50,50), 2N, DC( 50,50) , ZT( 50,50 ) :
COMPLEX AC(50,50),BC( 50,50), ACZ(50,50 ), BCZ 50,50 ), 2TAC(50, 50)

. COMPLEX 2ZTBC(:50,50),88(50),21( 50, 50) ZI(SO,SO)

DO 25 I=1,25 . '
DO 25 J=1,25 *. . T . \
G, T)=GM(I+1,J41) Y

'-GKK(I,J)-GK(I}I,J-FI.)

GOC(1,J y=GC(I+1,J+) - R

_ CONTINUE

DO 26 I-1,25 '
DO 26 J=1,25" _ - - '

AC(I,7)=CMPLX(0.0,0.0)

* 26

27

. BC( I,T p=CHPLX(~1. o-mm(x J),o o)

" BC( I+25 , T }=CHPLX{ 0.0, .
. BC( 1425, a+z$)-m:x(mu J’).O oy - . oo

AC(I,J+25 )=CHPLX( G8( I, J),0.0) e
AC( I+25 ) J )=CHPLX({ GM( I, J),0.0) :

MO 1425, J-Fzs)-mmoccu J).0.0) .

DO 27 I=1,25 AR . _
DO. 27 J=1,25

BC('I,J+25 J=CMPLX( 0. o.@.o; ‘ ; SR B

CONTINUE

».'_t{)_'

- .
W - Lo e i g A R L T
g r st § it K Bt A e T e S o .



w
N

n-zs - R
IDGT=4 .
CALL LINV2P(GM,N, IA, GMI, rm,mm,rm)
CALL MATMP3( GMI,GKK,GMK,25,25,25)
- CALL MATMP 3{ GMI, GCC, GnC; 25, 25,25)

- DO 45 I=1,25

' DO 45 J=1,25 e

Gnl:(r J;gm o*cnt(r J)

(I, J)==

L

45 CONTL. ;
DO 54 I~1,25
' DO 54 J=1,25 o - :
ON(I,J)=0.0 - ., .. L =

‘54 CONTINUE D
. . D0 55 I=1,25 * ' L
. oN(T, r)-mu Ip1.0,

.55 - .CONTINUE

DO 60 I=1,25,° '." ‘
DO 60 J=1,25 . . -
. DE(T, J Y=CMPLX( GMC( I,J), 0. 0)
* DC( T, 0425 )=CMPLX( GMK( 1,7),0.0)
" DC(I+25, T )=CMPLX{UN( T,3),0.0)
: DC{ X425, J+25)-CHPLK(O 0,0.0): W

.60 CONTINUE @ ‘ oo .

i - N=50" o ) . .,

" IA=S0 o

1joB=2z [/ ' '
CALL. z:ooc(nc N, IX, IJ0B, ¥, Z, rz.ux,m)

. D0. 62 I=1,50 :
DO 62. J=1,50 :

L NI, J‘)-Z(J.I) ] ‘ T
62 .~ CONTINUE : B
./ - CALL MATMI( ZT, AC, ZTAC, 50)
¥ CALL MATM1( ZT, BC, 2TBC, 50)
/ CALL MAT™I( ZTAC,Z,ACZ,50) .
. CALL mn(z'mc,z,n,so) o _

DO 64 I~=1,50. ' s
SB( I )=—1.0%( BCZ{ I, r)/mz(r 1)) .
64 - CONTINUE
- DO 80 I-1,50
. DO 80 J=1,50 .
eI, J)-Z(LJ) -
80 - CONTINUE .
o DO 5. I=1,50
T+’ DO 85 J=1,50 ‘ Cooe
 BI(T,J yCHPLX( O, o o. o) - |
85 CONTINUE

DO 90 J=1,50 . ‘
zr(a,a)-zx(a.awummcu 0,0. o)
90 ‘cou'rm -

PRI
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PRERPPIERY #0
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N, N

'cmmmmnmmm&msmmczs o {

. ' 108

IA=50 ~
IB=50 -

" N=50

M=50 , :
1J0B=0 ’ ' -

CALL LEQTIC(Z1,N,IA, ZI,M, IB, IJOB, WA, IER)
RETURN -

D

ct*t* !tttttttttt!!l‘l‘*t********I**** *l‘*

© C SUBROUTINE mrmmmmmmummormmmrm

Ct*ltf**t***** *ttt***titt*l‘*****tt**t?

105 -

110 -

120

- nuonx-(é 5*014-(2 s/o.o)-uz-m 53— 2. s/a O)tm) ‘ I - N ,
- BN ' - !

SUBROUTINE RES(%,%I, ¥00,W¥, T1, 20, DWORK ) o S
COMPLEX ' Z(50, 50), 2I( 50,50),%(50), 10(50,1) V1(50'.1)

' COMPLEX ZIO( 50, 1),ZRB(50 1),zon(5b 1)

REAL YOO(25),Z0(25)- -, : ‘ o -
D0 105 I=I,50 o T « e
YO(I,1 )=CHPLX(0.0;0. 0) . . . D -

Do 110 I-/ '

YO 1+25,. )-YD(H'ZS J.H-m(!mﬂf),o 0) R Ce
CONTINUE : '

"CALL ‘RESP(W, T1, ") e L -

CALL MAT(ZI, msozm) S P
CALL MAS(ZIO,V1,ZRES,50) . R T :
CALL MAT(Z, ZRES,50, ZOR) . : T o -
DO 120 I=1,25 : e : o
zo(r)-mm(mn(ﬁzs 1)) . c s S
vi=ZOo( %) . . -

U2=0.0 T . oo % o ‘ ,
U3=Z0( 6 ) . ) ' . © . S
04=0.0 ' !

Ctttl’*t‘l’***l‘tttttt*t***tt*ttt xEk ) ?

ctk*t***l’**t*ti******t**t*ttttl* : : : ; .

" KM2n2 . . . R .
‘D0 105 K=1,NUE * : S . SR

SUBROUTINE EKEM(SD1, 5L, SE, KF,KR,DX,D2,D12, NU!,IDD!S NR,G,GH GC).

DIMENSTON GM( 26,26 ), GK(26,26 ),6C(26, 26) : T

DIMENSION SD1(12),SL1(12),EK(4,4), 2M(4,4), nc(q,o) . L :

_ DIMENSION A(%,4),AK( 4,4),AM( 4{:4),AC( 4,4) - L
'DIMENSION SK( 26, ze),sn(zs,zs),sc(zs 26) R

REAL KI*, KR o , :

00 20 I=1,26 o . L :

"

DO 20 J=1,26 | . o

QYI,JT)=0.0 . - . . T
G:(I,J)-0.0 ' * ’ M !
GX(I,J3¥=0.0
KMl=] ~ °

. .
1 ¢ -

- (./ e S
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. v
gl ey 3

i

“SLmSLA(K ) S
. SD=SD1(X)
JUl=xM1
JU2=KN2
9 cary maTFOR(sD, SL, 3E, K, EX, m,nc)
IP(K.EQ.7) GO TO 185 - ., -
IP(K.EQ.NR) GO TO 146 S .
IF(K.EQ.12) GO TO 149
GO TO 148
145  EX(1,1)=EK(1, 1)+o L1
' EK(3,3)=EK(3,3 }+0.5*KP .
EC(1,1)=EC(1,1)40.5*D1
BEC(3, 3)-nc<3,3)-+o s*p1
GO T0 148 '
146 | EK(1,1)=EX(1,1 g . '
.. EK(3,3)=EK(3,3)YH0.5*KR = . ) s
, ¢ BC(1,1)=EC(1,1)+0.5*D2 R
. .Go'mus,‘ . : R
‘149 ' EC(1,1)=EC(1,1)40. s012 .. -
-BC(3,3)=EC(3,3 H0,5*D12 . ‘ - T
148  CALL TRNSPF(A) - . . - A
} CALL TRNSF1(EK,A,AK) K A

a
B -

‘CALL TRNSPL(EM,A,AM) . L

a
CALL TRNSF1(EC,A,XC) , ‘
DO 14 IP=1,26 : S
.. 'DO 14 KP=1,26 - - ° -
T 'mnlnw!o o ) 1 .
- SH(IP,KP)~0.0 . . . e
.  SC(IP,KP)=0.0 . ’ R
‘14 ' CONTIMUE Cy
" . CALL Assm(u:,am JU2,NODES,5K) . .
CALI ASSEM(AM,JU1,JU2, NODES, SB) -

150 a1-1,26 N
I1,J1)=GK(Il,J1 +SK(I1, )
X1,J1)=GM(I1,J1 +SH(I1,

. G(I1,J1)=GC(I1, .n)+ac(n. )
150  CONTINUE . 71
KO=KM+2 ‘
| KM2eKM242
105 CONTINUE - \\
=D
c*ttttttt**ttttil*it*tt*l**i**
".C SUBROUTINE FOR ELEMENTAL STIFFNESS & MASS ml-nux
c*ff.ttti’tt'it.t'tttii'*t*'tt* .
SUBROUTINE MATFOR( 5D, 5L, SE,K, EX, EN,EC)
DIMENSION EC(4,4).EX(4,4),8K4,4) .
v RiD=0,2832958/386.0 o <N -
DO 4 NI=1,¢ - . - : oy

[

masm«m,mmmomsc) o

L EVRRIPPRE I

o
B e e b i e e
- . e

M e —

at
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Aasiies 3

AT

no 4 JI-I 4 -
m(NI JI)=0.0 J
- EX(NI,JI)=0.0 *
4 EM(NI,JT )=0.0 :
" BM(1,1)=156.0
: - ENGY,2)m22,0*ST,
EM(1,3)=54.0 o
EN(1,4)=-13.0*SL T
EN(2,1)=22.0%SL .
EN(2,2)=4.0*SL**2
TEM(2,3)=13.0%SL
. "EM(2,4)=—3.0*SL**2
EM(3,1)=54.0 -
. EM(3,2)=13.*SL
EN( 3,3)=156.0
" EM(3,4)s-22.0*SL -
" EM( 4,1)=~13.0*SL
EM(4,2)m—3.0481**2 :
W 4,3 )=—22.0*SL ‘

, ER(1,1)=12,0
~ EXR(1,2)=6.0*SL ,
EX(1,3)=12.0° .
EXR(1,4)=6.0*SL e

EK(2,1)=6.0%SL ~ -

EX(2,2)=8.00SL**2 - : -

"EX(2,3)=-6.07"SL -
ER(3,4)%2.0%5L7"2 - el
TER(3,1)=12.0 - ’
. ER(3,2)=—6.0"SL
* n(a 3)=12.0 -
. EX(3,4)=6.0"SL . .
n( #,1)=6.0*3L :
: "EK(4,2)=2.00SL**2
EX( 4,3 )=—6,0"SL

./ " OER(4,4)=8.008L**2

IFN(X.IE.5) BD=0.0
~ T(X.GT,5) BD=2.5
' SI=(22.0/(7.0%*64. 0))'( sntﬂ-m-n)
SH=(22.0/28.0)*( sn"z—m"z )ﬂm
PH=3N*SL/420.0

~ PR=SR*SI/(6L**3 )

s

s DO 5-Twl, 4 .- . Lol

PO 8 a=1,4 - L

S " EM(T,3 )N I, T) ,

' EK(1,J )=PKYER(I,J)

-8 CONTINUE D .k
b “a .' - . 3 N N AN
. . . ) ‘

RETURN
D -
crawnrt:t:nwttt-nttqt-

- € rnmsm'rmmonornmmx

c*’ttl*ﬁ"*t"*'i!'ill’.*'
)

» }

- EM( 4, 4)=4.0*SL*2 S e

.
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_SUBROUTINE - TRANSP(A, NX, MY, AT )
' DIMENSION 1\(4,4),“(4,41 o
DO 1 I=l,MX .
D01,1~1)IY-
1. AT, I=A(I.J)

BND ' - ~' RS 4
ctttttt*gﬂ-w:tttittttﬂ;*tt* " v
C 'SUBROUTINE FOR FINDING mn'ru.

ct*ttt***‘ftt‘l‘l‘ll‘l‘tt*t**l’t'*

summz ‘DEFI(AC,F1,PF2, !0)

DIMENSION BC(?;;ZS),M(M) 3(25) DB'I'(ZS)

~ INTEGER N, IB, I-J'OB ICHNG( 650),

‘DO 20 I=1, 25

. cr't"t"ttgt*'ﬂrtgnttri_,

. IR

V(I 1 )1=CHPLX( X, !c)
CONTINUE

.
ot . . :

.

: am.unls(u,n.n n.m,raoa 'Iam m,ma) AP

' y
:'i :
GIVH‘ BRG[- DEPL:

i &

‘ mr. YO(25) " ,; ” , .
. - bo.2 r=1,25 o -
_ " B(I)=0.0 . ‘. ' )
2. . CONYINUE . .
: 8(4)-8( i)+!’1. ot - ; Y ‘
B(s)-n(s)wz . ‘ - ' o ¥
- TR0 . - R ‘- . o | . * g
' I6=1 . : -
DO 10 x-;,zs BN R
Do« 10 Ki=1,JA -; o . '
'A1( 16 )SAC(K; n.) " o : :
10° IG-IG:l-l ‘ ' , .
M=l : NS '
.. IBe2Ss T -
‘IJOB=0", ' - SR ! . .

LYO(IPB(I) © v e S

20 Qf owrm Tis v " ;o o e ‘

- | RETURN .- .. " - ; N .

i B b .. 'na p..
c*'ll'ttttt*wtt'ttttlttt ' : b s
csomﬁnmmormspm oo L
cttt*wt"rtunt'r'tnnt\n'** ) . .

. " SUBROUTINE RESP(W,T1, V) P

: -M'{SO) V(50 1) . . '
. < DO 5 I=1,80 o

AR'REAL('(I))‘T]. :_ : ,

Y AI-MIIG('(I))*TI e L
© ARI=EXP(AR). . - . T, e 2 .
oo 4-‘-..._.. mm(u) :-\ '. - .'! . .. .
!c-mu'snt(n) ) Co . )

——n

<

.

)

‘
: 5
.

)
.
,
'
4




a0

cstmmmmmmxm:mmw

c***t*tt*t*t*ti***‘***

N SUBROUTINRE MT(BC BC, N (I!}
' . COMPLEX AC(50, 50),&(50 1), (11(50 1)

! ' DO 40 I=1,N

.oe(1, 1)-01!’10((0 0 0.0)

IXJQOJ-IH’

. RETURN
. A o A
- END ’

c**t**t****.*lt*********ﬁt

.

T .

T a0 CC(X,1)=CC(I, i)-l-hC(I J)*R{J,l]

cmmmmmmmpmm

cttt***!***l*ll*t******‘ .

‘DWSIW M(_%,!).BJ.(Q,&) 01(4.4)

.. DO 2.Im)},L1
L Don-J..Nl
 C1(I,3)=0.0.
DO’ 2 K=1,M1

RETURN - .
. ctrtrrtwtﬂriwrtttttttt' ’

'C SUBROUTINE FOR: ASSEMELING

cttt*ttt*t**tttl'tttt

[3

+ £

|'

2 Ci(I, J)-Cl(I JHAJ(I,K)*B].(K,J)

B smmm mm:.(u B1,C1, Ll,lﬂ. Nl)

SUBROUTINE' ASSEM(AZ,JUL,JU2, HODES, SUM)
DIMENSION mmn.suu(zs.zn

DO 8 I=1,26.
‘DO 8 J=1,26 -
‘SUM(I,J)=0.0
8 . CONTINUE ‘
v ! JV1=JUL4NODES .

DO 10 KI=1,4
. IF(KI.EQ.1) KO=JU1
¢ IP(KILEQ.2) m-vahz
;v IP(KI.EQ.3) KO=JV1
. IP(KI.EQ.4) KO=IV2

?

ﬁ'

r'i

", SUM( KD, JU1 )=~SUK( KO, au:t)-a-mn.x)
SMKO.JU!)"SWKO J