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I. Hff RODUCTIClU 

1.1 . l 	 Historica l De vel opmen t : 

In t he l ast 25 years the concept of des i <rn i ng a machine 
It 	 II 

t oo l contro l led wi th th e output of a comput ing ma chi ne has expanded 

t o become one of the nost significant t echno l ogica l deve l op~0nts 

in t he meta l 1·1ork i no i ndus try . Duri ng the mid 1940 's ai rcraft 

manufacturers 111ere f i nd i ng it i ncre as i ng ly difficult to manufacture 

compl ex com;)one nts such as aerofoi l s ections ancl t urb i ne bl ades , 

1·li th conventi ona l ma chi nery . In add i tion many rene ti t i ve 

ca lcul ati ans v1ere neP.de r: to rlef i ne each co::1p l -icatcd contour vii t hi n 

t he to l erances specifi ed by th e aircraft i ndustry, and any s l i r]ht 

modi fi cations i n t he desi gn (wh i ch occurred frequentl y ) , cou l d 

res ul t i n r eca l cu l at i n9 t he who l e connonen t . 

Parsons Coi~porat i on and the U. S.li. .F. joi nt ly s ponsorrd? study at 

M.I.T. to i nvesti~1 ate th e noss i bil ity of des i qning a r..;c;1r: !\bout 

18 mont hs l ater a t1,10 ax i s autoria t icall y con t ro ll ed milli ng ma ch i ne 

\·1as des i ci n2d and bu i 1 t at ~ 1. I. T. , concurrr~nt l y the ciP.ve 1oome nt of 

comp utat i ona l t echn i ques for preoarat i on of i nnut med i a was hegun . 

The ori gi na 1 fl CiH v1ere i ns tructed by data codec! on nunched cards , 

simil ar to the on es used i n t he co;n:i ute r i nc'ustry . 

l.1. 2 1\on li cati ons of f'ICiH : 
_....; _._!___. _ - --- --~---~--·--~ 

Initi ally f'IG1T \vere al mos t exc l us ive ly used i n the acrosnace 

i ndustry , they manufa ctured components ~.th i ch ore vi ous l v cou l cl not be 

* NCMT 	 nume r i call y con t ro ll ed mach i ne tool. 



2 


machined by conventional tools, yet they \':ere extremely unrelfoble 

and ti me consu1:1i ng to µro~1ramme . .1ost of the ini t i al fl C insta ll -· 

ations in the United States Here partia ll y fina nced by defence 

contracts that ass i sted industry engaged ·in mili tary manufacture , 

to utilize these machine tools. In t hi s l ast decade , hrn·1eve r , 

mach i ne tool builders have ga i ned suffi ci ent exreri ence and know

1ed<Je so th at th e oua1ity and re 1i abi1 i t y of their oroducts have 

increased . several fold . At t he same ti me the der:1 and for i·:cm 

has i ncreased c.nd the ori ces have becorne no re c rn~!pe ti t i ve because 

of the economy of rnass producti on . ~!C has been anr- 1i cd to many 

other me ta l 1"forkin9 processes such as tu f)e benc! i nq , fl aw; ct1tt i ng , 

punching we l dinq etc ., and is now wi de ly accep t erl in many other 

fi e l ds of i ndust r i?l rr1i1n ufuct urr . Sta t is t i ci ;rns rstfr1atr:- t!1J t i n 

September 1968 there were more t han 14,000 NCMT in U.S.A. and almost 

270 in .Can ada* . Eurore Jn and ,l c:')anese r.wci1ine tool tu il ders 

started 1·1ork i n'.] on fIC son1e1.•1hat 1 at er than t he ir J'.me r i can counter

parts) yet today tli ey a re ~)roducins sc·'.:le excell ent ::c:r ) \1h ich is 

rlayina an i ncre a.s i nt] ly ir;mo rtant role in t heir r.ie tal \1ork i n0 industry . 

l . 2 J)y~s- _CILi·~~~lT : 

NCH can be divi ded i nto t\-.10 different cl ass es: a) point to 

point machine tools and b) continuous path machine tools. 

A r-lCiff viith a po int to ooint (ot!1 ) control oerforms a 

discrete r1ac!~in in g operat i on at sor:ie s:iecific location on the 1•1ork 

pi~ce. The path the tool t akes i n movins fron one locat i on to the 

* orivate co .1!il un ication Can adian Federal De partme nt of Industry . 
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next, need not be defined, or be within a~v soe~ified tolPrance . 

Only the final position of the. too), before the machinin<J ooera tion 

begins, is critical. llm·:ever , not only would it be extreme ly 

inefficient and ti me consuming if the mac~ i r:e too l took any random 

path between tv10 po ints, but al so there is the clanr;er the tool 

could collide and damage the 1·1orknicce. 

Consequently, th e s i r.rn l er otr MT' s mo ve oara11 e l to one 

co-ordinate axis at a ti me and at an inclination of annroximately 

45° to mutually oeroendicul ar axes, wh ile those with a more 

sophisticated control unit, move in a strai qht li ne beh1een tv10 

points. These mach i ne tool s may be controlled i n 2 or 3 mutually 

perpendi cul ar axes as well as severQl rot at io na l axes . Thi s tvre 

of control syst em is freq uen tly found on drill i nq Mach ines, r unch 

I I • •presses , l a th es , fl arie cutti nC) r.1ach i nes, tul;e b?nders an(. rnac11ning 

centres . (/'I. ma chining centre usua ll y cnn oerfom severR 1 di ffcrent 

cut t i nq ooerations e.g. drilling ,ta ~m in g , borin'.J and reaminq). Sme 

machinin~ centres have an added facility of strai 0ht line nilling , 

this refers to mi lli ng cuts parallel to t he axes of the machine 

tool, and reouircs a s li ght ly 1;1ore intricate control systcr1 than 

th e re9u lar ptp control. 

A ~CMT with a co ntinuous path , or contouring contro l 

(cpc ) system oerfcmns a continuo us machining oreration i n r1oving 
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al ong some speci fically d!?fi ned oath \1h i ch i s 111adt> uo of numerous 

s traight l ine in creme nts - and i n s ane cases arcs of ci rc l es . 

If the ma chi ne t oo l has t he l atter carab ility , it i s sai c1 to have 

ci r cul ar i nteroo l at i on, as oorosed t o li near i nterpolation , ~here 

all contours are aonrox i mated hy strai0 ht li ne i ncreme nts . The 

ve l ocity and disn l acen1en t of the t oo l must be fu ll y cont1'o ll ed 

t hroughout t he ma chi ni ng or.era ti on, and motion on u11 contro 11 ed 

axes must be mutual l y synchron i sed. Cont i nuous path contro l s 

are usua lly fi tted to vari ous tyoes of f'l illi ng mach i nes, nwch i ni n9 

centres and l athes . Frequent ly enc in on ly 2 axes i s r eferred to 

as a profili ng cont ro l, ho1·1ever , many systems ha ve f ull cpc i n 

3 co-ordi nate axes as vte ll as l , 2 or 3 r otat i ona l axes . Hence , 

t he cpc s.yster1 i s usua ll y descrihecl by thr. llLJ!!lh e r of axrs that arr: 

controll ed . S o~e mach i nr t oo l s have en c in 2 axes an~ on ly a 

li nea r ve l ocity contro l i n the t hird axes \'!hie !: i s not syncl1rnn is cd 

to the ot!1er t\·/O axes . These contouri nr1 contro l svster1s ar e sa i d 

to have 2-1/ 2 axes contro l. 

The l arge comp l ex 5 and 6 axes c~ c ma chi ne t oo l s can mach i ne 

virtua ll y any shape or s urface that can he n u~e r i ca ll y def i nPd. 
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SECTI ON f\ 

THE NUMF. fU CAL cmlT ROLLED :t'\CH JllF TOOL 

It i s i nterest i ng to observe th e s imi l ar ity bctv:een con vent i ona l 

rnach i n ~ too l s hapes recen tl y man ufactured , wi t h th ose ma nufac t ur ed 

50 years a ~J O . Althou'.1h t he n01·1e r capacity of t he cl r i ve r1otor 

and t he di mens i ons of ~a ch i n e too l s have i ncreas ed cons i derah ly. and 

th e mach i ne 
-

tool s today, are caoabl e of cut ting wi t h gr ea t er 

accuraci es , yie l cl i n9 hi ~1h er nroduct ion r ates and cu tt i n1 har de r meta l 

a ll oys~ th e bas ic fo rms of t he cl ass i ca l i"1e t al cu t t i n1 r~ ach i ne t 0o l s 

have rema i ned un al te red . Th·is, hb\·1 over , i s no l orge r valid fo r 

l!Ci 1T shaoes . 

Init i all y '.·!CH werr. desi c;11ed hy ri erely adc! i nq a nune ric al contrq l 

syste·n to an ex ist i nq mac'l i ne t oo l des i on 1·dth a fo1·1 :n i no r r1od i-F i 

cat i ons . Thi s so l utirrn 1·1 as soon fotm d i radeo uate and ca re fu l con

s i derati on had t o be gi ven to the nevi des i gn critPr i a . ti, fu nclamentc. l 

di fference ' i n cles i 9ni nJ a ~ !C m ac~1 i nc t ool, i s t hat, it i s no l onge r 

essent i al to kee !l t he viod :;i i ece at 1·1a i s t he i ']h t an d to all o1·1 t he 

ori e r at or a cl ea r unobs tructed vi e1·1 of t he •;1o d :r:ii ece 2,r ea . This r:i2 r.':its 

t he des i 0ne r r;reate r fl ex i bil ity i n s atis fy i rr; othe r des i qn req ui re·nents . 

/.\nother f actor i s t hat rJC1T -ar e often cutt i ng met al more than t 1·!enty 

hours a clay , cons eri uentl y , t 11e r:ia chine t oo l cornr.onents mis t be des i ~1 r. ecl 

to wi t hstand s uch t ax i ng ut i li zat i on . 

http:lthou'.1h
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CH!APTER ;~ 

THE 11/\CHJf!E TOOL STR!ICTllRE 

2. l IilT RODUCTIO N 

The perfo1111ance criteri a of r-!Cf:!T are genera lly r:10re 

demanding than t hose of convent i ona l r1ac!1ine tools. Id~ a lly a0

i'!Uff should h: des i ~) n e d to ma.chine both the hu.rdest meta l alloys 

and t he free cut ti nS? meta ls at ortirnurn rates of meta l re1~1ova l , 

without any c ornp ro:~1ise in 1-rnrltniece accur;icy and surface finish. 

The Horking accuracy of a NC-ff is usually li mited by the deflections 

of the structure, not the r eso 1uti on of the meas1: ri nf1 devices. 

Consequently, a good deal of the research and develon~cnt activity 

carried out .in various countries is concerned viith irnorovirn analyt"ica l 

and o th~r design techni~ues of machi ne tool structur~ s . 

In 1931 Krug first incl uded static stiffness as a design para

meter in ~T cons truction. He proposed the ratio of lo ad to 

deflecti on as a measure of stiffnes s. The load v1as assw:icd stat ic 

and consi sted of the we i ght of the workpiece, t he weight of th e 

moving parts of the MT and the cutting forces . This is not 

entirely adequa~e since the meta l cutting and inertia forc rs frequently 

have a high rate of change , and t!w dynar1ic behaviour of the ~1T is 

also a critical ciesian oa r ameter . The various modes of vibration 

of the mach ine tool shoul d he ana lysed fully and the sta hility of 

the machine tool verified. 
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2.2 STATIC STIFFNES S 
--~-------- -·-----

2. 2. 1 Cross Sectional Areas : 

.Most individual el ements in a mach ine tool structure are 

subjected to bending, torsional and shear forces due to the stat ic 

loading . It is essentia l in designing a machine tool structure 

to limit the maxi~um deflections to well within th e accuracy exnected 

of t he MT . 

A si mp l e compar ison of various cross-sectional shapes, 

having the same cross-sectional area but different mome nts of i nertia 

sho\'1s a hollo\:J rectangu l ar box to be best su ited for machine tool 

el ements [l]. f11though the box secti on has sli ght ly l ess torsi ona l 

stiffness than a hollm·1 tuhe, this is adequate ly comnensated by 

additional strength in bend i ng. The ratio of wi dth to he i0ht 

shou l d be between . 5 and 1.0 for oractical r easons . If an el eri1ent 

is severely stressed in bend i ng and torsion, designers ofen use a 

composite section. For 'exarir l e , i n l arge m a hollo\·: tut'e mounted 

on gussets i n a rectangul ar box section can he used advanta~eous l y . 

Usuall y it is not noss i bl e to keep a unifo m cross-sectional 

area al ong the l eng t~ of a menbe r. It is frcnu~ntly necessary to 

cut apertures through a section fo r fitting or l ocating other 

corn~onents. The bend ing and torsicinal stiffness is reduced c onsi~er -

ably when an aoerture is cut in t he sect i on. By fitting a suitab le 

bolted cover pl ate [l] al mos t 90% of the ori~in~l stiffnes s can be 
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r ecovered. This, hm.1ever , i s not true of t he tors i ona l s t iffness . 

Di agona l s t i f fene rs have been des i gned by Peters [ l ] gi ve ad ded 

t ors i ona l and bending strength to a cut e l eMe nt . Se vera1 r esearch 

.l aboratori es are carryi ng out streng t h to \!ei gh t optir1 i:; ati on studies 

on vario us ri bb in~ natte rns _for cas t ma chi ne t ool el eMe nts of non 

uni foi"m cross- sect i ona l area . 

2.2. 2 Stee l or Cas t I ron : 

There i s an unreso l ved controversy on th e r:ie rit s of stee l 


wel d-e l ement s r ep l aci ng cas t i r on e l ements i n l iT cons truct i on. 


Fi gure 2.1 shows a s innly su rr0rted r ectang ul ar hean wi t h 

- a concentrat ed l oad mi ds nan, and d i ~e nsi o ns as sh own: 

r""--"·~- - · L 

l
0l h 

T 
Fi g. 2. l 

To r:i i nimi ze t he vol ume of ma t er i al, V, given t he permis s i bl e de fl ecti on , 

o and rermi ss ab l e bendi ng stress , oh , v·1e have : 

V=Lx hxcl 

( 1 ) 


p
0 = ------- x 

4 x E x V 
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and 

Nm·1 pl otti ng curves 

3 p t 'v = _J__ (-L
2 

) 2 and v = __x_ x (··-
? 

)
1 4Eo "' 

v 

h 2 2xob h 

Assw1 i ng thr:~ beam i s des i rincd for max i r:iu:n de flectio ns o anci maxfrlur:i 
2 

st ress ob vie f i nd Jn opt i r1um rat i o ~- for ea.ch materi a 1 , r:ioi nt A 

and B ( Fi g. 2. 2) . 

YcastI ron

/~ 
Vo 1w1e -~ASteol 

Fi g . 2. 2 

Si nce Younn, ' s t ~~ odu l us ·for steel i s a l most t 1rice t ha t for c0st 

i ron , and the ultiF1ate tens i 1 e stress i s 3n to 60~~ hi CJ her , the ontir.ium 

r atio for s tee1 has a vo 1 ume arp r ox i mate l y 3 ti 1~1e s s1;1a 11 er than th at 

of cast i ron . These conditfons 2re usua ll y not pr act i cab l e as 

t he s tee l s ection beCO!T1es very thin and deeo . Hrn·1ever , -jt serves 

to ill ustrate th at the des i c1ner usin s structura l stee l (rather th a n 

cas t iron) t:lCl.J sel e ct li cihter and deeoer sect i ons for eoua l or small er 

def l ect i ons [ 19] . Usua lly t o achieve the s t i ffn ess requ ired , the 

materi a l i s \ · Jr~ ll 1·1ith i n its l oad hear i ng canacity ( far to t he left of 



10 

the curve i n Fi q . 2 . 2) and it i s li mited only by the value of 

You ng 's modu l us (Eqn. l). Conseoue.nt ly h i :iher grnde s tee1 a11 oys 

are never used in MT structures, as Young's modu lus for stee l does 

not vary by more than 5~ . 

2.2.3 Stiffness of Dolted Co nnect i ons : 

It i s not sufficient to cons i der the deflections of 

indivi dual e l ements on ly , hut the deflection and stiffness of the 

mach i ne tool as a v1ho l r. , \'1 hen fully assemb l eci , must a ls o be considered . 

Often for vali d c!~s i gn cri teria, r.lcr.1ents may be bolted togethe r. 

Th us , it vJOuld be des irab l e to be able to s oecify the parameters of 

a bo lted connect ion to ensur~ th e requ i red stiffness i s ach i eved . 

A ri gid bolted joint i s des i ~) n ecl so tha t it does not oa.rt un de r load, 

and the stiffnes s of the joint i nt erfacr th en adrls t0 the ov2ra ll 

stiffness of the joint. 

A th eo ry has been deve l oped r2l ai1d [3] 1·1hic1 s hov1s a 

re la tionshiD beh•een the r:1ean i nterface pressure, o , of a joint and 

the norma l . elastic de fl ect i on AJ of th e joint . 

AJ =~ 102 p + c where m and c are constants . Thi s was 

found vali d for o > . O~ ton f/in 2 for t he ma t eri a ls an d fi nis hes 

t ested . 

dnOn di fferenti at i ng vie !]et dA~ = mp 
J 

The value of m is Cl measure of t he surface stiffness dependent on 

the surface topograohy and the ~ate ri a l of the mat i ng surfaces. The 

pape r goes on to sho1·1 t ha t although a t)olt assenb ly consists of 

http:Conseoue.nt
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s e~e r a l j oin t s i n s er i es (washer s , thread s , etc . ) when t hr stress i s 

above a mi nir11um pre - l oad t he bolt ass emb ly :-:1ay be cons·ide r ed soli d. 

Then the actua l bolt stiffness co ntr i butes a neri li '.) i hl e amount to the 

overall j oint stiffness (ass um i ng th e j oint does not nar t under l oa d )~ 

Thi s i s confi rmed by Ko eni 0sherger [ l] viho states , "if th r: rre- l oad 

(o f a bo l t) exceeds the mini mum l oad , a furt her i ncr ease i n t he rre

load has only l ittle effect on the bendinci stiffness, and no effect 

whatsoeve r on the tors i onal st i ffn ess" . 

Conno lly and Th om l ey [ 3] have a ~a l y s ed di fferent bo l t ed f l anged 

joi nts 1·1 it.h; normal l oad; bending rioment ; two fi xed ends; ho ll o\'! 

cross-sect i on ; co11r ut i ng t he r,i r opo rti on of joint defl ect i on to over a11 

defl ect-ion. I n each cas e t hey fo und th at th E' joint de fl ect i on 1·1as 

hi ghly si i:_rn ·i f icant for. s hort stru ctures , even vlith hi 9h vul ues of rn ; 

as t he surface qua l ity det eriorated the .ioint deflections became 

si gn i f i cant for th e l on1e r structures ( up t o 3 fee t ) tes ~ed . Va l ues 

of m were mea sured for di ffer ent mac h i n i n ~ Lle t ho ds - th e val ue obt ain ed 

fo r good surface grinding was l ~. 8 S x 10
4
/i n. whi ch f i nall y decreas ed 

to . 62 x 104/in. fo r rough s l ab 1:i i lli ng . ThP. autrors r ef e r to 

anothe r nape r contai ni ng the r esu l ts of a s u rv~y of t he val ues of m 

common ly found i n i ndus tr i a 1 r:ianufacture . 

2.2. 4 Chanqes i n Stat i c St i ffn ess:- ---··------- ---- --------- --· 

Another difficulty i s t hat th e s tat ic s t i ffn es s i s of t en 

dependent on ch a ngc s ~i n th e po i nt of l oad apoli cati on, an d workp i ece 

pos i t i on , e . ~ . on a l at he the st at i c deflect i ons will vary as t he 
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cu tting tool mo ves along th e workniece. In the case of a !iyc!raulic 


~am drive, the sti f fn es s decreases as th e piston extends from the 


cylinde r . . 


2. 3 on!NH c STI FF~!ESS 

riost mach in e tools today ure li 1:1 ited by their dynar:i ic 

pr;rfor:riance. Cons eriuent ly, ;.ff desi~: ners arc becor;1i nt; increas in:1ly 

aware t hat mo re attention shoul d be devoted to t he ciyna1;1i c he ha vi our 

of th e r-.rr. Freq uent ly th e lini t ing factor to hi gher rates of 

meta l re;11o val is the dynamic ri gi dity of the :.ff structure . ,l\ t th e 

risk of over si nv)lification, dyn am ic ri ~Jic!ity 1~1ay he consi de red as t he 

filachine tools res istance t0 vi bration. Th ey may be transi ent 

vi brations , induced hy th~ i1np0 ct of t 1e cut t i ng edC1c and the 1·10rk

piece, or forced vi brations ,r:aused r.v out of halar.CF! ro ta tin:1 col'rnonents , 

cor<iin::i from 1·1ithin the i:iachine t oo l , or from sor1e external source , and 

transmitted th roucJh the m found ati on . Still another type of 

vi brat ion v1hich usu ally li mits t he derth of cut for a oarticular 

workpiece-tool co~b in at i on , is known as chatter . Th e precise nhys i cal 

causes of chat ter are not fully unders tood CGJ although s everal aut hors 

. have recently made si')ni f icant progress i n fornu l at i nr,i an alytica l 

stab ility criteri a for cha tter free 1:1a chi ni n~ [7] anc! [8] . It occ urs 

when a variety of cuttin<J forces act si multaneously on the cu tt ing 

tool. Often mino r changes in tool position or gemetry can r ernec'y 

it. The analytical solutions for ma chine tool chatter are usu ally 

http:halar.CF
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li mited by t he as s unptio ns made to make th e ma t hematics rna nag ab l e . 

In t he past chatte r has been stopped by si mp ly r educ i ng the r ate 

of meta l remo val. Chatter has adver se effects on t he su rface 

fi ni sh , th e ma chi ning accuracy of t he workni ece and may al s o cause 

excess i ve wea ~ of th e cutti ng too l or the act ua l ma chi ne t ool. In 

additi on, the vihration i s se l f exci t ed , di ss i pates energy drawn fr om 

t he MT dr i ve , l ea vi ng l ess avail abl e at th e cutti ng edge . 

2. 3. 2 	 _c;__~~~j_~_.?J Vi br a t i on Th e_o_IY: 

From cl assical vi br at i on t he ory th e fo ll w i ng ra r ameters 

i nfluence r:ia chin e too l stab i l ity : 

M = Vi br at i ng Mass 

k 	 = p/ o St at i c Sti ffn ess = For ce/ Deflect i ons 

c 
p = namnin~ Fact or ( C Damni n0 C o~s ta nt) 

2[1k 

l·I nat = } k/ f·1 Natura l Fr eq uency 

The \'/ell kn o·:m r esn.o nse curves for a si ngl e deoree freedo1n 

sys t em Hi th vi scous damp i ng are s hown i n Fi 0s . 2. 3 an d 2. 4 for f ree 

and f orced vi brat i ons res pect i ve ly. Fro:n t hese curvPs i t i s 

apµar ent · that t he clyn anic de.fl ecti ons C\re rn i nir.1a l when t he excit i nr:i 

frequency i s f ar sma ll er or far l arge r t han t he r esonant frequency, 

or v1h en th e clamr i nc:; f actor i s h·iqh . Hrn·:ever, systens v1ith severa l 

degr ees of freedom have other resonan t frequenci es hi c:iher t han t he 

natura l frequency , so oft en ma chi nP. too l des i gnr. rs vii 11 at tenot to 
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design the MT 1·tith a natura l frequency hirJhe r t han the maxir1um 

exciting frequency anti ci pated . Thi s is not ah-1ays possib l e 

as a versatile mach ine tool must operate over a wi de range of speed s 

and fe eds . The natura1 freci uency is proport i ona1 to (R-) l / 2 

cons er.iuent ly to i ncrease the nutura l fr equency the des i0ner must 

minimize th e wei ght for maximwn stiffness. Increasing th e stiffness 

( K) alone, however , does not li mit the deflections that occur in t he 

r ange of resonant frequen cies (and it i s often imposs ible to eli ni natc 

MT resonance entire ly) . This i s illustrated in a vector diagram of 

th e forc es actins on a si mp le s i ngle degree of fre edm system at 

r esonance, shrnm in Fi g. 2.5. Th e S!)ri ng for ce !:o and the i nertia l .. 
force mo are opros i ng each other , i n quadrature 1·Ji th only the dar~n i n:J 

. 
force c8 , oppos ing t he exciti ng force. Cons equent ly, to l i 1 ~1it 

t he dyn amic defl ectio ns at r esonance a hi gh damp i ng constant is 

required . Peters [ 9] s uggested the machine too l s hou l d have a 

damo i ng f actor beh1een . 5 and . 7. A hi gh drnno in9 factor ensures 

r ap i d decoy of free self-excited vi brations and in creases t he dynan ic 

stiffness aga i nst forced vibrations, but it is diff i cu lt to attain, 

and can i ntroducr an un des irah l e rhase l aq . 

For ma~y years designers ha ve prefered to make mach i ne tool 

memb ers fro111 cast irO!l as it has a hi gher structu1~a1 da.r:1ping constant 

th an stee l (approx i riate ly . 002 and . 00 1 respect ive ly) l'Jhr.n t he s ame 

stress is apr li ed [ 10] . Recent ly s everal '. 1T des i ~i nr.rs have used 
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stee l ele1 :icnts \'Jelded t o9ether anrJ have ach i eved h i ~her cl2rn oi ng 

factors, th an wi th a cast m~nber . In additi on , t he r erl uct i on in 

\>/ei ght of the mei1ber for equiva l en t static stiffness, often r esul ts 

in a higher natura l freouency , \'thich is des irab l e . Oritz a ncl 

Bielefe l d more than doub l ed th e natural frequency of a 'ff member 

fro~ 340 cps for a cast el ement, to 695 cos for a we l d el ement [9] . 

Structura l dru~p in g incre ases with i ncreasing st res s and since s tee l 

can be !i1o re hi ghly stress ed than cast i ron it is possible by des i rin i nj 

t hinner and li ghte r stee l sect i ons, to imnrovr t he s tructura l danDin0 

of a stee l el e::ient to eciua l that of cast iron el erients . 

2. 3. 4 Fr~_cj:_~_si_n_____Q_~~~~i_!]J_ : 

Anoth er type of cla r.i ninfJ that ha.s been usr.d i s fr icti on 

dar:1pin'.) . Tli-is i s charactei'is ec.! by a cons t ant e ner~1y · l o ss r er cyc l e . 

It occurs \'/hen the energy of vi bration is suffic i ent to cause r e l at ive 

movement beh1een any t •.-10 con t act surfaces under nrr.ssure . There is 

a re la t i onship b e t~1~en this pressure and the energy dissi p ~ted each 

cycl e . Usin :-1 t his pri nc i r-i l e Peters [9] i ncreased t he danir i ng of a 

lathe s pi nd l e from J.1005 to . 0261 . The optinmn contac t pr es s ure 

for r,1axi1nur.i friction dar:1p i ng \'1 as obtrli nee! by us i ns an i nterference 

fit between th <:: spi ndl e and th ~ hea ri nns . A steel structure 

fabricat ed 1·Jith frequ2nt i nterrunted 'l:e l ds may als o exh ibit a si gnif ic ant 

amount of frictio n damo ing. The contact pressure i s caus ed 

by co ntraction of the v1e l rls on coo li n9, an<l tii e energy is di ssioated 

by relative moti on between the s urfaces . Yet in most cases fric tion 
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damp ing is not very satisfactory, the max ·i riur:1 ar:iount of da1~1pinq 

obtained is quite i nsufficient for iff structures , (esDec i ally near 

resonant frequenci es ) and there i s always the prob l em of excessive 

\·1ear on the mating surfaces. 

2.4 DAMPERS ~In ABSORBERS 

2. 4. 1 General : 

Altern at ively the dynamic stiffness of th e machine tool, 

may be increased by using various vibrationa l reducing devices . Th ese 

may be cl ass ifi ed as either absorbers, or dar:1pers. Both have inherent 

disadvantages . The absorber, which trarisfers the vihration al enrrqy 

to anot!1er syster;i , e.g . Frahm absorber, has to be tuned for a pa rticu1,Jr 

frequen cy. Its orerati on i s only efficient over a s~a ll band cl ose 

to the tuned frequencv, and oft~n increases the amnlitude of the 

vi brations of freq uenci es outside t~is band. On th0 ot~er hand, 

dampers 0hich actua lly dissioate the vihrationa l energy are effective 

over a wi de range of frequenc ies, but are di ff icul t to tune correctly. 

These dampers are usually pl aced i n para ll el to the ma i n force loop 

of t he machine tool. 

Vi brating eler:1ents on the structure are some ti mes mounted on 

visco- el astic materia l to i so l ate the rest of the structure from th e 

excitation. Th e dnmp i ng 'coefficient is derendent on; the tyre of 

material (PVC and other enoxy resins ar~ fre0uently used) , the geometric 

sha~e and the pre- l oad appl i ed . 
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Th e difficulty in d es i ~1n i ng vibrat i on li rnit i ncJ devices 

for f'lCMT is that they are re qui red to be effect ive over a wi de ran ge 

of exciting frequen ci es, as NCMT are usually versatil e tools and 

operate over a l arge range of fe eds and speeds . .£\lso the modes 

of vibration of the struct ure are not necessarily constant but may 

ch ange with the l ocat i on of the cutt i nci tool or t he \'!orkpiece . The 

vibrati on ch aracteris t ics 11Jill al so vary vJi th different wcrkn i eces , 

which may · or may not have dynamic s tability . 

2. 4. 2 Cor:1mon Dar:iners Us eel in MT Structures:-----·------------

Th e 1·1ell knrnvn dynamic absorber has been used successfull y 

on extended boring bars, wh ich have li tt l e i nherAnt da~p i ng, and 

vibrate prec!rn;ii nant ly in one rn ocl e . I n this case the space ava il ab l e 

for the damner may be the li n:it i nci constra int for ari effi ci ent design. 

The i mpa ct damner is fin ding i rcr~as ing arD li cation en mac~ine tools, 

and has been used extens i ve ly for damp ing t he vi brati ons of lathe tool 

holders . It co ns is ts of a mass osci l l at i n~ i n a conta i ner ri gidly 

connected to t he ma i n vi brating system . Th e energy is d issipate~ 

on each i r:1pact l'Jith the \'lalls of t he co nta iner Sadek and !·iills [11] 

have pub lis hed severa l paoers on inra ct dampe rs and :n arrn li cations . 

Fi g. 2. 6 s ho1·1s a s ch euati c of 4 tynes of fr1r.a ct dam rer s. 

The experimenta l resu l ts ind icated [ll] that mode l d giv es the best 

perfo rmance ove r a 1·1i c!e r ange of frequenci es . Th e springs s11sp e11d ing 

the mass have to be tu ned for max i r:iur.1 darno i ns , 1-th ich occu rs at 2 

i r;1pa cts rer cyc l e . 
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The concept of reducing the vi bra ti on of the MT structure 

usin '.} an c l ectrohydraulic or e l ectro-!ila~J nct ic shake r has l fr1itcd 

app licat i on because only a very l arge sh aker mass would be effective. 

Mathematica 1 mode 1s of these c01~1m on rl arnpers and absorbers 

are rea dily avail ab le in any st and ard te;ct or vi·bration [13]. 

Several assui:1pti ons have been made to s :imp lify the mathemat ical 

an alys is (Fi g. 2.7). In most cases the ma in vibrating mass i s 

considered to have only one deg r Pe of freedom, wh ich is never true 

in actua l rn app li cations . 

2. ll. 3 i~J!_-_o_12t"ir1L5JJJ.Cl_D~~il~ rs _ : 

Current ly s evera l des i ~ners have proposed s elf-opti mi s i ng 

dampe rs, Con esno and Bo lli n~c r [1 4] devel oDed t he t heory fo r dy nafil ic 

absorbers, that 1·Ji 11 mi ni rn i ze t he 2mn l itude of vi bra t i on of any 

cxciti n~ frequency . The r es ponse curve for a dyna:71i c absorber 

Fig. 2.7 ) opti ma ll y t uned is s hm-m in Fi g . 2.8 by the daslird 

line . The clamp ing in t~e r.1a in system of t he MT is very 1m·1 and 

conven i ent ly assumed to be zerD . This opti ~ un tunin~ aives the 

l 0\11es t amp 1 i fi ca.ti on factor* over a frequen cy ban d , PQ, about the 

natural frequc: ncy of tile r.1a in system . This, hrn·1ev:: r, is not true 

outside this band , and non optimum tu ning will give th e lowest 

amp lificati on fa ctor . The dam1Ji ng factor is rii ven bv p = --~- -- - 2fik . 
------··- ·-

-
* Amn. l i fi c0+.i on== dv_!'!_(lf'.J i_~cj_e_iJ_e_c_!_i_Q_!]_ 

· · ·' static deflection 
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V0ri 21t i on of one or tv10 of t he three parame ters, m, k, C is suffi cient 

to keep the amp li f icat ion f actor at a min i mum for all exciting 

frequen ci es . Bonesno and Bolli nger [14] decided to keep r,i constant 

and vary c and k by some coJ1tro l criteria to mini mize the arnr1 lif "ic~t i on 

factor. The dis placerients of both masses may. be measured L~y crn 

accelerometer , and i ntegrat i ng ci rcuits . Ins tead of meastir·inci the 

app li ed fo rce or the frequ ency, which requires expens i ve equ i pnent, 

only the phase angl e was ~easured, anrl th i s indicated whether to 

increase or decrease the spring r ate to keep the resno nse at a mini mum . 

Often the amp litude of vi bration wou l d have to be .i ncreased, before 

the r;1inimum amp lit ude cou l d le reached , thus it vmuld not br. s uff ici P.nt 

to measure th e dis pl acement only. An anal og mode l was used for a 

si rriu l at ion study on a hybrid cor.1puter. Th e authots r l otted the 

response s urfaces of c and k. The opti mum cond itions for a steady 

2st.a .... t·e is· ur. bunce c n ancl k ·•r·;t•J 11ovJe~ ver, t · ... decay ·d t are = _, =-= , rans 1ent.. t.ir1cs 

\'/ill extend to in finity if c is perma nently set at zero and it r.Just be 

finite. Tests performed on an experimenta l model 1·1ere very 

satisfactory . A cantil eve r bea~ was chosen as t he ma in vihrating 

sys tern . The absorher had manua lly adjusted frictio n pads for 

damp ing, (although the t heo retic al mode l was dP.signed with visco us 

damp ing), and this proved adequate. The snring rate was vari ed hy 

altering the effective spri ng l ength wi th a servo me chanisM. The 

damner beha ved as exnected when the cant il eve r had only one degree 

of freedom , but became sor.iewhat unpredictable when excited in sevA. r al 

de grees of freedori [2:!] . 

http:sufficiP.nt
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I t may prove so1;iev1hat easier to des i an c1 self-o r.• t i iTiSin ~J 

i mpact da11pe r . The d am~er pe rfo nnan ce cou l d be contro l le d hy 

chang i ng the stroke l ength and the coeff ici ent of res t i tut i on of 

t he ends . 

2. 5 MACHPlE TOOL rnu;JDf1TIOf·iS P,nD VIGR.ATHW IS!lLA.TORS 

2. 5. 1 Generul : 

The as sur1ption i s fre'"juent l y made that a machine t oo l i s 

ri gi cl ly 1:io u;iteci to the fl oor . T h i s as s u1npt i on i s s e 1d orn j us t ifi c d. 

Usually it i s des i r ab l e for i:i1pact tyDe r,1 ach i nes s uch as run_ch-nresses 

or forgi ng - har.1r,1ers to be mounted as ri J i dly as rossib l e . Consequent l y , 

t he i r foun ci ations are made of concrete severa l tfr1es the v1e i ght of the 

Ma chi ne , and t hey are f i n~1 ly c.ttacherl to i t. 

ri 9i d uount i n'} i s sti ll some111i1at e l ast i c , and most ~!crrr requ i re 

peri odic re l eve li n<J c.nd re-ali 0ni ng to cor·1rensate for n1over.1ent on the 

mounti ns s . 

A r es ili ent t11re nia cf~ i ne t oo l n1ount i nq i s becomi n'.] i ncreas i nq ly 

rot) ul ar . They can be des igned 1·1ith the arrroi:i ri 3.te anount of stat ic 
I 

stiffness , t o l i!:1 it the defle ct i ons under s tat ic l oac!s to rierrn i ss i t-·le 

devi at i ons , yet eliminate t he need for re0 ul a r ali rinr.1ent chi=ck s . The 

resili ent s up por t acts as a _v i br at i on i nsu l ato r, i t r r otects both t~e 

MT and the s urrounri i nq area from mutua l dynamic c! i sturha nci:s . 

Frequen tl y the s uon.orts are made of e l as t oFIP. rs , r:i l ast ics , stee l 

or even e arl~ , all of Hh i ch havr? very l itt l e dri ft under stat ic load. 

http:elastoFIP.rs
http:arrroi:iri3.te
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and hi '.)h damf) i Wl oro:.iert i es . Mo r do they deter i orate with a0 e or 

un der v.1orkshop con d·i ti ons . 

A ri gi dly des i gned MT may have softer , more res ili ent 

supports and some ti mes i s even mo unterl on meta llic snri nos , whereas 

a MT that requ ires add itional ri gidity from t he ·fo undnt i ons v1ou l d 

ne ed a stiffer su pport . It i s usua ll y des irah l e t o keen the 

natu ra l frequen cy of t he supports l m·1 (10 - 20 eris ) so that the 

exci ti n9 freq uency i s far nhove t he ir resonan t frequency and large 

dynamic clisolaceme nts are avoi ded . Often t he height and the 

resi li ence of t he supports are the limi tin0 design cons traints, 

which r aise tl1e natun. l frequency of t he supports highe r t han 

desired . 

2. 5. 2 !:___se l_f__fi5!_j u_~!_i_n_9_~j_r.___s__r ri_13_g_: 

Self adjusting air snring ~ount i ngs have received cons i derab l e 

attention from i!Cf.ff bu il de rs. A hei ght sensing device is cou8 l ed 

to a servo valve , that exha us ts or ad111its air to cor;ipensate for l oad 

ch anges , t hat woul d result in hei ght vari2tions . The ad v anta~es of 

t his system is thcit it provi des ad0quate stat ic stahili ty , having a 

quick response to lo Rd vari ati on , and t ha t it can als0 r et ain its 

hei ght to with i n ·1o of a e1ous andth of an i nch f.1 5] . f'.. schema t ic 

di agram of an air soring i s ill ustrated i n Fi g. 2. 9. From t he 

anal ysis given i t is apnaren t t hat th ~ natura l fr e.o uency of the system 



25
F 

i-----/ 

P·V·I I 

r = pressure 
v = vol ume 

A = area 
F = forc e -

A 

'-:v 
cS = dis pl acement 

n = ratio of soeci fic heats c l e p v 
K = spring consta nt 
M= mass on piston 

h = height of cylinder 

FIG2·9 a _Schematic Ai r · Sp_rtng wn = natura 1 frequency jK/~ 

h 

i = subscrirt initi al 
F~r An Adiabatic Ex~ans i on : 

P.v.n = rvn 
l l 

(1 ) (P/P;) = (V/V)n 

F = P/A. (2) 

V = V.-Ao (3) 
l 

Su bstitute (2) and (3) in (1): 
V. n 

F/ f\p = l' l )· · ; v.-f\o 
l 

F = AP .(l-AcS/ V.)-n 
l l 

dF - nA2Pi i n+l 
Ci5 - Vi- (- ,--::-Ao/V) 

Sri r ing const an t k =~~-and for sma ll cS 
2 

k = nAJ_ (4)v 
As sume F is a mas s ~ on t he piston t hen PA = Mg 

and vol ume V = hf'l. 
K = n;11g_ 

h 
Th en w =Jnci 

n h 
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is constant for constant height above a given datum. To i rnnrove 

the dynamic stab ility at near resonance freouencies, the isol ator 

may be connected to a surge tank throu~h a sma ll orifice . · This 

is sh rn·m , toget~e r i·1ith a mathematical mode l of tfie system in 

Fi gs. 2. 10 arid 2. 11. 

The r at io of the sur0e volume to the capacity volLn1e (N) is 

the ch ar acteris tic parameter of th e system. It has r.een sho~ ·m 

that this sys tern has l mt trans rn i ssabi l ity (stab ili ty at reson ance ) 

and a hi0h rej ection r ate at hig h freau enc ies (1 2 db /oct ave comca r ed 

to 6 db/octave for a viscous damped syst em ). 
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.. 
Schematic Airspring Isolator and Mathem atical Model 
Surge Tank 
FI G. 2 ·10 FI G.2·11 

As the or i f i ce C + oo For zP.ro d0·11ri ng Cv = O p 
The danpi ng is zero K = s pr ing constant at zero dm:1pi 11CJ 

0 
V = Vo l ume at zero damp in::.i ( ri )0 Ko = K t!+ f v = v + vs 

00 

0 c 
For infi nite da nr i ng Cv = 

For a- closed orifice C + 0 
p K = s pr i ng constant at i nfinite 

The damp i nCJ t ends to i nfinity 
00 

dampi ng 
Voo = Vo l ur1 e a t i n f i ni t e cl am !: i ng 

K = NK 

Voo = V 00 


c 
K 

00 

fl + lKo 

HOl'/evcr from Fi g. 2. 9 eq uati on (4) Ka l / V 

Thus cquati ng V / V and K / I< t o verify th e mo de l
0 000 00 

+ V / V = ti + l s c 

Hence rJ = V / Vc 


= tlatural frequ0r1cy :1 f
' zc:: ro 

f' 
I =N+ l 1t1h P.n~ frCTJ::ncy 

WO l 

d.:: :r;p i nci 
(J.) = Na t ura l frequen cy at i nfi nito:: 

00 

damp i nJ 
f = f i·! + l 

00 0 

uK-·~~ n ._;.~,,.: 
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Cll/\.PTER 3 

r!Ci1T ORI VES 

3.1 I MTRODUCTIO~: 

I n c:cner al a r1T drive syster:1 r eriu i res a 001•1e r s unp l y to 

en e r~i s e t he ori me move r ; a t ransmission wi th rl i screte or 

conti nuous sneed vari at i on and i n so:ne cases a· r otary to 1i near 

mot i on conve rter 

The para1.1eters t hat i nfluence the ~ e l P,ct i on of f!C!·iT dr i ves 

may be di vi ded i nto l\-10 cRte'3or i es , those dc.::: re nclent on the meta l 

cut t i ng process, and t hose cle ~ en ~!cnt on t he contro l and measur i ng 

sys ter.1s used . In t he fom2r case , fac t ors s uch as, the tyr;e 

of r.1ate ri a1 and max i r;1um d i r:i~ns i ans of t he 1·10 r k- pi cce , t he feeds, 

s peeds and hor.sc1J0\·1er reciu i rcrn~ nt s for effi cient rates of me t al 

r emoval etc, must be cons i dered . Tab l e 3. 1 lis ts severa l of 

t hese oar ameters fo r l athe s and for m il"li n ~' ma chi n-:s . The narafil~ters 

d epe n~ nt on t he contro l syste:n ar e for exar;1n l e ; var i ab l e speed 

se l ection, f eedback con trol systen1s, mea sur ern:in t de '1i ces etc. 

It is ob vi ous t h at t he ove r a 11 rerfo rman ce of t he rnach i ne t oo 1 

will depend on the COiil[lat i bili ty of both the c r i ter i a and of ten 

a comr r or:1i se sol ut i on •:ii 11 be necessary . 

This chapte r dea ls \·1ith current des i qn rract ic e of fiCf'lT 

drives . 
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TA GLE 3. 1 

DESI GM PARN'iETERS TO CE COf'JSIDERED FOR M. T. fJRIVE SELECTIO ~I 

CENTRE LAT HE MILLIMG MP.cl-llNE 
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3. 2 DES IGN Pf\RAi'lETERS FOR SPI!![)LE DRIVE TR/\IflS 

3. 2. 1 

Th e majority of NCMT ar_e desi 9i1 cd for riiaxi i'.lum fl ex

i bility in th eir r:ie tal cuttinri caoah il ity. Each ~achine t ool 

sho ul d have sufficient t orq ue over a wi de speed r ange to ma inta in 

opt i mw1 cuttin~ s peeds and feeds for many dif ferent co~b i nat i ons 

of tools and ~or kpiece ma te r i als. 

ifost NC meta l cu ttin•J tools hav~ R rot ary cutting 

action (i. e . turning , boring , dri lli na, milli ng) as oDoosed to a 

re ci p rocat i n~ c~ttin~ &ct i on such as planin?* · Cons eriuently, 

the spindle speed i s the ratio of cutt i ng s peed to tool di ameter . 

Thus t he f astest snindle soeed is 9iven by; 

fast est c utt in~ sneed used U 111ax = -~:--x- f:iTii- -dTa~eftfr- c-u-ftfri'3 t ooT 
an d si 1;1il arly t he sl m·1est spind l e speed by; 

sl O\·Jf'St cutt i nn sor=erl usedn r.i i n = ;i--x-max cr;-a;.;;-:~te-r cutt i n-a-- too-1 

Ta!::l e 3.2 gives so:.12 i nd icati nn of the range o ·~ rntti n'.J s reeds 

re co?ilnended for different nateri a 1s. A spindle s peed r at i n of l : 40 

vJOulcl he f airl y tynica l of a i·!C" 1T canab l e of mach i n i n~; '.!oth vr- :' '' ha r d 

metals (rene 41) and t he fr ee cu tt inci ma t~ri a ls such as a lu;n i nurn at an 

acceptab l e r ate of me t al r~~ova l. 

It is i mp ortant, !101.·:e ver, to keen the transmis sion i ne rti a 

lmv, and avoi d excess iv2 pitch li ne vel oc i ties of free ru nn in :;i gea r s. 

·)( A .Germ211 i'/ C. planing c1ci.c 11i nP h0.s been built 
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TA BLE 3~2 


CUTT H!G SPEEDS FEET / MI N. FOR MILLING CUTTERS 


·Ca rbon Steel 

Cas t Iron 

Li ght I\11 oy 

up to 

High Speed Steel ft/min. Carbi de ft/min. 

38 Ton/ i ns ? 50 - 100 

32 - 50 

640 - 1280 

160 - 400 

128 - 200 

1280 - 2000 
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3. 2 . 2 _6_}y ni c~1_?ni n~lJ~1?I_L~~--~_n_d J_~~21s 11ri__s s t <?F:..: 

A s chenati c of t he s ~ i nd l e dri ve and tran sm i ssion 

system of a \'tell knO\"'n r121ch i ni n::i cP.ntre i s sho'.•m i n Fi 9. 3.1. 

Thro constant mesh t ransni ssion conta i ns three e l ectri c cl utc11es , 

each respons i ble for a di screte s peed range , and i s dr i ven hy 

a pos i t i ve disolaccLlent hyd rau l ic motor wh ic h has var i a~ l e snced, 

controll ed b:r the: flm1 thro uc1h an el ectro- hydrau lic va l ve . Tyri ical 

outpu t characteri st i cs of t hi s syste;n i s sho1·m i n Fi '.] . 3. 3. It 

s hou l d be noted t 11at t 11e s:i'ir:dl lC' horseno 1·1e.r drors be l o'.·1 seve n 

h o rsepo~·1e r ~·1he n t he snindl e s oeec! i s l ess than .:Y1r. r rrn ., r'et\1ecn 

600 and 1non r ri.1 and bet\·reen 1600 and 3noo r m . Trese li!ilitat i ons 

could be dis advantcscous in r:iach in inJ t he harder a11oys 1t1 i th 

cu tters of l arge di ar•1e ters, hn111eve·:·, usin<?. a carbide too l ra V1 ~ r 

t han one riade of hi gh spe0c steel \•!i ll usua lly so l v2 t hi s ~rot l er:1 . 

Si mil ar ly th2 restrict i ons on cuttr.r di an12ter i n 111a c!1i ni nCJ hard 

s tee l or chill ed iron i n the 6~0 to 1000 r~m rans e can be avo i dPd , 

if a carhi dr too l i s used. 

3. 2. 3 T0I__~_i_on~_l_ _S_!_r en0 tJ}___~:i__c3__5_!_i ffnos s_: 

In addition to t he re~u l ar cut t i w1 forc~s the sp i ndle 

is often subjected t o forced V°P:lrat i ons fro~n t he rer i ocii c irinu l ses 

of a milli nJ cutte r, or f r om the unba l ance of a r otat i ng part . The 

i mpa ct of t"1e t oo l on t he v1ork~iece shou l d nl so be cons i derPd , and 

gener all y the cutt i ng forces may vary extre~e l y r an i dly, caus i ng 

hi ~Jh stress reaks i n t~1e 1·1ho l e s ~ ind l e asserib ly . Stren] tf1 cal cu l ations 

are bas eel on the r;1i ni :mnn s oeeds, 1·1hen the toroue ar:in l i ce! to the 
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r:ie chanical comronen ts is maximu1-:i . 1\ ll transri ission shafts 

should be s ho rt as poss i bl e to rn ininize torsi ona l and ax i al 

comp l.i ance of the drive train. This is nnt a lways possib l e , 

because, to all m1 th e tool r:iaxiriu:TJ accessi bility over t hP. 1·wr k

table area, the srindl e should be a lon? slen de r projection. 

Torsional vibration occu rs frequent ly in dr ive trains wi th in

suffici ent torsional sti f fn ess, and usu ally results i n an undesira bl e 

phase lag between in put and output. Th e t orque vari ation can 

be partly absorbed by a fly 1·1hee l (coul d b0 dr ivi ng gear) on the 

spindl e 1·1hich distri bu tes the torC] tte evenly over the entire cyc l e . 

3.2.4 	 Additi ona l Consi derat i ons : 

Any spindl e d~f l e cti on will have a de t ri menta l effect 

on t he quality and ac curacy of the work-ri i ece, and can te res rons i !::: l e 

. for ex cessive tool and r1ac11ine tMl v1~ar . /\nothe r cri ti cal !1arar.~eter 

is t h9 inh91ent Sf"' i nd l e damrinci oa.r ticularly vli t !~ r efer er.ce to t he 

natural freriuency of the drive t ra in and to t he fr r.riuency of antici

pated trar.s i ent disturbances. 8o t h th9s e factors den enrl large ly on 

the selection and th e locati on of the sr i ndle br::ar in~; s. 

Uncontro ll ed lieat sources in t he vicinity of t he s r i nd l 0 

be arinss shou l d be eli r:lina tr;d \·1~e re ver C1ossibl 2, as i rrer;u lar t herr;ia l 

ex!Jansi on of th e sri in dl e r:iay introduce ari pre ci ab l e errors in 1:1ac'1in

in Cj . Spin dl es are oft r::n d~s i gned of r1a t eri a l viith 101·1 cor; fficients 

of ~xpans i o n (. e . g invar ). So:11e MT bu il ders rrovi de t er1 nerature 

sensors 1:1ith fe ecll.Jc\ cl~ to the contra 1 unit to coi;ir1e ns ate for any 

http:feecll.Jc
http:referer.ce
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therma l 9rm1th, or to contra l h<:>a ti n~J e l er:ients r;1ounted on t he s pind l e 

as semb ly to keep the tempe r ature and srindl e l ength re l at i ve ly 

s tatic. 

Added to th ese consider at ions are the usua l r equ i r emen ts 

of hi gh transmission efficiency , and fre edon f rom back l as h etc . 

3. 2.5 Snindl e SDeed : 

I t i s not essent i al to have a cont i nuous spi nd l e sneed 

r ange, most t·!Ciff have discrete ruw1es i ncrenrntecl by 1'1, t o 5() r pr1 

pe r s t ep. Nor it i s necess ary to ca li brate thr: s reed very 

acc urately , a deviation of 53 of the nro0rammed soeed is suffici ent ly 

accurate. Ho \'1ever , for tarn in~ or sere~ .., cu tt i n'] i t i s i:'iner at ive 

t ha t the s pind l e s recd re:~ a i rs constant, and i s acP.riuate l y s ync'.ffo n i sc r~ 

t o the feed r,iot i on to ma i nta i n an accurate thrrad nitch . r:ons eciur:n t ly , 

tf1ere i s usu all y a srinci l e ve l ocity foe dbaCV. l oon . Ge11 era ll y, it 

has a sma ll er 9ain (s l O\·u: r r esponse) t han t he fe ed cont rol l oon, 

so to avoid a rhase li'l'J bet1 1een sr i ncl l e and f'P.ed r.ioti on , i n taf'r i n~.• 

operati ons, the f eed mo tnrs are synchroni sed to the s ~ i nd l e motors . 

In all othe r nincnin i n: O:-'erat.ions spi ndl e r10 t i on i s i n d r1 r.P.r~' ler.t of 

t he f eed mot i on . 

It i s ~eneral l y desirab l e to have s pi ndle rotat i on in 

both di rect i ons , t hi s i s easi ly achieved i n hyd r;:iu li c an d nc motors 

v~ i ch are frequen t ly us ed f or s pindl e dr ives . 
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3.3 DESIG:J P/\R/\~ :1 E T Er.S rn r; FEED !'RIVE TP/\I ~s 

. 3. 3. l Point to Point Feed OrivRs : 

The basic distincti on het1,1cen noint to ro i nt and 

continuous path ;1crrr is ess en t i ally in t he des i ~' n of t he ir 

res~ective f eed drives and f ee d control systens . Si nce oo int 

to f)Qin t mach inin ci does not r equ ire t he t ool to follO\} Cl rirc: cis e 

path i n ino vi n9 li eb1een two points on t he vJOrk ri i ece , th e feed 

drives on mutual ly pe r pend icul a r f eed ax~s are usual ly not 

synchr on is ed , and do not ne ed a cnnt in uaus ly vari ab l e s oeed ran ~~ 

or pr e cise ve locity control. In ~ r a ctice , ~oint to no i nt f eed 

drives have seve r a l discrete s pe~d l eve l s, on e for r ao i d trave rse, 

a f ew in terrne Jiate l e ve ls and one for fin a l ~00g i n1 i nto pos iti on . 

Feed 1:1otion us ue! ll y t ake s nl a ce i nd~~n e r~d ent l y a l ons each ax is, or 

at an incli na t i on of arinroxir1ate l y 4S 0 to b!o r.1utuallv 1Je 1~ re ndicul a r 

axes (i.e. t he feed dr iv2s rnove at rou~~ l y the saMe s reed ). 

3.3.2 Contin uous Path Feerl nr ives : 

To direct t he too l a l ong a s eri es of s tra i ght li ne 

incre111e nts, at any i nc li r.0.t i on t o t he feed ax Rs (2,3, 4 or 5) r equ ires 

cor.ir lete sync:iron i sat i on of t he fet~ d dr iv2s in def incrl v2locity 

ratios~ It is des irabl e to ~ave a wi de , contin uo us ly varia bl e , 

speed ran ge on each feed ax is so that or. timum c utt in~: fe eds of 

different me tal all oys a r e oossih l e . Hm,1ever, often NCH feed 

drives have many discrete s ri2ed l e ve l s w:ry close to'.]ethe r ove r 

th e entire r ange . The cuttin9 ve locity is t~ e vector sur1 of 

http:inclir.0.ti


37 


TABLE 3.3 

A COMPARISON OF DESIGN PARAMETERS FOR POSITIOMI~G 

"AND CONTOURI NG FEED DRIVES 

COilTOUR ORI VE 
& TRANSMI SSION 

Maxi mum feedra te 

Size of Speed increments 
over entire range 

Required rigi dity against 
cutting forces 

Required damping factor to 
transient disturbances quickly 

POSITIONAL DRIVE 
& TR!\NSmSSION 

Maximum fe edra te 

Rang e of max. &min. feed and 
speeds 

Permissible speed regulat ion 
with increasing external forces 

Maximwn oermissible ti rne ta ken for 
each co-~rdinate setting 

Minimwn comp liance and backlash i n the drive and guideways 
Minimun friction in guidev,iays especialiy non viscous 

Minimum h_ysteresis, backlash, dead zone, and other non linearities ir. 
the drive 

Minimum variation in tempe rature, supply voltage, viscosity (for hydraulic 
sys t erns ) 

CONTOUR flEASURING 
AND CO NTROL SYSTE:1S 

Range of positional error detector 
- maximum deviation in transient state 

Pennissi ble -Insensitive zone 

Required gain in positional 
control loop 

POSIT IOr!/\L MEAS UR I i!G 

AND CO NTROL SYST EMS 


Null or coincident control for 
final positioning 

Maximum ti me permissible for 
co-ordinate setting 



of ·the ve l ocit i es of t he f eed axes. The f eed drives usually 

have both po~ i t i ona l and velocity f eed back control. 

3. 3. 3 Pov~~r:__<;l~__I_~1::.o...l!~~O..l! i re_:'Tl_ent_~ : 

The powe r requ irements at t he cutting edge along 

the f eed axes is re l at i ve ly lov1, since t he t angen tia l cuttin CJ 

force comnonen t (in t he f eed direction) i s al wavs l ess t han the 

main cutting force and t he ratio of fe ed speed to cut t i ng s peed 

is ah1ays l es s t han . 02 [l]. Thus the pm•:er needed for t:1e feec! 

drive is l es s th an 2% of the spindl e pov:e r . Hm·1ever , due to 

the trans r:1ission l osses and t he i nherent st iffness of t he dr iv~ 

train, to ensure static and dyna1ri i c stah ility , the f eec drive 

motors r.1ay have as hi '.]h as 25 ~( t he pO\·:er ca~Ja ci t y of the s pi nd l e 

drive motors. 

Const~nt to rq ue motors are we ll suit ed to overcone 

t he hi gh axi al stiffness of f eed transmis s i ons . The riiax imum 

traverse s rieed usua ll y det e rmines t he po1,1e r r eou iremi:nt of t:1e 

f eed iloto rs . 

3. 3. 4 ;0jcl i_ti o_n.2_l__~~qu i re r:1e_n_!:_~ : 

Th e drives mus t have hi 0h dynamic and static stiffness 

and adequate da1~1p i ng to redu ce t he effP.cts of transient di sturr0nces. 

Non-linearities s uch as ba ck l ash, sli o-stick fric t ion , hysteresi s 

losses sh ould be Drevcnted or minimized . 
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All rotatin ci corrii;onents in the rlrive t rc.nsn issi on 

. sh ould hri ve lov1 i ne rtias and t he motors sho ul d be capab l e of 

rapid accel erat ion an d de ce leration to ensure fa st r es oonse ti ~e s 

to control si gnals. The powe r tra n s~ i ss i o n s ho ul d he both 

continuous an d smooth in ope r ation. 

3.4 EL ECTRI Cf\L OR I VES Al!D :1ETHODS OF SPEED COi!T ROL US ED IN NCf.'lT 

3. 4. 1 A. C. Mot ors: 

Conventional me ans of s peed co ntrol of A. C. motor s 

are often i nadeq uate for NCMT drives, Us 1w l ly only a few dis crrte 

speed l eve ls are ri ossi bl e b)1 varyi n0 t he nunh~ r of excitin0 nol es 

of the moto r . Conse r]li entl y , 1~. C. mot ors us r.d for r!Ci!T drives 

are usually c6ntrolled by magnetic or eddy Cllrrent clutches, 

ho\·..Jf? ve r , these are ineffici Pnt at lo c.ds l es s t h0 r t he ~nx i r:mTI . P.. 

versatile 3 ohasr , 400 ens i nrlucti on motor was us ed more t ha n in 

ye ars a~ o in the U. K. for ~! C1 1T f eed drives . It ha d a peak m1t ro ut 

of .7 bh1 at a s n~e d of 1 0 ,5~0 r nm an d an accel e ra t i on of l n ,ron 

1r p1n/sec. Thes e :1ere us P.d on l an;e* nilli ng r:ia c'.1 ines, cutti ns 


li ght all oys, ;iroduci nr:i ;:i . r:iax i :.1u1.1 f eed r at e of 15'1 r r 1;1 (re f. 29). 


Some of t he first Dositi onal ~·lC~!T us ed t v.'O oha se feed 

drive motors. They have extre~e ly hi gh torque to i ne rti a ra ti o~ 

v1hich accounts for t he ir fast r es t:' ons e ti me s . The output torque 

is proporti on al to t he Drocl uct of t he t\,10 oh as P voltaryes, unfort una t e ly , 

--- - -------·--------- ----------·--·- 
* Load ca;; t1city /l tons a r~d v10rk table 2f!. ft. x 6 ft. 
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t hey have poor effic i en ci es . The finu. l nosition i n'.1 11us 

achi everl hy do -encr1isin1 t hr mo tor at l ow sneed before th e 

spe ci fied l ocat i on , 2nd all o1·linci t he drivr to coast to a ston . 

These systems were desi s ned accurate to one thousan ~ th of an i nch 

but are i nfrequent ly used today he cause of t he i nherent i neff i ci enc i es 

of t he system and t he ava il ah ility of more su i tab l e al t er nat i ves . 

A. C. r:1o tors are frequent ly used for dr i vin0 hyc~rau li c 

purnps wh i ch i n t urn su1Jo ly hyd r au li c ::10\'./er t o the 1;iai n dri ve 

motors . These motors usuall .11 have 2 or 3 s;)eed levr l s \'!h ich 

are cont roll ed by the number of ao l cs excited . 

3.4. 2 D. C. f'l otors : 

3. 4. 2.1 Genera l: 

The re are severa l nethods of ma i nta i nin~ cont i nuous 

speed control of a 8. C. motor . The most effi ( i ent ~e ans and 

t he one used most f reriuentl y i n ~~ Ci''iT des i '.Jn, i s by contro lli nq 

t he armature volta9e , (see Fi :is . 3.4 and 3. 5). Cons eq uent ly, 

t he prob l em i s reso l ved i.nto ge nerat i ng a vari ab l e vo l ta~e . 

13. 4. 2. 2 .1a rd-L eona rd f1otor Generator Sets: 

A moto r generator set provi des ex cell ent sneed 

con t rol, hm·ieve r, has rel atively noo r acce l erat i on and a sl m·1 

res ponse (of t he o r d~r of one sec [27 ] ) on accoun t of t he high 

rotary iner t i a of the generator, the D. C. moto r and the l eads crews 

comb ined . I t is ma i nly us~d for l ar0e hors enower (abo ve 25 

horsero\'ier ) sni nd l e dri '.1es and i s r atlie r exnens i ve . /\ circu i t 

http:usuall.11
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diagram of a \ford- Leonard set used in S!Jir.dle drives is .sho~·m 

in Fi g . 3. G. A wider speed ran~e is obta ined hy r ecluc inJ 

the field current of the spindle drive motor D with r es istance 

F without diminishin~ the outout power . The cha r acter istics of 

a si milar motor generator sets are Shown in Fi~. 3.7. P. t l 01;1 

speeds the output torque does not exceed the desi gn torque 

strength of the transrri ission, and the no1·1cr req uire:~1ent is l ess 

than the max i ::1um . ~l01 1er . At a s necifi c sneed the rirtx i niuni 00\•1er 

is r eached which st ays constant over the rest of the speed range 

as th e outrut torque decreases. 

3. 4. 2. 3 siJ_i cq_~___Con_tc.9J l erLJU~ ct i_fi e i::.~-J_~~s~_81 : 

Silicon controll ed rectifiers (S.C. R) have only 

recently been manufactured for industri a l use, yet tf1ey have become 

one of the most pooular de vicPs for A.C. rectification in anolic
) 

ati ans suci--: as r-: c:n , drive motors , and lrnve i nfl uencecl some NG1T 

desi~ners in using el ectrical instead of hydraulic drives [28]. 

The SC R has the same rectifying nroperties as a diode, 

but in addition it can control the flow of electric current. It 

has 3 t e m in als a cathode , a.node and a gate, \·1hich does not pemit 

current to flo1·1 in either direction until trig9<:'red by a lm·.: 00•:1er 

control i mpu lse. Once the i mpu ls e is r eceived , and t he voltage 

is in t lie fon·Ja r d direction , the gnte loses control and allo1 ·1s 

·current to rac;s 11rtil it dr oos belm·1 a threshold value . \·!hen this 

occurs, th e SCR r e verts to its noncondi1cti nr.i state, unti 1 the 
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next i ~nu ls e is received. When connected to an AC sunply 

the current is in the forv1a rd direction eac1 half eye 1e and by1 

suitable timing of the contro l pu l ses t he SCR can be made 

..., n 
~) . ( J conduct"ing for any fraction of t hat h<i lf C.'fCl e , (s ee Figs . 

and 3. 9 ). This orovides a variahl e D.C . volt age And is pa rt

icul arly suitab le for f'!Ciff hecause s!?vcral con tro l units generate 

electrical si ~1na ls in tile forni of digital ou ls es v:h ic h 111ay be 

integrated by the SCR into an ana lo~ dis ol acemert . 

The SCR has a r esncrnse tif'1e l ess than hclf a cycl~, 

hm.;cve r, r:1otor overloads must be i mme di ate l y dete cted and t he 

firing pulses changed to prev~nt excP.ss i ve currents i n t~e circuit. 

It is not ross i hl e to chi'ln:ie tl1e currP. nt oo l a rity in a trans is tor i s ed 

circuit . t o dcceleratP. or reve rs e tf•r. rotntion of the 111otor,as it is \'then 

using A motor generator s~t. l\. ltho ufJ h tv10 sirlilci.r rectifying 

circuits are oft en provi ded arid the direction of cu rrent flOi ! is 

changed by s1·Ji tell i n'.:J from one circui t to the otl1er . Th e SCR 

controll e r is small . li g ht~ very effici ent (annrox . l volt dron 

across the circuit) and r equ ires no Ma i ntan ce . It has her.n used 

for large DC r:1otors ( f:O r ~ P) but is ex cP. ll ent for medium siz e '!CH 

feed drives v1h ich are s e l doP1 large r thnn 3/~, rlP . The DC fT1oto r 

sel P. cted 1,10u l ci be a shunt or n co:rioound · \·1ounrl rictor di::rend in:.i on 

the torque sreer requirement of t he di·ive. Re cent l y R re servo

motor \·1ith SCP. contro1 \·.1as rer,orted to accA 1erate to 3r;r10 r n:,1 in 

less th an in milis ec . Similar motors are avail ah l e ir sizes 

http:currP.nt
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I . n__n___Jl__1 GATE PULSE VOLTAGE 

SCR r emains in blocking state until 
gate pulse arrives and turns SCR on. 

SCR r emains conductinq for remainder of half cycl e 
' Anode cu r r ent falls ~o zero-SCR r everts to 

blocking state 

shaded area represents averag e 
voltage per cycle. 

VOLTAGE APPLIED TO LOAD 

t -1 AC SUPPLY VOLTAGE 

. ~~ngle 150 electrical degrees. 

I h Jl n....___ 

i--------- GATE PULSE VOLTAGE 

\ 
VOLTAGE APPLIED TO LOAD 

FIG. J.8 EFFECT OF PHASE SHIFT Otl GATE PULSE 

(extrartP~ frnm R P F 28 



110 single phase 


reader control circuit ,___________. 

SP.eed setting
rheostat 

FIG. 3.9 TYPICAL BLOCK 
0 I AGRAM 0 F S. C. R. CON TROLLER 

60 cycle supply 
- d D oI ! 

control circui t field powerIstop I star~ Ijog or thread 
power supply I supplycircuit push button circuit 

man ual overide 

input from tape 71 timed accele ration ,___--I s..c.R,. firing I IS..C.R.. ~ower 
c1rcu1t i-1 c1rcu1t 

I 

control·Lamplif ier 

·l feed back I armature . volta~ 

' network 


m.. drop I l 
1 " Ic9mp_ensatinn
circ ui t i 

(extracted from Ref. <8 • ) , current li~it 
Icircuit .------·----.--/-...,,------

armature current sia nal 
..,,. 
( . .71 

Shows a block diagram for an SCR controlled drive. The forward voltaqe drop across 
the SCR is usually only about 1 volt at fu ll load current. 
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from 1/4 I-IP to . 4 ~ I P 1·1 ith a constant torl]l!P out ~1ut . The operat i on 

is s~ooth and l ow speed ou l s i ng i s elimi nated r32]. A good DC 

motor s hou l d be caoab l e of a s peed r ange of at l eas t . e i ']h t t o one . 

3. 4. 2. 4 Il_? ct r_g_0'.ag net i c j:_siu r:i J_i_nrJs__Cl.rl_cl__'.d_9_CJ CL~~ches : 

Th e outo ut of a constant s reed AC mo t or tran~~ itted 

through an e l ectroma9net ic eddy current co up l in0 i s s o:riet i rrie s us ed 

in UCMT s pin dl e drives . Th e coupli n9 is a sli n de vice , i t 

dissi pates ex cess oower as heat energy , but has severa l advantages; 

nar.1e ly , it has no r ari i dl.v 1.,eari n'.") com11onents , it nrovi des a Hi de 

s peed r ange, any s peed can he maintai ned accurate ly , it on~r at e s 

smooth ly and acts as a huffer (discont i nu ity ) to i rrnact l oad i ng . 

The main dis ad van t age i s t hat i t r educes the t or s i ona l st i ffn es s 

of t he t r ansmi ss i on and usua lly i s on ly su i t ab le for sn i ndl e 

drives. 

Th e pri m:; i:lover cou l d he en i nd uct i on* , sync;1ronous or 

squirre l cage mo t or wh ich operat es at alMost co nstan t s oeed . The 

princi pl e of t he couo li n~? i s t ha t a ri1agnetic flux is es ta blis hed 

by eddy cu r rents be t •.1e P. n a dr um rot at ed by t he i nnu t s ha ft and t he 

excited fi e l d v.Jindi n:J s of the rotor moun t ed on t he outou t s ha ft. 

The flux ca us es the ou t~ u t s ha ft to foll ow t he rota ti ng drum 

( 
11 an insi de out squ irrel cage mo t or '' [27 ] ). The amou nt of s 1i I) 

permitted can be vari ed by va~1ing t he (D. C.) excitati on of t he 

rotor fi e l d windi ngs. A t achomet er is oft en us e~ f or ve l ocity 

f eedback and t he clut ch h ~ s adequate s need r es nonse and s peed 

"'- - sTfr___inc rea.s es-1:T t h·1oad--but .The -oufout s re-2~a-can~~e-- -kerCc6nsf2rnt 

with cl os ed 1 00 8 ve l oci ty cont r ol. 
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regu l at i on [ 2S'] . This device has a co nstant torqtie out!Jut , 

hov1ever, in cases where constant horseoOl·Jer is r eou i red an· oversize 

coupling has to be used to \'Ji t hstancl the max i illum t orque at lov1 

rotati ona l speeds . This is often uneconomi ca l. 

Electricall y actuat~d mu l t i pl e dog clutches are still 

favoured for flCMT transmission systeF1s because their r.osit ive 

locki ng action ensures high ax i al stiffness, 1·1h ich is frequent ly a 

critical design raramete r . 

3.5 HYDR/\ULI c ORI VES {\ ;·~ D ~ '1ET l 10DS IJF SPEFn COflTRnL US En If! rJCHT 
----··---·--··--·--------- ·----------~----·--------

3. 5. 1 Introrlucti on : 

Hyd raulic po1..1er transfll i ss i ons h0VP a h1ays been cl os ely 

associ ated wi th ~ach inc tools. The table 3.4 ill ustra t es 

vari ous app lications of hydrauli cs in fee d dr i ves . · Hydrau lic 

drives may be dividcc into b ·10 gr oups; hydrostatic and hydrodynamic. 

Th e l atter mai nly utilize the kinetic enerqy of t he f l ow, however, 

poor efficiencies at l m·t sreecls , slO\ ! b rak in~ anc' r eversal ti ri es 

restrict their use in i'iC:lT apolications. The hydrostatic dr ives 

on t he othe r hand s it ilize th e potent i al (rr~ssure) energy of t hP 

flui <.1 and enjoy v: i de ponu larity in r!C ma chi nery . 

Apart from a fe 1:1 exceoti ons the feed axes on most ~! C!1T 

are rect ilinet1r . Thus the hyd r uuli c r ar1 drive l'!ou l rl ~e an 

obvio us choice . Other cohs i derat ions ~o~eve r, oft~n r esu lt in 

using a ro tary drive moto1~ coun led, to a l er.id scre\v or a rad 

and pinion, on the fee d axes . 
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TA BLE 3.4 VARIOUS FEED DRIVES FOR NCMi FROM AN A.C. PO WER SUPPLY 
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Usu a ll ~; f'!Ci'iT hyd r aul ic circui t s or:ie r a t e heh 1een 500 

an d 2W) I) ps i. The uope r rressure is li mited by ; t he bul k r.10c!ul us 

of t he oi l (i t i s usuall y t aken to de crr. as e . 45% of i ts vo l ur1~ 

per 1000 psi cor:1p r ess i on); as v1e ll as th e r a'.'ici i ncr ease in r i rie 

fri ct i on wi th i ncreas i ng f l ui d ve l oc i ty . The ni ne ve l oci t i es 

a re usu all y li mi t ed t o l ess t han 30 ft/s ec [23] . 

Thr. hydrau lic ra~ i s raost c om~on l y used on s hort 

stroke fe ed axes . The l engt h of st r oke i s li n i ted hy; t he 

s t i ffn ess ; t he buckli nJ stren~th ; and the s a0 of t he oi ston r od 

when extended from th e cv li nde r . I t is cons i rle r ed ~ood nructi ce 

to des i gn t he pi ston ro d i n t ens i on on t he wor ki ng stro ke (non1a l 

f eed di r e ction ) so t ha t t he pi ston ro d i s not s uh j e ct e d to s eve r e 

buckli ng for ces. /"',dcicd to t hi s , t !1e cmn r ess i bil ity of 0. larg e 

vol ume of oil r equ ired for l ong s troke hydrau lic cylinde rs, ha s 

an a~rre c i ab 1e e ffr.:ct on th e D'J S i ti 0'1 3.1 ac cur a cy of th~ Di s ton , 

and t he ax i a l s t i ff ness of t he t r ansmi s s i on. Seve ra 1 aut!10 rs 

r e co1rn-:ien d that hy rJ rau li c cy li nder s for 'H f eeds s houl d not ex ceerl 

30 inches [30] i n l ength* . 

A co nven i ent narame t e r may be def i ned hy t he oroduct 

of t he movi ng mas s and th e l en0th of t he st ro~e . It can f) e 

s ho\'m** fo r cons t ant cross ect i ona l oi s t on a r ea , the na tu r a l 

frequency of t he r arr, c:ec r e as es with i ncrcas i n<J r1ass s t r oke f ac t or . 

* [ l] r e comme nds 40 i nch es s hou l d not be ex ceeded . 

**· In s ect i on 3. 5. F3 . t he co1~ 1'.' li anc e >.. of a hyd ra uli c cy li nde r i s 
s hown p ro ~ortio na l t o L/ Ae whe r e L i s th e cv li nder l ena t h , A 

crciss e ct i o;1 0. l a r e a , e oil bu l k modul us . The.n fr olil wnri t =)l t1 >... 
we have uina t pr ono r t i ona l toj fJ./ '. ie . 

http:tojfJ./'.ie
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The plo t CJiven i n Fi ~ . 3.10 [221 is based on a doubl e s i ded ram 


with back oressures set above 500 rsi. Ogden [22] cl ai ms the 

' I 

mini mum natura l fre ci uency of t he cirive should not L'e l ess tha n 

60-70 cps. Ram drives Hith riass stroke f actors u:; t o 10 ,f1f)Q 

l bs. ins. are r1ost freciuent ly found , althou!Jh , in sorie cas es rams 

are us ed for rather l arge ma chi nes wi t h ma ss s t ro ke facto r s of 

up to 40 ,000 l bs. ins (s ee Fi g. 3.11). 

Some ti me s a dummy piston rod, of equa l di ameter 

to the actu al oiston rod, is us ed to eq uate t he crossecti onal 

areas on each si de of the hyc!raul i c rarn . Cylinders with eoua l 

crossect i on al area on bo th si~ es of the oiston are call ed 

sy:;m1etrical, v1!ic reas t :10se vlith un eq ual ar eas ; unsyr1mc. trical. 

The t heoret i ca l r ain speed is rro portional to the rurnn fl o·1 r ate 

and inverse lv pro port i ona l to t he piston crossectinna l ar ea , an d 

thes e have to be carefull y ba l anced to obt ai n adeauate fepd-rates, 

an d axia l feed trans~ i ssion stiffness. Unsymmetrical nistons 

have been used jn th e design of verti ca l f eed dr ives , whe re t he 

· l arge r effective area is used t o counterba l an ce t he 0ravi tat i ona l 

force acting on t he drive mass. 

By controlli ng t he flrn·1 to a hydrau lic r an t he speerl 

vari ati on shou l d be contin uous from zero to t he r:iaxir.iun1 . At lol'.1 

speeds , however, th~ FlO ti on is irre9 ul ar and t his is att ri buted 

to sli r -stick fr ict i on . It may cause in accurate pos i t i on i ng 

of both op0 n and closed 1 00 0 pos i ~ i on a l controls , and i s often 
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respons i hl e for dynari i c i ns ta bil ity of the l atter . The phenomenon 

of sli p-s tic k f r i ct i on is we ll known, i t occurs when t he f r i ction 

force , veloci ty re l at i ons hi p has a negati ve grad i ent (see Fi g. 3.1 2) 

and it may also occur o ~ machi ne tool sli deways wi t h m uc~ t hP s 2n0 

effe cts . I t has been foun d [ 25] t hat by rot atinn t he piston sli p-

sti ck fric t i on can be e l imi nat ed* , although i t' i s doubtfu l whether 

thi s t heory is pr actica bl e i n r·!Ci'ff des i gn. 

3. 5. 3 . Rota r.v_J:!x_c!I_c>~~l_i~__Q_i:-_i _'!_~_?_ : 

Pos i t i ve di s p l ac e~ e nt ois t on motors (and pumps) 

are prefe r red in ncrn si nce th ey ope r ate \'!i th 0r eater cons i stency 

an d hi gh e r m~ chan i ca l and vo l urie tric eff ici ency , unde r varyi nc; 

loads, r ressures nnc! t 1.?ri l') cr at11res t han both rotar:t (centrifugal ) , 

gear and vane Motors (a nd p~n ps ). Chi a;i pu li ni [25] cl ai ms that 

mos t pi ston hydr m otors (and pumos ) ha ve a "cycl i c di s pl acement 

(or ve l ocity ) i rreci ul arity" , 1,1hic h di r:l i ni shes as t he nu"il-r r of 

pi stons (i n t~1e motor) i ncreas ~s . P1 moto r \·Jith cP odd nui'1her of 

pi s t ons gener ally has l ess i rreci ul ar i ty th an one 1·.•ith an even 

numbe r . Ho112v2r, a ')a r t i cu l ar r ad i al motnr \l'i th i'\ S!Jec i f ic all y 

desi gned camsha f t , exh i bits no such i ncons i st e~ cy (i. e . ve l oc i tv 

is constant 1·1i t h constant de li ve ry ). Rad i ~ l pis ton not or s are 

gene r a11 ~1 hyd ros tat i ca lly bP.tt er ha 1anced than ax i a l ., ; s ton notors, 

an d t hi s i r.1r roves t he effici ency and li neari ty of the motor by 

r educi ng i nte rnal l eak aae . 

* The grad i ent of t he f ri ct i on vel ocity curve becomes positive . 
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Rotory ·hydraulic dri vcs arc frequent ly us ed for 1on '.) 

traverse feed axes (s ee previ ous section and Fi g. 3.11) with 

eithe r a rotating ba ll screw or a r ack and oi nior transmission . 

The tota1 i nc r t i a of these rotary comnonents 1i mi ts the acce l era ti on 

of the drive . On th e uther hand , hydrau lic ram dri ves ha ve no 

ro tating co:'inonen ts; th~ t ab l e mas s and axiC'l.l tr ans mis sion 

com~ li anc0 . rJ e tenn in e natura l frequenc_;i anrl speed r es ponse of the 

drive . Ze ll eny [24] des igned a three ax is cont i nuous rath 

l athe carabl e of acce l erati ng (and dece l erating ) to 501 i ~m i n 

less than .05 secs . He consi dered various a.lternat ive dr ive 

comb inat i ons (hydrau lic ~o tor and l ead screw , DC motor and l ead 

scre\·i , an d a hydrau li c cyli nder) and conc l uded that the hydr au lic 

cylinde r v-1as t he only feas i bl e des i :in . The othe r tv10 v1ere 

li mited by their rota ry i nrrt i as . f101·1ever, t he r otary i nertia 

of hydraulic mo t ors are quite comr arabl e to t ~e i nert i as of el ectric 

motors. In acld iti on , hycirauli c feed dri ves have far qu ic ker 

response ti mes t han th~ equiva l ent el ectrical drives , anrl 

consequen tl .'I are rrefcrred for cont i nuous ra t h feed axes . t!Gff 

spin dl es may als o be driven by hydrau li c r1o t ors. 

3. 5 . 4. J_!J_dra_~l_.~_Los s e~. __a_~cl__J- ~o-~J.j_.'J_~.i!:_!_t~_s_ : 

Interna l l eakage, fluid and me chan ica l friction, and 

oil corn f) ress i bi 1i ty art:? usually res r ons i b 1 e for mos t of t he r.:iov1~r 

loss es in hyd0au li c drive sys tems . The effect ive bu l k mod ul us 

of oil is often redu ced hy almos t 20% because of th e incl usion 
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of air particles i n the oil wh ic h may occur in l ow pressure 

areas (i.e. at high oil ve lociti es ). Provi ded the l eakage is 

lamin ar, the speed , torqur (Dressu r e ) curve r emains linea r vlit h 

a negat ive ~rad i ent . This characteristic increas es the dam ping 

of the transmission, wh ich in turn i mp roves t~e stab ili ty of a 

closed loop cont ro l system. HOl·Jevcr, other factors such as 

changes in oil viscosity and t cr:. :ie r ature a h-1ays int roduce undesirable 

nonlineirities into the system. Often hydraulic circuits have 

auxiliary make-up pumps of t he l eakage become exc essive. 

Mechan ical friction wi th in the moto r (slio-stic k) 

can be r e s pons i bl e for unstah l e orerating characte ristic s at 

first ta ke off and low ve l oci t i es. A oarticul ar swash pl ate 

motor has hydrostatic lilhri cati on at the niston he etd nar!s, a':"ai nst 

the swash plate to eli minat e sli p-stic k friction. 

3.5.5 Tyne s of. 1/el ocitv r.o ntrol Circuits and Tota l Sv s t ens: 
._.. ....._~-· -· --- · - -·-- ~---------- -  - ·--- -- ·-·- ---- - - -

~he bas is of s ~eed co ntro l of hyd r au lic nos iti on i ng 

s e rvo systems is the control of ti1e direct ion and quantity of 

flui d fl mt . This may be don e hy sever a l alternative nethods, 

a variable de livery ou111p and fi xed delivery motor give a constant 

torque outnut, anrl t he sreed and t he po1:1er are orororti or.a 1 to 

t he delivery r ate . Th e \'ti dr:> :-.-;-, tinuous speed range possible, 

makes t his systr.n suitabl e for continuous r a th fe ed drives. 

Althou3h>anart fron thP. expense of a vari e1b l e de livery lllff~n t he 

system has an other disadva.nta~i e ; t he vari ab lr:- de live ry rumr is · 
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within t he servo l oop and consequent ly t!1e rlynamic r t:S;'Onse 

is relatively noor. r~n equ iv a. l rnt syste111 us-in ~ a fixed 

delive i~y rurnr and motor contro ll ed by Rn el ectrohydrau lic bleed 

val~e has exce ll ent soeed resnonse but is extre~ely i neffic i ~nt at 

low s re~ds and l oads . In add i t i on , a vast amo1Jnt of oressure 

energy is di ss ioated as h2at energy as t he fl m·: i s thrott 1e:J 

through the el ect rohydr auli c valve. Usually a const an t nressure 

re li ef valve is inciu cleci in the circuit and provi ded tlie fl m,: 

demand does not ex ceed t !1e pui;m de1i very r ate , the r•J: '.1D ma~1 be 

consi de red as a constant r ress tire source . 

A r!C1T usin ~1 a hydrau lic rm·ier su!'Jnlv can be a 

sin')le pressure syst em , or :1ave severci l independe11t s/steris . The 

' for:1c r c:es i.nn i s usu all y nref~ rred vet i t is o~t~n nract ic2h l e 

t o hav2 a fc:\1 auxiliary syst.ems as t,1e ll as one r.1 ain rressure source 

A t yp ic al med i wn s i ze ma c~ine (wo r k tab l e cap acity An10 l hs .) has 

a larg2 (50 !IP) el ect ric 1: otor drivi nn a var i ah l e r:!is;i l acc:i~1P. nt 

ft.:: accumulator is a h 1ays frclude d in a hyrlrat1l i c circuit 

to provi de an i rn1edi atc oil s unr l y fo r r ci.nic! c'1an0es i n r:!P.rri and . 

The acc um ulator ·1ou l d eith er be nitro9en fill ed , to nrevr~nt 

co ntami nat i on of ·the oil, or air fill ec , with t he oil contained 

in a rubber s ac , 1:1hic:1 ri r events contr1nin at i on and i nc ltrs i on of 

gas ~art icl es in t he oil, \lh ic h effectiv2ly l o,· 1er t l1e oil bu l k 

mod ul us . In any hydraulic syste1~1 , oil cl ean lines s is of rr i rie 

i m~o r tance , any min ute part icl es of dus t can cause er r at ic 

http:acc:i~1P.nt
http:r�J:'.1D
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behaviour of t he servo-valves. . Therefore , all hydrau li c flui d is 

filtered throuoh a fin e filter (s ay 10 rn icrons ) befo re enterin0 

any servo-va lve . Heat exchang <: rs nay often becor:ie necessa ry 

to keep the oil . ter.,re r ature and viscos i ty within t he des ign l fo1its . 

3. 5. 6 Electrohv ~1 raulic Servo-Valves : 

The performance of the elP.ctroservova l ve i n a hydrau lic 

positioning servo i s cri t ical to the overall pr: rfo m ance of t !w 

whole ma chine tool. Basically the el ectrohydrau lic servo- valvr 

re c1u l ates the fl m·1 in the hydraulic circuit, i n the s arr-:e rronort ion 

as the current s igna l a:i;i li ed to t hP. valve. The valve Tni\V be 

1 31 1 1a \l/ay or LJ. v1ay type haviw1 resr,ecti vely 3 or 4 exte r na l 

connections. 

The 3 ~ay valve has 2 metering edqes and is used to 

control an unsyml'iletr ic rum drive . The si de of small est effect ive 

ni st on ar ea is !Jerr:1anent ly conn~cted to t he S!I rp ly rress ure . The 

other si de is conn ected through the valve ei ther to t he oressure 

surply or t o the return t ank , denendi n0 on t h ~ s nool pos i tion. 

i·Jf1en tl1 e soool is in t he neutrallocation the r am is 1 l ockr.d 1 i n 

pos iti on , and the ax i al stiffnes s of tl1e drive i s l iP1ited by; 

the expansion of t he ni ne s and t he cyli nde r and t he co~o ress i bi l it y 

of the oil un d~ r hi CJrl :.i ressures . The valve is actuati:d by su ri r l yi ng 

a control si Jna l to one of t he el ectromagnet ic coils on either si de 

of the spoo l. This causes t he snoo l to move i n a pa r t icul ar 

directi on throuCJh a distance pronort io na l to t he si 0 n~ l a~p li erl 
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(assuminrJ the val ue li neur ). This allo11s the oil to flo1v into 


t he cylinder r.1oving t he r am i n the sac1e dirAct i on as the s poo l. 


The s poo l is usually spring loarled and when t he 


control si gna l is no l onc:e r anf)l i .d , returns to the neu tral 


pos ition ~ 3nd oil flo1,1 to t he rctn1 de creases . 


Zell eny [211.] cl aims that t he side of an unsymm etrical 

piston connected to the su~o l y pressure has in f ini te com~ li ance . 

'Thus th e comr li an ce , \!then t he ra::i is at ha lf the stro ke length, 

-~)is t \·!ice that of an cou ivci.lent symmetrical piston , s ee Fi g . 3.13. 

This can be appreciably i mn r oved usin~ one ~ay valves i n the s unp ly 

· circuit, hrn,1ever, the coriri li an ce of a syri;111r. tr·ical hv c'rauli c ram is 

~enera l ly qrea t er than an eq11i va l ent unsy1;1me tri ca1 one. 

A four edge el ectrohydrau lic servo-valve is used for 

control of a syir11 ...~ trical r am, or a ois ton hydron~otor, 1..1h ich is 

also consi dered sy11mr: trical. T:1e syr.m1etri ca1 ra:n is genera ll y 

stiffer than an unsy1nr;1e trical one , anc is easi er to design but t he 

length of t he piston ro d assemh ly is twice as long as the dis tance 

trave lled, wh ich is often inco nven i ent and i n~r act i ca l. Tre or.erat ion 

is simil ar to the ti.-10 erloe valve; the pis ton is 'l ocked ' in oosit io n 

when t he s poo l is in t he neu tral pos iti on , and ~oves i n the sa~e 

direction as t he snool ~,1!1cn t he sol enoi rls are exciter ~Y a contro l 

si gna l (s ee Fi q. 3. l t:- ). 



~ ' : ; 

1 

I <> 
l 1 :-1.. 

FIG. 3.14 . ·.· FIG. 3.13 

The compliance of a four edge control The comp 1 i ance of a tvJO edge contra1 

value and a symmetrical piston value and a unsymm etrical piston 
using the fo i 1rn·1i ng symbo1 s · · 

· . a(o)
e, bulk modulus v,,v2' ~ffective volumes >.PA 2, corn r 11 ance aF

A1, A2, effective areas P ,P2 , pressures L1~2, piston lengths 1
o(L)' piston displacement F, arbitary force l, total piston length 

By definition e = VaP/aV 

e ,;, AldF/f\2aL 

The compliance A= a(L)/a(F) 

For each side of the piston 1. 1 = L1/A1e and \ 2 = L2/A2e 

Total compliance l/>. total = l/>. 1 + 1/>- 2 

For Zero La n Conditions 

4 edge valve 2 edge valve 
a :: L1/L 

1 =L/e [A1/4 + A (1-a)] . 2

.lmax= a>./aa = 0 a =1/(l + A2;.t\1) 

A - l
Tot - 4Ae Amax "" l/Ale (-(A l;A+1 ·)2)


2 l . . 


,·
A :· 
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Goth t hes e valves are i c~ea lly 'closed cent r 2 1 (i. e zero 

la r ), hm·1eve r, t o incre as e t he s tahility in t he nPut r al positi on 

[24] an d t he linea rity [30] t he valve is freque ntl y unr:e rl ap~ed . 

It t hen become s an 'ooe n centre ' va lve . The un dc rl ao also 

increases t he valve gain for small dis placene nts abou t the neutral 

positi on since for exi:11 ,1p l e , vlith a r ectanoular port value 

qain is pro porti onal t o t he ins til.n t a neous ori f ice v1i dth and 

si mil~rl y for a circul ar port t he ga in is pro porti on al t o t he 

instant rrneo us orific;: chord l e n ~ th. Un de rl a f" nir. ci , hm..1ever, 

incre as es t he qu i escent l eakaqP. , \'1h ic ~1 i n ti; rn i r creases thP sys t r.n 

stand-by r o1·1e r co ns u; ·;1n.t i on . An ove rl anred valve i nt r odu ces a 

de ad-zone and is r a r e ly nef'deci ·in !! Ci-ff arr l i c at io ns . 

Frequentl y to increase t he 100 D 0 a i n _ t 10 -s ta~ e val ve s are 

used, th es 0.' a r e es re ci a ll ./ us~fu l in nurr f eed drives \'!11e r e t he 

delive ry r at es a nd '.1res s ur2s a r e rel a tive ly hi '] 11. The first or 

pre-amr lificati on st age is usu ally an othe r sncol vulve , or a 

flap pe r-noz z l e arranr:i ement, 1-1hil P t he second stage is eithe r a tl-10 

or four e dae s pool valve . The fla1pe r-noz zl e p re -2m~ lific a tin n 

stage has a lo\I! stand- by pO\-Ie r r eci uirer.1e nt hi ~1 h static ga in, and . 

can opera t e at fairl y hi gh fre~u ~ nci e s. Small t wo-stage va lvAs 

respon d to a ~iax im1m freq uency of th e orcle r of 0n1 c Ds, ho1:1ever, 

this decreases wi th inc r easi ng oil flow. A typical t wo stage 

valve 1·ti t h a rn axi m1m fl m·1 rate of 45 g ;ir:i has a maxfr.1um freq uen cy 

res ponse of 80 CDS an d a tiMe constant of 3 milisecs. In som9. 

http:Underlaf"nir.ci
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cases t he l and-stems on th 0 spoo ls are contoured to r Gd uce t he 

reactive flui d for ces that oppose spoo l n1oti on, this pe rmi ts the 

use of sma ll er sol enoids and improves the ope r ating cha racteristics 

of the valve. 
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SECTI ON C 


PROG RA\lf:JP.IG N U'·1E R.I C/\L CniHr?rlLLrn Mf-\CH J!ff T0'.IL s 


In r evi e1.., in ci the developiiient of rnanu f acturi n0 tr.c hno lo0y it 

is apparent t hci. t t he division or t he s;ieciu. liz;:i tio n of l ahour 

created tile necessity for men to comr:i uni cate i'c!eas and de ta i 1 s 

of manufacture. The cl as sical means of t echnical comrn uni cnti on; · 

pictorial r ep resenta tion ; written descrintion; i'\nd ora l exp la natir. n , 

today are still be i ng utiliz ej in conventional ~anufacture , yet 

even th ese are often found in adequate . 

The developme nt of NCMT ha s added a new rlinension t o the 

crn:imun icati on . difficulty. The only ncans of cor1n1w1i C,;\ ti on 

bet\·teen nci.n and tho ~ 1 c niac~1 i n~ arc~ cod~ d a l phnnrn;1eric instruct i ons. 

Writinci th es e instructions for manu f acture of a comn onent is known 

as MC progranrn ing . Th e machine tool will oerforrn e a c~ instruct i0n 

exactly as · it ar p_e<lrs in t he pro?, r ar1r:1e , and has no canacity to 

i nterr re t t he inten t i ons of thr d~s i ~·nr:> r or the rirogracri:o1e r. This 

1;1eans that a nrogr a:ime r.wst contain precise and detailed instructions . 

for eac:1 mach ining OQe r atio n and this obviously rwJes t 11e coi-:i111 1_1ni 

cation orobl em far mo re acute . 

http:RA\lf:JP.IG


63 

CHAPTER 4 . 

PROriRAif'II NG TECllM FllJES 

4. l H!T RO DlJCTI OM 

4. l. l General: 

Pragramrn i ng nrnT may he done manua lly, hov1ever, v1hen 

parts manufactured are con:i l ex and req uirP many ma chin i nn o'lerat i ons , 

t he many calcula t ions needed to programme the ma chine tool 

make manua l p rog rar11 : 1iil ~J i mp r.:.ictical. Consequent ly comoute r ai ds 

to nro'.}ra;nming have bee n rleve l oned to nerfon11 the bu l k of .the 

routine calcul at i ons . There are a 1ur ge nurir)er of corinuter 

assisted i·lC nrograr.ir1i n0 l anquacies avail able toc!ay . They vary 

cons i c!e r ab ly in thci r us es , t he ease \·.J i th 1·1h i ch thP.y r.12y be used , 

an d t he si 7e and cor:ir 1ex ity of <:J enera1 f'lur nose coP1 r:iutet' t he.v 

require . 

Each instruc t i or. i s nerfo rrw~rl i n sequence as it 

appea rs in t h;; oroqrarnm2, and t he one ratio n. i s co:1t)l cter! before 

th~ next i nst ruct i on is read . Th e i nstruct io ns arrear i n a 

·defi ned fo rnia t and co nta i ns all t!1e i nfor111u.t"ior. neces s ary fo r 

that o~e rat i on . All rianua ll y nrepar cd nro~J r anriP.s c.nd a f i:t·J 

comr ute r progr ai"1F1i n'J l anCJLtilges are of t his tyne . They arc 

usu all y us ed fo r fJo i nt to po i nt (ptr; ) n~c h i n in <J and have l ir'litr:cl 

cont ouri ng ca")ab ility . 
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4.1. 3 Gen e r v liz~d Svnb ol ic Coran uter Aided Proqrru~1in q :------- ---- ·- ··-- - ......; ____----- ·-------------- __.,_________ 
/\ genera l i Zf?d co::nuter l anguuC!C~ a l 10\·ts t l1e siemetry 

of the cornf) onen t to be de fined i n syuf:o l s r eri r e. s ont i ng var i ous 

s urfaces such as planes , cyli nders , con ics and s evera l other 

geomet rical s hapes . Ma chini ng i nstructions ar e t he n def ined in 

t erms of th e qeo1;1etrical synbol s ass i '.)n ed previous ly i n th r: 

progr a1:i~ne. Gen era l ly , these l anguag9.s r equ fr c b ·!O 03.ss es 

t hrough th~ co:.inuter , the out put of t he firs t ~ass is 

tool indeoendent, and on ly i n t he nost orocess i n0 s t~0e (?nd nass) 

are t he i nstruct i ons editted for a soec i f ic nach i n~ too l. There 

are , ho\'1eve r, s ever al ge nera liz ~d l anci ua~1es t·ih i ch inco r~orC1te the 

· tvm rro~iramnirs together i n a s i nJ l 2 pass throujh t!1e co:nr.i ut f'. r ~ 

they can only be used for a s pec i fic ma chine tool. 

A St)e ci al compu t er 1ani:;iu a<1e 1riay he ~·t ri tten to 

nrogr an1rne a narticul ar f ar.1ily of Cori n l ~x : geor12 tric0ll y sinil ar 

comf)one nts s uch as turbi ne bl ades or nu;'1 '") ir~ r:ie ll ers, 1·1n i ch u. r e 

di ffi cult to !}ro ~irarr.i'le in c !Jenera1i zed l anqua<;e. This practice 

is avoi d2d wh~re pos sible, yet it do ~ s have s o~e a~o lic at i on i n 

cert ai n i ndust ri es . 

4. 2 MAi'IUAL PROGRN-1'·1HIG. 

4. 2. l I ntroduct i on: 

In t his 20 P. of cm;:i uter sci ence , r:ianua l oros r arnm in•J 

of a NG-ff may scHit~d rath~ r a:: t io ua t ed . :1any johhing shor s, 



- - ----------- - -- ---- ------------- -

65 


ho111eve r , fi nd i·lanu al Programm i ng t he most eco non1i ca l r:ir:-an s for 

. r art programmi ng georie t r i ca ll y s ir1pl e comDonents , 11h i c h r equ i r e 

onl y a f ew mach i ni ng oper at i ons . Mos t manua lly wr i tten 

progr am;nes a re for po i nt to po i nt ma ch i ne t oo l s . St at i st i cs · 

s ho1'1 t hat at 1east 80~:0 of t he NCi'IT t ha t have been bui lt ar c 

posi t i ona l ma chi nes . In a r ecent s urvey carri ed out i n t he U. S. , 

68% of tbe nart icio ants r enli ed th at t hey vie r e usin (l na n11a l·. . . ( 

progra~m i n g , and wou l d cont i nue to do so i n th e fo rs eeab l e f uture 


[ 21]. 


Compute r ai ded p roq r a~~ i nq can s ave cons i ~e ra b l e 

ti r:1e and effo rt , i f n'a ny rP pr"ti t ive cal cu l ations ar e r eq ui r ed t o 

progr amme a particu l ar r)a rt . Conse~uent l y , for noint to point 

work v1itli a h i ~ h c!eg r ee of syrr.1 :1c ~ ry , and many mr. chi ni n9 or era t i ons 

ma.nu a1 progr ar.1mi nj r1a v no. 1onge r be econor:i i ca1. 

4. 2.2 . I nout f1eci i a /\nc rianu al T ciriP. Pr enarct i on: 
~----- ·-

To clvy . t he majority of 1i1 anual l y orograrn12d f! Cff accept 

a one i nch \·1i de punched ta :;e v1 hi ch comp li es 1..Ji th the s nccificat i ons 

establi shed by t he rl e ct r on ic In dustr i es Associ at io n(E.I. A.) for 

di 0ital comr ute r s (F i g . 4.1) ~ ~LC . t apes na v be rianua ll y ounded 

on standar d co~o uter pe ri obe ra l eaui rment (e . g . a f l exowri t er). 

The s t anda r d r!- i nar.v Coded De ci mal fo mat fo r ~ l . C . t apes ar e shmm 

in Fi g. 4. 2. 
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·------~---,------~ 

-
0 e 

0 0 0 
0 0 0 0 0 c (.1 0 0 0 0 

() 0 0 0 0 e 0 0 I?~ C'.l 0 0 
0 0 

(El0 0
Q 0 0 

+ .000 3 

1
DI A. OF CODE HOL E S cz .072 + .00 

- .0-0 ?. 

·--- DI A. OF F EE D HOLES 0 .0~S ~ :~~ 

Fi G~1 
E . l. A. ST,'\)-J D AR D 1" '\':l DE EIGHT - · HOLE 

PUNCHE D T APE: s;.:i c: C !F I CATI ON. 

·-~-·--------·---- -------·-~-·~-~-- --u ..------··~- -~·--~-· 
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-az'N*W~~.._e:;..,._......-.,.. 

-·~T APE""--1-CHA.RA'Ci°E:RM ~-----~I 
DESCRIPTION8 7 6 5 4 3 ~ 1 DIGIT 0 R CODE .. 

0 0 DIGIT 00 .. -0 0 D!GIT 11 ------·-
0 0 D IGIT 22 

·--I 
DIGIT 30 00 3 

eo DIGIT 44 -0 El 0 0 DIGIT 5 

0 0 0 (~ 


s 
DIGIT G6 - ---1ecoo D IGIT 77 

---1Oo D IG I T 88 
Q) 0 0 0 DIGIT 9 


00 0 0 

9 

ANGULAR ROTATI ON AROUND X-- A X I S 


00 Q 0 

a 

ANGl..J L.~R ROTATION ARO U ND Y - AXISb 
A NGULAR ROTAT I ON AROUND Z- AXIS0 00 0 @G c -
ANGU L AR ROTATION ARO U ND SP E CI A L AX I S OR 3 RD. F ,F. *00 Q 0 d ----------:co o GO 0 ANGULAR ROTATION AROUND SPECIAL AX I S OR 2ND. F . F. ~e 

0 00 OQO f FEE D FU N CTION 
---4

00 0 0 () 0 g PREP ARATORY FUNCT ION 
---1 . 0 G ('.) C> h UNASSIGN ED 

eoooo 0 i DISTANC E TO ARC CENTER ~A-RAL_~EL T O X 


0 0 0 0 
 DI STANCE TO ARC C ENT t:::R PAR.C\ LLEL T O Y 


0 G 0 0 

I 
k DISTAN C E TO ARC CENTER PARALLEL T O Z 


0 Q 0 0 
 m MISCELLAflEO US FUNCTION 

0 co 0 n ISEQUENCE NUMBE R 

3RO. RAPID TRAVERSE DI ME NSION PARAL L EL TO X"' 
-~ 

() 0 0000 ...e.. 
q 2ND . RAPID T RA V ERSE DI MEN SION PARALLEL TO Y •0 e 0'11 

0 . oo 0 r 1ST . RAPID T RA V ERSE DI MENS ION P A RALLEL TO Z • 1 
--~-]eo 0 0 SP I N D !..F.: !'PF.F D . .~---s __ 

0 0 00 l T OOL. FUNCT ION 
u00 oo SE CO NDAR Y MOTION DIMENSION P AR ! \LLEL TO x c 

0 oo 0 v SECONDA RY MOT I ON. DiMENS! ON PAR ALLEL TO Y 11 

0 eoo w SECONDARY MOTI01I DI ME NSION PJ.\R ALLEL TO Z" 
00 00 00 x P RI MARY X MOTION DI M ENSION 

0000 
 y PRI MARY Y MOTION DI M ENSION 

0 oo 0 l PRIMARY Z MOTION DIMENSION . .. . DECIMAL POINT "4' 
~ 

00 Oo 00 
- .. .,. --

UNASSI GNED0000 00 .. POSIT I VE SIGN 

c;; G 


o eo (J 

NEGATI VE SIGN- ·- 
0 SPACE . U NA SSIGNED (US_ED AS L EADER WITH PARIT Y ) 

00000000 .,_.__ DEL ETC ERROR DF:L.ETE 
-~ 

CA R . RET . END Q.f BL,O_CK___ ·o 0 
t-· ... --

00000 .0 TA B T A9
I---

Go 00 Rf:WINJJ STOPSTOP CODE 
-

LEAOER0 TAPE FEED ·-·-------- SLASH CODE 

' WHERE d e p q r . u . v . and w ·are not used a s 111dit:ated. they 111.:1 y he u sed c l~ ewherc 

" ~ IG NORED hr th" MC U d11rin1< actual operati on 

~~--

00 e 0 7 

FI G.4.2 

STA NDAR D TAPE CODE .'\ND F L £XO WRITE l l CHARl\CTERS 

http:ANGl..JL
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Sever al tyres of tare are avail ah l e , rarer tane 

is the l eas t ex~ens ive ~n d c~n be used sat isfactor il y 20n to G00 

nar.er- r:1v l arti mes . A l aminated 
• t • • 

naner tane, vth ic11 i s consirlcra
'
bly 

• 

more expPns iv~ , hns !ieen used uri to 15000 ti mes . (Esti :·12.tr.s fror-1 

Cintrol Cinc i nnat i ~i llin g Mach i ne Co . ~incinnat i ). 

4. 2. 3 ·Taoe Formats:--· - ·---- -·---·- ·-

Eac h mach in e contro l unit (M.C. U. ) i s des i gned to 

acce pt i nfo rma ti on fron the taoe reJder according to s ~ne g i ven 

format . The most frequ~nt l y foun d today" are Tab Sequen ti al and 

\fo rd /\ddress formats. The fonTie r r equires t he data in a fi xed 

seo, uence v1ith a Tab code (s ee Fi ~! · 4. 2 and 4. 3) heh:een each pi ece 

of info rmat i on . The data runched on tape is moda l; it r ema in s 

in me1:io ry until s pe ci fi ca lly altered . Tab codes fwh1een cc.ch 

oiece of informat i on in"i icate to t1e r-1.C . ll , vth ic h ac!clress is f->e i n1 

r ead by t he ta D2 reade r. This means th at an i nforDat i on hl ock 

may contain a var i ab l e nu:1her of cha r actP.rs ; i t h.:is a vari ah 1 e 

l ength block. The Wo r d Adrl r ess fon~ at mav al so ha ve noda l 

instructi o;1s and a vari111~ l enqth bl ock , hut ·each ar:ldrP.ss has a 

syr1bolic 111ord nrr~ced ing it so that it nay eiis il y be idP.ntifir.d . 

Th e data has to be kert in a prescribed sequence . f3oth these 

formats are illustrated i n the follO\'ling fi gures (Ll..3 and ti . 4). 

Fixed Sequential and Bloc k Address fonna ts have also been used 

al t hough they are not very popu l ar to day , since the i nstruct i ons 

are not moda l and this l eads to inconven i ent rc~et iti on . 3oth 

http:ar:ldrP.ss
http:charactP.rs
http:r-1.C.ll
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---··-- ---·-··-·----------- '------------ ·--- -u • ~- , 
TA B SEQUENTIAL TAPE FORMAT: 


ONE TA PE BLOC!( 


~---.--..A.----~' 


0 0 . 0 0 0 0 
0.00 0 00 0 000 Q 
e 000000 o o o o 

G a o ooo o eo o o~ o ooaoooooooooeoon o 
o ·o o 00 o 

0 Q 000 0 OQ 0 
00 0 0 0 0 @ 

REOO I T12 :.; 45T56 7 A T2 
E 0-- A-
w a 
s 
T 
0 
p 

SEQU EN C E 

s 
--- A A 

a e ~ tTl Le. •::~~~~~:;~~:~:::·G:: 

SPF ED ADOf~ESS 

...._---FEED ADD R ES S 
X- ADDR C: SS '------- Y - ADD RESS [Y - AXIS MOVEMENT]

NUMBER [X- AXIS MO V EMENT] 

.,..._...___________ 

w 

____,~ 

PROGRAr:~i~ E::R ' S MANUSCRI P T 

· · ;F~ootSE Q. t ~ X-AXIS[~ 1. ~Y-AXIS T T 

NO. A A F EE D A SPEED 
B B B 

001 T 12 .34 5 T 5 .678 T 2 T 6 T 0 6 jE.0.8. 

002 T T 3 . 2 55 T T T 9 1 E.0.8.-
003 T 1.24 5 T T T T 

I .-----F e.? • .' 

WORD ADD RESS T J\PE FO k MA T 

00 0 0 0 0 00 0 0 OG 0 7
0 00 0 00 00 0 Q 0 
0 000 00 0 0 00 00 0 

000000000000000000000000eooooooo 00 

0 0 00 
0 0 000 0 0 0 00 0 0 
0 0 0 0 00 0 

0 0 
0 

R C::Xt23456Y 1 2 3 4 s Z -, 6 7 0 9 S 4 S T 0 4 ~1 0 7 EEO---i-

() 

0 

! TT l . ~,.,,~:6~~!:•:::::~:m 
Y- \'JORDr · 1 ADDRESS TO OL WORD AOO !-< ESS 

0 X-\"i ORD Z- ~:iORD 
AOD AESS ...._------S?E£ D \'JORD ADDRCSSp ADO RC: SS 

PROGR A!-lMER' S r.rnNUAL ' l 
""'·-:-~---/\--:-:s--r:-Y- -~ ~: · ,:'~~J
. ~~-~--:~ -z=±-1s ~~~~f~~ED±==E?3 1 5

n tn ;, . 4t5 
.-.---+-------. - -~-- - ' ., - - • 

---------..--~ ~';'.' ~ Ll/J . ' ~ ~ .-:J. t ' 
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these fori~1a ts ·have a fixed bl oc!: l en~th . Each contro l unit 

is wired to accept on ly certa i n a l ~hanu~c ric c~aracters, thesP 

are call ed t he le0a l co des of t he machine tool. Usua ll y , sof'le 

checking facility is i ncornorat~d in th e contro l unit to guard 

aga inst obvious programmi ng errors such as ill ~ga l codes or 

ins uffici ent infor:na tion in a block. 

4.2.4 Di me nsional \lords and f,r:Jd ress es :---------·-----------··- - ------
The des ired co-ordin ate pos itions for mach ini ng 

operat io ns may appear in in crementa l or ab solute val ues dcrendin'.J 

on the design of the M. C. U. and t he r1easuri ng sys t ern useci on the 

M.T. An incre~enta l dis tance is the distance the tool shoul d be 

mo ved frrn~1 it's !)resent pos iti on to t he desired posit ion, 1·1hereas 

an abso lute diMe nsioh is the des i rer:l l ocation with resrect to a 

fi xed ori gin. Often an absolu te system will not acce~t a nos i tive 

or o neQative sign, and all dime nsio ns Qivr:n r:ius t then ~: e Dositivc~ 

with resDect to th e ori ~ in. Generally us i n0 i ncbes as a bas i c 

unit,t lie small est Pror1ran1mat1 l e di r;;e nsi0r. is onr thouscnc!tl• of an 

inch, and all di stances are 0iven i n units of t ho usanrlths of an 

inch consequent ly no rlr.c irnal f10 i nt need be rro0rarnrnecL There 

are vari ous restrictions concerning 1ead i n0 and traili n9 zeros , 

generally neithe r r.ay be omi tted i n a din1ens ional at_~dress . Er.ch 

di:ne nsion al \!O r e! i n a !/r:ird ,,~.ddress for:i~ t is r; receded by <1 l ette r 

representi ng t'1e (~ ircction of trave l (x,y ,z for a t hree axis 

I ' )macr11 ne . 
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4.2.5 Pn~ nar ato rv and 'lis ce ll aneous Functi ons : - - · - - -- -...!!---- ------- ---- - ··-·- 

A list of Pre n a r a to i~ Functi ons is gi ven in Tah l e 4.1 

They are often call ed G co (!e s an d t hose us ed for rianui1 1 nro ·J rar~P1 i ng 

are referred to as 1 Cann ed Cycl es 1 
• Thes e codes ar e us e~ f or 

th e intern al ma ni ou l ati on of data for various ~ac h ini n~ ooe ra t ions. 

For examr l e s .q.~ is a t a8 cycl e , t 11i s one codA 1·Jill instruct t he 

tool to ra ni d j* us t above t he Dart s urfacP.: fc eri c!o\·:n t o the 

pro9r ar,1r:-1ed dept h at t hP srecifi ed f eed r u. t ,e , revers e t !H? direction 

of rot ati on, feed bac k un . t hrou1h t~e ",~ rog ra~~e d dent~ at t he saLle 
I I - 

fe ed r ate, and revers e V1e s ;i indl e rota.ti on oncP aga in so t 11at the 

tool is r eady for t !1c next instructi on . In r:1ost nt r mac!1i nr:? 

tools .only a f ew G codes are wired i nt o t he contro l unit. Same 

of t !Je ol de r ria chi11 e t oo ls c!o no t :lJve any canned cycl ::.:: s at all, 

and ever:,' tool mo ti on st ~ t Prie nt r eou i r r s a separate s't:i t e111 Ant in 

the pa rt ri r oQ r v.1 :1me. This sa~~ li s t of G co(es is also us ed 

for contin uous pa t h M.T. 

The i·1 co des or t h'= i1 iscell aneous fu nct i ons arc listed 
li. 2 

in Tab l e 4.2. They are us ed by most !'la chi ne tool and co ntrol 

build t: rs in V1eir sys ti:;r:1s to activat e o ~: - O FF relays co ntrolli n? 

the actual machine tool and . its accessori Ps. .l'\n r.in t hr iLC.U. 

vri 11 only b ~ ,.,; red to acci:in t s or.~ of these codes, ,,,r; i ch ar e 

specified by the r·1.T. t• uil d~ r. 

* 1 ra11id 1 commonly used as a verb in the machine tool industry, and 

has t he meaning to mo ve in r an i d . traverse. 
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PREP!\Rll.TOKY Fl.F:CTIGr!S 

CODE FlJ:·lCT ION 

GOO Point to Po int Pos i tioning 

GOl Linear In terpolati on (normal Dimensions) 

G02 Circul ar Interoolation ARC C.H. 

G03 Circul ar Interpolation ARC C.C.W. 

G04 [)1,-ie 11 

GOS Ho ld 

G06 &G07 Unas si gned 
GOB !\cce1erati on 

G09 Decel era t ion 
GlO Linear Internolati on (L ong Dkensi ons) 

Gll Linear Interpolation (Short D i ~ensions) 

Gl2 Un ass icmed 
Gl3 - Gl6 Axis Selection 
Gl7 XY - Plane Sel ection 

G18 ZX - Plane Sel ection 
Gl9 YZ - Plane Selection 
G20 Circular Interro l at ion JI.RC C.lJ. (Lo r.y f)fr;iensions) 
G21 Circul ar Interoo l at ion ARC C. W. (Short J imensions) 
G22 - G29 Unassigned 
G30 Circular Interpolation ARC C.C.~. (Long Dimensions) 
G31 Circular Inter~o l at ion ARC C.C.W. (Short Dimensions) 
G32 Unassi gned 
G33 Thread Cu tt in1 , Constant Lead 
G34 Thread Cutting, Increas ing Lead 
G35 Thread Cuttin0, Decreasing Lead 
G3f5 - G39 Reserved for Control use 
Glf O Cutter Comnensa tion Cancel 
G4 l Cutter Compensation - Left 
G42 Cutter Com::iensation - Right 

TAGLE 4.l 

•••• f1·1d •••• 
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G43 - G49 Cutter Compensation if us ed , other..iis e Unassigned 
G50 - G59 Unassig ned 

G60 - G79 Reserved for Positioning Only 
G80 Fixed Cycl e Cancel 

G81 - G89 Fixed Cy cle Nos. 1 - 9 

G90 G99 Unassigned 

·TABLE 4. l 
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STANDARD MISCELL A.ii EOIJS FUf'lCTIONS 

CODE FUf'ICTI OM 

MOO Programme Stoo 

MOl Optional Stop 
M02 End of Programme 

M03 Spindle on C.\.I. 
M04 Spindle ori C.C. W. 
MOS Spindle off 

f.106 Tool Change 

MO? Coolant on (mist ) No . 
M08 Coolant on (flood) No . 2 

M09 Coolant off 
MlO Clamp 

Mll Unclamp 
Ml2 Unassigned 

Ml3 Spindle C. \ f. & Coolant on 
M14 Spindle C.~.W. &Coolant on 
Ml5 Motion 
Ml6 Motion 
;~17 - M29 Unassi gned 
M30 End of Tare 
M31 Interlock Byrass 
M32 - M35 Constant Cutting Speed 
M36 - M39 Unassigned 
M40 - M45 Gear Change if Used 
M'16 - M49 Reserved for Control use only 

M50 - M99 Unassi0ned 
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E.I.A. have set a standard orocedure for codin<J 

feeds .:ind speeds it is knm,m as t he 11 f~ agi c Three" . (C:omp uter 

assisted progra~n i ng l anguages usually allows feeds and speeds 

to be written in absolute values) . The first digit of the 

"Magic Three" is t he abso lute sum of the number of diaits of 

the fee·d or speed to the left of Ue deci ma l point plus three for 

example 

4.0 would have a first di9it of 4 

400.0 \vould have a first c! i git of G 

0. 04 wo ul d h0 vc a first di git of 1 

The remainins two digits ar~ the actual feerl r ate 

or spindle speed round ed off to t\vo si gn i f icant fi<Jur cs . In t he 

Hord /\dclress forli1at a11 fee d rate co des are [)receded by the letter 

F. These are in inch es per min ute fot fe eds indepenrlcnt of 

spindle soeed, or in inc hes per revoluti on , or r.o. m. in the 

cas es of linear fe ed de~endent on s~i ndl e Sr1eed , or rotary feE:d 

dependen t on srinclle s1J0ed n~s'.)e ctivel.v. 

Sr indl e soeeds are al~ays in R . P . ~ . hefor~ c6din~ , 

an d are preceded by a letter S in t he Word Add ress fon~ at. As 

an exar.1p 1e : - Coded in ~ag ic Three for a 
Hord Address Femat 

Spindl e saeed 1200 R. P. n. 5712 

Feed rate 35 i . !"J. Pl . F535 
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4.2.7 Too l Se l ect i on : 

Some machine too l s have autonat i c too l changi ng 

devicc:s , and dc:pend i ns on t he conp l ex i ty of the control, t he t oo l s 

may have t o be l oaded i n a prescri bed order , or lilay be chosen at 

randm . 

In both cases, and als o f or manua l t oo l changing 

1ope rati ons , ea ch too l is all otted some i dent ifyi ng nur.ih er 11h i ch 


can be referred to t hroushou t t he proqran-:ie . 


4. 3 A CASE STl!!JY OF A c n n ;.JL'.J I C TIJRRET OR ILL \.JITH P..i ' .l'\CR l\'. 11,L\TI C 
33cfcOTITrl1L--------------------~ - - - ---- 

4. 3. l Introduct i on : 

It is ext r0me ly di ff i cu lt t o descri be ri.:inua l ;'rO~ r c.n1r. 1 i nr:; 

adequa t ely wi th out refc rri n~ to a S8ecifi c rnach i ne ' too l. Consequ ent ly 

a case s tudy of a manuu.1ly '.JrOJ r a1 :iri1ed t urret drill i s i ncl uded i n 

this report to serve as an ill us trative exar.ip l e . Progr amrn i nJ othe r 

11.T. may differ cons i derab ly but t he bas ic consi d~rat i ons will r em ai n 

si mil ar. 

- 4. 3. 2. 1 General: 

The nachi ne sel ected has a t hree axi s oos iti ona l contro l 

an d is c a ~ ab l e of drilli ng , tann i ng , milli ng and bor i n~ onerat i ons . 

The t urret has ei ght index i n(J l')OS itions and t he t oo l ria_y be sel ected 

at random . The cont rol has a mechu.n ical t aoe reader caoab l e of 

readi ng 60 cha racters ner second ) it a cce~ts a Hord ~dd re s s fonna t . 

http:rO~rc.n1r.1i


77 


Tab codes may be i nserted \H~t\·!ecn data to rriake t he rw i nt out 

. neater and !llo r e read al• l e . An end of b l oc~ (E'. 0. 8.) cha r act2r 

mus t be used t o i nd icate t he end of each i nfon1at i on h l oc~ . 

All dimens i ons are ci iven i n al,sol ut e un i t s 1·1 i th 

res pe ct t o ori l) i n 1·1h ich is l ocated at t he front l c>ft h ~ nd cor ner 

(faci ng t he M.T.) of the wo r k-tah l e . The o ri ~ i n can be tr~ns -

l at ed manua ll y on the con t ro l panel, _hm..:ever, si nce '.JOSi t i ve 

an d negat ive si gns a re not l esv. l . fomat all nro9r arr:r,1r::d rlir~en si or.s 

are as s umed posi t i ve with res nect to t he ori 0i n. The l i ni t s of 

travel and the feed r atc:s for t he i1.xr.s are c_ii vr.n be l rn·: : 

/\XIS H,L\X . TRAV EL ·w !. F:EfJ~flJE t- tl\X . Ff Eflf'.,l\TE RAP Pi :-l1)0E--- -------·.-- -·--- ---- -----
v 39. '.1°~ ins l. 0 ipm 99 ipm
" 

y 19. 999 1. 0 99 


z 9. 999 0. 5 99 14(1 


4. 3. 2. 2 The Peferen c0 Work Pl an e : 

til e 111or k t ahl e (i n the Z c! i r ;~ct i on ) is usua lly selcctPr! as n 

refe ren ce oo i nt . Th0 t urret has ei c; ht t oo l sni nd l es , and V1ere 

is a de cade switch on t he con trol pane l asso ci ated wi th each of 

these s ri i nd l es . These de cade s1d t ches reni i t t he ope r ato r t o 

di al in accur at e t oo l 1enqt l1 cmrensation fo r e0.cli t oo l, b_v nu ll inri 

an a1:1me t er 1•hen t h~ t oo1 is set exa.ct l v . 11).')" (on a aauc:1e b1ocr~ ) 

above t he reference ooi nt . This au t o~ atica ll y e~tah lis hes a 
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reference 1·1ork plane . 100 11 above the referen ce point and para 11 el 

to the X-Y pl ane . All tool mot ion t hat occurs ahove this 

referen ce pl ane >or gauge height, is carr i ed out i n rari d mode . 

A s afe too l chan0e he i ght is set r.1anuall_y 11ith another svfitch on 

t he contro l panel hy adding an additi ona l i nch cl earan ce to the 

t6ol compensat i on setting (o f the rcs~ective decade s~itch) of 

the longest tool in t he t urret . 

4. 3.2. 3 L egaJ_Co_~cs_ : 

Only certain al phahe t coups are l e~Ja l, each has a 

s pecific meari ino and r.iay appear iri the nro9rarmne follm.1ed by a 

ntm1e rical Hord of a def i ned nu111t.er of di 9its, asso ci aterf Hith that 

address. The f ol l owi ns tabl e is a li st of accertahle address 

codes in dicat i ng the l encith of the nuP1e rical 1·1ord {hat follo v.1 s 

the address and the rieaning of the symbo l. 

http:follov.1s
http:nu111t.er


LETTER NO DIGITS MEANING 

F 

G 

H 

3 

2 

3 

Feedrate instruction 

Preparatory function 

Sequence ntrrnber 

M 

N 

R 

s 
T 

x 
y 

z 

2 

3 

4 

3 

1 

5 

5 

4 

Miscellaneous function 

Sequence number 

Reference work plane 

. Spindle speed 

Tool & turret number 

Absolute X position 

nyn 

11z11 
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REMARKS 

Magic three code 

See List : t able 4. f 

Complete information 
block 

See List table 4.2 

Partial information 

0 - 9.999 

Magic three 

1 - 8 

0 39.999 

0 - 19.999 

0 - 9.999 

The. control unit checks for legal parity and stops if an illegal 

code is read. 
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4. 3. 3 THE T/\PE FORMAT 

4.3.3.l Sequence Number: 

Each block of information should have a sequence number 

for the programmer's and operator's convenience. A block of complete 

information has an H word preceding the number. It is mandatory to 

use an H block at the beginning of each programme, and after every 

tool change. The control unit has a feature to search the ta pe for 

H blocks. It is considered good practice to programme an H block 

at least every 10 blocks of tape, so that if the programme was 

stopped, the tape could be realigned at the last H block in the 

programme without rewinding the tape to the initial block. A block 

that does not have compiete information, has the code N preceding the 

sequence number. The sequence number must ah1ays contain three 

digits. 

4. 3. 3. 2 Preparatory Functions: 

The G codes in manual programming are sometimes referred 

to as 'Canned Cycles'. It prepares the data for the fol lmlfing 

machining operation. The G codes listed are accepted by this machine: 

G79 Mi11 Cycle G80 Cancel Cycle 

G81 Ori 11 Cycle G82 Dwell Cycle 

G84 Tap Cyc 1 e G85 Bore Cycle 

These are explained in greater detail later in this report. 
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4.3.3.3 The Absolute Co-Ordinates: 

The next three word address codes are the absolute 

X,Y, and Z co-ofdinates that define the location of the machining 

operation, indicated by the G code in this information block. They 

appear in the fo l lowin~ order: 

· X : 5 digits Y : 5 digits Z : 4 digits 

Both leading and trailing zeros may not be omitted. For example, 

assume the absolute X co-ordinate is 9.6 inches, which should be 

programmed as X09600 (where one unit is one thousandth of an inch). 

If the leading zero is omitted the word address appears as X96000 

which the machine control unit interprets as 96 inches. This will 

stop the machine as it is beyond the X limit of travel. .L\lternatively, 

if X0960 were punched omitting the last zero the M.T. will oscillate 

about that point unable to null the thousandths digit. The Z address 

has only 4 digits as it is never larger than 9,999 inches, hov:ever, the 

same rule applies. Motion in X and Y is done simultaneously and 

they are completed before any motion in the Z direction will begin. 

4.3.3.4 Feedrate: 

This normally applies to feed in the Z direction, however, 

using the milling cycle (G79) the X and Y motions are al so carried 

out at the programmed feedrate. The feedrate, in inches per minute, 

is converted to the appropriate 'Magic Three Code' and is preceded 

by the address F. 
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4.3.3.5 Z Rapid Position: 

As mentioned earlier a reference plane is established 

.100 inches above the highest point of the workpiece in the Z 

direction. This allows all tool motion in the Z direction above 

this plane to be done at rapid mode. This plane, however, can be 

lowered to any other convenient level in the Z direction by using 

the R address. When the plane is in the original position, or 

at gauge height the value of R is 0.000. This dimensional word 

also requires 4 digits to be fully specified. 

4.3.3.6 Spindle Speed: 

This machine has only sixteen discrete spindle speeds. 

The one required is coded into 'Magic Three' which is then preceded 

by the letter S in the programme. 

4.3.3.7 Tool and Spindle Number: 

The spindle turret is numbered fron one to eight. A 

tool may be selected by using the address T followed by the turret 

number in which the tool is loaded. 

4.3.3.8 Miscellaneous Functions: 

The following M codes are ac~eptable to this control. 
M02 End of Programme M06 Too 1 Change 

M03 Spindle on, Clochlise M09 Cool ant off 

M04 	 Spindle on, Counterclockwise Ml3 Spindle Clockwise and 
Coolant on 

MOS Spindle off Ml4 Spindle Anticlockwise and 
Coolant on 
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These are usually executed after the other instructions in the block 

have been completed. 

-4.3.3.9 End of Block Code: 

This is a spe~ific character that must be punched on the 

tape to signify the end of each instruction block. 

4.3.3. 10 Modal Properties: 

A complete block of infon~ation contains values for 

each of the above words and addresses. Since this machine has 

modal properties, if values of one or more of these codes are unchanged 

from the previous block of infonnation, they may be omitted. These 

are incomplete information blocks and have the word N preceding the 

sequence number. (see section 4.3.3. l) 

4.3.4 PROGRAMM ING A TOOL CHANGE 

The tool change code (M06) must appear in the programme 

preceding the block that calls for a tool change. This miscellaneous 

function brings the turret up to tool change hei~ht (dialled in on the 

control panel, 4.3.2.2) after all other instructions in that block 

have been comp leted. Then the new tool number that appears in the 

_following information block is read, and the turret is rotated so that 

the spindle containing the required tool is engaged in the spindle 

drive. After this has taken place the rest of the instructions in 

the block are executed. The tool must be at gauge height before 

the M06 code will function correctly. This is best illustrated in 

an example explained in section 4.3.5.6. 



84 


4. 3. 5 PREPARATORY FU1KTIONS 

4.3.5. l G81 The Drill Cycl e : 

The M.T. satisfies the X and Y co-ordinates first, in 

rapid traverse, then. rapids in the Z direction to the reference plane. 

It feeds at the programmed feedrate through the reference plane 

(.100 ins.) to the workpiece surface, and then through the distance 

specified in the z address. The turret rapids back to the reference 

plane height, and rapids to the next X and Y co-ordinates given in 

the follovling block. 

In drilling a blind hole of a certain depth, an additional 

allowance must be made for the angle of the tool tip. Most conventional 

drills have a tip angle of 118°, and the extra depth needed to com

pensate for this is approximately .3x tool diameter. If the hole is 

intended to break through the other side in addition to the allowance 

for the tool tip angle a further .025 ins. is adcled to the Z dimension 

to make sure that no burrs are left in the hole. 

4.3.5.2 G82 The O\'/ell Cycle: 

This cycle is similar to the drill cycle except that the 

too 1 dwe 11 s at the programmed depth for a given time before the 

rapiding up to the reference plane. The dwell time is preset in 

the control unit in the range of 5 milisecs to 5 secs. This cycle 

is used for spot ·facing and c·ounterboring operations, which require 

a smooth surface finish on the face cut. 
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4.3.5.3 G84 The Tap Cycle: 

Again this is similar to the basic drill cycle. Once 

X and Y motions have been completed {in rapid), t he turret rapids to 

the reference plane, and feeds to the programmed depth. At the 

desired depth the spindle reverses its rotation and the ~urret feeds 

back to the reference plane at programmed Z axis feedrate. Then 

the spindle again reverses rotation and the table moves at rapid 

to the next X and Y co-ordinates. 

Usually the first three to five threads are considered 

bad, and the programmed depth should be increased by an equivalent 

distance to t hose bad threads (v·iz. thread pitch x number of bad 

threads). 

The tapping spindle speeds are given in tables, and 

the feedrate is directly prooortional to the product of spindle speed 

and thread pitch (Feedrate =spindle rpm x thread pitch). 

The tapping tools are generally spring-loaded to allow 

for a finite response time for the spindle to change direction of 

rotation, before it starts feeding out of the hole. · If there was no 

resilience in the tool, the threads could easily be stri pped es pecially 

if a high feedrate was used. 

4.3.5.4 G85 Bore Cycle : 

The bore cycle is the same as the tap cycle, except 

the spindle does not change its direction of rotation at t he bottom 
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of the hole, before it feeds back to the reference plane. If . the 

boring tool were removed in rapid traverse the tool would mark the 

bore surface with a spiral line. 

4.3.5.5 	 G80 Cancel Cycle: 

This functio n ignores any programmed Z axis f eed depth ; 

the trial rapids to the R word in the Z direction only. It performs 

no useful machining operation but is used together with other G 

codes to increase the ma chine tool effectiveness. 

For examp le, changing the work plane from a low level 

to a. higher l evel is usually done with a GBO cycle (see Fig. 4.5). 

the instructions would read: 

HOlO G8l XOlOOO Y030 00 Zl OOO F520 RlOOO S71 8 T6 Ml3 
(Position 1) 

NOl l GSO ROOOO 

NOl 2 G81 Xl 2000 (position 2) 

Upon comp l etion of block H010 the tool is instructed 

by the GBO com~and in block MO ll to rapid to ROOOO, and ignore any 

feed in the Z direction. In this instance this instruction is needed 

to raise the tool prior to moveme nt along the X and Y axes, to avoid 

collision with the work pie~e. 



" Cho. r~Qin_g_ Work Plnne Lo\'J ·to lli gh Level _) _ u _G_30_ \_Vi_tl!_ 87 
Cancel Cycle____,__~----

TC> DL C-\-\At--'GE. . 
R.= o.ooo . 

ICC" 

'POSITION. ~\:-1 
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. ?oSITIOl--i t~?.. 

FIG. 4·5 
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I 

FIG. 4·6 

Milling Cycle (Feed Rnte Control) 
~-::.::::.:.=_--=..."':""-:.=:=-.=.-:·.:;.:::=~~-==-===::..-:::.===~~.. -.:..;::..::;:~·--:.."'!:I 

"POSITION I 
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4.3.5.6 G79 The Basic Mill Cycle: 

The G79 code executes the X and Y motion first at the 

programmed feedrate, chasing the shortest path between the initial 

and the desired positions. Once these are satisfied the tool 

rapids to th_e reference p 1ane, and then feeds to the programmed 

depth. In the example belov1 block H0?.5 indicates a .5 inch es deep 

milling cut~ (Z address). Milling with this cycle is th en achieved 

on the following block, N026, which retains the G79 code (modal), 

and makes the tool move in the X and Y directions at the same 

feedrate. Since the R and Z values are unaltered from the pre

vious block, they are already satisfied, and there is no further 

tool motion in the Z direction. The following block remo ves the 

tool at rapid back to the reference plane. 

H025 G79 X03000 Yl3000 Z0500 F450 ROOOO 5610 T2 Ml3 

N026 X07000 Yl5000 

N027 G80 ROOOO 

This method of milling is inefficient, since the X and 

Ytraverse motion in the first block (H025) are done at the milling 

feedrate while the tool is cu tt ing through air. .A.ssuming it is 

possible to rapid to the cut depth (e.g. face milling), the following 

improvements can be made: (see Fig. 4.6). 

HOlO G80 X02000 Y09000 ZOOOO F440 R0225 5620 T6 Ml3 
(pas it ion 1) 

NOll G79 X07000 

NOl 2 G80 ROOOO M06 
(position 2) 
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The first block (HOlO) has a G80 code, this ignores the Z word and 

just rapids to R after X and Y motions are satisfied. Since there is 

no feed in the Z direction the programmer has to compensate for the 

.100 inches height of the reference plane. This may be done by 

increasing the R value by •100 inches above the desired cut depth 

Consequently, the tool rapids a total distance of .225 ins. in the 

Z direction but this is only .125 ins. below the surface of the 

workpiece. The next instruction performs the mi 11 i ng opera ti on, 

and finally th~ G80 code is used to raise the tool up to gauge height, 

so that the tool change (MOG) code can then lift the turret to the 

tool change position, and the tool programmed in the next block will 

be selected. Both the ROOOO and the M06 codes are necessary to 

retract the tool to the tool change position, as stated earlier, 

the M06 code is only effective when the tool is at gauge height. 

It is also possible to feed the tool into the workpiece 

at one feedrate, and use another feedrate for the actual milling 

operation, as shown fn the next example; 

The instructions are: 

HOOl GBO Xl2000 YlOOOO ZOOOO F410 ROOOO S615 T2 M03 
(position 1) 

N002 G79 ZOl 25 

N003 Xl 5000 . F450 

N004 G80 ROOOO MOG 
(position 2) 
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These instructions can easily be followed with reference 

to fig. 4.7. . It should be noted, that in this case there is a 

feed in the Z direction at the pro9 rammed feedrate, and this auto

matically compensates for the hei ght of the reference plane (. 100 ins.) 

There are many other cycle combinations used for tool 

mani pul at i on and perfo rming other ma ch"in"ir1g operations and sever al 

other 'canned cycles' (e.g. deep hole drilling etc.). The effect

iveness of the machine t ool is larg ely a function of the programmer's 

experience, s kil l and imagination. 

4.3.5.7 Profiling In The X-Y Plane: 

Since the moti on of the X and Y axes are perfo rmed 

simultaneously and the shortest route betv1ee n t wo points is always 

taken, (i.e. a straight line), a limited amount of profiling (in t he 

X and Y planes) is possible bY approxi mating the con tour by a series 

of straight line increments. The size of the increnents is limited 

by the speed at \'Jhich successive blocks can be read, and the necess ary 

control signals generated by the machine control unit. The manufacturers 

recommend that an increment less than .01 ins. should not be used. 

They claim that smaller increme nts would not i mprove the \'Jorkpiece 

finish, and cause excessive wear of the tane reader. This method 

of profiling will often give the workpiece a step-like appearance, 

especially profiling small radii of curvature. Nevertheless, it is 

extremely useful to have this capability. 
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It . is also possible to estimate the machining ti me , 

from sta.ndard time.s for va r ious operations and distances of travel, 

which are supplied by the machine tool builder. This machine 

tool can also be programmed with a N.C. computer language . 

4.4 INTRODUCTIO N TO CO MPUTER AIDEO PROGRAMM ING 

4.4.1 Ge ne ral: 

The original idea of calculating comp lex compo nent shapes , 

for conventional manufacture, on a General Purpose Compute r developed 

into the concept of a machine tool controlled by the numerical output 

of the computer. During the mid 1940's several industries involved 

in aircraft component manufacture (notably Parsons) were using the 

~xisting data processing ma chines to handle the vast amount of calcul

ations required to define the contours of pro pell ers and turbine 

blades. In 1944 a prototype programme was written for the M.I.T. 

Whirlwind computer to do these calculations, this was called the 

'Automatically Programmed Tool' syster1. Later, with the develo pme nt 

of the first NCMT (at ;1.1.T.) this prograrrnne was modified to programme 
.... 

a NC tool, and became known by the acronym, APT. 

4.4.2 The Grm·ith of Other Computer Aided Languages: 

Over the last decade NC has been applied to numerous metal 

working processes, and has become increasingly popular in industrial 

manufacture. Consequently, several computer corporations, machine 

tool builders and machine tool control builders, have developed a 

wide variety of comp uter 1 anguages for f.lC programming. Some cor
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porati ons have deve 1 oped their ovm in house languages sui tab 1 e for 

their particular needs (e.g. Rolls Royce). Today, there are so many 

computer languages for NC machines with different levels of capability, 

computer requiremen ts and ease in programming, that manufacturers 

should pay considerable attention in selecting .a langua<Je best suited 

to their nee ds . 

Some of the early 1 anguages such as Hl\LDO and cm,IP.AC 

have a fixed forma t output, l'lhich eases the computer load but li mits 

the manufacturing capab i 1ity of the · language. On the other hand APT, 

which can be used for almos t any metal cutting operation ( ba sically 

for milling) and has up to five axis capability, requires an extremely 

large comp uter memory core (e.g. smallest IBM comp uter; 360/40, 1-Jith 

256k bytes). There are other 1anguages that can be run on sma 11 er 

computers, but do not have the flexibilit; of APT. For examp le, 

AUTOPROMPT is designed for ball-cutter milling, AUTOSPOT for two or 

three axes point to po int ma chining; ADAPT for profile milling (two 

axis contouring control); CAMP IV for up to five axis point to point 

operations. 

4.4.3 Computer and Machine Tool Independe~ce of NC Languages: 

As explained previously in this chapter, most NC languages 

are machine tool indepe nd ent on the first pass through the computer, 

only on the second pass, us ing a post processor-prograrrm e do they 

become compatible wi th a part icular machine tool and control comb ination. 

The post -p rocessor progranme for a specific M. T. and control unit, 

- -- .. ""vL1~ r1 cne J.\fJI pr
ocessor output format (the cutter 

http:cm,IP.AC
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and the NC comp iler programr:ie , have to be written for a specific 

computer. Even though the APT processor output fo rmat (the cutter 

location tape ) is similar for various comp uters , it is not comput er 

i ndepend sn t. There are vari ati ans in computer ~'/Ord 1ength, and 

address systems . for examp le the IBM 360/series is a character 

address machine vii th 32 bit words co nsisting of 8 bi t bytes , whereas 

the General El ectric 400 ~eries is a word address machine with four, 

six bit bytes in each 1t1ord. To achieve a higher degree of comp uter 

independence it is curren t pract ice to write postprocessor in FO RTRAN 

IV, and only mi nor modifications are needed for interdependence betv1een 

comp uters. 

4.5 APT 

4.5.1 Introduct ion To APT: 

4.5.1.1 General: 

In 1957 the Aerospace Industries Association (A.I.A) 

undertook further developme nt s of the original APT programme and in 

the following year a second version, APT II, was released. Three 

years later APT III was completed, it is currently the most widely 

used NC language, and has been modified several times during the 

last seven years. 

Shortly after th e first version of APT III was written, 

the A.I.A decided to establish the-APT Long Range Programme (ALRP). 

Various industries participating in the proj ect formulated the pro

gramme , and they appointed Illinois Institute of Technology Research 
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Institute (!ITRI) to administer it. IIRTI is still responsible for 

updating ·and expanding the APT language today. Members of the 

ALRP decide the direction of future activities, and they have access 

to all the latest developmen ts and modifi~ations, in return they 

subscribe to the programme maintenance costs. Two years after a 

system has been released to ALRP members it is made availa ble to 

the public. 

4.5. 1.2 Recent Developments : 

The original APT III programme had various short-comings, 

one of the first projects undertaken by I ITRI \·1as to restructure the 

APT language. This was completed in 1965 and is referred to as the 

1 Ne\'1 Sys tern' . 

The 'new syste~ ' is open ended so that any technological 

improvements can easily be incorporated in the programme as soon as 

they are developed. An assembly approach (similar to FORTRAN) in 

the compiler is used instead of the old interpretive approach. 

This means that the programme is C017lpiled comp letely in ASSE~18LY 

LANGUAGE before any calculations are made. Whereas with an inter

pretive system the calculations are made with calls to various 

subroutines as each stateme nt is read. The former system diagnoses 

syntax errors on the first run through the computer whereas the latter 

system may c.a1culate almost the whole part-programme before it 

discovers an error(in the last statements)which will prevent the 

calculations from being completed. Apart from this in larger 
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programmes an assembly appro~ch utilizes the storage more efficiently 

and has faster execution speeds. 

The APT language is the most widely used NC language 

in the world, it is almost a 'de facto' standard, although recently 

developed languages on the conti nent are becoming increasingly popular 

in Europe. There has been discussion whether APT should he made 

an official U.S. standard and be placed in the hands of a Governmen t 

Agency for maintenance. In addition there are many different subsets 

of the APT language; ADAPT and AUTOSPOT are the best known of that 

group. At present APT IV is al most comp leted, h01·1ever, it is expected 

that APT III will still remain in use, and only gradually will be 

replaced in new installations or cases where APT III is inadequo.te. 

4. 5. 2 PHOGRl\i·l'. -1I flG I N APT 

4.5.2. l General: 

The APT vocabu l ary consists of over 300 words which are 

made up of 6 characters or less. The words can be divided according 

to the function they perform; l. Geometrical Definitions 

2. Tool and motion statements 

3. Machine Tool functions 

4. Systems commands 

Parts are represented, in terms of the surfaces \'lhich 

define their shape, using APT Geometrical statements. All machining 

operations take place al ong t vrn intersecting surfaces. this allows 

any cutter path to be unique ly defined in three dimensional space. 

http:inadequo.te
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The surface being cut is called the part surface, the one guiding 

the tool - the drive surface, and finally the cutting motion ends 

on or at the check surface (see Fig. 4.8). 

4.5.2.2 Vocabu~: 

The APT programme usua lly begins by assigning symb ols 

to each geometrical sh ape of th e part , un t il t he part is comp l ete ly un

ambiguously defined. There are severa l \vays of spec ifying 

geome trical shapes in the APT language , each is recogn i zed by a 

particular format. Table 4.1 shows the number of weys that each 

of the listed geometrical shapes can be defined in the APT language. 

The statement is of the form; 

Symbol = APT surface word/descriptive mod ifi er 

The symbols may not be another vocabulary \·1ord, or 

larger than six alphanume ric characters and must contain at least 

one alphabetical letter. For example, PT 1 = POI NT/l ,2,3: PT 1, is 

a point with coordinates in x,y and z equal to 1,2, and 3 respectively. 

Cl = CIRCLE/ 1 ,2 ,3 ,4. 

Cl, is a circle with centre coordinates, l ,2,3 in x,y 

and z respectively and a radius of 4. If Pl was already defined 

in the programme Cl could alternatively be defined by; 

Cl - CIRCLE/PTl, 4, or both could be defined with 

one statement; 

Cl = CIRCLE/CENTRE, (Pl = POI NT/l ,2,3) RADIUS, 4 
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Cl =CIRCLE/X U\RGE ,L 1, Y SMALL ,L2,R 

Fl_G.4·9 
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APT GEO METRICAL TYPES 

Apt. Word English No. of Definitions 

CIRCLE circle 12 

CONE cone 2 

CYUNDR cylinder 1 

ELLIPS ellipse 3 

G CONIC genera I conic 1 

L CONIC left conic 3 

LINE line 13 

PLANE plane 8 

PO INT point 10 

QUDRIC genera I quadratic surface 1 

RLDSRF ruled surface 4 

SPHERE sphere 5 

TABCYL tabulated cylinder 3 

VECTOR vector 9 

TABLE 4·1 
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In defining a CIRCLE tangential to two lines Ll and L2, 

it is obvious that 4 circles could satisfy this condition of tang ency. 

So in order to be specific, modifier words are to be used: 

X LARGt, X SMALL, Y LARGE etc~ Using these modifier 

words, Cl in figure 4.9 is explicitly defined by: 

Cl=CIRCLE/X LARGE, LI, Y SMALL, L2,R 

4.5.2.3 Rep resentat ion of Surfaces: 

Non-mathematical surfaces can often be specified by a 

generatrix, which is a line moving parallel to itself along a space 

curve, using a TABCYL statement. This is extensively used in 

describing free fonn conto urs that occur in automobile bodies, 

aircrafts and other components. Alternatively, non-math ematical 

surfaces can be represented by a mesh of surface poir:its. The programme 

can then interpolate between these points to fit a smooth curve. 

(General Electric have developed a special language for this purpose 

ca11 ed GEMES!l). 

Surfaces can be defined in parametric form as follO\·Js: 

x = f1( u , v) ; y = f 2( u , v) ; z = f 3( u , v) ; as u and v vary , 

a set of points are generated which define a specific surface. The 

APT systefil assumed only linear interpolation on the control unit, 

and any surface is approximated by a series of straight line increments. 

The language provides an INTOL/n and OUTOL/n statements, in which 

n limits the maximum inner and outer tolerances of the part respectively. 
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These are discussed at greater length in Section 4. 5. 3. 5. 

4.5.2.4 Cuttin0 Tool Specifications : 

In the CUTTER statement, there are seven parameters 

that can be used to define the geometrical proportions of the 

cutting tool as shown in figure 4.10 Ever.y programme has to 

have a CUTTER statement for each different cutt i ng tool~ which 

contains at least one of the 7 parameters. · 

4.5.2.5 Initial Motion Stateme nts: 

A statement giving the initial starting position of the 

cutter path in ptp programming is mandatory and has the form: 

FROM/1,2,3 where 1,2 and 3 are coordinates in x,y and z respectively 

or FROM/PTl where PTl is a point previously defined 

or FR0:-1/SETPT where SETPT is a point previously defined 

Both the CUTTER and the FROM/statements must. nrecede t he first motior. 

statement. The cutter path is always defined with respect to the 

tool-end, which is the intersection of the tool axis and the bottom 

of the cutting tool. 

In the case of cpp, the tool must be brought within 

the specified tolerances to a set of controlling surfaces before it 

can follow any defined surface path. 

Analogous to the FROM/statement in ptp programming, cpp 

also requires an initial starting statement which must appear in the 

programme before any contouring may begin. It has the fonn; 

McMASTER UNIVERSIT.Y LH:H-<AR1. 
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GO/TO,DS, TO,PS, TO, CS. 

Where the GO/ is the special APT word for initial continuous path 

motion, TO, is a modifier and may be replaced by PAST or ON in any 

of the three locations it appears in that statemen t (see Fig. 4.11). 

OS, PS and CS, are drive, part, and check surfaces r espect ively. 

However, in some cases it is not necessary to define a check surface, 

so only the drive and the part surfaces are programmed. 

The motion initiated by the GO/statement does not have 

a specific drive surface. The CUTTER moves along the shortest 

distance to the intersection of the three defined surfaces, until 

it is \'Jithin the toleranceslimits specified by the OUTOL/statement 

in the programme , or if t he re was no such statement an OUTOL \'till be 

assume d internally by the machine control unit. 

4.5.2.6 Subsequent Tool Motion Stateme nts: 

The drive and part surfaces defined in the GO/stateme nt 

apply to the subsequent tool motion stateme nts that appear in the 

programme . There are a numbe r of APT modifier words to specify 

where the motion of the tool should tenninate. Four of them; TO; ON; 

PAST and TANTO, are adequately explained in the Figure 4.11. Once 

the drive and part surfaces have been defined, the cutter is then 

directed to: 
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GOHID go forward 

GO BACK go back 

GOLEFT go left 

GORGT go right 

GOUP go up 

DO DOHN go dm·m 

by the above modifiers. 

The GOFWD direction is the direction of previous travel 

(in the APT system the part is always assumed stationnry, vihile the 
, . 

tool moves about the parts contours), and the other directions are 

apparent (see Fig. 4. 12). The programme r may have to use a 

certain amount of discretion in cases where the direction is not 

quite clear. The programme r can define a vector and instruct the tool 

to move in that vector direction. After the tool reaches a check 

surface, the check surface becom~s the new drive surface , in the 

next programmed tool motion instruction. However, the pa rt surface 

remains the same unless it is re-defined. · This can be done by a 

PSIS/statement , which beco~es effective in subsequent instructions 

in the programme, and defines the new part surface . 

In ptp programming the subsequent motion comma nds 

may be either in absolute di mens ions \'!ith respect to a defined origin 

or incremental distances from the present tool position. The statemen ts 

used are GOTO/x,y,z and GODLTA/ 6X, 6y, 6z , res pe ctively. 
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4.5.2.7 Rotating The Tool _Axis 

For 4 and 5 axis machining it is often desirable to 

rotate the tool axes. This can be easily done in APT by one of 

the following statements: 

TLAXIS/vect i or TLAXIS/i, j,k 

Where the too 1 axis is ma de para 11e1 to vector i or to the unit 

vector given by the direction cosines i ,j ,k. Anothe :~ stateme nt 

TLAXIS/ NORMPS moves the .tool axis perpendicular to the part surface . 

This can prove extrer.i ely useful in compound angle operations. 

4.5.2.8 Additional Statements: 

A further category of statements are available to 

control several machine tool functions that are similar to the 

miscellaneous functions destri bed in Section 4. 2.5. Some comm on 

examples are: 

COOLNT ON coolant on 

cooun FLOOD coolant flood 

COOLNT MIST coolant mist 

COOLNT OF coolant off 

DELAY/n a dwell block n secs long 

END end of programme - machine 
and control off 

-FEDRAT/n feedrate n inches per minute 

SPINDL/ n CUI spindle cloc kw ise at n rpm 

SPINDL/ n CCU,/ spindle anticlockwise at n r pm 
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4. ·5.2.9 Computational Capabilities: 

The APT language also has system co:nmands and library 

functions of angles, logs, etc., to perform arithme tic calculations 

that may be spedfied in the part programme. It is almost 

identical to the FORTRJ\N system comma nds. The comp utation of 

capabilities that are available are as follows: 

+ add ATANF ( ) arc tan 

subtract SQ RTF ) square root 

x multiply LOGF ( natural log 

I di vi de EXPF exponential 

** exponentiate AGSF absolute value 

SINF sine UffHF (vl vector .1 ength 

COSF ) cosine DOTF (VlV2) dot product of vectors 
v1 and v2 

4.5.2.10 LOOP and MA CRO Statements: 

APT has looping capabilities (cf. DO LOOPS IN FORTRAN). 

The first staten1ent of a LOOP is LOOPST, and the last is LOOPND, there 

are certain laws governing the nesting of loops within loops, (which 

is again similar to FORTRAN ). A simp le loop stateme nt is illustrated 

in the following examp le: 
LOO PST 

w= • 125 

10 	 X = (6.3/COSF (H) 

Z = H SQRT (1,1) 

GOTO/X, 0, -Z 

GOOLTA/O, .375, 0 
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GODLTA/0, -.375, 0 
W= H + .125 

19 lF (l.O - W) 20, 10, 10 

20 LOOP ND 

Statemen t 19 means t ha t if (1.0-W), is negative the 

programme will proceed to statement 20, if 0 is positive, the 

programme will proceed to statement 10. Thus it is apparent th at 

this loop \\fill "drill" 8 holes at the co-ordinates X, -Z which 

vary as shown , as the value of W increases from . 125 in increments 

of •125 until VI exceeds l, and then the programme proceeds to the 

next statemen t after statement 20. 

It is often useful to define MACROS, which are groups 

of stateme nts which can be recalled anywhere in the programme and 

different variable values inserted. 

· For example MAC l = MA CR0/D 

GO DLTA/ 0, 0, D 
GO DLTA/ 0, 0, -D 

TERM AC 

Anywhere in the programme the parts programmer can WR ITE CALL/M.l\ C l, 

D = N, and those two statements in the MACRC' \•Jill be performed \'l'ith 

the value of D = N inserted.- A MACROmay contai·n any valid APT 

statement and must end with a TERMAC statement. 
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4.5.2.11 Programming From Auxiliary Viev1s: 

To facilitate programming from machine drm·dngs, some 

sections of the programme may be taken from different views, pro

jecti ons, etc., and the data may be programme d in different co

ordinate systems. In order to keep the ~utter location data 

in the same co-ordinate system the programmer can order the computer 

to trans fo rm the aux i 1i ary coordinate~ to the main co-ordinate 

system. 

MI - MATRIX/matrix Definition of location of Auxiliary 
Origin 

REFSYS/rll 
) Geometric definition 
) statements in auxl. view 

REFSYS/NO MORE 

All the geometric stateme nts that appeared between the 

REFSYS/Ml and REFSYS/~10 MnRE statements are trar·sfonned by Matrix 

Ml to the main system. 

The cutter centre line data may also be transformed 

using a TRACUT routine in a similar manner to the REFSYS routine above. 

In this case, hmlfever, tool motion statements are transformed (not 

geometrical statements) with respect to the M.T. origin. 

4.5.3. THE BASIC STRUCTURE OF APT 

4.5.3. 1 Programme Sections: 

APT consists of 3 sub-sections controlled by a main or 

executive programme. 

http:4.5.2.11
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Section 0, is the executive programme which retains control of 

the other sections. 

Section 	1, ·is the lan~uage translator. It transfonns the geometric 

definitions into cannonical and calculates the arithmetic 

functions and outputs a PROTAPE or PROFILE. Control 0oes 
' 

back to Section 0 l'ih i ch then inputs the PROTAPE to Sect'ion 2~ 

Section 2, is the arithmetic element known as ARLEM. This calculates 

the cutter path co-ordinates and outputs a CUTTER LOCATION 

TAPE (CL TAPE) which is then used as an input to Section 3. 

Section 3, is the CL TAPE EDITOR. This also contains the COPY 

LOGIC for repeating PATTERNS and MARCOS defined in the 

programme. It performs the TRAClJT transformation and translates 

the CL TAPE into suitable English for a cutter location 

1is ting and other output format for the processor. 

4.5.3.2 Ccxnparison with FORT RAN: 

The APT language translator programme resembles that 

of FORTRAN in many ways. Some of the apparent differences are 

that there is no di st i ncti on beh1een integers and rea1 numbers in 

APT, and everything is calcu l ated in single precision. 

APT functions are really function classes with variable 

length argument lists. For example, LINE is a clas's of function 

which consists of LINE1 , LIME 2... etc., each has a different geometric 

construction which defines a line. The format of the argument 
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list refers to a particular co nstruction. A slash (/) is used 

to separate the word from the argument instead of parenthesis as in 

FORTRAN. The words CENTRE and RADIUS are known as permanent 

i denti fi ers. 

APT procedures do not have a value assigned to them. 

For exarnp l~, GOFWD/Ll, REFSYS/Ml. In addition these usually have 

variable length argument lists. 

All APT functions and procedures are written in FORTRAN , 

and are the equivalent of library functions. The translator must 

reduce the APT source programne into a proper sequence of requests 

for library routines compatible with FORTRAN. Comp uter storage must 

be allocated for variables and for data, as in FO RTRAN. APT also 

foll01'1S the same hierarchy in arithmetic operators as in FORTRAN. 

4.5.3.3 Meth od of Geometri cal Representation: 

APT uses a 3 di me nsional cartesian co-ordinate system 

as a common base for al 1 defined surfaces. Lines are represented hy 

planes perpendicular to the X Y plane, and circles by rig ht cylinders 

with their axes perpendicular to the X Y plane, to give them a 

3-D interpretation. 

All defined geanetric shapes are reduced to cannonical 

forms, viz. A sphere is reduced to the x,y,z, co-ordinate of the 

centre point and the r ad ius, A vector, to a unit vector and a scalar 

magnitude, a plane to a normal vector and its shortest distance to 
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the origin. Similarly, there are cannonical forms for points, 


free vectors, circular cylinders, cones, generalized quadratic 


surfaces, ruled surfaces, transformation matricies etc. This 


. assists calculation of cutter path co-ordinates and matrix trans

formations . 

4.5.3.4 Tool Mo tion: 

The APT system assum~s only linear interpolation 

capability of the machine tool. Linear interpolation implies 

that movement along all independent axes occurs simultaneously, in 

some co-ordinated fashion to produce straight line motion between 

two points relative to the ma chine bed. In moving along a contour 

the path is approximated by a large number of straight line increments 

which are calculated in the progr~nme. (In cases where the machine 

tool has circular interpo lat ion and the cutter is directed along an 

arc of a circle, this section of the programme becomes redundant). 

4.5.3.5 Tolerance Specifications: 

The programme js so designed that it calculates the size 

of increme nts necessary to remain v.rithin the tolerances specified, or 

assumed, if not specified. 

Take for example, the case of a circle, from the geometry 

of Fig. 4. 13 it can be shown that the span of increments for a 

chordal approximation is equal to.:ll = 2.;(2R-t)t where t is the 

tolerance,\'1hich if defined in the programme would be the INTOL/t 

statement. A tangential (or OlffOL/t) approximation shown in the 
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Chorda l approxi mat ion to a circl e 
radius R 

= 2 )(2R-t)t 

FIG. 4·13 

Tangentb l approx im:ition too circle 
radius R 

where R' =R -+ t 

FIG.4·14 

chordal a pprox im::it.ion ~o circle 
radius R with cu t ter compensation 

where R' == R ~ T 

FIG. 4·15 

A tool a~~2i·oqchinz Q port and 
dri-.•e surfoce 

Construction to 92t V r:ctQ• V 

FIG. 4·16 
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Fig 4.14 reduces the span of the increme nts slightly. However, 

in the above cases the tool radius has been neglected so this too 

must be included in the calculations. In the follov1 ing figure 

(4.15) a chordal approxima t ion with a finite cutter radius is 

shown, however, there are t wo solutions dependi~g on whether the 

tool is on the concave or convex side of t he arc. This basic 

analysis is extended to other plane and 3-D curves. The span 

length is calculated from the minimum radius of curvature. This 

calculation is trivial in the case of simple plane curves, however, 

it becomes very complex in so:ne 3-0 shapes. 

Another routine in the geometrical section is to 

control a cutter of a complex shape to move within tolerance of the 

controlling surfaces. It is first moved to a 'close' position, in 

the direction of the defined surfaces. The nonnals NP and rm to 

the surfaces and the parallel tangent planes are constructed as 

shown in the Fig. 4.16. When the tool is 'close' the vector, (v) 

of these tangent planes is calculated and added as a correction to 

the tool tip location. This process is iterated until all tolerances 

are satisfied. 

4.5.3.6 Tool Compensation: 

The CL tape gives the co-ordinates of the cutter path 

with the programmed cutte r di me nsions, as well as nonnals to the 

cutter path. This latter data can be processed by the MCU to 

compensate for any change in cutter dimensions from the programmed 
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dimension. The amount of compensation is usually dialed in on 


the control unit. This is an important feature to enable the 


operator to use un de r or over size tools 'ttithout preparing a nevJ 


CL tape. 


4.5.3.7 Additional Features: 

An additional feature of this programme is the mechanism 

for rotation, translation and change of scale of cutter location 

co-ordinates. This capability is invaluable in programming parts 

of high symmetry and is known as the copy logic. 

The error diagnosis is carried out at all levels of 

the language. The l~nguag e translator usually finds errors in 

grammar or syntax of the programme. The geometrical section finds 

errors in geometric definit i ons, for example, a line defined parallel 

to a line and through a point on that line, or moving a cutter to a 

check surface that does not intersect the drive or part surfaces. 

The postprocessor also has diagnostic capabilities which are discussed 

in section 5. 

4.6 ADAPT 

4.6. 1 	 Introduction: 

This lang.uage was developed by IBM under contract to the 

U.S. Air Force. It has complete two dimensional capabilities 


(profiling) in the X and Y plane but only linear velocity control on 


the third axis. ADAPT belongs to the APT family of languages, 


·utilizes similar words and syntax, but has a smaller vocabulary and 
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is far less flexible than APT III. The programme is designed 

for small or medium size computers {e.g. IBM 1620 with 20K core) 

and is relat1vely popular in Canadian and American metal wor king 

industries that do not need the full APT capability (20%in survey 

[21]). Various major computer manufacturers have developed a 

version of ADAPT for thei.r computers, as shovm in the .A.ppendix. l. 

4. 6. 2 PROGRAMM ING ADAPT 

4.6.2. l General: 

The programming procedure is almost identical to APT, 

except ADAPT has fewer acceptable geometrical definitions, and has 

other· limitations that res t rict the flexibility and usage of the 

language {e.g. there are only 6 ways of defining a point and only 

7 ways of defining a cirC'le in ADAPT). In t1<10 dimensional, milling 

the plane, in which the cut ter tip moves, is called the part surface 

which is analogous to APT. If no part surface is defined the 

X Y plane {Z=O) is assumed. 

As in APT, before the f{rst motion statement is given, 

the cutter dimensions must be defined, but the ADAPT language only 

provides for a flat bottomed cutter with rounded edges. Both the 

cutter diameter and the radi~s of the rounded edges are modifiers 

to the CUTTER/statement. If a ball cutter is used then the corner 

radius is equal to the cutter radius, and if a straight edge cutter 

is used then the corner radius is zero. The tool length is inserted 

in another statement viz TOOL N0/1001 ,3.5DO. The nLmber 1001 is 
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a) CUTTER/D, r 

General cutter shaoe 

r 

b) CUTTER/D,r 

r = 0/2 

Ball cutter shaoe 

c) CUTTER/D 

Straight edqe cutter shane 

FIG. 4.17 A CUTT ER DEFINITION IN ADAPT. 
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a nwnber allotted to that particular tool. Each tool must have 

a 4 digit number, irrespective of whether the machine tool has a 

manual or an automatic tool change. The length of that tool 

is given as 3. 5". Both the CUTTER and the TOOUIO statements are 

modal, they remain fixed in the control memory until t he instruction 

appears again in the programme , with different values. 

Almost all rules that apply to APT apply also to ADAPT. 

A FROMstatement must be programmed, giving the initial starting 

position of the cutting tool. The part surface is defined with 

a PSIS/ statement, and may be any plane parallel or at an inclination 

to the X-Y plane. The feedrate instruction is given directly in 

inches per minute , and both the part surface and fee dr ate instructions · 

are also modal. ADAPT also has the same cutter compensation routine 

as APT (no nnals to the cutter path on the CL tape). 

4.6.2.2 Tolerance Specifi cations: 

ADAPT approxi mates contours by small straight line 

increments. The tolerances are specified, using HITOL/ and 

OUTOL/ statements, however, the statements do not alvrnys mean the 

same as in APT. In ADAPT, INTOL applies to the insi de curvature 

of the contour, and, not to the part, as in APT. Similarly OUTOL 

. applies 	to the convex side of a contour. APT tolerance stat ements 

are acceptable in ADAPT. If both INTOL and OUrDL are of equal 

value. If unequal tolerances are desired the ADAPT progranmer 

must continually re-define th e tolerance stat ements, depending on 
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which side (concave or convex), of the contour the tool is 

cutting (see Fig. 4.18). 

4.6.2.3 Pocket Milling: 

The ADAPT pocket milling routine ~a kes used of the 

computer to calculate the passes required to clear a poc ket, 

however, the pocket may only have strai ght sides, less t han five 

corners, and must be convex in shape (i.e. all inside corners are 

less than 180°). To su rmount the latter two restrictions one 

pocket may be divided up int o several imaginary pockets as illustrated 

in the Fig. 4.19. 

4.6.2.4 Point To Point Prog ra~ming Cap ab iliti es: 

Although ADAPT is not very \'/ell suited for ptp programm i ng , 

it can be used with some measure of success. The problem is t hat 

in AMPT geome tric and tool motion stateme nts may not be mixed in a 

MACRO or COPY seri es of statements. For example, each hole on a 

bolt hole circle woul d have to be prograrn~e d individually. A method 

that is frequently used in ADAPT ptp programming is an INDEX - COPY 

routine. 

The word HIDEX, followed by an identifying number, starts 

a series of comm ands. This series terminates at a COPY statement, 

which has the same identifying number, a modifying word, and another 

number i ndi catin~ hrn·J many ti mes the series of commands should be 

repeated. The modifying \vord indicat es \·1h ether to repeat exactly or 
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rotate or translate the commands each ti me they are coried. . For 

example, drilling 12 holes in a straight line, inclined at 30° to 

the X axis, a distance of 1.72 inches apart, would be programm ed 

INDEX/500 

FEDRAT/15 

GODLTA/0,0,3 

FEDRAT/50 

GODLTA/0,0,-3 
FEDRAT/200 

GODLTA/2 ,1 ,0 

COPY 500, SAME, 12. 

It should be noted that after the 12th hole is comp leted, 

the tool still indexes a further 2 inches in X and 1 inch in Y, which 

can only be avoi de d by copying 11 hol es and program~ing the 12th 

separately. The travers e rate of 200 ipm was not s pecified as a 

RAPID, because a GOTO comm and must a l\'/ays fo 11 ow any RAP rn feedrate 

progra111med. 

4.7 AUTOSPOT 

AUTOSPOT was developed jointly by IBr·~ and Kearny & 

Trecker in 1962. Basically, it is designed for 3 AXIS point to 

point operations. Although it can be programmed for limited 4th 

AXIS operations as well. It also has elementary profiling 

capability, hm11ever, if any milling ins t ructions ar pear in the 

programne it requires an additional pass through the computer. 

This makes it a 3 pass system with milling operations, or a 2 pass 
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system for only ptp machining. The language used is similar 

to J\UT0>1/\P (an IB~1 subset of APT II with sinrilar capability to 

ADAPT) and AUTOP ROMT (used for 3 dimensional contouring). 

For regular ptp operations, this language has 

various useful features. The programme compensates for cutter 

tip angles in drilling operatio ns and also gives an additional 

break through allowance when required. Patterns of co-ordinates 

can be given a symb ol and stored in memory for later use in the 

programme. Any numb er of holes on a bolt hol e circle can be 

calculated by one instruct ion. Incremental programming can be 

used effectively to produce larae nu~~ers of equally spaced holes 

in a matrix fonnation. Patterns of holes can be inverted? translated 

or trans fanned to a mirror inwge equi va1ent. Programrni na can be 

done in polar co-ordin ates if the geome try of the rart makes it 

more convenient. There are several other useful ptp programming 

routines. 

The milling capability is limited to three types of 

operations. The basic mill cycle operation is sequential programming 

of straight lines and arcs of circles. Geometrical shapes must 

be defined by co-ordinates of various points on the contour. A 

pocket mill cycle can be used to clear pockets to a specified depth, 

and similarly, a Face Mill cycle will mill a surface area to a given 

depth. 
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IBM have a ne1-1 ADAPT-AUTOSPOT 360/sys tem. This 

programme comb ines both languages together. It can be loaded on 

an IBM 360/30 with 32k memory core (see section 5. 11). 

4.8 2CL 

4. 8. 1 General: 

This language has been prepared by the Nat ional 

Engineering Laboratories (N.E.L.) in Glasgow, together with Ferranti 

Limited, under a contract from the British Ministry of Technology . 

This is intended to be come the standard NC programming language 

in the U.K. It is based on the recommendations bf a report prepared 

by a subcommittee studying NC programming [15] published in 1%5. 

The language is for machine tools with two axis (X and Y) contouring 

control, and an independent 3rd axis (Z), with linear velocity 

control. Hence the name 2 contouring (C) and one linear (L) axis 

control. The language is co~patible with APT and EXAPT, using 

a similar part programning vocabularly and modus operandi where 

possible, and has the same facility for cutter compensation. 

To achieve a high degree of computer independence, the 

processor · programme is written in FORTRAN IV and could be readily 

modified for any computer with an ASA FORTRAN IV comp iler, and at 

least l2K core storage of at least 24 bit words. At present, f6ur 

different comp uter manufacturers have been, or are, working on their 

versions of 2CL. The comp uters used are; Univac 1108; ICT 1900 

series; English Electric KD F9 and .Elliot 4100 series. 

., ') ') 
r 
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A general postprocessor has also been prepared, which 

is relatively computer independent, and can easily be modified for 

any particular mach i ne tool and control unit combination. Most 

of' the ne\.'1 APT postprocessors written in FORTRAN IV are relatively 

easily modified for use 0ith 2CL. 

N.E.L. are responsible for the language and keep it 

regularly updated. The language is available to British manu

facturers free of charge. 

2CL originally developed abbreviated words for several 

of the most popular vocabulary terminology, and these may be used 

as an alternative to the longer word. For example; in defining a 

circle Cl tangent to 3 previously defined lines Ll, L2, L3, the 

programmer could write: 

Cl = CIRCLE/ Y LARGE, Ll, X LARGE, L2, Y SMALL, L3 

or the terse alternative: 

Cl = C/YL, Ll, XL, L2, YS, L3. 

Recently APT also introduced some abbreviated words 

for optional use. The arithmetic capability, the geometrical 

definitions, the drive part, and check surfaces and the motion 

statements are all much the same as APT. The INTOL and OLrrOL 

dimensions refer to the inside and outside of the part surface, as 

in APT, not the concave and convex sides of the curve as in ADAPT. 

In the MACHIN/statement, defining the postprocessor, that should be 
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used, the part programmer can indicate whether the machine tool 

·has circular interpolation or not. If so, the computer will then 

avoid the unnecessary vector cut calculations, v1hen the tool is 

directed around the arc of a circle; this cannot be done in APT . 

Again, as in APT, this language has facility for 

defining a MACRO and a PATTERN. Point to point programming has 

good application . on 2CL, better than ADAPT, which is roughly the 

IBM equivalent to 2CL in profiling capab~lities. 

4.8.2 Pocketing Routines : 

An attractive feature found on 2CL, is its area clearnace 

capabi 1ity. · The computer can be instructed to calculate the 

cutter movement required to pocket mi 11 any closed contour bounded 

by straight lines and arcs of circles, and \·1hich may contain other 

contours (also bounded by straight lines and arcs of circles) which 

are to be saved. The ~rea will be cleared by straight line cuts 

parallel to a drive surface specified by the part programmer. The 

routine automatically provtdes a final cut around the specified 

contours, to re:nove any scallops generated. An additional finish 

cut around the contour may also be called for. With the same 

pocketing routine a negative finish cut may also be used to clear 

the surface of a metal block, leaving behind a defined contour island. 

This rdutine has several other applications and is a useful additional 

capability to have available. 
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4.9 EX/\PT 

4.9.l General: 

Several German University Institutions, with the support 

of a few European comp uter control and machine tool manufacturers, 

made a study of NC programm ing languages about three years ago. 

They found t hat APT was the 1110s t sui ta b.le to rneet the requirements 

of European industry, hm·1ever , certain deficiencies \'1ere observed. 

Namely, APT had no facility to utilize the comp uter for solving 

technological parame ters of the various machining operations. 

Consequently, it was decided that a new family of languages, compatible 

within APT, should be written to fulfil these requirements. EXAPT 

l is for three Axis point to point programming and si mp le line 

milling operations. This has already been com p l et~d and is in 

use. EXAPT 2 is for turning operations. It deals with programming 

lathes wi~1 straight path or contour control. EXAPT 3 is for 2 axis 

profiling with linear veloci ty control on t he 3rd Axis and will be 

used mainly for milling machine tools. The latter two are still 

in the development stage, and it 1tlill be sor:ie time before they are 

made available. A generalized block diagram of the principal processing 

stages of the EXAPT language is shown in Fig. 4. 20. 

4.9.2 EXAPT 1 

4.9.2. 1 General: 

The structure of EXAPT l is much the same as the APT 

family of languages, and may be considered as another subset. The 
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CL tape conforms to an APT format . The processor can be loaded 

. in computers which have an ASA FORTRAN IV compiler with a minimum 

of 16 K core storage. 

The type of geometrical definitions that occur in ptp 

programming are easily expressed in EXAPT 1 and an analogy may be 

drawn to the geometrical definitions available in Autospot (and APT). 

The language has adequate capabiliti es of inversion, mi rror image , 

patterns, etc; 

4.9.2.2 Tool and Material Indicies: 

All too l s iuitab le for NC machining are filed on a card 

index. Each is given -~ number by the individual user. This is 

entered on the index card, together with the tool dimensions, (length, 

diameter, angle), and several other code numbers that identify the 

type of machining opera tion the tool is used for (drilling, turning, 

or milling), the geometric share of the tool, the material from \•Ihich 

· it is made, and the type of tool holders required. These cards form 

the tool index and are loaded into the coTilpu ter memory. Further, 

a material index is al so compiled from the individual man ufacturers 

previous ma chining experience . Materials \·tith similar ma chinability 

properties may be classed together in the card index. The data 

required for each material, and each type of ma chining opera ti on, 

include; \'1hether a coolant is required; the cutter material; the tyre 

of tool (coded); the angle of the tool tip; the cutting speed, and 

a feed factor. All this data is also stored in the comp uter memory. 
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In the parts programme, the workpiece material must be programme d, 

before any machirii ng i nstructi ans are given, and other parameters 

concerning the initial surface finish may also be included. 

4.9.2.3 Machining Operations: 

A particular machining operation may no\'t be defined 

and given a symbol, for example: 

MACH 1 =DRILL/ SO, DIA~1T, d DEPTH, t TOOL, e (or e,f) FEED, s, SPEED 

V, SPIRET g, NOREV 

The un de rlined ~edifiers must be given in every case. 

The remaining ones may be omitted, if so, they will be calculated 

by the computer (SO is si ng le operation, SPIRET is an instruction 

for a feed spindle return motion). 

Alternatively, a work cycle, as opposed to a single 

operation, may be defined, vrhere only the last operation is specified, 

e.g. tapping. All the necessary premachining and machining sequences 

and the tool selections are automatically generated, and the cutting 

parameters are ca1 cul ated by the computers. Only certain modifiers 

are then permissable in the machining statement, which is similar to 

the one above, without the first parameter SO. These work cycles~ 

or single operations, may be. called up later on in the pro~ramme by 

the following statements, for example, 

WORK/~1ACH l 

GO TO/PT 1 
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This instruction \'Jill perform the machining operation defined by 

MACH l at PT 1. The language prov~des for the following kinds 

of operations: 

Centre Ori 11 i ng 

Centre Goring 

Reaming 

Tarpin0 

Ori 11 i ng 

Centre .Sinking 

Mi 11 i n~ 

ti. 9. 3 EXAPT II 

EXAPT II follows a si ~ilar pattern, and is used for 

turning operations, however, in this case it is necessary to define 

the geometry of the unma chined workpie ce as well as the final 

geometry of the machined part. The computer will t hen calculate 

the required number of cuts, and the cutting parameters, to mach ine 

the material from the oriainal workpiece to the desired proportions. 

4.9.4 EXAPT III 

EXAPT II I is still in preliil1inary stages, but basically 

it will be an upgraded version of EXA 0 T I, to include a milling 

capability similar to t hat to 2CL and ADAPT. 

4.10 ADDITIONAL LANGUAGES 

Split is a 5 axes machine orientated continuous path 

programme , written by Sundstrand r~a chine Company specifically for 

a particular series of milling ma chines they manufacture. This 

programme requires only one pass through a comp uter, as the post 
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pfocessor functions are included in the processing stage. The 

.vocabulary is relatively small, about 70 words are used. The Split 

programme has been written for most of the major NC controls and 

various Sunstrand Machi~~ tools. The~e are language comp ilers for 

the IB~ 7090, 1620 and 650, although the languages on the smaller 

computers are limited, several other comp uters may also be used, 

and may be substantially smaller than the minimum size comp uter 

for APT III. The Sundstrand Machine Compa ny have also prepared 

APT postprocessors for their machine tools. 

An extremely powerful ptp language has been developed 

by Hestinghouse, who manufacture N/C controls. The current version 

is Camp IV and has 4 and 5 axis capability. It can be considered 

another APT subset. (Although Camp I and Camp II were not) and may 

be run on comp uters that take a FORTRAN IV comp iler. 

SNAP is a simple 2 axis ptp language, developed for 

Brown and Sharps' 11 Turn - E - Tape" drills. It v1as designed for the 

IBM 1401 data processing sy~tem, hut has been run on several other 

computers as well. 

There are at least a hundred other computer languages 

for NC machines, an d it would be impossible, and purposeless, to list 

them all. The major languages \'lhich are currently used in industry 

have been dealt with. 
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Another interesting approach to prcigramning 2 or 3 

axis ptp machines for re 1ati ve ly straigh t fon·ta rd comp onents has 

been developed by Digital Equipment (and probably several other 

computer manufacturers as well). This i~ a total system the hardware 

consists of a small G.P. digital computer (PDP - 8/S) connected to 

an electric printer with a paper tape reader and paoer tape punch. 

This is purchased together with the languag e and the postprocessor 

softv·rnre package. This system of ptp programming ,in conversational 

mode with the compute r, has been found extremely effective in several 

NC installations. 

5.0 POSTP RO CESSORS 

5. 1 Introduct ion: 

5. l. l Genera 1: 

The postprocessor programme serves to translate the 

generalized cutter location data, into a machine tool control tape 

compatible with a particular control system, on a particular machine . 

Formerly pos tprocessors were 1·1ritten in a cumbe rsome comp uter dependent 

language. Each particular machine tool and control comb ination 

required a new postprocessor, the preparation of which was both 

uneconomical and ti me consuming. In addition a parts programmer 

would have to become familiar with each particular postprocessor. 

Present trends are to write the postprocessor in a 

computer independent language ; FORTRAN IV is commonly used. This 
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saves time i n writing the postprocessor and any changes, extensions, 

or modifications to include another NCMT can be easily carried out. 

The advantages gained, however, are at the expense of conputer 

efficiency. The possible computing time that could be saved 

by running a programme written in machine language is negligible 

on large computers, and today special postprocessor for machine 

tools are ra rely written . unless there is some other incentive. For 

example, a postprocessor, written in assembly language, requires 

far less memory core than one written in FORTRM! IV. The AUTOSPOT

ADAPT language can run on an IB''i 360/31) computer vtith 32K, ho~1ever, the 

AUTOSPOT-ADAPT postpro~essor for several machine tools has to be 

written in assembly language, to fit into 321( memory storage. The 

same postprocessor, written in FORTRAN IV requires 64 Kmemory core. 

There are many postprocessors presently available for 

various languages, controls and machine tools. !ITRI, who are control

lin9 APT, have established a set of APT postprocessor standards 

(1963) which are issued as a guide to postprocessor authors as a 

means to ·establish some uniforr.iity in the APT system. 

5.1.2 Modern Postprocessor Structure: 

Currently postprocessors have a modular structure as 

shown in the Fig. 5.1. They are generally not orientated tov.1ards 

individual machine tools, but are composed of a library of elements 

in each module. Each machine tool will require different 
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combinations of these elements for postprocessing the CL tape, 

suitable for their control unit. The common control element 

serves to co-ordinate various sections of the postprocessor 

programme. This type of arrangement, again emphasises the 

facility to change and add to the existing programme library, to 

include new machines, and to keep pace with the expanding technology. 

5.2 AN APT POSTPROCESSOR 

5.2.l General: 

In the APT system the particular postprocessor is 

specified in the first ope rational statement of the parts programme. 

It defines the type of control unit and the servo lag characteristics 

of the machine tool. In addition, it arranges the axis nomenclature 

to suit the i tem manufactured and indicates whether circular inter

polation is avai l able or not. 

The input element (Fig. 5. 1) reads the data, performs 

some minor diagnostics and sorts it into various prescri bed storage 

areas in a coded form. 

5.2.2 The Motion Element: 

The motion element has a further two sections which, 

together, deal with all motion commands, and maintain the diagnostic 

process. The section dealino with geometry, transforms the co

ordinates of the generalized cutter location tape to correspond with 

the datum of the particular machine. The co-ordinates may nov1 
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be expressed in absolute, or incremental fonn, on the tape, 

depending on the control system used. This section can rotate 

and translate a particular pattern defined by a set of co-ordinates 

to any location on the work table. It also can perform inversion 

and mirror image representation of data. All these calculations 

have to be carried out with great accuracy to ensure there is no 

error accumulation or round off \'1hich would alter the tool path 

from the one programmed. 

5.2.3 Linearization: 

Postprocessors for 4 and 5 axis NCMT are complex and 

include several additional features. For example: all rotary 

or combined linear and rotary (helical) motions of the cuttin'.) 

tool may be tested for deviation from a linear programmed path. 

The lineariz ation can be kept within a certain tolerance defined 

in the programme (e.g. APT statement LINTOL/.001) .if no such statement 

is programme d the motion is done at a ranid traverse rate and not 

linearized (Fig.5.2b). This can .best be explained by the following 

example from an APT postprocessor. The following 3 diagrams indicate 

the . tool motion;(5.2a) with a rotary command first, and then a linear 

command; (5. 2b) with combined rotary and 1 i near mo ti on \·Ji th out a 

linearization tolerance spe~ified and, finally (5.2c) one with combined 

rotary and linear mo ti on and a defined l i neari zati on tolerance. The 

linearization routine calculates ~dditional points along the cutter 

· tool path to keep it within the tolerance defined. 

http:motion;(5.2a
http:Fig.5.2b
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5.2.4 The 	 Dynamics Eleme nt: 

The other section concerned with cutter motion is 

called "dynamics" in Fig. 5.1. In this section the dynamic 

characteristics of t he machine tool are stored in memory. In 

cases of positional machine tools, this part of. the postprocessor 

is relatively strai ghtfon.-1ard, hol'lever~ this is not true for 

a continuous path machine tool. The postprocessor serves to 

edit the programme r's instructions of cutter velocity (and 

acceleration ) to within the capability of the machine. For example, 

in programming, the cutter velocity can be changed instantaneously, 

ho\11ever, the acceleration and response times of the machine tool's 

servo drives are finite. This element in the postprocessor issues 

instructions that the machine tool can follm·1, and that are compatible 

with the type of machine control unit used. For exar:i ple, vlith a 

Bendix cpp control the feedrate is coded either as a feedrate number* 

or as a inverse time feedrate number** on the punched control tape. 

* 	 Feedrate num ber (FRN) 

FRN = 24574 x 2n x I vector feedratel 
60 x I vector lengthlx basic pulse weight 

n is a positi ve integer representing the number of digits in binary 

equivalent of the largest axis integer in that block, and basic pulse 

weight is either .0002 ins. or .0001 ins. 

** Inverse ti me number (IHI) 

ITN = 10 x !vector feedratel 
!vector length I x basic pulse weight 



137 


The postprocessor \'Jill calculate , by the appropriate formula, 

the one indicated by the sign of the first argume nt follm·ling 

the postprocessor name in the MACHIN/statement. The Bendix system 

controls fe edrate adequately, but has no control ove r acceleration 

and deceleration. Consequently, wh enever the cutter has to move 

in rapid traverse, (it may be instructed to do so in the parts 

programme , or on executing a 'cycle' comm and that calls for rapid 

traverse) . preparatory functions of acce 1 erati on and dece 1 erati on 

are punched into the tape . The postprocessor calculates, from 

data (usually empirical), stored in the memory, the distance the 

machine tool requires to decelerate from rapid traverse to the next 

programmed feedrate. It then checks whet her the remaining distance 

to be moved in that bloc k is sufficient to accelerate from its 

present velocity to rapid traverse. If this distance is too small 

it will change directly to the new feedrate, otherwise it punches 

3 separate comn and blocks on t he ta pe, an acceleration block, a 

deceleration block and a correction block {see Fig. 5.4). This is 

illustrated i n the followi ng example using APT and a continuous 

path Bendix control. The feedrate is given as an inverse ti me 

feedrate number. 

INPUT programmed in APT 
RAPID 
GODLTA/13.972, 10.479,0 

OUTPUT AFTER PROCESSED AND POSTPROCESSED 

G08 X 11364 Y 9533 F 1247 Acceleration block 

G09 X 2605 Y 1944 F 3240 Deceleration block 
X 3 Y 2 F 33282 Correction block 
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It can be seen that the total movement in the X and Y directions 

are 13.972 arid 10.479 respectively, by adding the coordinates in 

each block (1 unit i s 1 thousandth of an inch). The feedrate 

vectors for the first two blocks are 185 ipm (see fig 5.3) and 1.2 

ipm for the last one. 

A similar problem can occur even when a RAPID rate is 

not demanded , but a large change in feed velocity is programmed, in 

this case, (nendix control) a feedrate step function is employed. 

The step 1 s r ate and distance,is a fun~tion of the servo lag and 

minimLCn block interpolation time, which is stored in the memory of 

the postprocessor. Thus the postprocessor calculates whether 

the time required to generate the command pulses to the servo, 

(block interpolation time), is less than the ti me required to reach 

the new feedrate programmed in that block (dependent on servo lag). 

If the block i nterpolation time were less, several separate blocks 

of instructions are prepared by the postrrocessor, increasing the 

feedrate in steps, until the programmed feedrate is reached. A 

machine tool with a low servo lag will have to take smaller velocity 

steps than one with a high servo lag. 

5.2.5 Overshoot and Undershoot: 

In continuous path machining, the overshoot or undershoot 

of the machine tool, directed to a specified location, must be within 

the machine tolerances defined in the programme. See Fig. 5.5. Again 

the servo lag characteristics which can be expressed as, a steady 
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state positional error, determine the appro priate instruction to 

·keep the cutter path within the tolerances. For example, if the 

direction of cutter motion is changed sharply (say 90° or more), 

an additional instruction block may be necessary to decrease the 

feedrate before the point, at which the cutter direction is changed. 

This is to ensure t hat the overshoot is within the tolerance 

specified (Fig. 5.5b). The postprocessor actually simulates the 

tool motion and will compute an additional instruction block if it 

is necessary, (a high 1ag servo wi 11 have a faster approach velocity 

than a low lag servo). Similarly a d1<1ell or delay block (only a 

feedrate command) may be necessary to allow the servo to recover 

its steady state positional error and to ensure no undershoot error 

in the cutter path (Fig. 5.5a). Each programmed feedrate is 

tested for overshoo t or undershoot relative to the next cutter 

velocity vector ins t ruction. 

5.2.6 Other Control Systems: 

This type of feedrate control does not apply to all 

systems, the Cimtrol and General Electric controls do not require 

acceleration and deceleration instruction blocks, this function is 

incorporated in the machine control unit. The absolute feedrate 

is punched directly into the control tape and, when the machine tool 

is instructed to change from one feedrate to another, it does so 

with linear acceleration without any additional ·commands from the tape. 
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The postprocessor however, will calculate whether the servo 

acceleration, needed to satisfy the programmed feedrate, can be 

reached within the distance programmed in each informa tion block 

and, if not, a lov1er feedrate will be used. This postprocessor 

handles cutter overshoot and undershoot in a similar manner to the 

Bendix postp rocessor described previously (see Fig. 5.6). 

5.2.7 The Aux ili~Eler.1ent: 

The auxiliary element of the postprocessor deals with 

the preparatory and mi scellaneous functions (see Tables 4. 1 and 

4.2 for lists of EIA standard preparatory, and miscellaneous 

functions) as they appear i n the programme. Whenever a recognisable 

word (in language vocabulary) is read by the postprocessor, the 

corresponding coded instruction is punched in tape. These may be 

divided into motion and non-motion instructions. The non-motion 

functions are represented by the letter Mand two digits. For 

example, a few common miscellaneous (EIA standards) functions are:

Ml3 Spindle clockwise and coolant on 
M09 Coolant off 
M03 Spindle clockwise 
MOl Optional stop 

There is provision for unassigned miscellaneous codes to be tailored 

to the requirements of the i ndividual machine tool user. The pre

paratory functions, on the other hand, assist the machine control 

unit to perform the next instruction. For example, clockwise 
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circular interpolation is indicated by G02 or, acceleration 

and dece 1era ti on commands (1·1h i ch have a1ready been discussed) are 

indicated by GOB an d G09 respectively. 

In addition there are instructions, for including the 

cutter compensation settings on the machine tool dials; for a cutter 

moving forvrard on the left or on the right of a contour; and ones 

for ignoring the cutter compensation settings altogether. Included 

in this list of preparatory functions are 'canned cycle' routines. 

These are used in manual programming and have been discuised more 

fully elsewhere in this thesis. This section also has some 

memory storage space where patterns or marcos, can be retained. 

They may be repeated, rotated, inversed (mirror image), at any other 

location on the part,as specified in the part programme . On reading 

instructions for drilling or tapping, and other similar type operations 

where the tool follows a certain sequence of operations, the appropriate 

G codes are punched on the control tape. 

5.2.8 	 Tapes and Output Li·stinQ.?_: 

a 111Today, the majority of control units use wide 

8 channel punched tape input, coded in accordance with EIA standards. 

The tape may be made from paper, nylon, laminar paper and nylon, or 

even aluminum. Several machine tools use magnetic tape prepared 

directly by the computers as an input medium to the MCU. It has 

greater sto r age, and can be read faster, however, most North American 

manufacturers of NCMT claim the advantages are marginal for the 
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additional cost involved. It cannot be produced or modified 

by hand as a punched tape and cannot be read by inspection which 

is extremely useful in debugging a programming error or MT 

breakdown. 

In addition to the tape output, other print-outs can 

be called for, fo r example, a print-out of the cutter location 

tape assists the MT operator to verify the first tape of a 

component , a cutting tool listing is also usually prepared. There 

are postprocessor subroutines available that calculate the total 

machining ti me and tape lengt h for each individual program~e. 
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SECTION C 

Computer Aided Design and Optimisation of a Hydrostatic 


Thrust Bearing for NCMT Manufacture 


Section C il l ustra t es a practical application of integrating 

comp uteri zed design techniques \1Jith NCMT manufacture. The geomet ri ca1 

proportions of an annular, _multi-recess, hydrostatic thrust bearing 

are optimised for a minimum p0\11er loss using Dickinson's Random 

Strategy. By changing the values of the design parameters and the 

constraint variables, in the programme, solutions for various design 

applications are readily obtained. The optimised dimensions are 

then used as input data to a generalized APT programme to generate 

a NC tape for the bearing manufacture. This eliminates the pre

paration, of working drawings and the part programming, of each 

. successive bearing design, from the manufacturing cycle. 
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6. l INTRODUCTION 

6. 1. l Frequently the manufacturina cycle is considered as 

three discrete activities; initial design; technical preparation 

and industrial manufacture. However, the productivity increases 

usually associated with NCMT manufacture result largely from improve

ments in the latter stage; often the two former stages congest, and 

prevent any further overall productivity gains. Computer controlled 

manufacturing systems (e.g. Mollins System 24 [6] ) , and several 

other recent advances, in manufacturing technology, are effectively 

widening this gap between the stages. 

In the past, most attempts at a solution were to improve 

the balance between the stages, by accelerating the slm·1est steps 

in the existing cycle. For example; working drawings, which 

fonnerly were manually prepared, may now be produced by computer 

controlled ~JC draughting machines. Computer optimisation techniques 

are also frequently used to obtain a better and faster design solution, 

yet few of these methods are sufficiently integrated with each other 

to streamline the whole cycle for efficient manufacture. 

In a number of cases a more integrated approach to 

manufacture is practicable and can eliminate some inefficiencies of 

the present system. This concept is best illustrated in NCMT 

manufacture of certain component types. 
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6.1.2 Criteria For Using an 'Integrated Manufacturing Cycle': 

Many families of mechanical components used in several 

different engineering applicati ons, have identically similar geo

metri ca1 1 ayouts; however, the actua 1 component di mens ions vary 

with the des i gn criteria of each specific application. Typical 
' 

examples of these families are; various types of bearings; (journa l , 

thrust, roller) piping flanges, tools, extrusion dies, and may even 

include assemblies of geome trically similar comp onents such as; 

couplings; clutches; mechanisims (Geneva) etc. 

Several of these fami 1 ies are extremely wel 1 suited 

to NCMT manufacture and the usual criteria for economical utilization 

of NCMT are valid. (They require many, or fairly complex machining 

operations on several conventional rn: high tooling and fixture costs 

would be incu r red using conventional MT; close tolerance machining 

is necessary; conventional inspection costs and scrap losses represent 

a high proport ion of "total manufacturing costs; the batch sizes are 

relatively small). 

In these cases, without much additional effort, a 

generalized NC programme can be written for a particular family of 

components, instead of a programme for just one particular component. 

The generalized NC .programme would comprise of a main programme deck 

where all variable geometrical dimensions \'Jould be assigned a symbolic 

name, and a data deck with the numerical values of these variables. 
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In certain cases the geometrical design of the comp onents 

. readily 1ends i tse1f to computer op ti mi sati on techniques, and by 

combining a design optimisation programme, with a generalized NC 

computer programme, the component design and manufacture is 

integrated into al most a continuous process. 

Ho\'1ever, generally it is preferable to have two independent 

programmes, and an intermediatory stage between them allows the design 

engineer to exercise some discretion as to the practicability of the 

computer solution, and to round off dimensions to standard sizes 

(e.g. bit di ameters etc.). The optimisation programme should also 

be ve~y flexible so that the design variables, the constraints and the 

objective function can easily be altered, and solutions obtained for 

numerous other design applications. 

6. 1.3 Choice of an Illustrative Example: 

An externally pressurised oil bearing was chosen as an 

illustrative example of an 1 integrated 1 approach to design and manufacture; 

it satisfies all the criteria described in the previous section. It 

is a multi-recess, annular thrust bearing, it has a high load bearing 

capacity, very low friction at all speeds, and can be designed for 

high static sti ffnesses. The applications are numerous and range 

from; large turbine generators, machine tools, radar antennas, to 

precision dynamometers and gyroscope gimba 1 bearings; hov1ever, these 

bearings are not standard "off the shelf" items, and the bearing for 

each application is usually individually designed and manufactured. 
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The bearing assemb ly consists of the bearing thrust plate, 

mounted in a suitable housing which has means to collect an~ recirculate 

the lubricati ng oil through the bearing. Bearing thrust plates, 

within a given range of inner and outer radii, can be mounted in 

similar hous ings. The geometrical dimensions of the thrust plate, 

however, should be ~pti mised according to the design criteria of each 

application. These criteria are for· examp le; the axial load; the 

shaft speed; the thrust plate inner radius; and they may also include 

several constraints on the solutionj such as: the maximum supply pressure, 

the maximum oil flow, the maximum outer thrust plate radius, the 

minimum bearing stiffness etc. 

The optimisation of the bearing geome try can only be done 

satisfactorily by comp uter, as there is no determini~tic solution; 

consequently either an iterative"'cut and try', method,or a pro

bablistic approach has to be used . 

.The thrust plate i s also well suited to NCMT manufacture, 

even though it does not require many complicated machining operations, 

it is awkward to manufacture on conventional machine tools, and has 

high geometrical symmetry v1hich simplifies the MC programme 

considerably. 

The author contends that this is a valid, practical, design 

problem in industrial man ufacture. The method used, not only 

illustrates the concept of an "Integrated Manufacturing Cycle", but 

is a workable and feasible solution. The same ends could be 
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achieved in various ways, and the techniques used are only limited 

·by the imagi nation and ability of the designer. 

6.2 THE HYDROSTATIC THRUST BEARING 

6.2.l General Ooe rating Principles: 

A schematic of a single recess hydrostatic bearing is 

shown in Fig. 6.1. Oil i s supplied under pressure through a hydraulic 

resistance to the thrust plate recess. As the recess oil pressure 

increases, it becomes sufficient to surport the axial load, acting 

on the upper disc, (the runner) and the oil begins to flow through 

the bearing. The recess oi 1 pressure drops as the fl O\'l through 

the b~aring i ncreases and eventually, steady state conditions are 

reached, when the recess pressure is just sufficient to support the 

load on an oil film of finite thickness. The film thickness is 

usually small compared to other geometrical dimensions of the bearing. 

The hydraulic resistance controls the oil flow to the 

bearing, it is known as a compensatin~ element, and has an appreciable 

effect on the bearing performance. Generally either a capillary 

tube, an orifice, or a constant flow valve is used for flow compen

sation. The flm,, through the h·to former compensating elements 

is dependent on the supply and recess pressures, their geometrical 

dimensions and the physical properties of the fluid. Further analysis 

of the bearing and the types of compensation yield optimum pressure 

ratios (recess/supply) for constant stiffness, and for constant film 
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thickness, to maximize bearfng stiffness. Genera1ly, it is found 

that orifice compensated, externally pressurised beari_ngs, are 

slishtly stiffer than capillary compensated types (3). However, in 

the case of orifice compensation, the optimum pressure ratio is 

only an optimum for a given viscosity and supply pressure. This is 

not the case for capillary compensated bearings (4), the optimum 

pressure ratio is independent of viscos.ity and oil temperature. The 

design calculations are for capillary compensated bearings. The 

constant flow type compensation is generally superior to either 

orifice or capillary tube compensation, but is also far more expensive. 

In many cases the stub end of the shaft cannot be used 

as the thrust runner, and an annular, shaft-collar, type bearing is 

preferable. The bearing is often broken up into six equal recesses 

with interconne cting drain grooves, 1·1hich permits the bearing to 

resist some shaft misalignment. Since any misalignment will cause 

unequal film thicknesses between opposite pads, which in turn cause 

unequal recess pressures and oil flm•1s from the higher pressure 

recesses to the lower ones, creating a restoring couple, opposing 

the forces causing the misalignment. Figure 6.2 is a generalized 

drawing of the proposed hydrostatic thrust plate design, dimensioned 

in terms of the symbolic code used in the NC programme (see section 

6.4) 



-~ 
1 ' ·, . . 

"'- LO Cf\1 ING 

_. ©
. I 

HOLES 

·-l

.1 
- ~Cf)- -(!_) . 

I 

152 

. 

A 

l-.

I 


A-ASECTIONFIG. 6·2 
THE THRUST. PLATE OF 

A HYDROSTATIC BEARING 



153 


6. 3 THE OPTI:1ISATION PROGRAMME 

6. 3. 1 Dickinson's Random Strategy_: 

Dickinson's Strategy is one of the more sophisticated 

Monte Carlo optimisation techniques. Since it is a probabalistic 

method, it can easily handle non-linear design equations; equality 
I 

and inequal ity constraints, however, the solutions found are usually 

only good app roxi~ations of the absolute opti ma [5]. 

In the programme the dependent design variables are 

given specific values, (according to the design criteria), and a 

feasible range of values is defined for each independent design 

variable. Values for each independent variable, within the ranges 

specified, are selected at ran dom and are substituted into the design 

equations. Provided none of the design constraints are violated, 

a feasible solution of the objective function is obtained. The 

program~e calculates a given nLITTl ber of feasible solutions, 

sorts them and retains a smaller number of the 'best' solutions(of 

the objecti ve function). . The nUfTlber of solutions evaluated and the 

number reta i ned, depend on the number of independent variables and 

the desired accuracy of the optimisation. Dic kinson proposed [5] 

that with 6 independent variables, the best 10, of 40 solutions 

should be retained for a satisfactory optimum. Although the solution 

can usually be improved in choosing larger numbers. The random 

values of t he independent variables used to generate the 'best' 

solutions which were retained in memory, are then examined, and t he 

highest and t he lowest values of each independent variable becomes 
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the new 	 limit points for that variable. This process is iterated 

until the ranges of each independent variable have converged to · 

within a defined percentage of their initial ranges, and this 

defines 	the optimum solution. 

6.3.2 ·. 	 Optimising the Thrust Searing: 
(A print out of the prograrr~e appears in Appendix II) 

6.3.2. 1 	The Dependent Design Variables: 

These parameters vary with each design arplication. 

They included: 

the axi a 1 foad (\·/\-! 1 bs.) 

the shaft speed (RPM rpn) 

the inner thrust plate radius (RI ins.) 


the thrust plate thickness (H ins. ) 


the lubricating fluid density (DENSTY lbs/ins. 3) 


the pump motor efficiency (EFF ) 


Only an approximation for the lubricati ng fluid density is required, 

·generally a value of .03 lbs./in3 for oil is quite adequate (only used 

in calculation of Reynold's Number to ensure laminar flow). The t hrust 

plate thickness depends on several factors; the plate mountings and 

supports in the bearing housing; the axial load; the shaft radius; 

the type of material selected; and the amount of plate deflection 

that can be tolerated. Th~ design engineer is expected to decide 

the plate thickness . . The variable T is the number of capillary 

tubes supplying oil to each recess, and must be a whole number. 

T is initially set at one; and from the solution obtained the 

design engineer can decide whether to run the program~e again with 
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a higher value of T~or not. This is discussed further on in 

Sections 6.3.2.4 and 6.3.3. 

These variables are the control variables of the 

~ptimisation programme. They are:

The number of randomly chosen independent variables in the programme (N) 

The maximum number of iterations to reach an optimum (NMAX) 
The number of solutions evaluated each iteration (NUMR) 
The number of 'best' solutions retained in the programme (NRET) 
The percentage range convergence that define t he optimum (S) 

In this case there are seven random variables (N=7). 

Since a high speed computer \vas used* there was very little increase 

in computing ti me by selecting large values of NUMR and NRET to obtain 

more accurate results, so 100 anc 10 were used respectively. (The 

effect of using a large NUilR is to decrease the standard deviation 

of different opti mum solutions,with different starting values, which 

actually increases the probability of a 'solution' closer to the absolute 

optimum). A value of S = .05 was considered adequate. 

6.3.2.3 The Random Indepen?ent Variables: 

. As mentioned earlier, seven independent variables were 

selected. They are shm-1 n on the following tab les where I is the 

variable subscript (from 1 to 7); A(I) the lower bound; B(I) t he 

upper bound, and H(J,I) the normalized random number for the Jth 

* CDC 6400 
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solution of the Ith variable given ~Y the equation: 

W(J,I) =A(I) + R(I) x(G(I) - A(I)) 

Where R(I) is the Ith random number generated such that 0 ~ R(I) < 1.000 

Subscript Lo1>1er U!'lper Design Equation
Bound Bound 

I A(I) B(I) 

1 1.25 3.00 R2 = i~ (J,1) x Rl 
Outer Radius= W(J,l) x Inner Radius 

2 .25 1.00 PL = 1-l(J ,2) x R3 
Pocket ~ean Circumfrential Length 
= W(J,2) x Mean Radius 

3 .5 •99 88 = H(J,3) x (R2 - Rl) 
Pocket Radial Length= W(J,3) 
x jOuter-Inner Radii) 

4 1.0 x Ht6 3.5 x 10-6 vs = \-./(J ,4) 
Viscosity= W(J,4) 

5 o. l -0.9 PS= PR/H(J,5) 
Supply Pressure = Recess Pressure/
W(J,5) 

6 0.00 1.00 CL= 20 x CD+ W(J,6) x (H-.5-20 x CD) 
Capillary Length = 20 x Capil. Diam. 
+ W(J,6) x (Bearing Thickness -.5 -20 x 
Ca_Q_i 1 . Di am.l 

7 0.05 H-.5 
~ CD= H(J,7)

Capillary Diameter= W(J,7) 

where: 	.lengths are in inches 

viscosity in reyns, slugs/Jns· sec 
pressures in psi 
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The limit points of the first three variables are 

apparent from the geometrical layout of the bearing. The upper 

bound of the viscosity random variable is dependent on the operating 

oil temperature. The heat generated in the bearing by the friction 

·and pumping power losses, should also be considered as \'!ell as the 

initial oil temperature and the heat dissipation properties of the 

bearing housing. The supply pressure must ah1ays be larger than 

the recess pressure and the li mit points shown are for that general 

case. However, in the Appendix III it is shown that for maximum 

bearing stiffness an optimum pressure ratio exists. · For a constant 

maximum stiffness the ratio (supply/recess) equals 2/3 and in such 

an application both the limit points of that variable are set equal 

to 2/3. 

The last b10 randor.1 variables are for the caril la ry tu he 

design. Their dimehsions are constrained as follows:

The capill~ry tuhe should be at least .05 inches in 

diameter, as dirt may block smaller tubes and 1·muld cause catastrophic 

failure of the bearing. 

The capillary tube length must be at least tvJenty times 

the tube diameter. 

The maximm tube length is; the bearing thickness (H ) 

the pocket. depth C25) ;- an allm·rnnce to connect the oil supply to the 

bearing (.25).(i.e.(H - .5) ins.). 
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These constraints are always satisfied by setting the 

limits of the capillary diameter (CD) equal to .05 11 and H20
5 and 

the range of the capillary length random variable,(l·J(J,6)) ,to bet\,1een 

0 and l where the capiflary length (CL) is given by equation: 

CL = 20 x CD+ W(J,6) x (H - .5 - 20 x CD) 

6.3.2.4 Subroutine RANOS: 

A standard library function, FRANDN , is used to generate 

N (i.e. 7) random numbers between .000000 and .999999 . Each random 

number is first normalized within the range of a particular random 

variable H(J,l) and then they are substituted into the design equations 

which ha~e been derived in the Appendix III. As the calculations are 

done, the constraints are checked and if violated a new set of random 

numbers is requested. In this programme only the essential constraints 

are included, they are:

The ratio of recess area to pad area should be within .25 and .75 
The film thickness should be within .001 and .01 ins. 
The capillary flm;1 should be laminar, (i.e. Reynolds r! umber is 

less than 2000). 

However, other constraints 1imiti ng the maximum su pp ly rressure, t he 

oil flow, etc., can easily be added to this subroutine. The three 

constraints given have been found necessary in practical design 

applications (2). 

In cases of large bearings surporting heavy axial loads , 

the constraint that the ca pillary flow should be lariinar is often 
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limiting, however, improved solutions are possible by increasi ng 

-the number of capillary tubes to each recess (i.e. the parameter T). 

This factor should be left to the discretion of the design engineer 

and is limited by the circui;i ferential pocket length. The desi gn 

engineer may run this programme several times 1i<1ith various values 

of T, until satisfied with the solution. If a large amount of heat 

is generated in friction, the flow may also be increased, to reduce 

the rise in oil temperature. 

6.3.2.5 Subroutine OBJFN: 

The power losses of the bearing, as derived in the 

Appendix III may be divided into friction losses and p~n ping losses. 

The bearing may either he opti mised for a minimum total pm,1er loss, 

or for a minim~n friction loss. The index II, an input variable, 

set equal to zero indicates the former objective function and set 

equal to one, t he latter. Further constraints could be added to the 

programme in this subroutine. Such as limiting the m axi mu~ oil 

temperature, .hm,1ever, this will depend on the initial oil temperature, 

the heat transfer characteristics of the bearing housing and t he 

ambient operating temperatures. 

6.3.3 THE SOLUTION 

The optimisation routine appears to be working adequately; 

there is only a relatively small range of opti mum solutions using 

different starting numbers (M) for the random numb er library function. 



160 


Example 1 is the design of a thrust bearing for a large steam turbine, 

. with a maximum thrust of 70,000 lbs., at a speed of 3600 rpm. The 

fixed dimensions of the thrust plate are; the inner radius 6.5 ins. 

and the thickness 4 ins. An oil density of .03 lbs/in3 and a pump 

efficiency of .8 were approximated. The bearing is optimised for 

minimum total power loss. 

A trial solution was run through the computer, using only 

one capi 11 ary inlet for each recess (T =- l). This gave an optimum 

of power loss of 122.6 H.P., however, 120.2 H.P. were friction losses 

and the flow was only 18.4 ins 3/sec; (Table 6.1) Thus it was 

obvious that by increasing the oil flow to the bearing t he filM 

thickness would increase and t he friction losses decrease, besides 

with 120.2 H.P. converted to heat energy a higher oil flow rate is 

necessary to reducP. the operating oil temperature. Trial so lutions 

with 4 and 5 ·capillary tubes were attempted (see tables 6.2 and 6.3). 

The former solution gives the minimuM total powerless and was used 

for the generalized NC programme. .A comparison of design solutions 

for a tapered land and a tilting pad thrust bearings, operating under 

similar load conditions is given in the table below based on calculations 

given in [l]. 
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E X1-\f-1 Pl F:": 1 0 F A ,\J 0 PT TMI Sf. f) HY() R0 ST AT I C T HP lJ S T t3 t> ~ I NG 

LO l\O 70000 

$PE ED 3600 

VISCOSITY ,0 0000275 

SU PPLY PRESS URE 689 . 68 

OIL Flu ~ l 8 . J H37 

PO ~ER LOSS 12 2.56 802 

FRICTI ON L o ~ s 120.lhb 

GfO ~rTRIC~L n l MEN SI ON S 

F l l M TH I CK r--w SS .00135 

Il'H~ ER RA [) I lJ S 6.50 0 

OUT Ef-~ R /\f)l US 9.286 

RA.DIAL POCKET LE 'GTH 2.26 8 

P 0 CKE T l E f\J c; p-i I\ l_(J i\I G HEA N R AD I US 7. 061 

BEARI NG THIC KNES S 4.000 

CA PILL/\f.;Y L.E i-.IG TH 2,9 46 

CA P Ill L\ P Y D 1 i \ ' ~ F. TE R .oss2 · 

NO CAPI LLARIES PER POCKET l 

TABLE 6. 1 
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EXl\MPLE l OF AN OPTJMISED YYDROS TA TIC THRUST nuiRING 

HYD R0 STAT!C REA RI NG SPECIFICATIO NS 


Gt() MI'.'. r R I c l\ L fl I RtNSToFS 

f IL M THIC KNESS 

l\fNEF<"P.AOIUs 

0 UTE R R t1 D I LIS 

RADIAL POCKET LE NG TH 

.00202 

6.500 

9, 89 4 

2,832 

POCK"E-T-c-£1'\tGT~~O~Ai'J RAO I US 7. 71 

BEARING THICKNESS 4,000 

CAP I LL .L\ RY l E f\J GTH 3.169 

:APILLARY DI AMETER t0567 

NO CAPILLARIES PER POCKET 4 

TABLE fi .2 
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ExM-IP Lr 1 0 F AN 0p T TMI s F n H y DR 0 s T f\ T I c TH RLI s T RF.: MH NG . 

HYDROSTATIC REARING SPECIFIC4TlO NS 

LOAD 10000 

SPEED 3600 

VISCOSITY .00000259 

SUPPL.Y PRESSUF~E: 695 .i 2 

OIL FLO lv 86.8905 

PO WER LOSS AS.012()9 

FRICTIO N LOSS 73,57 8 

. FIL M THICK NFS S .00223 

s.so 

OU rf.R RADIUS 9.275 

RADIAL POCKET LENGTH 2.266 

-~T tt:ttGiH AL01'rGrtE-ftt\Ji'<An1-trS -0'--;7 

BEARING THICK NE SS 4,000 

CAPILLARY LF.NGTH 3.069 

A"P it:t1\RY-()TA"}1E I f_R ·055 6 

Nb CAPJLLArI ES PER POCKET 5 

TA BLE 6.3 
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EXAMPLE J OF AN OPTJMISEO rlvDRO~TAT IC THRU~T HE ~ RlNG 

L,OA O 35000 


SPEE O 5000 


v1s cns11Y 

. SUP PL y PREssU~1E 

OIL Flo w 

. 00000262 

332.29 

60.5941 

POW ER LOSS 6 .552ti3 

f R I C T I 0 1-J L 0 SS 58 .7 41 

GEOMETRICAL DI MENSION S 

F I U.~ TH J CK l\l [ S S .00249 

I N ~IE R R '' D I Li S 4,000 

OUTf'..R RADIU S 7.731 

RAOIAL POCKET LENGTH 3.33 2 

POCKET LENGfH AL.ONG MEAN RADIUS s.1s B 

BEARING THICKNESS 3,00(J 

CAPILL M<Y L.El'JG TH 2,209 

CA PILLA RY DIAMETER .• 0636 


NO CAPILL AP I ES PER POCKET 3 


TABLE 6.4 
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I 

I 
.HYDP OS TAT J C 8 E/\ 1< I 1\J G S P ECI F I C !) T I :hi S 

I_ __ 

~ 
I 

LOC\ O 1000 0 


SPEEO 2000 


VISCOSITY .n 00002 ~ 7 


OIL FL6~: 22·7491 
I 
i PO ~E R LOSS 2.70766I 
r--~----

FR! CTI 0 1' l LOSS 1.619 

1 

i 
L--- .·-~~~~~ ·--- -------·--- -

l 
 GEO~··iF-TR!Ct\L l>Hlf. 1'1 51 01\ S 


F I L 1"1 THI CK 1'1ESS .00 202 

~--- IN l'Jt. R RA1 >1 US 2.500 

[ · DUT E ~ qoa rus •,738 

~-~-R-A-D!AL POC_K__T__~_'l_G_T_H-=c,--__,,,__-----=l-•~9-3~------------F L · ' 3
PUC KE T - L ENG1t ! l\LOf\JG ME.l\t" RA D IUS 3.2 8 7 


' 8E!\!~ING THI CKl'JF::SS 2.000 


CA P l LL Ak Y LF: f'JGTH 1.366 


CAP 1LL AP Y D J At-! E TE R ·0535 


NO CAPILL AR I ES PER POCKET 2 


TABLE 6.5 

L ._ .__ 
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Type of Bearing Hydrostatic Tilting 
Pad 

Tapered 
Land 

Load lbs 
Speed rpm 

Inner Radius ins 
Outer Radius ins 
Operating Viscosity reyn x 10-6 

Minimum Film Thic kness ins 
Friction Power Loss 
Oil F 1 ow i n s 3Is e c 
Film Temperature Rise OF 

.70,000 
3,600 

6.5 
9.89 

2.24 

.0020 
75.2 
61. 5 
57 

70,000 
3,600 

6.5 
15 
2.65 

.0016 
86 

92.4 
44 

70,000 
3,600 

6.5 
15 

2.65 
• 0015 

76 
60.5 
58 

The film tem perature used can be calculated from the equation 

42.4 x Friction Horse Power Loss
tJ. . temp = 

c x Q/3.85 
. p 

Where C is the specific heat of oil assumed 3.5. Q is 
the floH in ins~/sec. 

Table 6.4 and 6.5 are opti mised solutions of two other bearing 

designs obtained by changing the values of the dependent variables in 

this programme. 

6.4 MANUFACTURI NG THE BEARI NG 

6.4. 1 Preli minary Preparation: 

An initially stjuare work piece) with sides equal or 

slightly larger than the outer diameter of the thrust plate, can be 

conveniently mounted on the MT worktable by a locating bolt in each 

of .the four corners. The bolts should be spaced an adequate 
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distance from the edges and an integer number of half inches apart, 

to fit most slotted NCMT work-tables. Both the thic kness of the 

thrust plate and the typ2 of material used should be left to the 

discretion of the design engineer. 

The bearing thic kness (H5) is an input parameter to the 

generalized NC programme. The bottom of the set up face, must be 

milled level, and this could also be done on an NC machining centre, 

so that both the locating bolt holes, and the oil supply holes (to 

each pocket) could be drilled whil~ the wor k-piece is set up on the 

MT \'/orktable. A ~eneralized programme could also be 1·1ritten for 

these operations. If this were done, it would be hel pful in setting 

up the other work-piece face accurately, to drill an additional 

hole, through the 1>1ork-pi ece centre. The work-piece is then mounted 

on a scrap metal plate of unifon~ thickness (say 1 inch) to protect 

the worktable from tool damage. 

6.4.2 Tool Selection and Cutting Specifications: 

The actual machining parameters and choice of cutting tools 

must be decided upon by the production engineer. In this specific 

example, the generalized NC programme is written in APT and all the 

technolo9ical cutting specifications must be defined in the programme 

(cf.EXAPT III will be able to calculate milling, cutting specifications, 

as explained in Section 4.9.4). All the machining operations in the 

programme are performed with tv10 end mills. 
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The first tool is used to face mill the annular ring, 

~ill out the six pockets; and cut both inner and outer diameters of the 

thrust plate . The second tool is generally less than half the 

diameter of t he first, and it finish cuts the pockets. reducing the 

pocket corner radii and also cuts the interconnecting oil groove between 

all the pockets. 

The annular ring is face milled by three concentric 

cuts equally spaced along the radial breadth of the work-piece. 

Thus the cutting tool diameter should be equal, or greater than, .90 

{outer bearing radius - inner bearing radius)/3 where the factor .90 

is to compensate for the end mill edge radius. This tool should 

also be long enough to cut the full height of the work- piece. 

The second cutting tool diameter determines the breadth 

of the oil groove which is approximately one half or a third of the 

1st tool diameter. 

6.4.3 	 Input Data and Geometrical Definitions for the Generalized 
APT Programme: 

* A typescript of the programme is given in Appendix IV. 

The generalized APT pr6gramme was written for a 3 AXIS 

cpc milling machine. The tool lengths are preset, and t ~ e tools 

are changed manually. A special setup tool is used to pos i tion 

the work-piece accurately on the worktable. The length of this 

set up tool plus an additional length for clearance is the required 

* 	 This \'/as written for a Marwin Maxi mi 11 with a 8endix Control 
(3 Axis cpc). 
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v.alue or EO in the programme. An arbitrary convenient tool chang e 

height i~ estimated at approxi mately twice the set up tool length 

and this is the value of TLCH. For the bearing given in Example 

l the set up tool used was 7.5 ins. long, and consequently EO and 

TLCH were set equal to 8.0 and 15.5 respectively. The diameters of 

the other two tools are expressed as CUTDl and CUTD2 ( t he lst and 

2nd tool res epctively). 

In machining a co~oonent, it is often convenient to 

programme a l arger or smaller tool diameter than t he nominal si ze . 

Consequently CUTDDl is equated to the lst tool diameter plus .060 

ins., and CUTDlD to 90 percent of t he 1st tool diameter. Most 

industries using preset tooling attemp t to standardize the preset 

lengths wherever possible. The parameters El and E2 are t he 

preset lengths of tools l and 2 respectively. The preset length 

is the length from the tool tip to a certain point in the shank of 

the tool holder, as illustrated in Fig. 6.3. To keep all tool 

chang~s at a convenient height (TLCH) and lengths EEl and EE2 are 

calculated as follows: 

EEl = TLCH - El and EE2 = TLCH - E2 

(cf. the programmed dimensians in ~PT are al ways with reference 

to the tool tip, Section :4.5.2.5) . 

Assuming t he bearing of Examp le l is made of aluminum, 

or any similar free cutting metal, (e.g. brass), a range of feedrates 
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Tool Chan~e Height 

-
Set Up Too1 	 1. 500 inch · 0.75 inch 

Dia. End Mill ia. End Mill 

l 

I 

E2=3. 8 

7 .5 11 

TLCH = 15.5 

EE 2 Workpiece
EEl 

Z= H5+H 
8" 	 Packinq Plate . 

~Jor k ta b le 

FIG. 6.3 

THE TOOLS AMO TOOL CHANGH!G POSITION FOR THE 


MANUFACTURE OF 8EARH1G #1 
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from 20 to 35 ipm in increments of 5 ipm and a fast feedrate of 

60 i pm are appropriate. Thus FED l = 20, FED 2 = 25, FED 3 = 30, 

FED 4 = 35, FED 5 = 60, are other input parameters to the NC 

programme. 

The parameter REVOL l and REVOL 2 and are the number 

of concentric tool rotations about the inner and outer diameters, 

respectively, to cut the depth of t he bearing. This is ex plained 

in greater detail in describing the CIR~ 1 .l\C routine (section 6.4). 

The bearing geometry input data; inner radius, Rl; outer 

radius, R2; land width, F; and pocket circumferential length, XPL; 

are obtained from the optimisation programme, an d are rounded off where 

necessary. Symbols are assigned to several arithmetical calculations 

which are needed in the rest of the programme. 

Most of the geometrical definition statements have been 

covered in Section 4.5.2.2 and the syr.ibolic names of the lines, circles 

and planes are shown pictorially in Fig. 6. 4. The matrix Ml is 

defined to raise the plane of the Z co-ordinate axis to coincide with 

the bottom plane of work piece. 

6.4.4 TOOL MOTION STATEMENTS 

The sequence of machining operations are as follows:

(i) The set up tool in the spindle is brought down to the wor k pi ece 

and the accuracy of the set up locations are checked. The lst tool 
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(1.500" diameter) is loaded in the spindle at the calculated 

tool changing height (EEI). The delay statements are necessary 

to allow for the acceleration and deceleration of the spindle motor. 

(ii) The annular ring is face milled in three concentric circles 

with the workpiece moving counter clockwise, (the standard end . mill 

is a right hand cutter) so that the cutting tool is feed milling. 

A cutter diameter, ninety percent of the nominal diameter, is 

programmed to a11 ow some overlap betv1een cuts, and compens ates for 

the end mill edge radius. The tool is instructed to move around; 

the inner edge of circle C4; rig ht on circle C3 and on the outer 

edge of the circle Cl. This operation is repeated twice, the first 

time the surface is milled do~n to within .010 ins. of the defined 

height HS, and the second time the remaining .010 ins. is removed 

(see Fig. 6.4.) 

(iii) The pocketing routine is program~ed for the extreme left 

pocket in Fig. 6.4 and these instructions are then repeated 5 t imes, 

rotating the X and Y co-ordinates through 60° each time. The tool 

begins in the upper left hand corner, moves down CS, along L4, up C2, 

along L3, and do\':n C3. The programmed cutter diameter is .060 ins. 

larger than nominal size, which will leave an additional .IJ30 ins. 

that will be removed by the finishing cut. Only the cut up C2 is in 

the same direction as the feed, but is permissable as the tool is 

cutting metal on both sides of it (i.e. the tool is not climb mi l ling) 
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(iv) The CI~~AC routine has been developed in private industry*. 

The routine cOmp utes points on a circle or helix, from any starting 

point, and instructs the cutter to move with a series of GODLTA 

commands in x,y and z directions. The first stateme nt is:

CIRMAC = MACRO/RD,DLT = O,ANGL = 0, TLCON = 1, NO. REV = 

The arguments: 

RD = Radius of the circle (or helix) minus cutter radius 

DLT =Total amount of Z travel (rositive up and negative down). 

The DLT or plunge motion is divided evenly among all X and Y motions 

(i.e. the Z increment is constant). 

ANGL = The angle with respect to the positive X axis the 

cut should begin (i.e. the angle between the vector 1,0,0 and the 

vector fro~ the circle centre to the cutter centre). 

TLCON =Tool condition. If set equal to l, TLLFT, or 

counter clockwi se around radius RD, if set equal to -1 TLRGT or 

clockwise around radius RD. 

NO. REV = Number of revolutions to reach plunge depth 

DLT , it may be any positive integer or decimal. 

In calling CIRMAC, RD and DLT , must always be defined, 

however, if the other arguments are the sarne as the ones assigned, 

in the 1st card of the CIRMAC .macro they may be omitted. 

* Used with permission of Douglas Aircraft Canada. 



175 


This subroutine allows circular holes and helices 

to be milled with an end mill without an initial start up hole. 

It is used to machine the inner and outer diameters of the thrust 

plate. The former is programmed .25 ins. deeper than the bearing 

thickness, to attain a good finish, and the latter is programmed to a 

depth half an inch less than the bearing thickness, so t hat the 

work piece remains rigidly attached to its locating bolts and the 

worktab 1 e. The nonna l cutter diameter is programmed for the inner 

diameter (i.e. RD= X 3 = Rl -.5 CUTDl) as it is a finishing cut, 

but a larger cutter diameter (i.e. RD= X 4 = R2 -.5 CUTDDl) is 

programmed for the outer diameter 

(v) A finishing cut slightly higher than the previous cut depth 

(. 002'') is then programmed for the outer diameter, using the nomi na1 

cutter size. When the tool has completed one full revolution 

(about the outer diameter), it is then instructed to move a further 

distance (1. l x CUTD l) along a line tangential to the circle, (L5) 

so that there is a good surface finish at the initial starting point 

of that cut. 

(vi) . The spindle is directed to the 2nd tool changing position and 

the 2nd tool is loaded, a finishing cut is again programmed, for the 

extreme left pocket, comm anding the tool round the boundary of the 

pocket, using the nominal cutter diameter and this is again 'copied' 

5 times, rotating the X-Y co-ordinates through 60° each time. 
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(vii) The last machining operation is cutting the oil groove between 

·the pockets. The tool is instructed to go counterclockwise around 

circle C3 at the defined depth of the oil groove (.01 ins. from the 

upper thrust plate surface). 

(viii) Once ~gain the tool is commanded back to the tool change 

position, then the tape is re\'lound back to statement N/000, 

AUTO and t he r'iachine is ready to manufact ure the next thrust plate. 

6.4.5 ADDITIONAL MACHINING 

The thrust plate still requires several finishing 

operations. The machined face probably will not be smooth enough 

and should be ground or hand finished; as a good NCMT milled surface 

is only about 60 x 10- 6 ins. and a surface .finish of at least 1/40 

of the film thickness is recommended (2). The capillary holes 

would probably be drilled manually as the bit diameters are of the 

order of .050 to . 100 inches. 

Finally, a bandsaw could be used to remove the material 

remaining on the outer thrust plate diameter (only 1/2 inch thick). 
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SECTION D 

Discussion And Conclusions Of This Study On NCMT 
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\ 
7. DISCUSSION AND CONCLUSIONS 

7. l General: 

Over the last sever.al .years NCMT 1...,,hich fonnerly were 

only found in specialized aerospace industries, have become widely 

accepted in many types of industrial manufacture. In fact, during 

this last decade NCMT, which represented less than 4% of the total 

value of machine tools sold by U.S. manufacturers, increased to over 

20%by 1966, and is anticipated to exceed 753 by 1975 [l]. 

7.2 Secti on A: 

The need for research and development in t101T design is 

apparent. At present analytical models have been used successfully 

for design synthesis of NCMT structures and feed drive systems. 

[Section A 16,17]. These hm'lever, are often limited by unsuffi ci ent 

knowledge of the physical parameters of the system, such as; damping 

factors; flexibilities of bolted joints, non linearities of hydraulic 

valves, causes of machine tool chatter and many other troublesome 

phenome na. The use of self optimising dampers to minimize resonant 

amplitudes in the machine tool structure is another recently developed 

technique that warrants further investigation. 

Apart from these, the more fundamental problems i n metal 

cutting such as machining hard metals; i mp roving machineability of 

these a11 oys; too 1 wear and too 1 1 i fe prediction; wil 1 have to be 

solved to keep pace with the additional capabi lities of the next 

[1] Stanford Research Institute - Report on MCPIT 

http:sever.al
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generation of NCMT. 

7.3 Section B: 

In the short history of t!CMT a good deal of effort has 

been spent in devising means of comm unication beb1een man and machine, 

however, these are still far from adequate. ~any different approaches 

were attempted, and each has merit in certain applications, however, 

as yet there is no 'best' system available. · 

At present many industries, which manufacture relatively 

simple components, find manual programming satisfactory and the most 

economical means of part programming. In a recent survey of U.S. 

manufacturers [Section B,21] 68%of the participating industries 

replied they were using manual programming techniques and would continue 

to do so in the forseea ble future. 

At the present expansion rate of the comp uter 'population' 

in North America, it seems obvious that in the future, computer time 

will become less expensive, and computer availability will increase. 

In addition, the recent development of time sharing comp uter terminals, 

give the smaller industries access to large computing installations. 

Both these factors together will stimulate an even greater application 

of computer aided program~ing languages in various industries. 

The advantages of computer aided NC programming are 

apparent when the part geometry is complex or has high symmetry. Often 

computer ass i stance is absolutely necessary for part programming . 
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certain complex components. At present there are numerous NC 

computer l anguages availahle, which vary widely in many respects. 

In spite of the confusion caused by having so many NC computer 

languages it does not appear feasible to standardize on one 

particular language. A possible solution is to concentrate 

on a family of languages with differe.nt levels of complexity, which 

have upward compatibility with each other. The AlffOSPOT-ADAPT-APT 

family has relative upward compatibility however, further research 

should be directed towards this objective. 

Sevefal research laboratories are attempting to combine 

computerized design using a cathoderay tube and light pen, on line 

to a GP computer as input/output media. They have made some 

progress, but this system will not be suitable for industrial 

applications for several years. 

7.4 Section C: 

Current industrial trends show increasing computer 

utilization in design. Numerous computer optimisation techniques 

are easily adapted to mecha~ical component design. The example 

of the optimisation progr~une and the generalized NC programme 

given in this section shows, that . the concept of integrated manu

facture is feasible, and it appears to be economically attractive 

for manufacture of certain component types. The genera 1 i zed 

NC programme was written in APT and this programme a 1 so demonstrates 

a deficiency of the APT language. APT does not have the facility, 

http:differe.nt
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to calculate the technical · cutting parameters~ nor to select 

the necessary cutting tools, that is availabe in EXAPT. i·!riting 

a generalized NC programme in EXAPT would generally make this 

system of integrated manufacture even more practicable, as the 

engineer would not have to select the cutting tool, nor calculate 

the cutting parameters. 

The most recent major inovation in NC~T design is 

adaptive control. The machine tool has closed loop feedback 

control that optimise the cutting parameters with res~ect to cost 

or production rate. Consequently, in an 'integrated manufacturing' 

cycle ,the designer vrnuld then only have to specify the cutting tools 

for the machining operation, and the M.T. control would operate at 

the 'optimum' feed and speed to satisfy the surfac.e finish require

ments. 
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APPENDIX I 

A LIST OF VARIOUS NUMERICAL 
COMPUTER LANGUAGES 

CO NTROL 



1 • POINT TO POINT COMPUTER AIDED NUMERICAL CONTROL LANGUAGES 


Processor 

Autoprops 

Autospot I & 
&III 

Autospot 360 

Camp I 

Camp I I 

Camp I II 

Pronto 

Snap 

Snap II 

Qui ckpoint 

Exapt I 

No. Controlled 
Axes 

2 axis ptp 

3 axis ptp
limited 4th axis 

3 axis ptp 

3 axis ptp 

2-5 ·axis ptp 

2-5 axis ptp 

3 axis ptp 

2 axis ptp 

2 axis ptp 

3 axis ptp 

3 axis ptp 

c.omputer Postprocessors 

!GM 1tlQl None 

IBM 1620 Many available 

[BM 360/30 (32K) Many available 

LGP-30 Limited 

IBM 7094, 7090 Many available 

Fortran IV Many avail ab1e 
compiler 

IBM 704, IBM 7090 Many available 
G.E. 225 

IBM 1401 

rn~ 3n0/30 

DDP Sigma 8 Several available 

Several available 

Remarks 

Pratt &Whitney 

Developed by Westinghouse 

Developed by General Electric 

Brown &Sharp 

Digital equipment 
_, 
co 
w 

c/o N.E.L. in England 



2. CONTINUOUS PATH COMPUTER AIDED NUMERICAL CONTROL LANGUAGES 


Processor 

Action I fl II 

Adapt 

Adapt (time 
sharing) 

Adapt 360 

Adapt/Autos pot 

Adapt - RX 

APT III 

APT 360 

APT-RX 

APT IV 

Automap 

Auto prompt 

Computers 

IBM 	 1620, IBM 360/40 

GE, 200,400,600 
GE-Pft.C 4800 

GE - 600 

IBM 	 360/30 ( 64K) 

IBM 	 360/30 ( 64K) 

SOS 	 900 Honeywell 200 

IBM 7090 Univac 1107/8
CDC 3600/6600 G.E. 600 
Philco 2000 

IDM 	 360/40 (256K) 

Univac 1107/8 

IBM 360,RCA Spectra 70 
!CT 1900 Eng.Elec Syst.4 
Fujitsu Facom 230 

IBM 	 1620 

I BM 	 7090 

No. 	 Controlled 
Axes 

2 axis cpp 

2 axis cpp 
3 axis ptp 

2 axis cpp
3 axis ptp 
2 axis cpp 
3 axis ptp 
2 axis cpp 
3 axis ptp 

2 axis cpp 
3 axis ptp 

5 axis cpp 

5 axis cpp · 

5 axis cpp 

5 axis cpp 

2 axis cpp 
3 axis ptp 

5 axis cpp 

Post processors 

Many available 

Many available 

Many avail ab1 e 

Many available 

Many available 

Many available 

Not yet available 

Some available 

Many available 

Remarks 

U.S.A.F. Contract 

By L. R. Reeves 

Administered by
!ITRI for µpr long 
range programme 

IBM 	 APT 

By L. R. Reeves 

!ITRI 
__, 
co 
.j:>. 

IBM 

IBM 



3. CONTINUOUS PATH COMPUTER AIDED NUMERICAL CONTROL LANGUAGES (CONT ' D) 


Processor 

Compact 

Exapt II 

Exapt III 

Rem apt I I 

_Split 

2CL 

No. Controlled 
Axes 

3 axis cpp 

3 axis cpp (turning) 

2 axis cpp (milling) 
3 axis ptp 

2 axis cpp 
3 axis ptp 

5 axis cpp 

2 axis cpp 

3 axis ptp 

Computers 

sos 940 

G. E. 600 series 

IBM 7090, 1620 
IBM 360/30 (64K) 
IBM 650 (limited) 

Univac 1108 . 
I.C.T. 1900 series 
Elliott 4100 series 
English Electric KDF9 

Postprocessors 

Few avail ab1e 

Not yet
released 
to public 

Many available 
ecent 

No postprocessor 

Many available 

Remarks 

Time sharing 

Time sharing 

For use with sunstrand 
machines only 

Developed by N.E.L. 

..... 
co 
<.J"I 
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APPENDIX II 


The Optimisation Programme 
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. LIST OF SYMBOLS USED FOR HYDROSTATIC BEARING OPTI MISATION c 
c 
c AF LOAD CO EFF ICI EN T 
C · AP PAD AREA 
c AR RECESS AREA 
c BAR RECESS TO PAD AREA RATIO 
c BB RECESS LEN GTH IN RADIAL DIR ECTIO N 
c CD CAPILLA RY DIAMETER 
c CK CAPILLA RY CO EF FICIE NT 
c CL CAPILLA RY LENGT H 
c DENS TY OIL DENSITY 
c EFF PUMP MO TOR EFFICIENCY 
c F LAND WIDTH I N RADIAL UIRECTION 
c FT FILM THICKNESS 
c H BEARING THICK NE SS 
c HPF FRICTION HO RSE POWER LOSS 
c HPP PU MP HORSE POWER LOSS 
c NOP PART NUf".BER 
c PL RECESS LE NG TH ALONG MEAN CIRCUMFRE NCE 
c PS SUPPLY PRE SS URE 
c PR RECESS PRESSURE 
c QF FLOW COEFFICIENT 
c Q TOT AL FLO ltJ 
c REY REYNOLDS NU MB ER FO R CAP ILLARY FLO W 
c RP M SHAFT SPEED 
c Rl INNER RADIUS 
c R2 OUTER RADIUS 
c R3 MEAN RADIUS 
c T NU MBER OF CAPILLARY TU BE S PER RE CESS 
c vs OIL VISCOSITY 
c WW AXIAL LOAD 
c x PAD LENGTH IN RADIAL DIRECTION 
c y PAD LE NG TH ALONG MEAN CI RC UMFR EN CE 
c 
c 
c I I OBJECTIVE FU NCTION I ND EX 
c 
c II = 0 OBJECTIVE FU NC TIO N U =HP P+HPF 
c I I = 1 OBJECTIVE FU NCTION U =HPF 
c 
c LIST OF SYM BO LS USED FO R DICKINSONS RANDOM STRATEGY 
c 
c 
c A(ll LOWER LI ~ ITS OF RANDOM VA RIA BLES 
c B(I l UPPER LIMITS OF RAiWOH VA RIA BLES 
c FRANDN ( R, N, Ml LI l3RAR Y FUNCTI ON RANUOi'-1 NUl'-IB ER GE NE RA TOR 
c N NUMBER OF RANDOM VAR I AB LES 
c NCYCLE COUNTER FO R NUMBER OF CYCLES 
c NMAX MAXI MUM NUMBER OF CYCLES FOR CO NVE RGENC E 
c NRET NUMBER OF BE ST SOLUTI ON S RE TAINE D EACH CYCL E 
c NUMR NU MBER OF RANDOM SO LUTIO~S EVALUATED EA CH CYCLE 
c R(Il RANDOM NU MBER 
c S PERCENTAGE RAN GE CO NVE RGENCE DEF I NI NG TEST(Il 
c TEST< II DISIRED MINI MUM RANGE DEF I NI NG FI NAL OPTI MUM SOLU TIO N 
c U VALUE OF THE OBJECTIV E FU NC TION 
c UTE MP TEMPORA RY VAR IA BLE FOR SOR TI NG 
c UXTRA VALUE OF U FO R NUMR MORE SOL UTI ONS 
c W(I,Jl NORMALISED RANDOM VAR I ABLE 
c XTEMP TEMPORA RY VA RIA BLE FO R SORTING 
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C .DIC KENSONS RANDOM ST RA TEGY TO OP TMI SE A HYDROSTATIC THRUST BEARIN 
c 

DIMENSION T ES TC9l, XTEMP ( 9l , X ( 26 ~9l 
DI MENS IO N RC9 J, WC26 , 9l , AC9 l, B( 9 l 


· DI MENS ION HPF C26 l , HPPC26 l , U( 26 l 

. READ ( 5 ,ll ww , RPM , Rl , H, DENS TY,T, EFF 


READ ( 5 , 2 l ( A ( I l , B ( I l , I = 1 , 6 l 

READC5,7lN,NMAX,NUMR,N RE T,II,NOP,S 


-AC7J =. 05 

BC7l=CH-.5l/2 0 . 

M=l59 

K=O 


C 	 GENE RA TE VALUES FOR TESTCil 
DO 2 2 I= 1, N 
TESTCil=S* CBCil-ACil l 

22 	 CONTI NUE 

NCYCLE =l 

WRITEC6,Bl N, NMAX , NUMR , NRE T,II 

WRITE ( 6, 3 l NC YC LE , ( A ( I l , I = 1 , N l , ( B C I l , I= 1 , N l 


C 	 CALCUL ATI NG NRE T FEASl dLE SOLUTI ONS 
J=l 

9 9 CALL RANOS ( K,N, M, w,A, B, Rl, R2 , R3 ,Y, BB , PL, Bl R, ww , 

l PR,Ps,vs,FT, Q,C D, DENS TY,F,J,H,T,CL l 


CALL OBJF N CR1,F,R2,H PF , vs , RPM ,FT,Y,PL, 

l R3,HPP,PS, Q, EFF ,u,1I,Jl 


DO l 0 2 I= 1 ' N 

102 	 X(J,Il= W(J,Il 


J=J+l 

IFCJ.LE. NRETlGO TO 99 


C 	 PUT LARGES T UCJl AT UCll 
DO 10 J=2, NRf T 
IFCUCJJ.LE. UClllGO TO 10 

.UTE MP =UC J l 

UCJl=UCll 

UCll= UTE MP 


C 	 IDENTIFY X(J,Il WITH NEW UCll 
DOl l I= 1, N 
XTEMPC I l=X(J,I I 
XCJdl=X(l,Jl 

11 XCldJ=XTE MPC IJ 

10 CO NT I NUE 


WRITEC6,105JU(ll 
c GENE RA TE NUMR MORE POI NTS. IF ANY PO INT HAS U(Jl.LT. u c1l 
c REPLACE UCll BY UCJl. WC16,Il rs A TE MPOAR Y LOCA TI ON 

5 9 K= O 

60 J=NRET+l 


CALL RANOS(K,N,M,w,A,B,Rl,R2,R3,Y,8B;PL,BlR,wW, 

l PR,Ps,vs,FT, a ,cD, DENS TY,F,J,H,T,CLI 


K=K+l 

CALL OBJFN CR1,F, R2 , HP F,vs, RPM ,FT,Y,PL, 


l R3, HPP ,PS, Q,EFF, u ,1I,Jl 

JJ=J 

IFCUCJJl.G E.U Cll l GO TO 60 

U ( 1 l =U ( JJ J 

DO 14 I= 1, N 


14 	 XCl,Il= V.I CJJ,Il 
C 	 PUT NEW LARGES T UCJ l AT UCll 

DO 30 J=2,NRET 
IFCUCJl.LE. UClllG O TO 30 

http:IFCUCJl.LE
http:IFCUCJJ.LE


UTE MP=U(Jl 
U(Jl=U{ll 189 
UCll=UTE MP 
D03l I=l 'N 
XTEMP{ I l=X(J,I l 
X"(J, I J=X {1, I l 

31 X{l,Il=X TEMP {Il 
30 CONTINUE 

IF (K.LE.NUMRl GO TO 60 
c SELECT NE W A(Il AND B{Il 

111 WRITEC6 d 05JU{ll 
110 DO 15 I= 1 , N 

ACil=X{ldl 
BCil=X{ldl 
DO 16 J=2, NRET 
IF(X(J,Il.GT.A(IJl GO TO 17 
ACIJ=X(J,Il 
GO TO 16 

17 IF(X(J,Il.LT.B(!Jl GO TO 16 
BCll=X(J,!l 

16 CO NTINUE 
15 CONTINUE 

c TESTI NG NEW LI MIT POINTS FOR OPT IM UM SOLUTION 
DO 18 I= 1, N 
IF<B<Il-A{Il. GT.T EST(Ill GO TO 62 

18 CONTINUE 
GO TO 61 

62 NCYCLE=NCYCLE+l 
WRITE(6,3lNCYCLE,(A(!l,I=l, Nl,( 8 (l l,I=l,Nl 
IFCNCYCLE.EQ.N MA XI GO TO 10 0 
GO TO 59 

C SELECT SMALLEST U(Jl 
61 UXTRA=U(ll 

DO 19 J=2,N RET 
IFCUCJl.GT. UXTRAl GO TO 19 
UXTRA=U(Jl 

DO 51 I=l,N 
XTEMP{!l=X(J,Il 
WC2,I l=XT EMP{ I I 

51 CONTINUE 
19 CONTINUE 

K=l 
J=2 

CALL RANOS(K,N, M, w,A, s ,Rl,R2,R3,Y, BB ,PL, BlR, ww , 
1 PR,PS,VS,FT, Q,(D, DENSTY,F,J,H,T,CLl 

CALL OBJF N IR1,F,R2, HPF,vs, RPM,FT,Y,PL, 
1 R3tHPP,Ps, u ,E FF,u,11,Jl 

WRITEC6,4 l 
WRITE (6, 3 l NC Y CLE , {A { I l , I = 1 , N l , { t3 ( I >' , I= 1 , N l 
'tJ R I T E ( 6 , 5 l U X TR A 
WRITE{6,138l 
WR IT E ( 6, 106 l NOP 
WRITE(6,l 07l WW ,RP M,vs, Ps, o ,uc21 ,HPF(2l 
WRITE(6,15 0 lFT,Rl,R2, BB ,PL,H,CL,C D,T 
STOP 

100 WRITE{6,6l NM AX 
STOP 

1 FOR MATC7Fl0.5l 
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2 FOR MA T(2Fl 0 .51 
· 3 FORMAT(lX,15HNO. OF CYCLES= ,I3,;,1x,1 2H LO WER LIMITS,7(4x, F·13.9J,; 

ltlX,12HUPPER - LIMITS,7(4X,Fl3.91,;;l 
4 FORMAT(//,1Xtl7HPROCESS CONVERG~D,//I 
5 FO RMA T(lQ X,23H MINI MUM HORS~POWER Loss ,7 x ,Fl 2 .6l 
6 FORMAT(lX, 33HPROCESS FAILED TO CONVERG~ AFTER ,I3,2X,6HCYCLESJ 
7 FOR MA T(6I5,F5. 0 I 
8 FOR MAT (l OX,5Il O,//I 
104 FOR MA T(4(5X,Fl2.5)//I 
105 FORMAT(l OX ,24H SMA LLEST HORSEPOWER LOSS,6X,F12.5,///, l 
106 FOR MA T(///,l OX,BHEXAMPLE ,I1,1 X,4 2HOF AN OPTI MISE D HYDROSTATIC THR 

!UST 	 BEARING,//) 
107 FOR MA T(//,25X,34HHYD ROS TATIC BEARING SPECIFICATIONS,////,lOX, 

l4HLOAD,26X,fl2. 0 ,//,1 0X ,5H SPE ED,25X,fl2.0,//,10x,9HVISCOSITY,21x, 
2 F12.s,;1,1 ox ,15HSUPPLY PRESSlJRE,15X,Fl2.2,111ox,sHOIL FLow,22x, 
3 F12.4,;;,1 ox,10HPOWER LOSS,2 ox ,F12.5,;;,1ox,13HF RICTION LOSS , 
4 17X,Fl2.3,//I 

138 . FOR MA T(lHll 
150 FOR MATC//,25x,22HGEO ME TRICAL DIMENSIONS,////,lOX,14HFILM THICKNESS 

1 tl6X,F12.5,;;,1 ox ,12HINNE R RADius,1ax,F12.3,;;,1ox, 
2 12HOUTE R RADius,1ax,F12.3,;;,1ox,20HRADIAL POCKET LE NGTH , 
3 iox,F12.3,;;,1 ox ,31HPOCKET LENGTH ALONG MEAN RAD ius,F11.3,;;, 
4 lOX,17H BEAR I NG THICKNEss,13x,F12.3,;;,1ox,16HCAPILLARY LENGTH, 
5 14X,Fl2.3,//,1 0X ,1 8H CAPILL ARY DIA ME TER,12X,Fl2.4,//, 
6 1ox,25HNO CAPILLARIES PER POCKET,sx,F12.o,;;I 

END 
$IBFTC RANOS 

SUBROUTI NE RANOS(K,N,M,w,A,B,Rl,R2,R3,Y,BB,PL,BAR,ww, 
. 1 PR,Ps,vs,Fr, Q,(D, UENS TY,F,J, H,T,CLl 

c 
C SELECTION AND SU BST ITUTI ON OF RANDO M VARIAbLES I N DESIGN EQUATIONS 
c 

DIMENSIO N R(91 , W(26,9l ,A(9l , B(9i 
IF(K.EQ.lJGO TO 11 

C RANDO M NUMBER LIBRARY FU NCTION 
9 	 CALLFRAN DN ( R, N, MI 


M=O 

DO 10 I= 1, N 


10 	 W ( J, I I =A (I l +R <I I* ( B (I l -A (Ill 
11 	 R2=W(J,Il*Rl 


R3=.5*(R2+ Rll 

X=R2-Rl 

Y=3.142*R3/3. 

AP=X*Y 

AB=6·*AP 

PL=W(J,2l *R3 

BB=W<Jt3l*X 

F=.5*(X-BBJ 

AR=BB*PL 

BAR=AR/AP 

IF(BAR.GT •• 751 GO TO 9 

IF<BAR.LT •• 251 GO TO 9 

AF=(l.+BAR+SQ RT ( BAR J 1/3. 

QF= ( ( X+B B I I { Y-PL l + ( Y+PL l I ( X-BB l l //.\F 

PR= ltJltJ / ( AB*AF I 

VS= W(J,4) 

PS=PR/ W(J,51 

CD=W(J,71 


http:IF<BAR.LT
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CL=20.*CD+W(J,6)*(H-.5-20.~CDI 
CK=3.142*(C0)**4/(128·*CLI 
FT=(6•*T*CK/(Qf*AFl*l~S-PRl;PRl**•33 
If(FT.GT •• Oll GO TO 9 

[f(FT.LT •• OOll GO TO 9 

Q=QF*W W*FT**3/(AB*VSl 

REY=4.*DENSTY*0/(6·*T*3.142*VS*386.*CDl 


C 	 CHECK THAT CAPILLARY FLOW IS LAMINAR 
lf(REY.GT.2 0 00 .l GO TO 9 
RETURN 
END 

$I BFTC OBJFN 
SUBROUTINE OBJFN (Rl,F,R2,HPF,vs,RPM,FT,Y,PL, 

1 R3,HPP,Ps,Q,EFF,u,1I,J) 
c 
C OBJECTIVE FUNCTION 
c 

DIMENSION HPF(26l ,HPP(26l ,U(26l 

RR=(Rl+Fl**4 

RRR= ( R2-F l -ia 4 

HPF(J)=(VS*RP M**2*1 .E-6l/FT*(2.6l*(RR-Rl**4+R2**4-RRRl 

1 +3.32*(Y-PLl*( (R2-Fl**3-(Rl+Fl**3l l 

HPP(JJ=(PS*0/3.85)/(1715.*EFFI 

U(JJ=HPF(JJ 

lf(II.EO.ll GO TO 10 

U{J l =U ( J l +HPP ( J) 


10 RETURN 

END 


6400 END RECORD 

10 0 00 . 3600. 6.5 4.o .03 i.o .so 

le25 3.0 
. 2 5 i.o 

.s o 	 .999 

.0 0 00 0 1 .0000 0 35 
0. 1 	 o.9 
o. oo 1.0 

7 	 25 100 10 0 1 . 05 

6400 END FILE 


http:lf(II.EO.ll
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APPENDIX II I 


Analysis Of A Capillary Co.~ rensated 


Hydrostatic Thrust Bearing 
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af 
AB 
AP 
AR 
AS 
b 

BAR 
8!3 

CD 
CL 
CQ 
OEN STY 

EFF 
F 

Fs 
h 

HPF 
HPP 
i 

kc 

e 

N 
p 

PL 
PR 
PS 
gf 

Q 

Re 
Rl 

NOMnJCLATURE 

Load Coefficient 
Total Bearing Area 
Pad Area 
Recess Area 
Sill Area 
Width of Flow 
Bearing Area Ratio AR/ AP 
Pocket Length in Radial Direction 
Capillary Tube Diame ter 
Capillary Tube Length 
Ca pi 11 ary Tube Fl m-1 

Lubricating Flui d Density 

Pump and Motor Effici ency 
Land Width in Radial Direction 1/2 (X - PL) 
Viscous Friction Force 
Film Thic kness 
Horse rm-1er Friction Losses 
Horsepower Pump Losses 
No.of Recesses 
Capillary Tube Coefficient 
Leng t h of Fl m-1 

Bearing Speed 
Pressure Ratio PR/PS 
Pocket Length Along Mean Circumference 
Recess Pressure · 
Supply Pressure 
Flow Coefficient 

Total Flow 
Reynolds Numb er 
Inner Radius of Dearing Thrust Plate 
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R2 Outer Radius of ~earing Thrust Plate 
R3 Mean Radius of Bearing Thrust Plate 
T Numb er of Ca pillary Tu bes per Recess 
V Bearing Tangenti a 1 Ve l_ocity at Ra di us 

HH Axial Load 

X Pad Length in Radial Direction (R2-Rl) 

from Centre 

Y Pad length Along Mean Circumference (~rr R3) 

o Depth of Recess 

µ Lubricating Fluid Viscosity (reyn i.e. slug/ins.sec.) 
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APPENDIX I I I 

ANALYSIS OF A MULTI RECESS HYOROSTATIC TH RUST BEARING FOR 
INCOMPRE SSI BLE FLOWAND WITH CAPILLARY TUBE CO MPENSATION 

1. 	 The Load Coefficient af 
By definition 1et vll1 = af x AB x PR (1) 

Now assuming a pressure distribution over each recess · is a 
frustrum py ramid as shm,m in Fig. 1 (viz. a linear pressure drop 
acro~s the land widths) 

From the geometry: AP and .AR are the frustrum pyramid areas 
(Base and Upper Respectively) thus for one recess: 

WvJ/i = 1/3 (AP + AR +JA.R x AP) x PR 

The Beari~g Area Ratio, Bar = AR/AP 

Therefore l~~~/i = 1/3AP (1 + BAR + JITT\R) PR 

Now AB = i x AP 


Pressure Distribution 

TEach Recess is 
PRApr- roximated by 

a Rectangular 1 
Pad of Equal Area 

y ....{ 

t4--PL ~ y = TT/3 R3 

X = R2 - Rl 
.A.P = Xx Yf 	T 
AR = BB x PL 
AB = i x AP 

X BB

1l 

FIG. 1 


A Linear Pressure Drop Across The Land Widths and The Corners 
is Assumed. i.e. Pressure Distribution is a Frustrum Pyramid 
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~n-1 = i x AP x PR x 1/3(1 + 	BAR +/CAR) = af x A.8 x PR 

Therefore af = 1/3 (1 + GAR + )BAR) (2) 

2. 	 Flow Coefficient qf 3
. (HH) hBy definition let Qf x AB x µ--	 (3) 

Incompressible flow through a narro1.•: slot is given as 

3


Q = 	t.P x b x h

12 x µ x t 


Approximating each recess by a rectangular one of equal area 

Q = i x PR x h 
3 

(X + BC + Y + PL ) 
12 x µ 

1 
2(Y - PL) 2

1(x - 13) 

Substituting equation (1) and equating to equation (3) 

3 	 3 
Q = (W\·J) x !!._ x (X+BB + Y+PL)/af = (WW) x !!._ x qf

AB µ Y-PL X-813 AB µ 

f = _i_ (X+f3[3 + Y+PL)/afHence 	 (4)q § Y-PL X-BB 

3. 	 Flow Through a Capillary Tube 

Laminar flow of viscous in compressible fluid through a capillary 
tube (with length > 20 x diameter) is given by: 

4Q = n x (CD) x (PS-PR) 

c 128 x µ x CL 


__ n 	 x (CD) 4 (5)Let the capillary coefficient kc 

128 x CL 


PS-PRThen Q· = kc x--	 (6)
c 	 µ 
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However to ensure the flow is laminar 

Re =4 x DENSTY x Qc < 2000 	 (7)
ir x CD x µ 

··2 4
Note the units of DENSTY are lbs.sec /in 

4. Equating flow through the bearings and total 
capillary tubes equations (3) and (6) x i. 

3 
(qf x (WH) x b_) = Txixkc PS-PR

AB µ 	 µ 

3
h = (Txixkc PS-PR l/

qfxaf x PR ) 


. s "ff aww
5• Bearing t1 ness: aw-

flow through the 

(8) 

In most applications of thrust bearings it is desirable to design 
the bearing for maxi~um axial stiffness. The bearing stiffness 
is depender.t on the film thickness and the pressure ratio between 
the recess and the supp ly. 

Rewriting equation (8) and substituting equation (1) 

h3 = [Txixkc x PS x ~~AB _ ixkc ] 
qfxaf r 1 I~ qfxaf 

Thus WW= 	 TxixkcxPSxABxaf 
h3xqfxaf + ixkc 

for a given bearing h is the only variable quantity and bearing 
stiffness is given by 

a	(~JH) 
ah 

Hjnce differentiating, multiplying by h/h and substituting for 
h from equation (8) the stiffness becomes:

a(WW) = -3 x ~M x (1 - PR/PS) 

ah h 
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The negative sign shows the stiffness decreases as h increases 
and may be neglected 

Now maximum stiffenss \11 hen 

= 3 x \'JH x (1 - PR/PS)Hm·tever 

(T:Xi xkc PS - PR ) 1/3 

qfxaf PR 


For a constant stiffness and since for a given bearing only 
PR is a vari ab 1 e quantity defining P = PR/PS 

"'( WW ) "'(P4/3 (l-P)2/3) 
Then ° ~ is a maximum when ° aP - - 0 

i.e. P = 2/3 (9) 

6 . . Friction Horse power Loss 
v v

Fs = µ x AS x h + µAR h+o 

Since o is usually 50 to 100 times the size of h, the second tenn 
is neglect ed. 

Friction PO\'ter Loss (HPF) = Fs x V 


2nNr
The velocity at any radius r: = -==---60 

Hence 

Rl + F R 


HPF =.l!. ( 
2nN) 2 ~2.!_ [! r 3 dr + f 2r 3 dr ] 


h 60 6600 Rl R 
2-F 

+ .!:!. (2nN)2 _1_· - x (Y-L) f R2~~ dr 

h 60 6600 1 Rl+F 


2 

HPF = 2. 61 x 10-6 x µX N x ((Rl+F) 4 - Rl 4 + R24 - (R2-F) 4)


h 

+ .554 x 10-6 x i ~ µN 
2 

x (Yll_) ((R2-F) 3 - (Rl+F) 3) {10) 
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7. 	 .Pump Horsepower Loss 

HPP = PS x Q/3.85 (11)
1715. x EFF. 
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APPErrnI x Iv 

The Generalized APT Programme 

.' 



201 P~ R T NO- H Y DROS T A TIC PEAR I NG 
SS I NSE RT STANDARD ~Y N DE CK 
SY N I AA , A T At1G L, (11, , (ANO~ , ( T , cE~ T~ R , c , cr q cLc , c v , c v L NGP ' D ' c = LAY ,F R , 
SY N /F EDRAT , G G , GOJA CK , G0 , GOD L T A , : F ~GOF~0 , G L , GO L F T, GR ' GORG T , G T, 

SY l\j I GOT 0 ' I P ' I'D I RP ' I \I ' I ''.) I ~ \/ ' I ' I 1\! TC F ' Lc, ' L:\·:< (, C: ' LC ' LC o:.JI C ' L ' 
s y f'I I L I ;\: E ' ' 'x ' ;' : .'.\ TR I x ' t'! :· '. ' 1\ c. '. J r.n:: ' r: ' '.) ,..._ T ''· I i ' ' p ."., ' p ,QR L EL ' ? F ' p !:: r p T :J 
s y I\.' I p L ' p LA.i'·JE ' p ' r 0 I :' ' T ' p '\ ' r ;~ I ~ ' T ' ? ' ~~ !-\ c I .j s ' '.)': ' .s ' ':1 LL ' s ' .s T 0 p ' T ' T /; ': T 0 
S Y 1I T H , T [-.j I C t< , Tfl , T L /\ X I S , ~ '. , Tf' ' /\ R·~ , T~ ' T R .A:C lj T , V , './ FC TC R ' X L:. ' XL/\ R G F: ' X S ' 
S Yf\JI X S "" AL L , Y L ' Y L A P G E , Y S ' YS ". !\ LL. ' Z L ' Z L/'1 r G E , Z S ' ZS ' : /\ L L 
~A CHI N / ~F~D6C , 3 1 50 1 

c Lp R.·n I () r T I 0 "' 
li:; '.[; I.'~ P :..H TO /\P T p::;oGR.A.'.' FOR!\ HYDR·JS Tt· TI C e::::;\R I NG 
$ $ S TOO L SPECIFIC A TI C~S A~D C~ TTI ~G FEEDS 
CUT Dl = l . 5UJ 5$ l ST TOO L D I A~ 

CUT D2 =0 . 75 2 f' D T 0 0 L C) I II, "11 

TLC H =15 - 5 A R~~ I TR;\R Y TOO L c i-.: .ti. !',I GE He I GH T 
EO =8 . SET UP T00 L ~f I Gf-1 T + . 5 I.' ' S 
El =6 . 2 PRES ET L E~G T H OF l ST TOO L 
E2 =3 . 8 P RES~ T LE NGT H OF 2N~ TCU L 
FEDl =2 0 . F E C:DF~A TE 
FE D2 =25 .- FE EDR/1 T'.: 
FE D3 =30 . F E ~DR .<\ TE 
FED4 =35 . <;;5 FEEDR:X TF 
FED5 =60 . ~s FE :::DRt1 TE 
REVOL1= 6 . '.51> PAR.!\; iETC: R FO~ CF<.<.1\C R8U TF• C:: 
REVOL2= REVO L-l . SS P !-\ ;< .:"\ i"•i r:: T C: R F0 P C U: \ ;\ C ;< G<..! T P IF 
CUT O Dl = C U T Sl + . 0~8 S'li lST TOO L D I!.i." + . 060 
CUT Dl D=. 9G->:-c_;TD1 $$ . 9* D I A~ l ST TOC L 
EEl =TL CH- El 
EE2 =TL CH- C: 2 
$ S '.D GE 0 ·1 ET R I c,.: L 

H =1 . HE I G 1-1 T 0 F P ;., C'~ I f' !G P L "-'. TE 
H5 =4 · HEIGH T OF 9'::t? I NG 
Rl =6 . 5 I f-.! ,\! E R ;:u, D I US 
R2 =9 . 87 5 our:: ;:; RADII.JS 
XPL =7 . 7 P O C f~ ET LE.\ GTH i'\ L()i•!G R3 
88 =2 . 83 P 0 C.< E T RAD I 1\ L L U :Ci T1-1 

F =. 5 ! R2 - Rl- f3S l Ll\ ."1) ;_.;I '.) Ti-1 
R3 = . 5* ! Rl+ R2 l ~s i•i E.t-.>! RAD I US 
II, 1 = X P L * l 30 . /( R3* 3 . 1 ~2*2 . l ~~ PJC'.. ;:: T :'.\ i\: GL C:

H6 =H5/ REVO L ~ $ HEIG HT OF PL A~E 6 
H3 =H5 -. 2':· DEl'H' 0 F P".:C:<~ T = • 2 5 
H4 =H5-. C<? DEPTH O ~ OIL GROOVC: = . 00 
RP2 =R2-r ~ 'E ou T::: R PO C<E T RAD I US 
RPl =Rl+F si Ii'L l ~ :~ ? :J Cf~ E T RA C> I u S 
$ s 'E .£\.D D I T I 0 ,\I ti, L C !' L C U L t. T I 0 '.! S F -::, r< H i':: P~C C: l~~,r,-, 

Xl =! R2 - . 5S*CUT~ ll 

X2 =I RP2- . 55 * CUTCll 
X3 =1 Rl -. 5*CU TDll 
X4 =( R2 + . 5*CUT0 1 1 
X5 =1 . 1 -:~ c u T Dl 

Zl =H5+H 
Z2 =H5-. 5 
Z3 =H5+ . 25 
Z4 =H'.:+ . l 
S '.ii SA.P T G::::o · :ETf~.IC..'\ L G'.:. FI :! ITT G1'!S 
SC:TDT =D/ :: , .:_; , _: 
Pl =P/ Q, G, J 
Ll =L1 0 , c , c , 1 , 2 , c 

http:RADII.JS


202 L2 =L/Pl,PE,Ll 
L3 =L/Pl, AA ,-Al,Ll 
L4 =L/Pl, AA , Al,Ll 
L5 =L/PA,L 2 , XL, R2 
PLl =PL/ O, J ,1, 0 
PL2 =PL/P A, PLl , ZL,.5 0 
PL3 =PL/ PA , PL1 , ZL,H3 
PL 4 =PL/D A, PLl, zL , H4 
PL5 =PL/ PA , PL1,ZL, H5 
PL6 =PL/ PA , PL5, zs , H6 
PL7 =PLIP A, PL2 , ZL,. 00 2 
PL 8 =PL/ PA , PL3 , ZL,. 00 2 
PL 9 =PL/P A, PL5 , ZL,. 0 1 
Cl =C/ CT, p1, R, Rl 
C2 =C/ CT,P l , R, RP l 
C3 =C/ CT, Pl , R, R3 
C4 =C/CT, p1, R, R2 
C5 =C/CT,Pl, R, RP 2 
P2 =P/X S ,I,(L/P A,L 3 , YS , CUTDDl l ,(C/(T, p1 , R, X2 J, Z4 
TC J =P/ Q, O, EO 
TCl =P/ Q, O,EEl 
TC2 =P/ Q, 0 ,EE 2 
Ml ="'1 XT RA lSL, o , o ,-H 
~JI 0 0 0 , A UT 0 
N/ 000 
ST OP 
D/2.5 
FRo:v1/ SET PT, 6 0 
GD/E.0 
GT/TC O 
TOO LN0 / 000 1, El 
D/1. 0 
N/ 0 1 
ST OP 
D/2.5 
FRm• /TCl 
TR ;r: 1 
CUTT ER /C UTDl D 
GT1- x 1, o , EE l 
FR/F ED 4 
I NDEX/I 
GT1-x1, o ,z 3 
GO/T O,C4, PL9 , QN , Ll 
TL LFT , GLI C 4 ' C ;'! , 2 ' I , L1 
TL O~ , G L/ O N ,L l , QN ,( 3 

GR/ Qi\! ,( 3 , 01'1' 2 ' I ,Ll 
GL/ O;\J ,L l ,r o , c 1 
TL ~G T, GR /T o , c 1, 8N , 2 ,r,Ll 

GD/Z3,F ED5 
FD/F ED2 
COPY/l,T RAl' lSL, o , o ,-. '.) l,l 
CUTTE R/C UTDD l 
I NDEX / 2 
GT/P 2 ,F ED5 
FD/F ED3 
GO /L 3 , PL3 ,C 5 
IV/ 0 ,-1, 0 

http:PL/PA,PL5,ZL,.01
http:PL/PA,PLl,ZL,.50


TLLFT,GF/C5,TO,L4 

GL/LLf,TQ,C2 
 203 
GL /C 2 ,TO, l3 
GL/L3, QN , C3 
TL QN , GL/O N, (3 ,T Q,L4 
GD/ . 5 , FED5 
COPY/2, XYRQ T,6 C,5 
CUTTE R/CUTDl 
GT,x3, o ,z4 
$$ I NSER T CIR MA C DE CK 
CIR MA C= MACRO / RD , DLT= O, ANG L= C,TLC ON =l, NO . qEV =l 
COSALP=I R0-. 00 41/ RD $$ . 00 4=C ROWN TOLE ~A~ CF 

ALPH .ll. =( .L\:3SFl!\LPH= ;H TLCON* (ATA ~' FI ( SfJPTFll -C OS /', LP ~H:-? )l/CO S.t. LPl l l l 
DU M~ YP= POINT /C A NQN ,IT HA = ANG LJ,(J=ll,I NO . CUT=~6 D*N O . REV / t l PHA l 
CI R ~ Ol lT HA = THA+ALPH 

GODL T .L\ / <Rf)* I COSF <THA l - I COSF ( THA - ALPH l l l l , I RD,-i- ( S I 1\] F I TH A l $ 

-I Slfff I TH A- ALPH l l l l, I DL T / 1'-10 . CUT l 
1 F ( I J =J + 1 l - l 0 • C U T l C I R ; ,i 0 1 , C I ':\ ~,~ 0 2 ; C I R ~, i ') 2 
CI Rfvi0 2 l G 0 G L T .t\ I I R D* ( C 0 S F I li,i~ G L +I\ LPH~-,' I0 • C LJ T l - ( COS F I T H ~\ l l l l , 5 

{ RD*ISINFI ANG L+ ALPY *NO . CJ Tl -I SJ NFITY AJ l) J,( DLT * $ 

I NO . CUT-IJ-ll/ NO . CUTJ 
pH E=A. I G L + ,t'.I, L pH~-:~ c • cu T 

p R I N T I 2 ' ( L I ,\!E I c i\ N 0 /\! ' rw • clJ T ' ,!\ LpH ' TH A ' pH E ) 
TE R1'. lA C 
FR/FE D3 
cALL / c r Rr-:.1\ c , RD = x 3 , oL T = - z3 , , 1o • R Ev=REv oL 1 

GD/Zl,FE D5 

GT/X4, C,Z4 

FR/F[ D3 

CALL/CIR ~A C , RD = X4 , C LT= - Z2 , NO . P E V = REVO L2 
GD/ . qQ , Q,. 002 ,F ED5 
CUTTE R/C UTDl 
FR/FE D3 
GO/C4, PL7 , QN ,Ll 
TL RGT , GR/C4, 0i'! , 2 ,I 'Ll 
GO/T O, L5,PL 7, Q ...J,L l 
TL RG T, GF/L5 ,T Q,(L /P A,L l ' YL , X5 J 
\jD /H 5 ,F ED5 
GT/TCl 
TOOL N0 / 00 02,E2 
011. 0 
N/ 02 
ST OP 
D/2.5 
END i>S TOO L CHG TO . 75 D!t• F :0 '-'. ILL 1='= 3 . 8 
FR C'-: /TC 2 , l UC 
TR/ Ml 
CUTTF R/CLJTD2 
GT/- R3 ,-l. CJ , EE2 
I ND EX/3 
GT/- R3 ,-1. o ,z 4 
FR/F EDl 
GO/C 5 , PL8 ,Ll 
TLLFT,GL/C5,T O,L 4 
GL/L4,T Q,C 2 
GL/C2,T O,L 3 
GL/L3,TQ,(5 
GL /C S ,T Q, L4 
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GD /. L~98 , 6J 

COPY/ 3 , XYRQ T, 6 0 , 5 
GT/- R3 , 0 , H5 
Fr:U FED2 
GO / QN ,( 3 , PL4 , QN , Ll 
IV/ 0 ,-1, c 
TLQN , GF/ (3 , PAS!, z ,r,Ll $$ ~ ILL . 7 5 GRJOVE 
GD /. 5 , 60 
T R / N,\ : 
GTIT C2 
ST OP 
Dl 2 . 5 
END 

CD TOT 0 1 8 6 
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