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ABSTRACT OF THESIS 

Lin e a r C o n t r o l of Machine Tools u s i n g F l u i d i c Devices 

Submitted by: 

E. G. Routledge. C.Eng., M.I.Mech.E., M.I.Prod.E., M.I. Plant.E. 

This t h e s i s i s concerned w i t h the development and manufacture 
of a f l u i d i c v a r i a b l e event c o n t r o l system, f o r t u r r e t l a t h e s , which 
can be programmed t o g i v e any d e s i r e d t o o l - s l i d e l e n g t h of t r a v e l i n 
increments of 0.001 i n c h . 

The system c o n s i s t s of pneumatic—hydraulic machine a c t u a t i n g 
c y l i n d e r s , f i t t e d w i t h sensors t o p r o v i d e machine i n f o r m a t i o n , and 
a c o n t r o l c a b i n e t c o n t a i n i n g the L o g i c , Counter, Address and Programme 
Systems. F l u i d i c devices are used throughout, p r o v i d i n g data s i g n a l s , 
p e r f o r m i n g the Logic f u n c t i o n , and i s s u i n g command s i g n a l s t o the 
Address System. 

C o n t r o l of events, such as the engagement of the c r o s s — s l i d e , 
change of feed e t c . , have been r e l a t e d t o the r a m - s l i d e motion;: f l u i d 
d i s p l a c e d from the r a m — s l i d e a c t u a t i n g c y l i n d e r i s metered i n t o e i t h e r 
a storage tank or slave c y l i n d e r s i n the c o n t r o l cabinet,, which, repeat 
and a m p l i f y the motion. Sensing u n i t s f i t t e d t o the slave c y l i n d e r s , 
are programmed t o i n f o r m the Logic System when the machine s l i d e has 
t r a v e l l e d the r e q u i r e d d i s t a n c e f o r an event, which i n i t i a t e s command^ 
s i g n a l s t o the address system. 

Programming a s e l e c t i o n of events, t h e i r sequence and di s t a n c e t o 
be t r a v e l l e d by a t o o l i n g arrangement i s achieved by u s i n g m u l t i 
channel s e l e c t o r u n i t s . Each u n i t has s i x programme channels and 
c o n t r o l s an event, such as the r a t e of feed f o r each t u r r e t f a c e. On 
r e c e i p t of a s t a r t s i g n a l , programme channel number 1 of each s e l e c t o r 
u n i t i s energised, t u r r e t face number 1 i s presented t o the component 
m a t e r i a l and the events programmed take p l a c e . When the sequence of 
operations f o r t h a t t u r r e t face have been completed, the s l i d e s r e t u r n 
t o t h e i r s t a r t i n g p o i n t . I n d e x i n g of the t u r r e t t o prese n t face 
number 2 energises programme channel number 2 t o c o n t r o l events f o r 
t h i s f a c e. This process i s repeated u n t i l t u r r e t face number 6 and 
programme channel number 6 has been used; the component has now been 
completed and the c y c l e i s repeated. 

The programme i s not pre-determined such as when u s i n g p l u g 
board, punched card or tape, and can be v a r i e d by shop f l o o r 



personnel a d j u s t i n g the programme s e l e c t o r u n i t s w h i l e the machine 
i s i n o p e r a t i o n . This f e a t u r e n o t o n l y enables component l e n g t h s 
t o be a d j u s t e d , b u t as the choice of such events as speed, f e e d , 
or when t o s t a r t the c r o s s - s l i d e may be v a r i e d t o s u i t the a c t u a l 
w o r k i n g c o n d i t i o n s , optimum p r o d u c t i o n performance i s more r e a d i l y 
achieved. 
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CHAPTER I . 

I n t r o d u c t i o n 

This t h e s i s i s based on an i n v e s t i g a t i o n i n t o t h e f e a s i b i l i t y 
of f l u i d l o g i c devices i n the low cos t automation of machine t o o l s , 
such as capstan l a t h e s u t i l i s e d f o r small b a t c h q u a n t i t y p r o d u c t i o n . 

The most common method t o date c o n s i s t s of an e l e c t r o n i c sequence 
c o n t r o l u n i t , which i n c o r p o r a t e s a programmer, sensing and a c t u a t i n g 
systems. The sensing system, u s u a l l y m i c r o - s w i t c h e s , s i g n a l the 
c o n t r o l c a b i n e t when an o p e r a t i o n or motion has been completed. 
When combined w i t h s i g n a l s from the programmer, t h e a c t u a t i n g system, 
u s u a l l y electro-pneumatic or e l e c t r o - h y d r a u l i c , p e rform t h e s e r i e s of 
events i n c o r p o r a t e d i n the programme. These systems, are i n e f f e c t 
attachments t o f i t a manually operated machine and cost between £1,000 
t o £2,000. When programmed f o r a component, c o n t r o l the sequence of 
op e r a t i o n s , s e l e c t feeds, speeds, t r a v e r s e s and e l i m i n a t e the human 
element. The r e s u l t i s improved u n i f o r m i t y i n component s i z e ; an 
increase i n output v a r y i n g between 15$ t o 35J& depending upon t h e 
component, and a r e d u c t i o n i n d i r e c t labour c o s t , as one operator can 
now supervise s e v e r a l machines. 

P r e p a r i n g the converted machine t o o l f o r the p r o d u c t i o n of a 
component i s s i m i l a r t o one manually operated; t o o l s and l e n g t h stops 
must be changed or r e - p o s i t i o n e d , and the programme, u s u a l l y prepared 
i n the Plan n i n g O f f i c e , i n s e r t e d . C o n t r o l of t h e machine t o o l i s now 
d i v i d e d between the Shop F l o o r and Plan n i n g O f f i c e ; departmental 
communications must be e f f i c i e n t as a programme c o u l d be made obsolete 
due t o an unforeseeable problem., Such an occurrence may a r i s e i f the 
m a c h i n e - a b i l i t y of m a t e r i a l f o r the i n i t i a l b a tch d i f f e r s from 
e x p e c t a t i o n ; the machine would be i d l e u n t i l a r e v i s e d programme, 
based on a c t u a l machining experience of the m a t e r i a l , i s prepared. 

I n the b l o c k diagram of a t y p i c a l sequence c o n t r o l u n i t on Page 6 
Chapter I I , i t can be seen t h a t c o n t r o l s i g n a l s and l o g i c f u n c t i o n s 
use e l e c t r i c a l energy; t h i s must be converted b e f o r e the val v e s 
c o n t r o l l i n g the pneumatic-hydraulic c i r c u i t s can be act u a t e d . 
Conventional pneumatic equipment c o u l d be used t o e l i m i n a t e 
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c o n v e r s i o n , but the p h y s i c a l dimensions of components make i t 
i m p r a c t i c a b l e . An a l t e r n a t i v e t o c o n v e n t i o n a l pneumatics would be 
the use of a low pressure a i r supply f o r c o n t r o l s i g n a l s and l o g i c 
f u n c t i o n s ; the low pressure o u t p u t command s i g n a l s would actuate 
h i g h pressure c i r c u i t s . 

Based on the fundamental work of L. Prandth and H. Coanda, the 
concept of f l u i d a m p l i c a t i o n was discovered by B. M. Norton, R. E. 
Bowles, R. W. Warren and others a t the Harry Diamond L a b o r a t o r i e s 
i n 1958. By 1960 t h e p o t e n t i a l of t h i s new technology became 
apparent; research and development of f l u i d i c a m p l i f i e r s was i n t e n s i 
f i e d , so t h a t by 1966 a range of d i g i t a l and anologue devices were 
a v a i l a b l e . Simultaneously, methods of programming were being 
developed; by 1967 punched card, tape readers and drum programmers 
were a v a i l a b l e f o r use i n pneumatic sequence c o n t r o l systems. I t 
was a g a i n s t t h i s background t h a t the p r o j e c t commenced i n October 
1967. I n a d d i t i o n t o pneumatic sequence c o n t r o l and l o g i c , i t would 
give l i n e a r c o n t r o l of t o o l - s l i d e t r a v e r s e s , e l i m i n a t i n g the use of 
l e n g t h stops and have a programming system which c o u l d be prepared, 
or m o d i f i e d by Shop F l o o r personnel. This t h e s i s records the progress 
since October 1967; the s e l e c t i o n of standard components, design and 
manufacture of s p e c i a l u n i t s , assembly and t e s t i n g . 

The background work i n v o l v e d a study of a v a i l a b l e low cost' 
automation sequence c o n t r o l . s y s t e m s , f l u i d l o g i c d e v ices, pneumatic 
and h y d r a u l i c equipment which are discussed i n Chapter I I and t h e i r 
s a l i e n t p o i n t s noted. An o u t l i n e of the proposed system i s i n c l u d e d 
i n Chapter I I I ; t he problems and techniques i n v i s a g e d t o meet the 
s p e c i f i c a t i o n are considered, and a b l o c k diagram c o n s t r u c t e d , 
i l l u s t r a t i n g the r e l a t i o n s h i p of i n d i v i d u a l components. The c i r c u i t 
design described i n Chapter IV, shows how the i n d i v i d u a l requirements 
of each c o n t r o l , f l u i d i c f u n c t i o n or pneumatic-hydraulic c i r c u i t i s 
made, and a l s o t h e i r r e l a t i o n s h i p t o each o t h e r . I n Chapter V, the 
design, manufacturing technique, c o n s t r u c t i o n of sensing devices, 
programme s e l e c t o r u n i t , c i r c u i t boards and other miscellaneous items 
are g i v e n . When p r e l i m i n a r y t e s t s have i n d i c a t e d a p o t e n t i a l improve
ment i n performance, m o d i f i c a t i o n s t o the design have been made. The 
t u n i n g of s i g n a l s t o or from f l u i d i c d e v i ces, sensors and v a l v e s ; the 
t e s t i n g of l o g i c c i r c u i t s ; r e p e a t a b i l i t y of a c t u a t i n g c y l i n d e r s , and 
problems a s s o c i a t e d w i t h persuading the system t o f u n c t i o n are 
recorded i n Chapter V I . I n Chapter V I I , m o d i f i c a t i o n s t o the design 
have been suggested which may improve performance, extend the 
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o p e r a t i o n a l c a p a c i t y and improve r e l i a b i l i t y . 
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CHAPTER I I 

Sequence C o n t r o l Systems 

Where a l o g i c c i r c u i t c o n t r o l s a s e r i e s of events i n an 
o r d e r l y pre-determined manner, each event t a k i n g p l ace a f t e r the 
completion of a proceeding event, which p r o v i d e s a command s i g n a l , 
i t i s r e f e r r e d t o as a sequence c o n t r o l c i r c u i t . Only a l i m i t e d 
c o n t r o l i s e x e r c i s e d over the machine d u r i n g an o p e r a t i o n , and the 
c i r c u i t s may be e i t h e r f i x e d or v a r i a b l e event systems. The f i x e d 
event system p r o v i d e s a r e p e t i t i v e o p e r a t i o n c y c l e t h a t cannot be 
changed; the v a r i a b l e event system can be programmed t o p r o v i d e 
any order of events. 

2.1. Review of Present Equipment 

One of the f i r s t e x e r c i s e s undertaken i n t h i s p r o j e c t , was t o 
examine c u r r e n t l y a v a i l a b l e low c o s t automation sequence c o n t r o l 
equipment and the type of s i t u a t i o n i n which t h e y are used. 
L i t e r a t u r e d e s c r i b i n g the equipment was obtained from manufacturers, 
and, where ever p o s s i b l e , v a r i o u s systems were observed i n o p e r a t i o n . 

The commercial systems a v a i l a b l e , were e l e c t r o n i c a l l y operated 
v a r i a b l e sequence c o n t r o l systems, which converted manually operated 
t u r r e t l a t h e s i n t o automatic l a t h e s . They c o n s i s t of t h r e e basic 
elements; an e l e c t r o n i c c o n t r o l u n i t ; a sensing system, and an 
a c t u a t i n g system which r e p l a c e s the muscular e f f o r t , and l o g i c 
c o n t r o l n o r m a l l y s u p p l i e d by the o p e r a t o r . The designs v a r y i n 
such d e t a i l s as method of programming, type of sensors and the 
range of o p e r a t i o n f e a t u r e s ; t h e i r cost ranges from £1,000 t o £2,000. 

No e q u i v a l e n t f l u i d i c system was commercially a v a i l a b l e : those 
i n o p e r a t i o n had been designed f o r a p a r t i c u l a r p r o d u c t i o n set-up, 
had a f i x e d event programme, co m p a r a t i v e l y simple i n design and 
r e l a t i v e l y cheap. Complex f l u i d i c systems which u t i l i s e tape or 
drum programmers, have been developed and are undergoing t e s t s i n 
r e s e a r c h centres a t C r a n f i e l d and Birmingham; the cost of such 
systems i s n o t a v a i l a b l e . The systems reviewed were d i v i d e d i n t o 
the f o i l o w i n g : -

1. E l e c t r o n i c - plugboard programming 
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2. E l e c t r o n i c - s w i t c h programming 
3. F l u i d i c - f i x e d sequence 
4. F l u i d i c - v a r i a b l e sequence 

2.2. E l e c t r o n i c Sequence C o n t r o l Systems 

F i g u r e I . , a b l o c k diagram of an e l e c t r o n i c sequence c o n t r o l 
system, i l l u s t r a t e d the r e l a t i o n s h i p between the c o n t r o l u n i t , 
sensing, and a c t u a t i n g systems. I n t h i s simple example, the sensing 
system c o n s i s t s of two p a i r s of l i m i t s w i t c hes, and the a c t u a t i n g 
system, two s o l e n o i d operated pneumatic c y l i n d e r s . On r e c e i p t of a 
s t a r t s i g n a l , the c o n t r o l u n i t i n i t i a t e s a command s i g n a l and 
c y l i n d e r C I , moves the t u r r e t towards the component. When l i m i t 
s w i t c h S2 i s a c t i v a t e d on completion of the o p e r a t i o n , a dat a s i g n a l 
i s f e d i n t o the c o n t r o l u n i t , and c y l i n d e r CI i s reversed. On i t s 
r e t u r n , l i m i t s w i t c h S I pro v i d e s a data s i g n a l t o the c o n t r o l u n i t . 
The programmed c o n t r o l u n i t now issues a command s i g n a l t o the 
s o l e n o i d c o n t r o l l i n g c y l i n d e r C2, and the c r o s s - s l i d e i s t r a v e r s e d 
t o perform an o p e r a t i o n . A t the end of the c r o s s — s l i d e motion, 
l i m i t .switch S3 i s a c t i v a t e d ; the data s i g n a l produced informs the 
c o n t r o l u n i t t h a t the o p e r a t i o n i s complete, and a command s i g n a l 
reverses c y l i n d e r C2. On i t s r e t u r n , l i m i t s w i t c h S4 inf o r m s the 
c o n t r o l u n i t , and a command s i g n a l i s i n i t i a t e d t o repe a t the c y c l e 
of sequences ad l i b . A d d i t i o n a l events, such as c o l l e t o p e r a t i o n , 
speed change, and the f e e d i n g of components, w i l l g i v e an automatic 
p r o d u c t i o n c y c l e . 

The systems reviewed d e v i a t e d p r i n c i p a l l y i n programming 
techniques; plugboard systems where a punched card or pegboard 
c o n t r o l l e d the sequences, were manufactured by the f o l l o w i n g 
companies:-

1. E l l i o t Bros. (London) L t d . 
2. Ether L t d . 
3. I a n N i c k o l s Automatics L t d . 
4. Gearside L t d . 

and s w i t c h or d i a l programming systems by:-
5. - The Hepworth I r o n Co. (Engineering) L t d . 
6. G.K.N. Machinery L t d . 

2.2.1. D e s c r i p t i o n of Design Features 

The dust p r o o f c o n t r o l c a b i n e t c o n t a i n s a t r a n s i s t o r i s e d 
l o g i c u n i t and power pack; the f r o n t p a n e l ; a l l the c o n t r o l switches 
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the plugboard or punched ca r d reader or programme switches; data and 
command sockets; a counter t o r e g i s t e r the number of c y c l e s completed; 
a bank of l i g h t s t o i n d i c a t e which programme i s i n o p e r a t i o n , and 
i n d i v i d u a l push b u t t o n manual c o n t r o l s t o f a c i l i t a t e s e t t i n g of 
sensing devices and the l e n g t h or speed of the a c t u a t o r s . An a u x i l i a r y 
programme box, may al s o be p r o v i d e d t o c o n t r o l o p e r a t i o n s n o t r e q u i r e d 
i n every c y c l e , f o r example, r e - c h a r g i n g the machine w i t h raw m a t e r i a l s . 
Most systems i n c o r p o r a t e d b u i l d i n s a f e t y devices and i n the more 
expensive, a m o n i t o r i n g system t o l o c a t e f a u l t s . 

P r e p a r a t i o n of programmes f o r systems 1. 2. 3. and 4. r e q u i r e d 
the completion of a c h a r t l i s t i n g the sequence.of o p e r a t i o n s . From 
t h i s , a plugboard i s prepared by i n s e r t i n g p a i r s of sockets i n t o 
numbered h o l e s . These boards can be r e t a i n e d as a permanent r e c o r d of 
a p a r t i c u l a r programme, and s t o r e d f o r f u t u r e use. When the board i s 
f i t t e d t o the c o n t r o l c a b i n e t , e l e c t r i c a l connections are made by 
i n s e r t i n g p ins through the sockets i n t o the permanently w i r e d sockets 
i n the c o n t r o l c a b i n e t . An a l t e r n a t i v e method i s a punched card 
prepared from the sequence c h a r t ; the card i s placed on the c o n t r o l 
c a b i n e t and p i n s i n s e r t e d through the punched holes i n t o the w i r e d 
sockets. Programming systems 5 and 6 are u s u a l l y performed by the 
machine s e t t e r ; each t u r r e t face has a row of switches f o r the v a r i o u s 
events. To modify a programme, the a p p r o p r i a t e s w i t c h i s a d j u s t e d , 
where as the prev i o u s systems would have r e q u i r e d a new board or card. 

Micro-switches are used t o p r o v i d e data s i g n a l s , b u t photo
e l e c t r i c c e l l s or any other device can be used, p r o v i d i n g they d e l i v e r 
a s u i t a b l e s i g n a l t o t h e c o n t r o l c a b i n e t . The d i s t a n c e t r a v e l l e d by 
the t o o l s l i d e s , i s c o n t r o l l e d by a d j u s t i n g the l e n g t h stop screws 
which c o n t a c t l e n g t h sensors. 

The most common type of a c t u a t i n g system i s pneumatic-hydraulic 
c o n t r o l l e d by s o l e n o i d operated v a l v e s , pneumatics t o move the s l i d e 
f o r w a r d ; h y d r a u l i c s t o c o n t r o l the r a t e of t r a v e l and preve n t surge. 
This arrangement of power usage i n v o l v e d connecting the machine i n t o 
b o t h a i r and e l e c t r i c a l s e r v i c e s . The f u l l h y d r a u l i c system s e l e c t e d 
by one manufacturer, i n v o l v e d o n l y the e l e c t r i c a l s e r v i c e , b u t , as a 
f r e e s t a n d i n g h y d r a u l i c u n i t i s necessary, i n i t i a l c a p i t a l o u t l a y i s 
increased. 

2.2.2. D e s c r i p t i o n of Machanical Features 

Tools and l e n g t h stops are s e t i n the same way as a manually 
operated machine, i n a d d i t i o n t o t h i s , f i f t e e n t o t h i r t y minutes are 
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r e q u i r e d f o r c o n t r o l c a b i n e t programming, s e t t i n g the t r i p s t o 
determine the p o s i t i o n of feed engagement f o r each t u r r e t f a c e , and 
c r o s s - s l i d e t o o l p o s t . 

The t u r r e t a c t u a t o r moves the machine s l i d e towards the 
component a t a c o n t r o l l e d r a t e , w hich i s determined by the s e t t i n g 
of f l o w r e g u l a t o r s i n the c i r c u i t , thus g i v i n g a s e l e c t i o n of t h r e e 
or f o u r r a t e s of feed. Independent c o n t r o l s are p r o v i d e d f o r each 
t u r r e t s t a t i o n . , t o determine when the r a p i d approach t r a v e r s e changes 
t o c o n t r o l l e d feed. The t u r r e t i s clamped t o the machine s l i d e w i t h 
a l o c k i n g c y l i n d e r when the feed i s engaged and i n d e x i n g i s synchron-
i s e d w i t h the programme. A t u r r e t r e l i e v i n g feed or "Woodpecker" 
a c t i o n f o r deep hole d r i l l i n g may be i n c o r p o r a t e d i n the a c t u a t o r . 
I n a d d i t i o n , a d w e l l p e r i o d a t the end of each t u r r e t t r a v e r s e a l l o w s 
t o o l s t o open, speed changes t o operate and the s p i n d l e t o stop 
r e v o l v i n g , b efore the t o o l s are withdrawn.. I n t e r l o c k e d w i t h the 
t u r r e t i n d e x i n g i s a * i c o o l a n t d i s t r i b u t o r t o p r o v i d e t h e o p t i o n of 
an i n d i v i d u a l supply t o each workface of the t u r r e t . 

The c r o s s - s l i d e a c t u a t o r i s a l s o f i t t e d w i t h f l o w r e g u l a t o r s 
t o g i v e a r a p i d approach of the t o o l , and a range of feeds f o r b o t h 
f r o n t and r e a r t o o l p o s t s . This s l i d e may be programmed t o operate 
independently of the t u r r e t s l i d e or t o overlap i t s motion. 

Automatic o p e r a t i o n of t h e bar feed mechanism i n c o n j u n c t i o n 
w i t h t u r r e t s l i d e t r a v e r s e , c o l l e t opening and c l o s i n g } i s synchron
i s e d w i t h the s p i n d l e speed s e l e c t i o n . 

Manufacturers p r o v i d e comprehensive i n f o r m a t i o n f o r machine 
o p e r a t i o n , programming maintenance i n s t r u c t i o n s , and an exhaustive 
f a u l t - f i n d i n g s e c t i o n i n t h e i r manuals. E d u c a t i o n a l k i t s are 
a v a i l a b l e f o r some systems, e n a b l i n g the r a p i d t e a c h i n g of c o n t r o l 
and programme requirements t o personnel. 

2.3. F l u i d i c Sequence C o n t r o l Systems 

F l u i d l o g i c i s a new technology when compared w i t h e l e c t r o n i c s , 
the f u n c t i o n s and a p p l i c a t i o n s are analogous i n many r e s p e c t s , b u t 
i f i t i s t o be s u c c e s s f u l , must o f f e r some advantage over e l e c t r o n i c s . 
The s i m p l i c i t y and e f f e c t i v e n e s s of f l u i d i c sensing devices i s t y p i c a l 
of t h i s and as a r e s u l t , the f i r s t machine c o n t r o l a p p l i c a t i o n s chosen, 
used t h i s f a c t t o break i n t o the e l e c t r o n i c a l l y c o n t r o l l e d market. 
The f i e l d of a p p l i c a t i o n chosen was i n low c o s t automation u s i n g 
pneumatics, and were f i x e d event systems which are r e l a t i v e l y simple 
c i r c u i t s t o c o n s t r u c t . 
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When f l u i d i c devices are c o r r e c t l y designed i n the r i g h t m a t e r i a l , 
they are immune t o extremes of temperature, i l l u m i n a t i o n , v i b r a t i o n , 
c o r r o s i o n , r a d i a t i o n , mechanical and e l e c t r i c a l shocks. Pneumatic and 
h y d r a u l i c systems are i n common use, and w i t h the i n t r o d u c t i o n of low 
pressure actuated v a l v e s , f l u i d i c c o n t r o l systems have removed many 
i n t e r f a c e problems, e s p e c i a l l y power supply. The a i r used i n f l u i d 
l o g i c c i r c u i t s must be o i l f r e e , c l e a n and d r y t o operate s a t i s f a c t o r i l y 
or the airways may be e f f e c t e d and the system w i l l m a l f u n c t i o n . 

Devices are capable of s w i t c h i n g w i t h i n one m i l l i - s e c o n d , b u t 
delays due t o the number of. devices i n a c i r c u i t , l e n g t h of i n p u t and 
o u t p u t s i g n a l p i p e s , may increase t h i s t o one hundred m i l l i - s e c o n d s . 
The type of a p p l i c a t i o n i s t h e r e f o r e r e s t r i c t e d by response time t o 
simple c i r c u i t s of moderate speed requirements, or more complex 
c i r c u i t s w i t h low speed requirements. This r e s t r i c t s the range of 
a p p l i c a t i o n t o process c o n t r o l , m a t e r i a l h a n d l i n g , marine and some 
aerospace systems* 

The advantages of u s i n g f l u i d i c c i r c u i t s are the s i m p l i c i t y of 
devices which are v i r t u a l l y i n d e s t r u e t a b l e they cannot be destroyed 
by wrong connections, low c o s t , and l i t t l e maintenance due t o the 
h i g h r e l i a b i l i t y of a c i r c u i t once i t has been proved. I n g e n e r a l , 
the o n l y s e r v i c i n g i s the r e g u l a r c l e a n i n g of a i r f i l t e r s , and t h a t 
the average maintenance engineer f i n d s f l u i d i c r a t h e r than e l e c t r o n i c 
c i r c u i t s e a s i e r t o understand. 

The disadvantages are the r e s i s t a n c e t o a i r f l o w i n small bore 
p i p i n g , as t h i s l i m i t s the d i s t a n c e a sensing device may be f r o m the 
l o g i c c i r c u i t and the capacitance e f f e c t of t h e tube volume when 
u s i n g pulse s i g n a l s . The c o n t i n u a l consumption of a i r as devices, 
exhaust t o atmosphere when not f u l f i l l i n g a f u n c t i o n , can be a heavy 
d r a i n on the supply and the noise of v e n t i n g devices can be 
i r r i t a t i n g . There i s a l s o the p o s s i b l e blockage of a i r vents by 
f o r e i g n m a t t e r , and i f devices are c l o s e l y p o s i t i o n e d , the exhaust 
of one, may e f f e c t the f u n c t i o n of i t s neighbour. 

2.3.1. Fi x e d Event F l u i d i c Systems 

A f i x e d event f l u i d i c system g e n e r a l l y uses a back pressure 
s i g n a l from a sensing device t o s t a r t an o p e r a t i o n . I n t e r l o c k i n g 
l o g i c prevents the o p e r a t i o n o c c u r r i n g i f any proceeding f u n c t i o n 
has n o t been performed. F i g u r e 2, a b l o c k diagram, i l l u s t r a t e s 
such a c i r c u i t used t o c o n t r o l the f i l l i n g of c o n t a i n e r s . The 
c i r c u i t requirements are: 
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1. One c y c l e of f u n c t i o n s per s t a r t s i g n a l 
2. A c o n t a i n e r must be a t p o s i t i o n "A" under the f i l l e r , 

b e f o re v a l v e "B" w i l l operate 
3. F i l l i n g must co n t i n u e a f t e r removal of the s t a r t s i g n a l 
4. Movement of the c o n t a i n e r b e f o r e i t i s f u l l w i l l stop 

the f l o w through v a l v e "B" 
5. Y/hen the c o n t a i n e r i s f u l l , f l o w through v a l v e "B" 

must stop even though the s t a r t s i g n a l i s s t i l l p r esent 
6. S u i t a b i l i t y f o r conversion t o continuous o p e r a t i o n a t 

some f u t u r e date 
7. F a i l u r e i n the pneumatic supply t o stop the f i l l i n g 

o p e r a t i o n 

The c i r c u i t c o n s i s t s o f , one I n h i b i t e d OR gate, one B i s t a b l e 
F l i p - F l o p , two AND gates, one Schmitt T r i g g e r , one Back Pressure 
Switch, two Sensing Devices, one s t a r t b u t t o n , one 5-Way Diaphragm 
operated v a l v e , one Double A c t i n g c y l i n d e r and a 3-port t o g g l e 
operated v a l v e f o r continuous c y c l i n g . 

When the c o n t a i n e r t o be f i l l e d i s i n p o s i t i o n "A", sensor SI 
s i g n a l s And gate A I a t the c o n t r o l p o r t C3. Pr e s s i n g the s t a r t 
b u t t o n p r o v i d e s s i g n a l CI a t the I n h i b i t e d OR gate I N I . t o g i v e an 
output a t 01, which i s connected t o CI of the B i s t a b l e device B I r 

and the output i s switched t o 01. And gate A l now r e c e i v e s i t s 
second c o n t r o l a t CI and the outp u t i s switched t o 01 t o p r o v i d e 
s i g n a l CI a t And gate A2. As the c o n t a i n e r i s empty, sensing 
device S2 i s not p r o v i d i n g a s i g n a l t o CI of the Schmitt T r i g g e r 
ST1, and the b i a s s i g n a l a t C2, holds the outpu t a t 02, which i s 
connected t o C3 of And gate A2. Both c o n t r o l s i g n a l s , CI and C3 
are now present a t A l ; the output switches t o 01, the diaphragm 
v a l v e i s act u a t e d , and the C3 rlinder opens f i l l i n g v a l v e "B" a l l o w 
i n g the product t o f i l l t he c o n t a i n e r . When the product i n the 
c o n t a i n e r reaches the c o r r e c t l e v e l , sensor S2 pr o v i d e s a s i g n a l 
t o CI of ST1 o v e r - r i d i n g bias s i g n a l C2. Output i s switched t o 
01 and s i g n a l C2 a t I N I o v e r - r i d e s the s t a r t b u t t o n s i g n a l i f i t 
i s s t i l l p resent; o u t p u t r e v e r t s t o 02 removing s i g n a l CI from B l . 
Simultaneously as output 01 of ST1 pr o v i d e s s i g n a l C2 t o B l , 
o utput i s switched t o 02, removing s i g n a l CI from A l , The 01 
output t o CI of A2 t o gi v e 02 output, which reverses the diaphragm 
v a l v e and c y l i n d e r t o close f i l l i n g v a l v e "B". A continuous 
c y c l e i s achieved by p r o v i d i n g a constant s i g n a l t o CI of I N I , 
Sensors SI and S2 now c o n t r o l the c y c l e which can, q u i t e e a s i l y , 
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be i n t e r l o c k e d w i t h the automatic supply of c o n t a i n e r s t o and from 
P o s i t i o n A. 

2,3.2. V a r i a b l e Event F l u i d i c Systems 

A v a r i a b l e event f l u i d i c sequence system i s analogous w i t h 
the e l e c t r o n i c system d e s c r i b e d i n Chapter 2.2. The c y c l i c p a t t e r n 
of the t u r r e t l a t h e o p e r a t i o n f a c i l i t a t e s the use of a drum or d i s c 
programmer, geared t o make one r e v o l u t i o n f o r each work c y c l e . The 
b l o c k diagram, F i g u r e 3, i l l u s t r a t e s a simple system i n c o r p o r a t i n g 
a twenty o u t p u t s i g n a l drum programmer, manufactured by Teche L t d . , 
which i s capable of f o u r t y sequences. Each out p u t channel i s 
a l l o c a t e d a f u n c t i o n , such as d i r e c t i o n of ram t r a v e l , speed, r a t e 
of f e e d or c o l l e t o p e r a t i o n , as shown i n F i g u r e 4. A sequence of 
s i g n a l s i s prepared showing which f u n c t i o n i s r e q u i r e d i n each row, 
and holes are punched i n the programme sheet b e f o r e i t i s f i t t e d t o 
the drum. On r e c e i p t of a s t a r t s i g n a l the drum i s indexed, 
p r e s e n t i n g a row of holes t o the r e a d i n g head. The o u t p u t s i g n a l 
pipes may be connected t o f l u i d i c devices or address system v a l v e s 
t o g i v e the d e s i r e d o p e r a t i o n of the machine. As each c y c l e i s 
completed, sensing devices on the machine p r o v i d e s i g n a l s t o the 
f l u i d i c sequence i n t e r l o c k system, i n d i c a t i n g t h a t a l l f u n c t i o n s 
have been performed. A feedback s i g n a l then indexes the drum, 
p r e s e n t i n g the next row of holes t o the r e a d i n g head f o r the next 
c y c l e . 

A more v e r s a t i l e system i s i l l u s t r a t e d i n the b l o c k diagram 
F i g u r e 5; i t has the advantage t h a t i n d i v i d u a l v a r i a b l e i n s t r u c t i o n s 
may be i n c l u d e d w i t h i n the c o n t r o l l oops. S i g n a l s from the machine 
sensing devices are f e d i n t o a f l u i d i c i n t e r l o c k , system and the 
o u t p u t i s used as the i n p u t t o a r i n g or b i n a r y counter c i r c u i t . 
When the c o r r e c t count appears, i t i s decoded by the Address l o g i c 
c i r c u i t , which d i s t r i b u t e s t h e i n f o r m a t i o n , t o the c o r r e c t f u n c t i o n , 
and the a p p r o p r i a t e o p e r a t i o n s are performed. I n order t o a s s o c i a t e 
the counter o u t p u t w i t h an order of events, a m a t r i x arrangement, 
u s u a l l y a plugboard or c a r d r e a d e r , i s i n t e r p o s e d between the 
Counter and Address c i r c u i t s . A l t e r n a t i v e l y , a tape c o n t r o l l e d 
u n i t may be u t i l i s e d , which w i l l a l s o a c t as a mechanical r i n g 
c o unter. 

2,4. Conclusions on Sequence C o n t r o l Systems 

I t i s e v i d e n t from t h e review of e x i s t i n g equipment, t h a t t h e 
a p p l i c a t i o n of f l u i d i c s i n machine t o o l c o n t r o l systems i s i n an 
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elementary commercial stage, and t h a t e l e c t r o n i c sequence c o n t r o l 
systems have been used as a model i n most i n s t a n c e s . Commercially 
a v a i l a b l e e l e c t r o n i c sequence c o n t r o l equipment has been developed 
t o s u i t a wide f i e l d of a p p l i c a t i o n , and i t i s r e l a t i v e l y simple t o 
increase the c a p a c i t y of a system w i t h a d d i t i o n a l c o n t r o l c a b i n e t s . 
U n f o r t u n a t e l y , the co s t of a c o n t r o l c a b i n e t i s such t h a t i t has 
p r i c e d i t s e l f out of many low cos t automation a p p l i c a t i o n s , and 
s t i m u l a t e d an i n t e r e s t i n pneumatic and f l u i d i c c i r c u i t r y . 
S o p h i s t i c a t e d f l u i d i c c o n t r o l systems, f i x e d , v a r i a b l e and nu m e r i c a l , 
have been developed; some have been d e s c r i b e d by Charnley. 

(4) 
The use of pneumatics i n low c o s t sequence c o n t r o l has a l s o 

been advanced, w i t h the f o r m a t i o n of Low Cost Automation Centres 
throughout the co u n t r y , .a. combination of courses i n c i r c u i t d esign, 
component a p p r e c i a t i o n , the low component c o s t , and the r e a l i s a t i o n 
t h a t a c o n s i d e r a b l e increase i n p r o d u c t i o n o u t p u t can be achieved, 
w i t h a r e l a t i v e l y small increase i n c a p i t a l e x p e n d i t u r e . Extensions 
t o the range and m i n i a t u r i s a t i o n of pneumatic components, has i n 
creased the f i e l d of a p p l i c a t i o n . I n the p a s t , pneumatics were 
r e s t r i c t e d t o m a t e r i a l h a n d l i n g problems where c y l i n d e r s were 
manually or t r i p v a l v e operated. Today, q u i t e complex i n t e r l o c k e d 
sequence c i r c u i t s i n c o r p o r a t i n g timed delays on c e r t a i n c y l i n d e r s are 
i n common use and s u i t a b l e f o r d r i l l , press or s i m i l a r processes. 
There are many l i m i t a t i o n s ; the number of val v e s necessary f o r l o g i c 
f u n c t i o n s , slow response t i m e , the f o r c e and t r a v e l necessary t o 
operate t r i p v a l v e s . P h y s i c a l dimensions and the q u a n t i t y of a i r 
consumed, a l l p r e v e n t the s a t i s f a c t o r y performance of complex 
c i r c u i t s . The i n t r o d u c t i o n of w a l l attachment and beam d e f l e c t i o n 
f l u i d l o g i c devices i n t o pneumatic c i r c u i t s removed many l i m i t a t i o n s . 
There are no moving p a r t s t o m a l f u n c t i o n and they have a q u i c k e r 
response, w i t h a low a i r consumption. The compact breadboard design 
i s i d e a l f o r small l o g i c c i r c u i t s and t o prove the more complex 
c i r c u i t s p r i o r t o the manufacture of i n t e g r a t e d c i r c u i t s . 

A da t a s i g n a l from a machine i s s u p p l i e d by a mec h a n i c a l l y 
operated l i m i t s w i t c h i n e l e c t r o n i c and pneumatic c i r c u i t s . I n 
f l u i d i c s , by a sensing d e v i c e , which d e t e c t s a v a r i a t i o n i n a i r 
pressure and has no moving p a r t s . This device gives f l u i d i c s an 
i m p o r t a n t advantage t h a t has not been f u l l y e x p l o i t e d . The 
s e n s i t i v i t y and r e l i a b i l i t y of back pressure s w i t c h i n g devices are 
s u p e r i o r t o those u t i l i s e d i n e l e c t r o n i c s and pneumatics. A 
sensing head i s simple i n design, easy and cheap t o produce and 
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has a low a i r consumption. A t p r e s e n t , the p r i n c i p l e a p p l i c a t i o n s 
are c o u n t i n g and sensing the presence of components, or i n t e r l o c k i n g 
f u n c t i o n s where l i g h t w e i g h t components w i l l n o t operate a l i m i t 
s w i t c h . The r e l a t i v e l y expensive l i g h t or sound devices are u n s u i t 
able due t o s i z e or working c o n d i t i o n s . A back pressure s i g n a l 
device can be used i n c o n j u n c t i o n w i t h other f l u i d i c d e v i c e s , or 
a c t u a t e a diaphragm v a l v e t o c o n t r o l a c y l i n d e r t r a v e l and stop t h e 
motion w i t h i n approximately 0.001 of an i n c h . A l t e r n a t i v e l y , a more 
complex f l u i d i c device w i t h a M a s c o n t r o l s i g n a l can be used which 
w i l l d e t e c t pressure v a r i a t i o n s of l e s s than 0.25 inches of water 
gauge. As a r e s u l t of t h e i r s e n s i t i v i t y , f l u i d i c sensing devices can 
be s u c c e s s f u l l y a p p l i e d t o d e t e c t pressure v a r i a t i o n , t h e p r o x i m i t y 
of o b j e c t s , the change i n v i s c o s i t y of f l u i d s and temperature change.-

W i t h the use of m u l t i p l e banks of f l u i d i c sensing devices, the 
l i n e a r c o n t r o l of machine t o o l s l i d e s and t h e i r accurate p o s i t i o n i n g , 
may be achieved a t a r e l a t i v e l y low c o s t when compared w i t h e l e c t r o n i c 
p o s i t i o n e d c o n t r o l . 

2,5. General Requirements of a L i n e a r Programmed V a r i a b l e Event 
F l u i d i c System 

The c o n t r o l systems o u t l i n e d i n Chapter 2.2. and 2.3. u t i l i s e d 
i n the low cost automation of t u r r e t l a t h e s p r o v i d e : 

1. Power t r a v e r s i n g of t o o l s l i d e s , 
2. O p e r a t i o n a l sequence, u s u a l l y r e l a t e d t o ram motion. 
3. S e l e c t i o n of speed. 
4. S e l e c t i o n of t o o l s l i d e f e e d , 
5. Change from t o o l s l i d e q u i c k t r a v e r s e t o feed t r a v e r s e • 
6. Operation of c o l l e t , bar f e e d or l o a d i n g mechanism. 
7. C o - o r d i n a t i o n of t u r r e t and c r o s s - s l i d e motion. 

I t i s not p o s s i b l e t o programme the d i s t a n c e t o be t r a v e l l e d by the 
t u r r e t s l i d e : component l e n g t h c o n t r o l i s achieved by u s i n g a 
mechanical s t o p , or l i m i t s w i t c h which i s p o s i t i o n e d by the machine 
s e t t e r . 

2.5.1. F l u i d i c Sensing U n i t s f o r L i n e a r C o n t r o l 

The sensing head shown i n F i g u r e 5, has a 0.030 i n c h diameter 
o r i f i c e , and when used t o c o n t r o l the l i n e a r p o s i t i o n of a t o o l 
s l i d e w i l l g i v e a r e p e a t a b i l i t y of p o s i t i o n w i t h i n 0.001 of an 
i n c h . To programme any d i s t a n c e over a 4.00 i n c h l e n g t h i n increments 
of 0.C01 i n . would r e q u i r e 4000 devices. Each o r i f i c e would have a 
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l i n e a r advancement of 0.001 i n . on i t s predecessor, but as 0.1875 
i n . c entres between each o r ' i f i c e i s d e s i r a b l e t o f a c i l i t a t e s i g n a l 
pipe connections, they would have t o be i n c l i n e d a t an angle. 
Si g n a l s from the sensing u n i t c o u l d be obtained by having a 
p r e s s u r i z e d bar probe t r a v e l l i n g along the u n i t . As i t passed 
each o r i f i c e , a i r would be t r a n s f e r r e d t o the s i g n a l p i p e . A l t e r 
n a t i v e l y , a i r c o u l d be s u p p l i e d t o a p a r t i c u l a r o r i f i c e , which 
when covered by a s o l i d probe p r e v e n t i n g the a i r v e n t i n g t o 
atmosphere; would produce an increase i n s i g n a l pipe pressure. I n 
the f i r s t method, the s i g n a l would be d i s s i p a t e d over s e v e r a l 
devices due t o the s i z e of the o r i f i c e and the c e n t r e d i s t a n c e . 
This coupled w i t h s i g n a l p i p e r e s i s t a n c e , would g i v e an extremely 
weak s i g n a l , w h i c h c o u l d be a m p l i f i e d , b u t the r e s u l t would be a 
slower response time. The second method would g i v e a back pressure 
s i g n a l , t h a t increases i n s t r e n g t h as the probe covers the o r i f i c e ; ; 
a i r supply pipes would be s h o r t e r , have a lower r e s i s t a n c e and the 
r e s u l t would be a s t r o n g e r s i g n a l w i t h a q u i c k e r response. 

2.5.2. S e l e c t i o n of a Sensing O r i f i c e 

A f l u i d i c system capable of s e l e c t i n g any one of 4000 sensing 
devices would be required-;' - t h i s i s beyond the c a p a c i t y of e x i s t i n g 
f l u i d i c programmers. This i s one of t h e p r i n c i p l e reasons why 
l i n e a r c o n t r o l i s n o t programmed i n sequence c o n t r o l systems, 
another being t h e number of s i g n a l pipes on the machine t o o l . A 
more v e r s a t i l e sequence c o n t r o l system would have, i n a d d i t i o n t o 
the p o i n t s mentioned i n Chapter 2.5. 

1. Programmed t u r r e t s l i d e t r a v e l over a s u i t a b l e 
l e n g t h i n increments of 0.001 i n c h . 

2. A method of programming which can be prepared 
by shop f l o o r personnel and m o d i f i e d t o s u i t 
the a c t u a l w orking c o n d i t i o n s . 

3. The minimum number of power and s i g n a l pipes 
t o the machine t o o l i n order t o f a c i l i t a t e machine 
o p e r a t i o n , maintenance and s a f e t y . 

I n order t o develop a l i n e a r programmed sequence c o n t r o l 
system u s i n g f l u i d i c s , the f o l l o w i n g d i f f i c u l t i e s , t h e i r 
r e l a t i o n s h i p t o other f u n c t i o n s , and p o s s i b l e s o l u t i o n s were s t u d i e d . 
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2.5.3. Seductions i n the Number of Pipes t o the Machine Tool 

The p i s t o n of a slave c y l i n d e r having the same c r o s s - s e c t i o n a l 
area as the t u r r e t s l i d e a c t u a t i n g c y l i n d e r , would move the same 
di s t a n c e i f operated by the t u r r e t s l i d e c y l i n d e r exhaust f l u i d . 
The slave c y l i n d e r , f i t t e d w i t h sensing devices and mounted i n a 
c a b i n e t w i t h o t h e r c o n t r o l equipment, cou l d be s i t u a t e d a t any 
convenient p o s i t i o n f o r the o p e r a t o r . No f l u i d i c s i g n a l pipes f o r 
l i n e a r programming would go t o the machine, they would be enclosed 
and p r o t e c t e d i n the c a b i n e t , s h o r t e r i n l e n g t h r e d u c i n g r e s i s t a n c e ^ 
capacitance and response time. T r a v e l of the slave c y l i n d e r p i s t o n 
c o u l d be l i m i t e d t o a c o n t r o l l e d l e n g t h of t u r r e t s l i d e t r a v e l , the 
d i s t a n c e necessary f o r t u r r e t i n d e x i n g excluded. Two f l u i d i c s i g n a l 
pipes would be r e q u i r e d from the machine i n a d d i t i o n t o the c y l i n d e r 
p i p e s ; one t o i n f o r m the l o g i c system t h a t the t u r r e t has indexed; 
the other t o i n f o r m l o g i c , t h a t the c o n t r o l l e d t u r r e t s l i d e t r a v e l 
has s t a r t e d and would switch.the exhaust f l u i d from a storage tank 
t o the slave c y l i n d e r . 

2.5.4. Reduction i n the Number of Sensing U n i t S i g n a l Pipes 

The p o s i t i o n i n g of 64 sensing devices a t 0.0625 i n c h centres 
would g i v e l i n e a r p o s i t i o n a l c o n t r o l over a 4 i n c h l e n g t h i n 
increments of 0.0625 i n . The use of a slave c y l i n d e r , s m a l l e r i n 
diameter than the t u r r e t s l i d e a c t u a t i n g c y l i n d e r , c o u l d be used 
t o a m p l i f y l i n e a r motion. For example, a 3 i n c h diameter c y l i n d e r 
p i s t o n which moves 0.0625 i n . w i l l d i s p l a c e s u f f i c i e n t f l u i d t o 
move the p i s t o n of a 0.5 i n c h diameter c y l i n d e r 2 inches. W i t h 
sensing devices p o s i t i o n e d a t 0*03125 i n c h centres on the 0.5 
i n c h slave c y l i n d e r , each increment, would be e q u i v a l e n t t o the 
0.001 i n c h movement of a 3 i n c h diameter slave c y l i n d e r . By 
programming the 3 i n c h c y l i n d e r sensing devices t o the nearest 
0.0625 i n c h under the r e q u i r e d l e n g t h of t r a v e l , then s w i t c h i n g 
the f l u i d t o the 0,5 i n c h c y l i n d e r programmed f o r the remaining 
d i s t a n c e , any l e n g t h up t o 4 inches, i n increments of 0.001 i n c h , 
c o u l d be obtained w i t h 128 sensing u n i t f l u i d i c pipes i n s t e a d of 
4000. Assuming the v a l v e response remains c o n s t a n t , a r e p e a t 
a b i l i t y of approximately + 0.001 i n c h should be o b t a i n a b l e . 

2.5.5. Operation Sequence 

Ope r a t i o n a l sequence i s r e l a t e d t o the movement of the t u r r e t 
s l i d e , the engagement of feed and c r o s s - s l i d e t o o l s by i t s l i n e a r 
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p o s i t i o n . The s e l e c t i o n of s p i n d l e speed, r a t e of t u r r e t s l i d e f e e d , 
or c o l l e t o p e r a t i o n i s c o n t r o l l e d by the t o o l i n g arrangement on each 
t u r r e t f a c e . A range of switches co u l d be used t o programme these 
requirements; s i x sets would be r e q u i r e d , one f o r each t u r r e t f a c e , 
s i m i l a r t o some e l e c t r o n i c systems. When the t u r r e t s l i d e has 
t r a v e l l e d the r e q u i r e d d i s t a n c e , i t w i l l r e t u r n , index t o present 
another t o o l e d t u r r e t face and s i g n a l the l o g i c system; the next row 
of programme switches w i l l be a c t i v a t e d . 

2.5.6. C o n t r o l of T u r r e t S l i d e 

To c o n t r o l the d i s t a n c e t r a v e l l e d by the t u r r e t s l i d e , i t must 
be p o s s i b l e t o s e l e c t any one of t h e 64 sensing devices f i t t e d t o 
each of the slave c y l i n d e r s . Two s i x t y f o u r , p o s i t i o n programme 
s e l e c t o r switches would t h e r e f o r e be r e q u i r e d , i n a d d i t i o n t o s u i t 
able programmers t o s e l e c t speed, r a t e of t u r r e t s l i d e feed e t c . A 
summary of the programming requirements f o r each t u r r e t face i s : 

1. One 6 4 - p o s i t i o n programmer t o s e l e c t t u r r e t s l i d e t r a v e l 
i n 0..0625 i n c h increments* 

2. One 6 4 - p o s i t i o n programmer t o s e l e c t t u r r e t s l i d e t r a v e l 
i n 0.001 i n c h increments. 

3. One 6 4 — p o s i t i o n programmer t o stop the qu i c k t r a v e r s e 
and engage the t u r r e t s l i d e feed, 

4. One 6 4 — p o s i t i o n programmer t o c o - o r d i n a t e the c r o s s - s l i d e 
w i t h the t u r r e t s l i d e motion. 

5. One 8 — p o s i t i o n programmer t o s e l e c t the t u r r e t s l i d e f e e d . 
6. One 1 2 - p o s i t i o n programmer t o s e l e c t the s p i n d l e speed, 

the f o r w a r d , stop and reverse motion; t h i s u n i t w i l l a l s o 
operate the c o l l e t when the "stop" p o s i t i o n i s programmed' 

Each t u r r e t face would r e q u i r e a minimum of 276 c o n t r o l s i g n a l 
outputs,a t o t a l of 1,656 b e f o r e the hexagon t u r r e t and c r o s s - s l i d e 
can be programmed. This q u a n t i t y of outp u t s i g n a l s i s beyond the 
c a p a c i t y of e x i s t i n g f l u i d i c programming equipment, except punched 
tape b l o c k scanning. To extend a drum or pegboard programmer would 
make i t too b u l k y , and the p r e p a r a t i o n , or m o d i f i c a t i o n of e x i s t 
i n g p rogrammes.is'limited t o pres e n t day p r a c t i c e . 

2.5.7. Programming 

E x i s t i n g techniques f o r programming cannot meet the r e q u i r e 
ments of a l i n e a r programmed v a r i a b l e event f l u i d i c sequence 
c o n t r o l system f o r a t u r r e t l a t h e . The o n l y a v a i l a b l e f l u i d i c 
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s e l e c t o r s w i t c h p r o v i d e s f o u r o u t p u t s i g n a l s . The design and 
development of a s i x channel, s i x t y f o u r s e l e c t i o n programme u n i t 
was t h e r e f o r e a n e c e s s i t y . Each s e l e c t o r u n i t i s t o be s u i t a b l y 
engraved w i t h the a p p r o p r i a t e u n i t s or f u n c t i o n s , s i m i l a r t o 
e x i s t i n g machine t o o l p r a c t i c e , so by t u r n i n g a c o n t r o l d i a l , the 
machine s e t t e r or operator c o u l d s e l e c t or modify the programmed 
speed, or d i s t a n c e t r a v e l l e d by the t o o l . S i g n a l pipes from the 
programme and sensing u n i t s are connected t o the l o g i c system of 
w a l l attachment and beam d e f l e c t i o n f l u i d i c d evices, which c o n t r o l 
the o p e r a t i o n of diaphragm v a l v e s i n the pneumatic and h y d r a u l i c 
systems. 
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CHAPTER I I I 

General Features of Design 

I n order t o c l a r i f y the requirements of a l i n e a r programmed 
v a r i a b l e event f l u i d i c c o n t r o l system such as o u t l i n e d i n Chapter 
I I , the b l o c k diagram F i g u r e 7 was prepared t o show the r e l a t i o n 
s h i p between the v a r i o u s u n i t s . From t h i s diagram the system was 
d e t a i l e d i n t o t h e f o l l o w i n g : . -

1. T u r r e t s l i d e power c y l i n d e r and sensing u n i t . 
2. C r o s s - s l i d e power c y l i n d e r and sensing u n i t * 
3. Slave c y l i n d e r w i t h a sensing u n i t f o r 0.0625. 

i n c h increments of t u r r e t s l i d e t r a v e l . 
4. Slave c y l i n d e r w i t h a sensing u n i t f o r 0.001. 

i n c h increments of t u r r e t s l i d e t r a v e l . 
5. Programme u n i t s . 
6. Logic system. 
7. Address system, 

Items 1 and 2 are i n t e g r a l p a r t s of t h e machine t o o l , i t e m 
1 b eing f i t t e d t o the t u r r e t s l i d e and i t e m 2 t o the c r o s s - s l i d e ; 
the remaining items are f i t t e d i n a c o n t r o l c a b i n e t . The b l o c k 
diagram F i g u r e 8 i l l u s t r a t i n g the r e l a t i o n s h i p between t u r r e t 
s l i d e power and slave c y l i n d e r s , feed c o n t r o l and l o g i c system;; 
F i g u r e 9 i l l u s t r a t e s the c r o s s - s l i d e arrangement. 

3.1. T u r r e t S l i d e Motion 

C o n t r o l of the t u r r e t s l i d e motion i s achieved w i t h the 
p neumatic-hydraulic t u r r e t s l i d e power c y l i n d e r , d e s c r i b e d i n 
Chapter 5.3.1. Compressed a i r i s d i r e c t e d by v a l v e s i n the 
Address system t o i n l e t 01. of the c y l i n d e r t o move the p i s t o n and 
t u r r e t s l i d e f o r w a r d . H y d r a u l i c f l u i d i n the opposite side of the 
c y l i n d e r , i s f o r c e d through o u t l e t 02 and d i r e c t e d t o a storage 
t a n k , or e i t h e r the l a r g e or small slave c y l i n d e r by the Address 
system. The r a t e of h y d r a u l i c f l u i d f l o w i s r e s t r i c t e d t o c o n t r o l 
the speed a t which the t u r r e t s l i d e moves f o r w a r d . Data s i g n a l s 
from the slave c y l i n d e r sensing u n i t s , i n f o r m the l o g i c system 
when the programmed l e n g t h has been t r a v e r s e d by the t u r r e t s l i d e . 
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A command s i g n a l from "Logic" t o "Address", reverses the f l u i d f l o w 
and the d i r e c t i o n of t u r r e t s l i d e t r a v e r s e , u n t i l a data s i g n a l 
from sensor S I , i n f o r m s • " L o g i c " t h a t the s l i d e has r e t u r n e d and the 
t u r r e t indexed. When other simultaneous o p e r a t i o n s have been 
completed, such as a c r o s s - s l i d e motion^ the j o i n t data s i g n a l s from 
sensors SI and S2 change the programme t o the next sequence of 
op e r a t i o n s . 

3.2. C r o s s - s l i d e Motion 

The c r o s s — s l i d e , s t a t i o n a r y i n a c e n t r a l p o s i t i o n u n t i l operated, 
i s used f o r secondary machining o p e r a t i o n s , such as chamfering, recess
i n g and p a r t i n g o f f the f i n i s h e d component. I t moves on average only 
t w i c e d u r i n g a c y c l e of t u r r e t o p e r a t i o n . The c r o s s - s l i d e power 
c y l i n d e r , d e s c r i b e d i n Chapter 5.3.2., i s designed t o stop i n a 
c e n t r a l p o s i t i o n , marked "A"i the t o o l s i n the f r o n t and r e a r t o o l -
p osts being p r e - s e t from the component c e n t r e l i n e . When the t u r r e t 
s l i d e has reached a programmed p o s i t i o n , the 3 i n c h diameter slave 
c y l i n d e r sensing u n i t issues a data s i g n a l t o the Logic system, t h a t 
i t i s time t o s t a r t the c r o s s - s l i d e i n motion. A command s i g n a l t o 
"Address" operates v a l v e s and f l u i d i s s u p p l i e d t o 03 when the f r o n t 
t o o l p o s t i s r e q u i r e d . F l u i d exhausted from 04 t s r e s t r i c t e d t o g i v e 
the d e s i r e d r a t e of c r o s s - s l i d e motion. When the sensor a t p o s i t i o n 
"B" i s a c t i v a t e d , the r e s u l t i n g date s i g n a l i nforms "Logic" t h a t the 
c u t t i n g t o o l has reached i t s p r e - s e t d i s t a n c e from the component 
c e n t r e - l i n e . A command s i g n a l t o "Address" reverses f l u i d f l o w and 
the c r o s s - s l i d e motion reverses u n t i l the sensor a t p o s i t i o n "A" i s 
a c t i v a t e d . The data s i g n a l i nforms "Logic" and a command s i g n a l t o 
"Address" l o c k s the c r o s s — s l i d e i n a c e n t r a l p o s i t i o n u n t i l r e q u i r e d 
f o r the next o p e r a t i o n . 

3„3. C o n t r o l of T u r r e t S l i d e Length and Re l a t e d Operations 

The 3 i n c h diameter slave c y l i n d e r and sensing u n i t d e s cribed 
i n Chapter 5.4.1. repeats the motion of the t u r r e t s l i d e power 
c y l i n d e r , and i s used t o i n i t i a t e feed and speed changes, quick 
t r a v e r s e of t u r r e t s l i d e , and s t a r t the c r o s s - s l i d e i n motion. I n 
a d d i t i o n , i t c o n t r o l s the t u r r e t s l i d e t r a v e r s i n g l e n g t h i n increments 
of 0.0625 inches. The programmers s e l e c t c e r t a i n sensors of the 
slave c y l i n d e r sensing u n i t f o r the above f u n c t i o n s ; any movement of 
the t u r r e t s l i d e i s repeated by the s l a v e , which moves a probe along 
the sensing u n i t . When each programmed sensing device i s a c t i v a t e d 
t o produce a data s i g n a l f o r the Logic system, the Address system 
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r e c e i v e s a command t o perform the a p p r o p r i a t e f u n c t i o n . When 
the programmed l e n g t h t o the nearest 0.0625 i n c h under the component 
l e n g t h i s reached, a data s i g n a l from the 3 i n c h slave c y l i n d e r 
sensing u n i t i n i t i a t e s a command t o "Address". F l u i d from the t u r r e t 
s l i d e power c y l i n d e r i s switched t o the 0.5. i n c h diameter slave 
c y l i n d e r ^ d e scribed i n Chapter 5.4.2.f which a m p l i f i e s t h e remaining 
d i s t a n c e t o be t r a v e l l e d by the t u r r e t s l i d e . The programmed sensing 
device on t h i s u n i t . i s designed t o g i v e 0.001 i n c h increments of 
t u r r e t s l i d e t r a v e l ^ w h i c h w i l l be a c t i v a t e d by a probe when the 
d e s i r e d l e n g t h i s reached. When the s w i t c h over from the l a r g e t o 
small slave c y l i n d e r occurs, the programmed r a t e of feed i s reduced 
t o a creep f e e d , p r e v e n t i n g s l i d e over<-run. When the programmed 0.001 
i n c h sensing device data s i g n a l stops the t u r r e t s l i d e t r a v e r s e , the 
s p i n d l e r o t a t i o n ceases t o prevent t o o l marks on the component, as 
the t u r r e t s l i d e motion i s reversed. At t h i s stage, the c o l l e t chuck 
w i l l be operated i f programmed. 

3.4. Programme S e l e c t i o n U n i t 

The survey of e x i s t i n g systems and equipment, described i n 
Chapter I I , confirmed t h a t t h e r e was not a compact programme u n i t 
s u i t a b l e f o r t h i s type of c o n t r o l system, which r e q u i r e s a s i x channel 
s i x t y f o u r s e l e c t i o n output u n i t . Three b a s i c methods were considered, 
the f i r s t a p l u g or pegboard arrangement; the second u s i n g an endless 
tape and the t h i r d , r o t a r y d i a l s . The pegboard arrangement was 
e l i m i n a t e d due t o s i z e ; an i n v e s t i g a t i o n i n t o the other two methods 
i n d i c a t e d t h a t e i t h e r would be s u i t a b l e , p r o v i d i n g a s a t i s f a c t o r y s e a l 
c o u l d be obtained between the s l i d i n g surfaces t o preve n t a drop i n 
a i r pressure. The p r o t o t y p e designs showed t h a t the endless tape 
u n i t was l a r g e r , n o t as compact, and l e s s s u i t a b l e f o r i n c o r p o r a t i o n 
w i t h i n t e g r a t e d c i r c u i t s , than the r o t a r y d i a l u n i t . Both types of 
programme u n i t s were e v e n t u a l l y developed; the r o t a r y programme u n i t , 
d e s c r i b e d i n Chapter 5.4.3. was the f i r s t t o be s e l e c t e d and f i t t e d 
i n t o the c o n t r o l system b u t was r e p l a c e d by the endless tape programme 
u n i t d e s cribed i n Chapter 6.2.5. 

3.5. Logic System 

The Logic system, comprising of such f l u i d l o g i c devices as 
b i s t a b l e , monostable and other modules, was d i v i d e d i n t o the 
f o l l o w i n g c i r c u i t s : -

1. Channel s e l e c t i o n or count c i r c u i t . 
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2. C r o s s - s l i d e v a l v e c o n t r o l . 
3. Feed s e l e c t i o n t 

4. Programme s e l e c t o r switchboard. 
5. Speed s e l e c t i o n and c o l l e t operation*. 
6; T u r r e t s l i d e v a l v e c o n t r o l . 

The f u n c t i o n of each c i r c u i t i s described i n Chapter IV; the p i p i n g 
arrangement and t r u t h t a b l e s are shown i n the diagrams, f i g u r e s 10 
t o 15. The completed sub-assemblies are d e s c r i b e d i n Chapter 5.5,3. 
and i l l u s t r a t e d i n f i g u r e s 47 t o 50. The r e l a t i o n s h i p between Logic 
and Address systems i s shown i n F i g u r e 18 Chapter 4.2.9. 

3.6. Address System 

The Address system c o n t r o l s the machine t o o l motions and i s 
a c t i v a t e d by command s i g n a l s from the Logic system. I t i s d i v i d e d 
i n t o two s e c t i o n s , one c o n t r o l l i n g the c r o s s - s l i d e which i s i l l u s t 
r a t e d i n F i g u r e 16 and d e s c r i b e d i n Chapter 4.2.7. The o t h e r , 
i l l u s t r a t e d and d e s c r i b e d i n F i g u r e 17 Chapter 4.2.8.., c o n t r o l s the 
f e e d , speed, c o l l e t and t u r r e t s l i d e o p e r a t i o n . The b l o c k diagrams, 
Figures 8 and 9, i l l u s t r a t e t h e r e l a t i o n s h i p of the v a r i o u s components 
and other systems, but f o r a comprehensive schematic arrangement, 
F i g u r e 18 should be c o n s u l t e d . The system c o n s i s t i n g of h y d r a u l i c 
f l u i d storage t a n k s , v a l v e s , f l o w r e g u l a t o r s e t c . i s housed i n a 
c o n t r o l cabinet,"which i s described i n Chapter 5.5., and i l l u s t r a t e d 
i n F i g u r e s 37 t o 43. 

3.7. General D e s c r i p t i o n 

A summary of the components and u n i t s of a l i n e a r programmed 
v a r i a b l e event c o n t r o l system and t h e i r d i s p o s i t i o n i s as f o l l o w s : -

1. T u r r e t s l i d e power c y l i n d e r ; p n e u m a t i c - h y d r a u l i c a l l y 
actuated and f i t t e d t o the machine t u r r e t s l i d e ; the 
sensing u n i t f i t t e d , has two devices, one t o g i v e a 
datft s i g n a l i n d i c a t i n g the r e t u r n and i n d e x i n g of the 
t u r r e t j the other t o i n f o r m "Logic" when the c o n t r o l l e d 
l e n g t h of t u r r e t s l i d e t r a v e l has commenced* 

2. C r o s s - s l i d e power c y l i n d e r ; h y d r a u l i c a l l y a c t i v a t e d 
and f i t t e d t o the machine c r o s s - s l i d e ; , the f i t t e d 
sensing u n i t having t h r e e devices t o c o n t r o l f r o n t , 
back and c e n t r a l p o s i t i o n . 

3. C o l l e t o p e r a t i n g pneumatic c y l i n d e r t o c o n t r o l the 
feed of bar s t o c k . 
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4. Spindle speed c o n t r o l pneumatic c y l i n d e r s o p e r a t i n g 
e l e c t r i c a l c o n t r o l s and f r i c t i o n c l u t c h . 

5. A C o n t r o l Cabinet c o n t a i n i n g programme u n i t s , 
pressure c o n t r o l s , slave c y l i n d e r s , sensing u n i t s , 
Logic and Address systems w i t h data, pneumatic and 
h y d r a u l i c pipes connected t o the machine t o o l . 
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CHAPTER IV 

F l u i d i c . Pneumatic and H y d r a u l i c C i r c u i t s 

The requirement of the system, o u t l i n e d i n Chapter 2,5., design 
f e a t u r e s discussed i n Chapter 3, and the components reviewed, i n d i c a t e 
a s u i t a b l e breakdown of Logic and Address c i r c u i t s , and the s e l e c t i o n 
of v a r i o u s pneumatic equipment. Second g e n e r a t i o n w a l l attachment 
and beam d e f l e c t i o n f l u i d l o g i c devices, s u i t a b l e f o r g r i d mounting 
were chosen. They are compact, r o b u s t , and r e l i a b l e w i t h p i p e 
connections a t the r e a r of the device. C y l i n d e r s s u i t a b l e f o r pneumatic 
or h y d r a u l i c o p e r a t i o n , low pressure operated diaphragm v a l v e s of f i x e d 
s eal design so t h a t f l o w r e g u l a t o r s could be f i t t e d t o e i t h e r i n p u t or 
o u t p u t p o r t s , were chosen. Copper p i p i n g was used i n the h y d r a u l i c and 
some pneumatic c i r c u i t s f o r compactness, b u t i n g e n e r a l , s e m i - r i g i d 
polythene was used f o r the pneumatic c i r c u i t s and f l e x i b l e polythene 
tube f o r f l u i d i c c i r c u i t s . 

4.1. C i r c u i t S t r u c t u r e 

A p r e l i m i n a r y c i r c u i t l a y o u t , s i m i l a r t o F i g u r e 18, was prepared 
t o show the r e l a t i o n s h i p of the v a r i o u s f u n c t i o n s and u n i t s . This 
rough l a y o u t was then s u b - d i v i d e d i n t o the f o l l o w i n g f u n c t i o n a l 
c i r c u i t s : -

1. Channel s e l e c t i o n f l u i d i c c i r c u i t t o supply a i r t o the 
c o r r e c t channel of t h e programme u n i t s , 

2. C r o s s - s l i d e f l u i d i c c i r c u i t t o c o n t r o l the address 
c i r c u i t s f o r c r o s s - s l i d e motion. 

3. Feed s e l e c t i o n f l u i d i c c i r c u i t t o operate the v a r i o u s 
f l o w r e g u l a t o r s c o n t r o l l i n g the r a t e of t u r r e t s l i d e 
motion. 

4. S e l e c t o r switchboard f l u i d i c c i r c u i t which r e c e i v e s 
the back pressure s i g n a l s from sensing u n i t s , and 
t r a n s m i t s a m p l i f i e d s i g n a l s t o the v a r i o u s l o g i c 
c i r c u i t s . 

5. Speed s e l e c t i o n and c o l l e t o p e r a t i o n f l u i d i c c i r c u i t 
which issues command s i g n a l s t o v a l v e s c o n t r o l l i n g 
the above, on r e c e i p t , of data s i g n a l s from the 

• programme . 



- 31 -

6. T u r r e t s l i d e v a l v e c o n t r o l f l u i d i c c i r c u i t which receives* 
data s i g n a l s from 4 and the t u r r e t s l i d e power c y l i n d e r 
sensing u n i t , and issues command s i g n a l s t o va l v e s 

• c o n t r o l l i n g . t h e pneumatic or h y d r a u l i c f l o w t o the 
. v a r i o u s c y l i n d e r s , 

7. C r o s s - s l i d e pneumatic-hydraulic c i r c u i t which c o n t r o l s 
the c r o s s - s l i d e t r a v e r s e , the va l v e s being actuated by 

. command s i g n a l s r e c e i v e d from 2. 
8. T u r r e t s l i d e p neumatic-hydraulic c i r c u i t which c o n t r o l s 

the pneumatic supply t o the t u r r e t s l i d e power c y l i n d e r 
and storage tank on r e c e i p t of command s i g n a l s from 6. 
I n c o r p o r a t e d i n t h i s c i r c u i t are the f l o w r e g u l a t i n g 
valves c o n t r o l l e d by f l u i d i c c i r c u i t 3; a i r supply t o 
the v a r i o u s channels of the programme u n i t s c o n t r o l l e d 
by c i r c u i t 1- and the s p e e d - c o l l e t valyejs c o n t r o l l e d by 
c i r c u i t 5. 

4.2. C i r c u i t D e t a i l s 

The p r e l i m i n a r y s u b — c i r c u i t s , s t a t e d above were s t u d i e d i n d e t a i l , 
w o r king diagrams prepared, t r u t h t a b l e s compiled t o check the l o g i c , 
and a schematic c i r c u i t diagram of the system c o n s t r u c t e d . A 
d e s c r i p t i o n of each c i r c u i t , the components u t i l i s e d and the o p e r a t i o n 
are as f o l l o w s : -

4.2.1. Channel S e l e c t i o n F l u i d i c C i r c u i t . F i g u r e 10 

The ^ c i r c u i t uses NOB, l o g i c t o cancel unwanted s i g n a l s from the 
Bi n a r y counters. I t c o n s i s t s of t h r e e B i n a r y Counters, s i x Nor gates, 
one micro-push b u t t o n t h r e e - p o r t v a l v e , a c a p a c i t o r and one And gate 
t o i n t e r l o c k the c i r c u i t w i t h t u r r e t s l i d e motion. The c i r c u i t r e c e i v e s 
a count s i g n a l , from the t u r r e t s l i d e power c y l i n d e r sensing u n i t as the 
t u r r e t indexes, t o g i v e an output from BC1. The second count' s i g n a l 
gives an output from BC2 and the f o u r t h count s i g n a l , an output from 
BC3. By connecting the Binary Counter outputs t o Nor gates, any 
number from zero t o seven may be obtained; i n t h i s i n s t a n c e o n l y s i x 
are necessary, one f o r each t u r r e t f a c e. The s i x t h count s i g n a l i s 
used t o r e - s e t the Bi n a r y Counters t o zero, but t h i s must not occur 
u n t i l the s i x t h o p e r a t i o n has been completed. The combined s i g n a l s 
of the s i x t h count, and stop s i g n a l 52 from .the 0.001 sensing u n i t 
on completion of the o p e r a t i o n a l c y c l e , are connected t o the And 
g'ate g i v i n g a timed delay s i g n a l , r e s e t t i n g the B i n a r y Counters t o 
zero. When the t u r r e t indexes and presents t u r r e t face number 1 t o 
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the component, the count s i g n a l energises channel number 1 of the 
progranme u n i t s f o r the next o p e r a t i o n a l c y c l e . The micro push b u t t o n 
v a l v e i n the c i r c u i t p r o v i d e s manual channel change, so f a c i l i t a t i n g 
machine s e t t i n g . The channel outputs are connected t o and a c t i v a t e 
the t h r e e p o r t valves c o n t r o l l i n g the supply of a i r t o v a r i o u s 
programme c i r c u i t s - . 

4.2.2. C r o s s - s l i d e F l u i d i c C i r c u i t . F i g u r e I I . 

The c i r c u i t c o n s i s t s of one Schmitt T r i g g e r , one B i s t a b l e , two 
I n h i b i t e d OR gates, one m u l t i v i b r a t o r , one b i n a r y counter and one 
d i g i t a l a m p l i f i e r . V/hen the channel c i r c u i t has been a c t i v a t e d , the 
programme u n i t , s et f o r e i t h e r f r o n t or r e a r t o o l post o p e r a t i o n , 
p r o v i d e s a s i g n a l t o the Schmitt T r i g g e r . An output a t 01 or 02 w i l l set 
&be b i s t a b l e B l output t o the a p p r o p r i a t e I n h i b i t e d Oil gate, e i t h e r 
101 or 102, The c r o s s - s l i d e sensing u n i t w i t h the probe i n p o s i t i o n 
"A" i s g i v i n g a continuous s i g n a l t o the m u l t i v i b r a t o r MV1, which 
converts i t t o a pulse count s i g n a l f o r the B i n a r y Counter BC1; the 
01 o u t p u t , gives an output a t 02 from the D i g i t a l A m p l i f i e r . This 
02 out p u t i s the i n h i b i t i n g c o n t r o l of 101 and 102 and prevents 
valves 10 and 11 o p e r a t i n g . When the t u r r e t s l i d e has t r a v e l l e d 
the programmed d i s t a n c e , a s i g n a l "S" from the 0.0625 sensing u n i t , 
r e s e t s BC1 t o g i v e output 02 which changes DAI output t o 01. The 
i n h i b i t i n g c o n t r o l a t 101 and 102 i s removed, the v a l v e 10 or 11, 
whichever i s programmed, i s a c t i v a t e d . Simultaneously, v a l v e s 8 
and 9 are a c t i v a t e d t o remove the h y d r a u l i c l o c k and the c r o s s - s l i d e 
t r a v e r s e s . On rea c h i n g the l i m i t s of i t s . t r a v e l , the sensing u n i t 
s i g n a l from e i t h e r p o s i t i o n "E" or "C", reverses the b i s t a b l e o u t 
put t o the I n h i b i t e d OR gate, and the f l o w of f l u i d i s reversed t o 
t e t u r n the c r o s s - s l i d e t o p o s i t i o n "A". On rea c h i n g "A", the 
continuous s i g n a l t o MV1 i s converted t o a pulse s i g n a l f o r BC1, 
which changes the output of DAI t o 02. A l l v a l v e s are now r e t u r n e d 
t o r e s t and the c r o s s - s l i d e i s again locked i n a c e n t r a l p o s i t i o n . 

4.2.3. Feed S e l e c t i o n F l u i d i c C i r c u i t . F i g u r e 12 

The c i r c u i t comprises of eleven Nor gates, t h r e e I n h i b i t e d Or 
gates, one b i s t a b l e and a c a p a c i t o r . C o n t r o l s i g n a l s , numbered 1 
t o 7, are connected t o the t u r r e t s l i d e feed programme u n i t . 
Whichever number i s programmed p r o v i d e s a c o n t r o l s i g n a l t o the 
a p p r o p r i a t e Nor gate, which acts as an a m p l i f i e r , and i s fanned-out 
t o c o n t r o l any or a l l of the Nor gates marked NS t o N10. Th e i r 
o u t p u t i s used t o c o n t r o l the outputs of I n h i b i t e d 02 gates marked 
101 t o 103 which a c t i v a t e f l o w c o n t r o l v a l v e s . These va l v e s are 
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pr e - s e t t o give f l o w r a t i o s of 1, 2 and 4: i f f o r example, feed 
number 5 i s s e l e c t e d , Nor gates N8 and N10 p r o v i d e a s i g n a l t o the 
I n h i b i t e d OR gates 101 and 103; va l v e s 3 and 5 are operated t o g i v e 
the sum of f l o w r a t i o s 1 and 4. When the t u r r e t s l i d e has t r a v e l l e d 
the programmed 0.0625 i n c h d i s t a n c e , stop s i g n a l " S I " from the 
0.0625 i n c h sensing u n i t i n h i b i t s 103; v a l v e 4 r e t u r n s t o r e s t and 
the f l o w or feed i s reduced t o f l o w r a t i o 1. When the programmed 
0.001 i n c h d i s t a n c e i s reached, stop s i g n a l "S2" from the 0.001 
i n c h sensing i n h i b i t s 101, v a l v e 3 i s d e - a c t i v a t e d and the feed 
motion i s stopped. A r e s t r i c t e d "S2" s i g n a l charges t h e c a p a c i t o r 
t o g i v e a timed delay; t h i s a llows the machine s p i n d l e t o stop 
b e f o r e the B i s t a b l e B l d e - a c t i v a t e s v a l v e 2 and the t u r r e t s l i d e 
r e t u r n s t o index on the qui c k t r a v e r s e . 

4.2.4. S e l e c t o r Switchboard F l u i d i c C i r c u i t . F i g u r e 13 

This c i r c u i t c o n s i s t s of f o u r Schmitt T r i g g e r s , one M u l t i 
v i b r a t o r , one B i s t a b l e and one D i g i t a l A m p l i f i e r . The c o n t r o l 
s i g n a l pipes of the Schmitt T r i g g e r s are connected t o the back 
pressure s i g n a l pipe of the a p p r o p r i a t e programme u n i t , d e t e c t i n g 
any i n c r e a s e i n pressure as the v a r i o u s sensors are a c t i v a t e d , a 
bi a s s i g n a l pressure s e t t i n g the s w i t c h i n g pressure. Output from 
the Schmitt T r i g g e r s are connected t o a M u l t i — v i b r a t o r , when a 
pulse s i g n a l i s r e q u i r e d t o prevent a f l u i d i c device being " l o c k e d " 
t o a p a r t i c u l a r o u t p u t . A B i s t a b l e device i s used when a c o n t i n 
uous o u t p u t i s r e q u i r e d a f t e r the c o n t r o l has been removed, or t o 
a D i g i t a l A m p l i f i e r when the Schmitt T r i g g e r w i l l not fa n - o u t the 
devices i t c o n t r o l s . 

4.2.5. Speed and C o l l e t F l u i d i c C i r c u i t . F i g u r e 14 

The c i r c u i t c o n s i s t s of two Nor gates, one M u l t i - v i b r a t o r , 
two I n h i b i t e d OR gates, one B i s t a b l e and two Micro t o g g l e t h r e e 
p a r t v a l v e s . Each a d d i t i o n a l speed w i l l r e q u i r e a f u r t h e r Nor and 
I n h i b i t e d OR gate. When a f o r w a r d speed i s s e l e c t e d , the 01 output 
of N2 p r o v i d e s a continuous s i g n a l t o 102, out p u t from t h i s device 
a c t i v a t i n g a v a l v e t o energise an e l e c t r i c a l c i r c u i t . When the 
machining o p e r a t i o n has been completed, the continuous stop s i g n a l 
S2 from the 0.001 sensing u n i t i n h i b i t s the c o n t r o l s i g n a l CI of 
102 t o g i v e output 02. The v a l v e r e t u r n s t o r e s t , the motor stops, 
a l l o w i n g the t o o l t o withdraw and p r e v e n t i n g a s p i r a l t o o l mark 
bei n g produced on the machined diameter. The c o l l e t i s operated 
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only when i t i s necessary t o feed out a new l e n g t h of bar stock a t 
the b e g i n n i n g of each c y c l e . The c o l l e t must remain open u n t i l t he 
t u r r e t s l i d e pushes i t back, l e a v i n g o n l y the r e q u i r e d l e n g t h of bar 
p r o j e c t i n g , and then c l o s i n g b e f o r e the t u r r e t s l i d e commences i t s 
r e t u r n s t r o k e . I n order t o achieve t h i s sequence, the continuous 
c o l l e t s i g n a l i s connected t o MV1, the pulse o u t p u t connected t o 
switches the output and the v a l v e i s a c t i v a t e d t o open the c o l l e t . 
I t w i l l remain open u n t i l the programmed l e n g t h stop s i g n a l S2 
switches the output of B l t o 02 when the v a l v e i s d e - a c t i v a t e d . 
Toggle switches i n both speed and c o l l e t c i r c u i t s p r o v i d e manual 
o v e r - r i d i n g c o n t r o l s t o f a c i l i t a t e machine s e t t i n g . 

4.2.6. Valve C o n t r o l F l u i d i c C i r c u i t . F i g u r e 15 

This c i r c u i t c o n s i s t s of f o u r B i s t a b l e devices, one Bin a r y 
Counter, one Schmitt T r i g g e r , two And gates and one M u l t i - v i b r a t o r 
t o c o n t r o l the t u r r e t s l i d e motion. When the t u r r e t s l i d e r e t u r n s 
from an o p e r a t i o n , the t u r r e t indexes and gives count s i g n a l CI, 
which i n a d d i t i o n t o o p e r a t i n g the channel S e l e c t i o n F l u i d i c C i r c u i t , 
g i ves an output from ST1 which i s connected t o one s i g n a l c o n t r o l of 
the And gate A2. P r o v i d i n g the c r o s s - s l i d e has completed i t s oper
a t i o n , and r e t u r n t o c e n t r a l p o s i t i o n "A" t o gi v e a s i g n a l t o the 
other c o n t r o l of A2, the f i v e p o r t v a l v e number 13 i s d e - a c t i v a t e d . 
A i r i s s u p p l i e d t o the t u r r e t s l i d e power c y l i n d e r , f o r c i n g f l u i d 
from the opposite s i d e of the p i s t o n i n t o the h y d r a u l i c f l u i d storage 
tank. When the t u r r e t s l i d e sensing u n i t g i v e s s i g n a l C2 t o BCI, i t 
w i l l s w i t c h And gate A l output t o 02 and B i s t a b l e B3 w i l l operate 
v a l v e 6, s w i t c h i n g the f l u i d t o the 3 i n c h slave c y l i n d e r . When the 
programmed 0.0625 i n c h d i s t a n c e has been reached, stop s i g n a l S I 
connected t o B l , B2 and BCI switches the f l u i d t o the 0.5 i n c h slave 
c y l i n d e r . The programmed d i s t a n c e of t h i s s l a ve c y l i n d e r gives stop 
s i g n a l S2, which becomes c o n t r o l s i g n a l CI of B4;, ou t p u t i s switched 
t o 01 and v a l v e 13 i s a c t i v a t e d t o p r e s s u r i s e the storage tank. The 
t u r r e t s l i d e power c y l i n d e r exhaust t o atmosphere and the 0.5 i n c h 
slave c y l i n d e r r e t u r n s back t o give a continuous s i g n a l R3 connected 
t o MV1. A pulse s i g n a l from MV1 changes the f l o w t o the 3 i n c h slave 
c y l i n d e r which gives a continuous s i g n a l E2 when r e t u r n e d . F l u i d 
f l o w i s now d i r e c t t o the r e t u r n i n g t u r r e t s l i d e power c y l i n d e r , 
which w i l l g i v e a f u r t h e r s i g n a l C2, s e t t i n g the B i n a r y Counter 
BCI f o r the next c y c l e . 
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4.2.7. C r o s s - s l i d e P n e u m a t i c - H y d r a u l i c C i r c u i t . F i g u r e 16 

T h i s c i r c u i t c o n s i s t s of the 1.5 i n c h diameter c r o s s - s l i d e power 
c y l i n d e r , ( F i g u r e 2 0 ) , f o u r Micro-diaphragm t h r e e p o r t v a l v e s , two 
h y d r a u l i c f l u i d s t o r a g e t a n k s and two Flow c o n t r o l v a l v e s . When the 
c r o s s - s l i d e power c y l i n d e r i s c e n t r a l a t p o s i t i o n "A", v a l v e s 8 and 
9 a r e a t r e s t and the f l u i d on both s i d e s of the c y l i n d e r p i s t o n i s 
c o n t a i n e d to g i v e a h y d r a u l i c l o c k . To use the f r o n t t o o l p o s t , the 
f l u i d i c c i r c u i t a c t i v a t e s v a l v e s 8, 9 and 10, removing the h y d r a u l i c 
l o c k and p r e s s u r i s i n g f l u i d s t o r a g e tank 1, F l u i d i s f o r c e d i n t o 
one s i d e of the c y l i n d e r ; f l u i d from the o p p o s i t e s i d e i s f o r c e d out 
and i n t o f l u i d s t o r a g e tank 2, which i s now v e n t i n g to atmosphere. 
On r e a c h i n g p o s i t i o n "B", v a l v e 10 i s , d e - a c t i v a t e d , tank 1 exhausted 
to atmosphere, v a l v e 11 a c t i v a t e d t o p r e s s u r i s e tank 2, and the f l u i d 
f l o w i s r e v e r s e d u n t i l the s l i d e has r e t u r n e d to p o s i t i o n "A"-
V a l v e s 8, 9 and 11 are d e - a c t i v a t e d t o g i v e a h y d r a u l i c l o c k and 
exhau s t tank 2 to atmosphere. A s i m i l a r sequence o c c u r s when the 
r e a r - t o o l p o s t i s used. 

4.2.8. T u r r e t S l i d e P n e u m a t i c - H y d r a u l i c C i r c u i t . F i g u r e 17 

T h i s c i r c u i t c o n s i s t s of the t u r r e t s l i d e power c y l i n d e r 
( F i g u r e 1 9 ) , the 3 i n c h diameter s l a v e c y l i n d e r and s e n s i n g u n i t 
( F i g u r e 2 1 ) , the 0.5 i n c h diameter s l a v e c y l i n d e r and s e n s i n g u n i t 
( F i g u r e 2 2 ) , one H y d r a u l i c f l u i d s t o r a g e tank, one F i v e p a r t 
diaphragm operated spool v a l v e (number V13) f o r a i r c o n t r o l and 
seven — t h r e e p a r t micro diaphragm v a l v e s (number VI to V7) f o r 
f l u i d c o n t r o l , t h r e e - t h r e e p a r t micro diaphragm v a l v e s (numbers 
V14 t o V16) f o r speed and c o l l e t o p e r a t i o n and s i x - t h r e e p a r t 
micro diaphragm v a l v e s (numbers V17 to V22) f o r ch a n n e l c i r c u i t a i r 
supply. The v a l v e s i n t h i s c i r c u i t a r e a c t i v a t e d by t h e programme 
u n i t s and channel s e l e c t i o n f l u i d i c c i r c u i t . To move the t u r r e t 
s l i d e f orward, V I 3 i s a c t i v a t e d ; a i r i s s u p p l i e d t o the t u r r e t s l i d e 
power c y l i n d e r and f l u i d i n the o p p o s i t e s i d e of the c y l i n d e r i s 
f o r c e d i n t o the s t o r a g e tank which i s ven t e d t o atmosphere. When 
p o s i t i o n C2 i s rea c h e d , V6 i s d e - a c t i v a t e d and f l u i d i s d i r e c t e d 
through V7 t o the 3 i n c h diameter s l a v e c y l i n d e r . F l u i d from the 
op p o s i t e s i d e of the s l a v e c y l i n d e r f l o w s through a c t i v a t e d V I , the 
flow c o n t r o l v a l v e s 3, 4 and 5, then i n t o the f l u i d s t o r a g e tank. 
When the programmed f e e d commences, V2 i s a c t i v a t e d and the f l u i d 
f low i s through any or a l l of V3, V4 or V5 u n t i l s t o p ^ s i g n a l S i 
d e - a c t i v a t e s v a l v e s V4 and V5, to l e a v e only the creep f e e d , V3 i n 
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o p e r a t i o n . Stop s i g n a l S I has a l s o a c t i v a t e d V7 and the f l u i d i s ' 
d i v e r t e d i n t o the 0..5 i n c h diameter s l a v e c y l i n d e r , the 3 i n c h s l a v e 
c y l i n d e r i s now h y d r a u l i c a l l y l o c k e d . The programmed d i s t a n c e t o 
t r a v e l of the 0.5 i n c h s l a v e c y l i n d e r , g i v e s stop, s i g n a l S 2 j v a l v e V3 
i s d e - a c t i v a t e d h y d r a u l i c a l l y l o c k i n g the c i r c u i t ; V13 i s a c t i v a t e d 
p r e s s u r i s i n g the f l u i d s t o r a g e tank w h i l e the t u r r e t s l i d e power 
c y l i n d e r v e n t s t o atmosphere. A f t e r a timed d e l a y which alloww the 
machine s p i n d l e to s t o p , and a i r p r e s s u r e to b u i l d up i n the f l u i d 
s t o r a g e tank, v a l v e 2 i s d e — a c t i v a t e d and f l u i d from the tank f l o w s 
through v a l v e s 1 and 2 to r e t u r n the 0,5 i n c h s l a v e c y l i n d e r . The 
exhaust f l u i d going through v a l v e s 7 and 8 i n t o the t u r r e t s l i d e — ^ 
power c y l i n d e r . On r e a c h i n g p o s i t i o n R3, v a l v e s 1 and 7 are 
a c t i v a t e d and the f l u i d now f l o w s i n t o the 3 i n c h s l a v e c y l i n d e r , 
e x h a u s t f l u i d going i n t o the t u r r e t s l i d e power c y l i n d e r . Yflien 
p o s i t i o n R2 i s r e a c h e d , both s l a v e c y l i n d e r s have been returned;, 
v a l v e 6 i s a c t i v a t e d and the t u r r e t s l i d e power c y l i n d e r i s r e t u r n e d 
t o C I , w i t h f l u i d from the s t o r a g e tank. 

4,2.9. Schematic Arrangement of F l u i d i c . Pneumatic, and H y d r a u l i c 
C i r c u i t s . F i g u r e 18 

From the sub-assembly c i r c u i t diagrams F i g u r e s 10 to 17, an 
arrangement diagram was p r e p a r e d i n order to c o - o r d i n a t e s i g n a l 
p i p e s , and to enable such items as programme u n i t s to be i n c o r p o r a t e d . 
No t r u t h t a b l e was c o n s i d e r e d n e c e s s a r y i n t h i s i n s t a n c e , as each 
s u b - c i r c u i t drawing c o n t a i n e d i t s r e l a t i v e t a b l e . 

7 
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CHAPTER V 

D e s i g n and C o n s t r u c t i o n 

The d e c i s i o n made i n Chapter I I I r e g a r d i n g the d e s i g n f e a t u r e s 
and the c i r c u i t s developed i n Chapter I V p r o v i d e d the b a s i s of each 
component or u n i t d e s i g n and f u n c t i o n . The c o n t r o l system i s d i v i d e d 
i n t o two s e c t i o n s ; the f i r s t c o m p r i s i n g of the machine t o o l f i t t e d 
w i t h a c t u a t i n g c y l i n d e r s to operate the machine s l i d e s e t c . , and the 
second, a c o n t r o l u n i t t o command the machine to perform a d e s i r e d 
s e r i e s of e v e n t s . 

5.1. Machine Tool O p e r a t i o n 

O p e r a t i o n of the machine t o o l i s t o be performed by s t a n d a r d 
p n e u m a t i c — h y d r a u l i c equipment, adapted where n e c e s s a r y by f i t t i n g 
s p e c i a l equipment. The f o l l o w i n g machine t o o l f u n c t i o n s a r e t o be 
c o n t r o l l e d by a C o n t r o l C a b i n e t , connected to the machine w i t h d a t a 
and power p i p e s . 

5.1.1. Speed S e l e c t i o n , 

The machine t o o l i s f i t t e d w i t h a m u l t i - s p e e d motor and f r i c t i o n 
c l u t c h : a change i n s p i n d l e speed can be o b t a i n e d by s e l e c t i n g a 
p a r t i c u l a r e l e c t r i c a l c i r c u i t . The r o t a r y e l e c t r i c a l c o n t r a c t o r 
used f o r speed s e l e c t i o n can be r e a d i l y m o d i f i e d by f i t t i n g s m a l l 
s i n g l e a c t i n g , s p r i n g r e t u r n pneumatic c y l i n d e r s to the c o n t a c t s and 
removing t h e cam mechanism. O p e r a t i o n of the f r i c t i o n c l u t c h can be 
a c h i e v e d w i t h a double a c t i n g pneumatic c y l i n d e r . . To change the 
speed, the programme u n i t i s s u e s a d a t a s i g n a l , and a command from 
the C o n t r o l C a b i n e t a c t i v a t e s the a p p r o p r i a t e pneumatic c y l i n d e r to 
complete the e l e c t r i c a l c i r c u i t . 

5.1.2. C o l l e t O p e r a t i o n 

On a s t a n d a r d t u r r e t l a t h e , the c o l l e t chuck i s operated w i t h a 
hand l e v e r , which i f s u i t a b l y m o d i f i e d , w i l l f i t the c l e v i s of a 
d o u b l e - a c t i n g pneumatic c y l i n d e r . The c o l l e t w i l l open and c l o s e on 
r e c e i p t of a command s i g n a l i n i t i a t e d by the programme u n i t . 
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5.1.3. T u r r e t S l i d e Motion 

Movement of the t u r r e t s l i d e i s o b t a i n e d by f i t t i n g a double-
a c t i n g p n e u m a t i c - h y d r a u l i c c y l i n d e r , and s e n s i n g u n i t t o the t u r r e t 
s l i d e . T h i s power c y l i n d e r i s d e s c r i b e d and i l l u s t r a t e d i n Chapter 
5.3.1;; the d i r e c t i o n and r a t e of t r a v e r s e or f e e d b e i n g c o n t r o l l e d 
by the Address System i n the C o n t r o l C a b i n e t . 

5.1.4. C r o s s - s l i d e Motion 

The c r o s s - s l i d e motion i s a c h i e v e d i n a s i m i l a r manner; the 
double a c t i n g h y d r a u l i c c y l i n d e r and s e n s i n g u n i t , d e s c r i b e d and 
i l l u s t r a t e d i n Chapter 5.3.2, i s f i t t e d to the machine c r o s s - s l i d e . 

5.2. C o n t r o l C a b i n e t 

Such systems as L o g i c , Address and Programme, are i n c o r p o r a t e d 
i n the C o n t r o l C a b i n e t , * the assembly of w hich i s d e s c r i b e d and 
i l l u s t r a t e d i n Chapter 5.5. The f u n c t i o n , d e s i g n and manufacture 
of the v a r i o u s components f o r t h e s e systems a r e as f o l l o w s : -
( a d e t a i l e d d e s c r i p t i o n can be found i n Chapter 5.4. and 6»2..) 

1. The 3 i n c h diameter s l a v e c y l i n d e r and s e n s i n g u n i t , 
d e s c r i b e d i n Chapter 5^4.1. r e p e a t s the t r a v e l of the 
t u r r e t s l i d e power c y l i n d e r , ( F i g u r e 19) and p r o v i d e s 
programmed d a t a s i g n a l s to the L o g i c System f o r the 
engagement of t u r r e t s l i d e f e e d , c r o s s - s l i d e e t c . 

2. The 0.5 i n c h diameter s l a v e c y l i n d e r and s e n s i n g u n i t , 
d e s c r i b e d i n Chapter 5.4.2., a m p l i f i e s a l i m i t e d 
t r a v e l of the t u r r e t s l i d e power c y l i n d e r , and p r o v i d e s 
programmed d a t a s i g n a l s to the L o g i c System c o n t r o l l i n g 
t u r r e t s l i d e t r a v e l . 

3. M u l t i - c h a n n e l programme s e l e c t i o n u n i t s , f o r the v a r i o u s 
machine o p e r a t i o n s , d e s c r i b e d i n Chapter 5.4.3. and 
6,2.5. are connected to the s l a v e c y l i n d e r s e n s i n g 
u n i t s and L o g i c System. 

4. On the i n t e g r a t e d c i r c u i t board d e s c r i b e d i n Chapter 
5.4.4., the M u l t i - c h a n n e l R o t a r y Programme S e l e c t o r 
u n i t s a r e mounted, c o n n e c t i o n s f o r c h a n n e l a i r supply, 
L o g i c system e t c . , a r e d e s c r i b e d i n C h a p t e r s 5.4.5., 
5.4.6., and 5.4.7. The Tape Programme S e l e c t o r U n i t s 
d e s c r i b e d i n Chapter 6.2.5. are d i r e c t l y connected t o 
the s e n s i n g u n i t s and L o g i c System 

5. The L o g i c System c o n s i s t i n g of mounting boards, a i r 
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s u p p l y m a n i f o l d s and f l u i d l o g i c d e v i c e s , i s assembled 
and f i t t e d i n the C o n t r o l C a b i n e t w i t h c o n n e c t i o n s t o 
the Programme U n i t s , S e n s i n g U n i t s and Address System. 
The components and assembly a r e d e s c r i b e d and i l l u s t r a t e d 
i n C h a p t e r s 5.4.8., 5.4.9., 5.5.3., 5.5.4. and 6.4. 

6. The Address System, c o m p r i s i n g of s p o o l , poppet and 
f l o w c o n t r o l v a l v e s , f l u i d s t o r a g e t a n k s e t c . , i s 
f i t t e d i n the C o n t r o l C a b i n e t , where command s i g n a l 
p i p e s a r e connected t o the L o g i c System. The 
manufactured components are d e s c r i b e d i n Chapter 
5.4.10., 5.4.11; the assembly i n C h a p t e r s 5.5.1. and 
5.5.2. 

5.3. Machine Tool Power C y l i n d e r s 

5.3.1. T u r r e t S l i d e Power C y l i n d e r U n i t . F i g u r e 19 

The u n i t c o n s i s t s of a 3 i n c h diameter, 6 i n c h s t r o k e , double 
a c t i n g non cushioned, double ended c y l i n d e r w i t h a s e n s i n g u n i t 
f i t t e d on one end;; the o t h e r end i s f i t t e d onto the t u r r e t s l i d e . 
A i r p r e s s u r e p r o v i d e s the power t o overcome the c u t t i n g f o r c e s , and 
i s a p p l i e d on one s i d e of the p i s t o n . H y d r a u l i c f l u i d i s used on 
the o p p o s i t e s i d e to p r e v e n t surge caused by t h e v a r y i n g t o o l l o a d 
c o n d i t i o n s , and a l s o , t o a c t u a t e the s l a v e c y l i n d e r s . The s e n s i n g 
u n i t , f i t t e d to the pneumatic s i d e of the c y l i n d e r , c o n s i s t s of a 
c i r c u l a r probe f i t t e d t o the p i s t o n rod end, and a b r a c k e t w i t h two 
s e n s i n g d e v i c e s . The d e v i c e marked C I , F i g u r e 19, p r o v i d e s the 
count s i g n a l to the L o g i c System when the t u r r e t i s i n d e x i n g , and 
t h a t the t u r r e t s l i d e has r e t u r n e d t o the z e r o p o s i t i o n . The 
programme channel now changes to s u i t the newly p r e s e n t e d t u r r e t 
f a c e . The D e v i c e marked C2 F i g u r e 19, s i g n a l " L o g i c " t h a t the 
c o n t r o l l e d l e n g t h of t r a v e l ; i n t h i s i n s t a n c e f o u r i n c h e s , has 
commenced. 

5.3.2. C r o s s - s l i d e Power C y l i n d e r U n i t . F i g u r e 20 

The u n i t c o n s i s t s of a 1.5 i n c h diameter, 4 i n c h s t r o k e , 
double a c t i n g non c u s h i o n e d double ended h y d r a u l i c a l l y operated 
c y l i n d e r w i t h a s e n s i n g u n i t f i t t e d on one end; the o t h e r end i s 
f i t t e d onto the c r o s s - s l i d e . L i n e a r c o n t r o l i s not e s s e n t i a l on 
t h i s s l i d e p r o v i d i n g the t o o l s a r e s e t a t a d e f i n i t e r a d i a l d i s t a n c e 
from the machine c e n t r e l i n e , and the s l i d e t r a v e l s a p r e - s e t 
d i s t a n c e . The s e n s i n g head c o n s i s t s of two aluminium end p l a t e s , 
held, r e l a t i v e to each- o t h e r w i t h two c i r c u l a r guide b a r s , which 
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a l s o c o n t r o l alignment of a s l i d i n g probe ba r f i t t e d w i t h a s p r i n g 
loaded T u f n o l w i p e r b l a d e . The probe bar,, f i t t e d to the p i s t o n rod, 
s l i d e s along the guide bars;, the w i p e r blade i s i n c o n t a c t w i t h a 
l a m i n a t e d p e r s p e x p l a t e which has f i v e s e n s i n g d e v i c e s , each f i t t e d 
w i t h s m a l l bore aluminium tube c o n n e c t o r s f o r the s i g n a l p i p e s . The 
s e n s i n g d e v i c e s , marked B, B2, A, C and C2, F i g u r e 20, c o n t r o l the 
c r o s s - s l i d e t r a v e l ; , B2 and C2'are e x t r a d e v i c e s f o r e x p e r i m e n t a l 
purposes; A to B c o n t r o l the f r o n t t o o l p o s t motion, A t o C t h e r e a r 
t o o l p o s t . When not i n use, the c r o s s - s l i d e and t o o l p o s t s aSr'e i n a 

c e n t r a l p o s i t i o n w i t h the probe a t p o s i t i o n "A". A s i g n a l from the 
programme s e l e c t o r u n i t and the 3 i n c h d i a m e t e r s l a v e c y l i n d e r s e n s 
i n g u n i t s w i t c h f l u i d i c d e v i c e s w hich a c t u a t e diaphragm v a l v e s 
c o n t r o l l i n g h y d r a u l i c f l u i d to the c y l i n d e r . The p i s t o n and s e n s i n g 
head probe w i l l t r a v e l from A to 3 or A to C, w h i c h e v e r i s programmed 
a t a p re-determined r a t e of t r a v e l . On r e a c h i n g B or C, the t o o l 
w i l l be a t i t s c o r r e c t r a d i a l p o s i t i o n to produce the component 
diameter r e q u i r e d . A s i g n a l from e i t h e r s e n s i n g B or C w i l l s w i t c h 
the f l u i d i c d e v i c e s and t h e c r o s s - s l i d e w i l l q u i c k l y t r a v e r s e back 
to the c e n t r a l p o s i t i o n "A". 

5.3.3. Power and S i g n a l P i p e s t o the Machine Tool 

The machine t o o l w i l l now r e q u i r e f o u r power and f i v e s i g n a l 
p i p e s from the C o n t r o l C a b i n e t ; the t u r r e t s l i d e h a v i n g one 
Pneumatic power, one H y d r a u l i c power and two D a t a S i g n a l p i p e s . The 
c r o s s - s l i d e h a v i n g two H y d r a u l i c power and t h r e e D a t a S i g n a l p i p e s ; 
i n a d d i t i o n t o p i p e s r e q u i r e d f o r speed and c o l l e t o p e r a t i o n . 

5.4. D e s c r i p t i o n and Manufacture of C o n t r o l C a b i n e t U n i t s 

5.4.1. 3 i n c h Diameter S l a v e C y l i n d e r U n i t . F i g u r e 21 

The u n i t c o n s i s t s of a 3 i n c h diameter, 4 i n c h s t r o k e double 
a c t i n g double ended h y d r a u l i c a l l y operated c y l i n d e r w i t h a s e n s i n g 
u n i t f i t t e d a t one end. E x h a u s t f l u i d from the t u r r e t s l i d e power 
c y l i n d e r i s s u p p l i e d to the i n l e t p o r t of t h i s c y l i n d e r . As both 
of t h e s e c y l i n d e r s have the same volume per u n i t l e n g t h , the 
d i s t a n c e t r a v e l l e d by the p i s t o n i s e q u i v a l e n t to t h a t t r a v e l l e d 
by the t u r r e t s l i d e c y l i n d e r p i s t o n . The r a t e of f l u i d f l o w from 
the e x h a u s t p o r t , i s c o n t r o l l e d by a s e l e c t i o n of f l o w c o n t r o l 
v a l v e s which enable a programmed r a t e of f e e d f o r the t u r r e t s l i d e 

to be o b t a i n e d . The s e n s i n g u n i t , f i t t e d to the screwed nose of 
the c y l i n d e r , c o n s i s t s of one i n t e r m e d i a t e and two aluminium end 
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p l a t e s h e l d r e l a t i v e t o each oth e r by two c i r c u l a r guide b a r s . These 
b a r s a l s o c o n t r o l alignment of the t r a v e l l i n g probe and p r e v e n t the 
p i s t o n rod r o t a t i n g . F i t t e d between the end and i n t e r m e d i a t e alum
inium p l a t e s , i s the s e n s i n g d e v i c e p l a t e , manufactured from l a m i n a t e d 
perspex. E a c h s e n s i n g d e v i c e has an o r i f i c e of 0.032 i n c h e s d i ameter, 
spaced a t 0.0625 i n c h l o n g i t u d i n a l c e n t r e s and 0.5 i n c h c r o s s c e n t r e s , 
g i v i n g adequate space f o r the s i g n a l p i p e s which f i t onto the s m a l l 
bore aluminium t u b i n g i n the top of each o r i f i c e . The aluminium 
probe bar f i t t e d t o the p i s t o n r o d end, has b r a s s bushes and s l i d e s 
a l ong the guide b a r s . An 0.04 i n c h wide s p r i n g loaded T u f n o l wiper 
bar i n the probe i s k e p t i n c o n t a c t w i t h the s e n s i n g head p l a t e , and 
as i t c o v e r s the s e l e c t e d o r i f i c e and p r e v e n t s a i r e s c a p i n g , a back 
p r e s s u r e p u l s e w i l l a c t u a t e f l u i d i c d e v i c e s . 

5.4.2. 0.5 i n c h Diameter S l a v e C y l i n d e r U n i t . F i g u r e 22 

The u n i t c o n s i s t s of a 0.5 inch' diameter, 2 i n c h s t r o k e double 
a c t i n g s i n g l e ended h y d r a u l i c c y l i n d e r w i t h a s e n s i n g u n i t f i t t e d . 
E x h a u s t f l u i d from .the t u r r e t s l i d e power c y l i n d e r , i s s w i t c h e d from 
the 3 i n c h s l a v e c y l i n d e r , when i t has t r a v e l l e d the programmed 0.0625 
i n c h d i s t a n c e , to the i n l e t p o r t of t h i s c y l i n d e r . The v o l u m e t r i c 
r a t i o , between the two s l a v e c y l i n d e r s i s 31.3 to 1, each 0.001 i n c h 
movement of the t u r r e t s l i d e power c y l i n d e r w i l l move t h e 0.5 i n c h 
diameter s l a v e c y l i n d e r 0.0313 i n c h e s . When the exhaust f l u i d from 
the t u r r e t s l i d e power c y l i n d e r i s s w i t c h e d to the s m a l l s l a v e c y l i n d e r , 
the l a r g e s l a v e c y l i n d e r i s h y d r a u l i c a l l y l o c k e d . E x h a u s t f l u i d from 
the s l a v e c y l i n d e r s has been f l o w i n g through the programmed number of 
flow c o n t r o l v a l v e s to g i v e the d e s i r e d r a t e of t u r r e t s l i d e f e e d . On 
s w i t c h i n g to the 0.5 i n c h . s l a v e c y l i n d e r , the f l u i d now p a s s e s through 
a reduced f i x e d f l o w c o n t r o l v a l v e , b e f o r e r e t u r n i n g to the h y d r a u l i c 
f l u i d s t o r a g e tank. A reduced t u r r e t s l i d e f e e d , i r r e s p e c t i v e of 
programmed f e e d , i s now i n o p e r a t i o n p r e v e n t i n g t o o l over-run and 
v a r i a t i o n i n component l e n g t h , which would-occur owing to t u r r e t s l i d e 
i n e r t i a and t h e v a r i o u s r a t e s of f e e d . The s e n s i n g u n i t , h a v i n g 64 
s e n s i n g d e v i c e s , i s the same b a s i c d e s i g n as t h a t f i t t e d t o the 3 i n c h 
diameter s l a v e c y l i n d e r , but of l i g h t e r c o n s t r u c t i o n and has the 
s e n s i n g d e v i c e s a t 0.0313 i n c h l o n g i t u d i n a l c e n t r e s . When the 
programmed s e n s i n g d e v i c e i s a c t i v a t e d by the probe, f l u i d i c d e v i c e s 
o perate v a r i o u s diaphragm v a l v e s which stop the f e e d and a i r su p p l y 
to the t u r r e t s l i d e power c y l i n d e r . The h y d r a u l i c f l u i d s t o r a g e 
tank i s p r e s s u r i s e d to r e t u r n the f l u i d i n t o t h e v a r i o u s c y l i n d e r s , 
b y - p a s s i n g the f e e d f l o w c o n t r o l v a l v e s and r e t u r n i n g the 0.5 and 
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3 i n c h s l a v e c y l i n d e r s to z e r o . E x h a u s t f l u i d from the o p p o s i t e s i d e 
of t h e s e c y l i n d e r s r e t u r n s the t u r r e t s l i d e power c y l i n d e r to z e r o , 
any l o s s owing t o seepage b e i n g made up from the f l u i d s t o r a g e tank.. 
The programme change now t a k e s p l a c e and the nex t c y c l e of eve n t s 
commences. 

5.4.3. M u l t i - c h a n n e l R o t a r y Programme U n i t . F i g u r e s 23 and 24 

T h i s i s the f i r s t t ype of programme u n i t developed;, they a r e 
app r o x i m a t e l y 2.625 i n c h e s maximum diameter, r e d u c i n g to 1.625 i n c h e s 
diameter and 2.375 i n c h e s h i g h . They c o n s i s t of a number of d i a l s , 
each s l i g h t l y s m a l l e r i n diameter than i t s p r e d e c e s s o r , have a 
k n u r l e d edge, a c a l i b r a t e d s c a l e i n the a p p r o p r i a t e u n i t s and they 
a r e f i t t e d w i t h a p e r s p e x c u r s o r to f a c i l i t a t e the s e l e c t i o n of the 
programme. A s p i g o t on the u n i t base, l o c a t e s i t i n the i n t e g r a t e d 
c i r c u i t board d e s c r i b e d i n Chapter 5.4.4. When a channel i s a c t i 
v a t e d , the s i g n a l p a s s e s through the v a r i o u s h o l e s and c i r c u l a r 
grooves i n the Channel d i a l s u n t i l the programmed d i a l i s re a c h e d . 
A r a d i a l h o l e from the c i r c u l a r groove i n the d i a l has been a l i g n e d 
w i t h a s i g n a l groove i n the c o r e when the u n i t was programmed; t h i s 
a l l o w s the s i g n a l t o p a s s back through the u n i t b a s e p l a t e to the 
r e l a t i v e s e n s i n g or f l u i d i c d e v i c e . The u n i t s were made i n an 
aluminium a l l o y f o r ease of p r o d u c t i o n , but the s o f t n e s s of the 
m a t e r i a l proved to be a handicap; the s l i g h t e s t knock d u r i n g hand
l i n g b r u i s e d the component, i m p a i r i n g the e f f i c i e n c y of t h e s e a l i n g 
s u r f a c e s . A gas ha r d e n i n g a l l o y s t e e l , would not on l y p r e v e n t t h i s , 
but would a l l o w p o s i t i v e l o c a t i o n of each channel d i a l r e l a t i v e to 
the s i g n a l groove i n the c o r e , by means of a s p r i n g loaded b a l l 
l o c a t i n g i n the c o r e s i g n a l groove. Components f o r the u n i t a r e 
shown i n F i g u r e s 25 and 26, they a r e : — 

1. Item A B a s e p l a t e 
2. Item B Core 
3. I t e m C - II Channel d i a l s 
4. Item I P l a s t i c s e a l i n g d i s c 
5. Item J S p r i n g s t e e l p r e s s u r e p l a t e 
6. Item E S t a i n l e s s s t e e l f r i c t i o n pad angle b r a c k e t 
7. Itejn L S p r i n g s t e e l d i a l p r e s s u r e s p r i n g 
8. Item M Aluminium cap 
9. Item N P e r s p e x c u r s o r 

The aluminium b a s e p l a t e , i t e m A, has s i x i n p u t s i g n a l h o l e s , 
one f o r each c h a n n e l ; s i x t y f o u r e q u a l l y spaced output s i g n a l h o l e s 
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C.032 i n c h e s diameter on a 1.170 i n c h p i t c h c i r c l e diameter; an 0.5 
i n c h diameter bore; two 0.125 i n c h diameter mounting screw h o l e s and 
two 0.093 i n c h diameter countersunk screw h o l e s to f a s t e n the c o r e 
i n p o s i t i o n . 

The 1.250 i n c h diameter aluminium c o r e , i t e m B, has s i x t y f o u r 
e q u a l l y spaced s i g n a l grooves 0.03 i n c h e s wide, 0.04 i n c h e s deep, 
which l i n e up w i t h the s i g n a l h o l e s i n ite m A. One end i s reduced 
to 0.5 i n c h e s i n diameter, l o c a t i n g i t e m A and the u n i t , i n the 
I n t e g r a t e d c i r c u i t Board d e s c r i b e d i n Chapter 5.4.4; the other end 
i s d r i l l e d and tapped f o r the cap screw. 

The s i x aluminium channel d i a l s , items C to H t o t a t i n g on the 
c o r e , i t e m B, have lapped j o i n t f a c e s and bor e s t o g i v e a m e c h a n i c a l 
a i r s e a l . I n the bottom f a c e of each d i a l a r e c i r c u l a r grooves, s i x 
i n i t e m C, f i v e i n ite m D and so on, ite m H h a v i n g one. From the 
1.25 i n c h diameter bore a r a d i a l h o l e i s d r i l l e d t o the outer 
c i r c u l a r groove, t r a n s f e r r i n g any s i g n a l to the c o r e grooves i n ite m 
B. The r e m a i n i n g grooves a r e connected to other d i a l r a d i a l grooves 

h o l e s 

by v e r t i c a l A 0 . 0 3 2 i n c h e s d i a m e t e r . An i n p u t s i g n a l f o r d i a l E w i l l 
p ass through d i a l s C t o G, and then through the r a d i a l h o l e i n II to 
the c o r e groove. When the b a s e p l a t e A, c o r e B and d i a l s C to II a r e 
assembled, the s i g n a l grooves i n core B are b l a n k e d o f f w i t h the 
s e a l i n g d i s c I and p r e s s u r e p l a t e J ; t h i s i t e m now p r o j e c t s s l i g h t l y 
above the top channel d i a l , i t e m H. The f r i c t i o n pad b r a c k e t , i t e m 
K, i s f i t t e d on the top of p r e s s u r e p l a t e J , then, the d i a l p r e s s u r e 
s p r i n g , i t e m L, and f i n a l l y the c u r s o r , i t e m N and the cap, item M. 
The cap screw i s i n s e r t e d through t h e s e i t e m s , f i n g e r t i g h t e n e d , the 
c u r s o r and f r i c t i o n pad b r a c k e t are a d j u s t e d to t h e i r c o r r e c t p o s i t i o n s 
and the cap screv; i s t i g h t e n e d , l o c k i n g the items i n p o s i t i o n . As the 
cap i s t i g h t e n e d down, the d i a l p r e s s u r e s p r i n g i s compressed, 
a p p l y i n g p r e s s u r e on t h e lapp e d s u r f a c e s of the d i a l s to p r o v i d e a 
me c h a n i c a l s e a l . 

S t a n d a r d machine t o o l s were used to manufacture the v a r i o u s items;, 
the number of s m a l l h o l e s and t h e i r p o s i t i o n a l a c c u r a c y d i c t a t e d the 
manufacture of some j i g s and s p e c i a l equipment. F i g u r e 27 i l l u s t r a t e s 
some of the s p e c i a l equipment which saved a g r e a t d e a l of t i m e : -

1. F i g u r e 27A. A p l a t e d r i l l j i g f o r the s i x t y f o u r 
0.03 i n c h diameter h o l e s on a 1.17 i n c h p i t c h c i r c l e 
d iameter, two 0.125, two 0.093 and s i x 0.03 i n c h 
diameter i n p u t s i g n a l h o l e s . T h i s j i g was used 
on the b a s e p l a t e , item A and the I n t e g r a t e d C i r c u i t 
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Board s h e e t s 1 and 2. 
2. F i g u r e 27B. An angle d r i l l j i g f o r the r a d i a l h o l e i n 

channel d i a l s , C Items C to H. 
3. F i g u r e 27C. An e n g r a v i n g m a n d r i l f o r the c h a n n e l d i a l s 

item C t o H. A peg i s f i t t e d i n the r a d i a l h o l e of each 
d i a l and l o c a t e d i n the m a n d r i l groove, the i n d e x r a c h e t 
wheel f i t t e d and t i g h t e n e d down w i t h a nut. The assembly-
i s then p l a c e d between c e n t r e s f o r engraving. 

4. F i g u r e 27D. A 4 to 1 e n g r a v i n g template f o r the 
I n t e g r a t e d C i r c u i t Board. 

5.4.4. I n t e g r a t e d C i r c u i t Board f o r the B o t a r y Programme U n i t 
F i g u r e s 28 and 29 . 

The c l o s e c e n t r e s of the s i x t y f o u r C.032 i n c h diameter h o l e s 
i n the R o t a r y Programme U n i t b a s e p l a t e w i l l not p e r m i t the f i t t i n g of 
s i g n a l p i p e s . I n c r e a s i n g the h o l e c e n t r e s would make the u n i t t w i c e 
i t s s i z e ' and as some method of mounting the u n i t s i s required, an i n 
t e g r a t e d c i r c u i t board was produced. F i g u r e 2S shows the f r o n t f a c e 
of the m u l t i - p l a t e i n t e g r a t e d c i r c u i t board, w h i c h measures twenty 
f o u r by e i g h t by f i v e e i g h t h s i n c h e s , accommodating s i x R o t a r y 
Programme u n i t s a t 3.75 i n c h c e n t r e s . The w h i t e l i n e s on the 
i l l u s t r a t i o n a r e s i g n a l grooves, 0.03 i n c h e s wide by 0.04 i n c h e s 
deep;, v e r t i c a l l i n e s marked- "A" are f o r the i n p u t s u p p l y from the 
Channel S e l e c t i o n F l u i d i c c i r c u i t to the channel d i a l s . H o r i z o n t a l 
l i n e s "B" a r e common back p r e s s u r e s i g n a l grooves connected to the 
S e l e c t o r Switchboard F l u i d i c c i r c u i t ; v e r t i c a l p a t t e r n "C", a f a n -
out from the s i x t y f o u r 0.032 i n c h diameter h o l e s to f a c i l i t a t e 
s i g n a l p i p e f i t t i n g . The h o r i z o n t a l p a t t e r n "D" connec t s t h r e e 
Programme u n i t s which have a common c o n n e c t i o n to the 3 i n c h S l a v e 
. C y l i n d e r S e n s i n g U n i t . A back view of the board, F i g u r e 29, shows 
the s m a l l bore aluminium output s i g n a l tubes onto which p i p e s are 
f i t t e d . At p o s i t i o n 1, the 0.001 i n c h d i s t a n c e Programme u n i t i s 
f i t t e d and the output s i g n a l p i p e s a r e connected to the 0.5 i n c h 
S l a v e C y l i n d e r S e n s i n g U n i t . At p o s i t i o n 2 the 0.0625 i n c h d i s t a n c e 
programme u n i t i s f i t t e d , at p o s i t i o n 3, the Commence Feed U n i t , and 
a t p o s i t i o n 4, the Engagement of c r o s s - s l i d e motion r e l a t i v e t o 
T u r r e t S l i d e Motion U n i t i s f i t t e d . The change i n groove p a t t e r n 
a t p o s i t i o n 4 c o n n e c t s the odd number s i g n a l grooves f o r the c r o s s -
s l i d e f r o n t t o o l p o s t o p e r a t i o n and the even number s i g n a l grooves 
f o r the r e a r t o o l p o s t o p e r a t i o n . At p o s i t i o n 5 the Feed S e l e c t i o n 
Programme U n i t , and a t p o s i t i o n 6, the Speed and C o l l e t O p e r a t i o n 
Programme U n i t i s f i t t e d , the number of s e l e c t i o n s r e q u i r e d from 
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the l a s t two Programme U n i t s a r e l i m i t e d , and only a s e c t i o n of the 
f a n - o u t p a t t e n C i s c u t i n the plate;, output s i g n a l p i p e s a r e con
ne c t e d t o the r e l a t i v e f l u i d i c d e v i c e s . 

The i n t e g r a t e d board was c o n s t r u c t e d from f i v e 0.125 i n c h t h i c k 
p e r s p e x s h e e t s , as shown i n F i g u r e 30, each c u t a p p r o x i m a t e l y to s i z e 
on a bandsaw, clamped t o g e t h e r , and d r i l l e d to s u i t the 3 BA, c o u n t e r 
sunk head clamping s c r e w s . A f t e r t h e removal of the clamps, the j o i n t 
f a c e s were c l e a n e d , the clamping screws f i t t e d and the edges machined 
p a r a l l e l and square to each other f o r s e t t i n g and r e f e r e n c e purposes. 
P l a t e s 1, 2 and 3 were f a s t e n e d t o g e t h e r and the 0.5 i n c h diameter 
l o c a t i o n h o l e s a t 3.750 i n c h c e n t r e s , d r i l l e d and reamed f o r l o c a t i o n 
of the Programme U n i t s . P l a t e 3 was then removed, the d r i l l t e mplate 
F i g u r e 27A was l o c a t e d i n the 0.5 i n c h diameter h o l e , and the 0.032 
and 0.125 i n c h diameter h o l e s were d r i l l e d . On an e n g r a v i n g machine 
grooves "A" were c u t from the 0.032 i n c h i n p u t s i g n a l h o l e s i n p l a t e 
1, and p a t t e n C on p l a t e 2 w i t h the a i d of a 4 — 1 r a t i o t e m p l a t e , 
f i g u r e 27D. Grooves D, p a t t e r n s E and F on p l a t e s 3, 2 and 4 
r e s p e c t i v e l y , were produced by a combination of t a b l e t r a v e r s e s . 
I n p u t s i g n a l h o l e s were d r i l l e d by f i t t i n g p l a t e s 1 and 2 t o g e t h e r , 
then d r i l l i n g through p l a t e 2 i n t o the engraved grooves. P l a t e 2 
was then used as a d r i l l t emplate f o r p l a t e s 3, 4 and 5* the h o l e s 
i n p l a t e 5 were i n c r e a s e d i n diameter, and made a p r e s s f i t f o r the 
s m a l l bore aluminium tube on which the s i g n a l p i p e s f i t . A s i m i l a r 
t e c h n i q u e was used f o r the output s i g n a l h o l e s i n p l a t e s 3, 4 and 5; 
the back p r e s s u r e s i g n a l grooves B, i n p l a t e 4 were engraved a f t e r 
the h o l e s were d r i l l e d . ' 

.The d r i l l i n g and e n g r a v i n g o p e r a t i o n s had deformed the s u r f a c e s 
and produced b u r r s w hich would p r e v e n t a i r t i g h t f a c e s being o b t a i n e d , 
i n a d d i t i o n to which, c u t t i n g s had f u s e d t o the s i d e s of the grooves 
and h o l e s . J o i n t f a c e s were deburred, lapped f l a t , grooves and h o l e s 
c l e a n e d and a i r b l a s t e d . The aluminium tubes were f i t t e d i n p l a t e 5, 
and the p l a t e s were assembled and t e s t e d f o r b l o c k e d a i r w a y s w i t h a 
p r e s s u r e of 30 i n c h e s water gauge. Y/hen the p r e s s u r e was i n c r e a s e d 
to 60 i n c h e s water gauge, the p l a t e s deformed c a u s i n g a c o n s i d e r a b l e 
drop i n output s i g n a l p r e s s u r e , some s i g n a l • t r a n s f e r between a d j o i n 
i n g grooves and a c i r c u i t r e s i s t a n c e h i g h e r than e s t i m a t e d . These 
problems c o u l d be reduced or overcome by bonding the p l a t e s t o g e t h e r , 
and i n c r e a s i n g the s i z e of s i g n a l . h o l e s and grooves. T e s t s c a r r i e d 
out, on the equipment a v a i l a b l e , w i t h v a r i o u s bonding agents, 
i n d i c a t e d t h a t a p e r s p e x cement d i l u t e d w i t h t r i c h l c r e t h y l e n e gave 
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s a t i s f a c t o r y r e s u l t s and a p a r t i a l b lockage of a groove c o u l d be 
f l u s h e d c l e a n . P l a t e s 1 and 2 were spr a y e d w i t h d i l u t e d cement, 
l o c a t e d and p r e s s e d t o g e t h e r , then p l a t e s 3, 4 and 5 were assembled 
t o g e t h e r ; t h i s order of assembly p r o v i d e d maximum a c c e s s a b i l i t y to 
c l e a r any h o l e s w hich were b l o c k e d w i t h cement. T/hen removed from 
the p r e s s , e x c e s s cement on the j o i n t f a c e s had b l o c k e d s e v e r a l ° 
grooves and h o l e s . The grooves and h o l e s were c l e a n e d out w i t h some 
d i f f i c u l t y . D u r i n g the bonding t e s t s , Acetone had been used, but 
r a p i d e v a p o r a t i o n made i t d i f f i c u l t t o m a i n t a i n a t h i n f i l m over a 
r e l a t i v e l y l a r g e a r e a i n order to s o f t e n the pe r s p e x j o i n t f a c e s . 
T h i s , t o g e t h e r w i t h fumes and c r a c k s d e v e l o p i n g from mechined grooves, 
made the use of a d i l u t e d cement a t t r a c t i v e , but. i n view of the 
bl o c k a g e s which had o c c u r r e d , i t was d e c i d e d to use Acetone f o r the 
f i n a l j o i n t between p l a t e s 2 and 3. T h i s j o i n t f a c e has a c o n s i d e r 
a b l e number of i n a c c e s s i b l e h o l e s , w h i c h i f b l o c k e d , c o u l d o n l y be 
c l e a r e d c h e m i c a l l y , - a slow p r o c e s s i n t h i s i n s tance.. The j o i n t 
f a c e s were sprayed w i t h Acetone u n t i l s o f t , l o c a t e d t o g e t h e r and a 
clamping p r e s s u r e a p p l i e d u n t i l s e t , any s u r p l u s Acetone i n grooves 
or h o l e s e v a p o r a t e d and no b l o c k a g e s o c c u r r e d . 

P r e l i m i n a r y t e s t s on some c i r c u i t s c o nfirmed t h a t the m o d i f i c a t i o n s 
to the grooves and h o l e s had improved the o v e r a l l , e f f i c i e n c y , but t h e 
s u r p l u s bonding cement i n some grooves r e s t r i c t e d the f l o w of a i r and 
reduced output s i g n a l p r e s s u r e s to a few i n c h e s of water gauge. The 
j o i n t f a c e between p l a t e s 2 and 3, bonded w i t h Acetone, was not 
s a t i s f a c t o r y ; the bond between some s i g n a l grooves was not a i r t i g h t 
and l e a k a g e o c c u r r e d d i s s i p a t i n g a s i g n a l over s e v e r a l o u t l e t s . To 
overcome t h i s f a u l t i t was n e c e s s a r y to c u t the board i n t o s e c t i o n s 
as shown i n F i g u r e 31 - j o i n t f a c e s were s p l i t w i t h some damage t h a t 
was r e c t i f i e d l a t e r , f a u l t s were c o r r e c t e d and t h e p l a t e s rebonded. 
The reduced s i z e of p l a t e s made the re-bonding o p e r a t i o n q u i t e s i m p l e 
when compared w i t h the l a r g e p l a t e s , and w i t h the f a u l t s c o r r e c t e d , a 
c i r c u i t e f f i c i e n c y between 90$ and 95$ was ob t a i n e d . 

The use of e x i s t i n g commercial t e c h n i q u e s , such a photo s e n s i t i v e 
g l a s s or p l a s t i c would have s i m p l i f i e d the p r o d u c t i o n of t h i s u n i t , 
but i n t h i s i n s t a n c e was p r o h i b i t e d by c o s t . 

5.4.5. J u n c t i o n and C r o s s - s l i d e M a n i f o l d s . F i g u r e 32 

M o d i f i c a t i o n s to the I n t e g r a t e d C i r c u i t Board damaged the 
c o n n e c t i n g grooves "D", which connect the programme u n i t s a t p o s i t i o n s 
2, 3 and 4, to the 3 i n c h S l a v e C y l i n d e r S e n s i n g U n i t . S i m i l a r l y , an 
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a l t e r n a t i v e f o r the damaged p a t t e r n s E and F a t p o s i t i o n 4, c o n t r o l 
l i n g s e l e c t i o n of e i t h e r f r o n t or r e a r t o o l p o s t on the c r o s s - s l i d e 
was r e q u i r e d . I n t e r - c o n n e c t i o n of t>ositions 2, 3 and 4 was a c h i e v e d 
w i t h the aluminium j u n c t i o n m a n i f o l d F i g u r e 32A; s i g n a l p i p e s from 
each programme u n i t p o s i t i o n f i t i n t o the holes-, which have a common 

4 
o u t l e t connected to the s e n s i n g u n i t . P a t t e r n s S and F" were r e p l a c e d 
w i t h the aluminium ma n i f o l d F i g u r e 32B; odd numbers from the programme 
u n i t , a r e f i t t e d i n t o the h o l e s a t one s i d e of the ma n i f o l d , and even 
numbers the o p p o s i t e s i d e . A r e s t r i c t e d s i g n a l h o l e from each odd 
numbered'pipe i s connected to. a common o u t l e t s i g n a l h o l e marked "R" ; 
the p i p e from "R" connected t o c o n t r o l C2 of the S c h m i t t T r i g g e r ST1 
F i g u r e 11. A s i m i l a r arrangement f o r even numbers w i t h the o u t l e t 
marked " F " i s connected to c o n t r o i CI of the S c h m i t t T r i g g e r . The 
s e l e c t i o n of any odd number on the R o t a r y Programme u n i t p r o v i d e s a 
s i g n a l t o the c r o s s - s l i d e f l u i d i c d e v i c e s , programming the c i r c u i t f o r 
r e a r t o o l p o s t o p e r a t i o n ; an even number programmes the c i r c u i t f o r 
f r o n t t o o l p o s t o p e r a t i o n . Both m a n i f o l d s a r e mounted on b r a c k e t s 
which f i t on the back of the I n t e g r a t e d C i r c u i t Board. 
5.4.6. Back P r e s s u r e S i g n a l M a n i f o l d . F i g u r e 33A 

Du r i n g the t e s t s on the I n t e g r a t e d C i r c u i t 3oard, a v a r i a t i o n i n 
the back p r e s s u r e s i g n a l s t r e n g t h had been observed an^ a t t r i b u t e d to 
the flow r e s i s t a n c e i n grooves, p i p e s and the d i m e n s i o n a l v a r i a t i o n of 
the f i x e d r e s t r i c t o r s i n the "Board". As t h e back p r e s s u r e s i g n a l i s 
a l s o p r o p o r t i o n a l to the supp l y p r e s s u r e , the v a r i a t i o n between 
s i g n a l s from each Programme U n i t c o u l d be c o n s i d e r a b l e , but c o n t r o l 
l a b l e by u s i n g a v a r i a b l e b i a s s i g n a l p r e s s u r e to t!?e S c h m i t t T r i g g e r s 
i n c o r p o r a t e d i n each f l u i d i c c i r c u i t . The use of f i x e d r e s t r i c t o r s 
i n s e r t e d i n the "Board" was not s u f f i c i e n t l y v e r s a t i l e f o r e x p e r i 
mental purposes, and were r e p l a c e d by the m a n i f o l d , F i g u r e 33A. The 
ma n i f o l d s , manufactured i n aluminium, have s i x i n l e t p i p e h o l e s w i t h 
screw adjustment to v a r y the r e s t r i c t i o n , e n a b l i n g the output of each 
i n l e t to be s e t and b a l a n c e d w i t h other Programme U n i t s . The common 
output, connected to the a p p r o p r i a t e S c h m i t t T r i g g e r w i t h a b a i s 
s i g n a l s u p p l y common w i t h o t h e r c i r c u i t s ; tlj.e b i a s s e t t i n g the Schmitt. 
T r i g g e r to operate a t a pre-determined back p r e s s u r e s i g n a l s t r e n g t h . 

5.4.7. Channel Supply M a n i f o l d . F i g u r e 333 
I t had been int e n d e d to connect the output of the Channel 

S e l e c t i o n F l u i d i c c i r c u i t , F i g u r e 10, to the i n l e t s of the Programme 
U n i t s . U n f o r t u n a t e l y , the output flow from the "NCB." gate s was 
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i n s u f f i c i e n t to meet the r e q u i r e m e n t s of the s i x u n i t s . E a c h c h a n n e l 
output s i g n a l was u t i T i s e d t o a c t i v a t e a t h r e e p o r t diaphragm v a l v e , 
which s u p p l i e d a i r from the a u x i l i a r y p r e s s u r e supply, i n s u f f i c i e n t 
q u a n t i t y , t o the. p e r s p e x Channel Supply Manifold, F i g u r e 33B. From 
each of the s i x channel s u p p l y h o l e s , s m a l l bore aluminium tubes were 
f i t t e d and connected t o Programme U n i t s . - An a d d i t i o n a l tube, connected, 
to- an i n d i c a t o r on the C o n t r o l C a b i n e t P a n e l , i n f o r m s the Operator 
which Channel c i r c u i t has been a c t i v a t e d . 

5.4.8. F l u i d i c U n i t Supply Man i f o l d . F i g u r e 33C 

The F l u i d i c Supply M a n i f o l d s u t i l i s e d , a r e s i m i l a r i n c o n s t r u c t i o n 
to t h a t i l l u s t r a t e d i n F i g u r e 33C; t h e i r f u n c t i o n i s not only to p r o v i d e 
s u f f i c i e n t " l / l 6 " and "3/16" i n t e r n a l diameter tube o u t l e t s to supply 

• t h e f l u i d i c board, but to a c t as a r e s e r v o i r , and reduce any f l u c t u a t i o n 
i n a i r s u p p l y to the l o g i c d e v i c e s , w hich can occur when s e v e r a l c y l i n d e r s 
are a c t i v a t e d s i m u l t a n e o u s l y . The m a n i f o l d s were manufactured from one 
i n c h square r o l l e d tube; h o l e s were d r i l l e d f o r the " l / l 6 " and "3/16" 
i n c h diameter tube c o n n e c t i o n s and a f t e r d e - b u r r i n g , the tube c o n n e c t 
i o n s were s o l d e r e d i n p o s i t i o n . The end p l a t e s , w h ich a l s o a c t as 
mounting f e e t , were then s o l d e r e d on the tube ends, the u n i t was c l e a n e d , 
p r e s s u r e t e s t e d and then p a i n t e d . 

' 5,4.9. F l u i d i c U n i t Mounting Board. F i g u r e 34 

The d i m e n s i o n a l p r o p o r t i o n s of f l u i d i c d e v i c e s a r e a r r a n g e d i n 
modules} a B i s t a b l e , Nor, And, and D i g i t a l A m p l i f i e r a r e c l a s s e d as 
one module.; a S c h m i t t T r i g g e r , one h o r i z o n t a l by two v e r t i c a l > as two; 
a M u l t i v i b r a t o r , t h r e e h o r i z o n t a l by one v e r t i c a l ; as three, and a B i n a r y 
Counter, two h o r i z o n t a l by two v e r t i c a l as f o u r . A p a t t e r n of h o l e s t o 
s u i t the c o n n e c t i o n s and f i x i n g h o l e s of a "one module d e v i c e " , i f 
r e p e a t e d i n s u f f i c i e n t numbers, would accommodate any l o g i c d e v i c e . 
S e v e r a l Mounting Boards, s i m i l a r to F i g u r e 34, but of v a r y i n g c a p a c i t y , 
were r e q u i r e d ; i t was d e c i d e d to manufacture one "Board" i n 12 s.w.g. 
p l a t e and use i t as a d r i l l j i g . The r e q u i r e d boards of v a r y i n g s i z e s 
were c u t from 22 s.w.g. p l a t e , clamped to the j i g p l a t e , d r i l l e d , de-
b u r r e d and p a i n t e d ready f o r assembly. 

5.4.10. H y d r a u l i c F l u i d S t o r a g e Tank. F i g u r e 35 

Two s i z e s of s t o r a g e t a n k s , s i m i l a r i n d e s i g n to F i g u r e 35 were 
produced;, one w i t h s u f f i c i e n t c a p a c i t y f o r the t u r r e t s l i d e and 
r e l a t e d c y l i n d e r s , and two s m a l l e r u n i t s f o r the c r o s s r s l i d e c y l i n d e r . 
The p r i n c i p l e r e a s o n f o r u s i n g a f l u i d i s to o b t a i n an a c c u r a t e f l u i d 
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flow c o n t r o l , and, motion of the c y l i n d e r w i t h o u t s u r g i n g , w hich 
u s u a l l y o c c u r s when v a r y i n g l o a d s are a p p l i e d t o pneumatic c y l i n d e r s . 
The H y d r a u l i c F l u i d S t o r a g e Tanks were manufactured from thi n , w a l l tube 
and were f i t t e d w i t h a f l u i d l e v e l gauge. The end caps were d r i l l e d 
and tapped f o r i n l e t , e x h a u s t , d r a i n and f i l l i n g p i p e s and p l u g s , 
b e f o r e the d i f f u s e r b o s s e s were welded i n t o p o s i t i o n over the i n l e t -
o u t l e t h o l e s . The d i f f u s e r b o s s e s a r e e s s e n t i a l , as they p r e v e n t the 
r e t u r n i n g f l u i d b e i n g s q u i r t e d up the a i r i n l e t p i p e , t o f i n d i t s way 
i n t o the v a l v e e x h a u s t i n g t o the atmosphere. A f t e r the end caps and 
tubes were c l e a n e d , the caps were welded i n p o s i t i o n , mounting b r a c k e t s 
f i t t e d and the t a n k s p r e s s u r e t e s t e d and p a i n t e d . 

5.4.11. C o n t r o l C a b i n e t Frame and P a n e l s . F i g u r e 36 

The o v e r a l l s i z e of the c a b i n e t was c o n t r o l l e d by the s l a v e 
c y l i n d e r s , s e n s i n g u n i t s , and the number of v a l v e s , w i t h the i n s t r u 
ment pa n e l f a c e s a n g l e d f o r convenience of the o p e r a t o r . The frame, 
c o n s t r u c t e d from 24 S.W.G. p l a t e c u t i n t o two i n c h wide s t r i p s , was 
f o l d e d t o form an angle s e c t i o n , t h a i c u t t o l e n g t h f o r the v a r i o u s 
members. F i x i n g h o l e s f o r the u n i t s and v a l v e s were punched i n the 
a p p r o p r i a t e members, which were then spot welded t o g e t h e r . The top 
in s t r u m e n t p a n e l was f a b r i c a t e d from a s m a l l s e c t i o n f o l d e d a n g l e and 
h o l e s were punched to s u i t the f i x i n g s c r e w s of the I n t e g r a t e d C i r c u i t 
Board t h a t f i t s i n t h i s frame. The lower p a n e l , f o l d e d t o shape from 
24 S.W.G. p l a t e , was marked o f f and the h o l e s trepanned f o r p r e s s u r e 
gauges, r e g u l a t o r s , s w i t c h e s and i n d i c a t o r s , which would be mounted 
on i t . Both p a n e l s , hinged t o the c a b i n e t frame, were cov e r e d w i t h a 
b l a c k p l a s t i c s h e e t , c u t put t o s u i t the v a r i o u s u n i t s , engraved and 
h e l d i n p o s i t i o n w i t h a p o l i s h e d aluminium edging s t r i p . 

5.5. Assembly of the C o n t r o l C a b i n e t 
5.5.1. Assembly of P n e u m a t i c - h y d r a u l i c Equipment. F i g u r e s 37 t o 43 

The t h r e e p o r t micro-diaphragm v a l v e s were f i t t e d t o the c a b i n e t 
frame angle b r a c k e t s , as shown i n F i g u r e 37. H y d r a u l i c f l u i d s t o r a g e 
t a n k s f o r the c r o s s - s l i d e and t u r r e t s l i d e power c y l i n d e r s a r e f i t t e d 
a t one s i d e as shown i n F i g u r e 39 w i t h the f i v e p o r t diaphragm v a l v e 
mounted underneath. M a n i f o l d s f o r the v a r i o u s p r e s s u r e s u p p l i e s were 
assembled i n the frame, and a f t e r mounting the s l a v e c y l i n d e r s , as 
shown i n F i g u r e s 38 and 40, were connected t o the lower i n s t r u m e n t 
p a n e l . Copper t u b i n g was used i n a l l h y d r a u l i c c i r c u i t s ; some 
pneumatic c i r c u i t s were a l s o i n copper to f a c i l i t a t e f i t t i n g and 
enable a compact l a y o u t t o be a c h i e v e d . I n F i g u r e 40, t h e s l a v e 
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c y l i n d e r s and s e n s i n g u n i t s can be c l e a r l y s e en on the frame base. At 
the r i g h t hand s i d e , are the c a b i n e t e x t e r n a l c o n n e c t i o n s f o r the 
pneumatic, h y d r a u l i c , and f l u i d i c p i p e s f o r the c r o s s - s l i d e , and the 
t u r r e t s l i d e power c y l i n d e r s . I n F i g u r e 41, a b i r d ' s eye view of the 
p a r t l y assembled c a b i n e t , the g e n e r a l l a y o u t of t a n k s , c y l i n d e r s , 
s e n s i n g u n i t s , v a l v e s and p i p i n g can be c l e a r l y seen. F i g u r e s 42 and. 
43 show the p a r t l y assembled lower i n s t r u m e n t p a n e l , w i t h the p r e s s u r e 
r e g u l a t o r s , gauges, s w i t c h e s and i n d i c a t o r s i n p o s i t i o n . 

5.5.2. Assembly of Top I n s t r u m e n t P a n e l . F i g u r e s 44 to 46 

F i g u r e 44 shows the f r o n t f a c e of the upper i n s t r u m e n t p a n e l 
f i t t e d w i t h the R o t a r y Programme U n i t F i g u r e 23, mounted on the 
r e l a t i v e c i r c u i t boards, w i t h the b l a c k f a c i a p a n e l and t r i m i n 
p o s i t i o n . When f i t t i n g the Programme Uni.ts, p a r t i c u l a r c a r e was 
t a k e n to ensure t h a t the s i g n a l grooves were f r e e from f o r e i g n 
m a t t e r , and t h a t t h e u n i t s were an a i r t i g h t f i t on the c i r c u i t 
b o ards. On the back of the I n t e g r a t e d C i r c u i t Boards, the j u n c t i o n , 
c r o s s - s l i d e , back p r e s s u r e s i g n a l and channel s u p p l y m a n i f o l d s were 
f i t t e d as shown i n F i g u r e 45. Using l / l 6 i n c h d i a m e t e r f l e x i b l e 
p o l y t h e n e tube i n a v a r i e t y of c o l o u r s , c o n n e c t i o n s between the back 
p r e s s u r e s i g n a l m a n i f o l d and C i r c u i t Boards were made, f o l l o w e d by 
the c h a n n e l s u p p l y p i p e s from the c h a n n e l s u p j j l y m a n i f o l d to the 
v a r i o u s programme u n i t s . P i p e s from odd numbers of the c r o s s - s l i d e 
programme u n i t were f i t t e d i n t o one s i d e of the m a n i f o l d , and even 
numbers to the o t h e r s i d e . From the u n d e r s i d e of t h i s m a n i f o l d , 
c o n n e c t i o n s were made to one branch o f ' t h e J u n c t i o n m a n i f o l d ; another 
branch b e i n g connected to the D.C625 i n c h d i s t a n c e Programme unit;, 
the t h i r d b ranch to the Programme U n i t s t a r t i n g the f e e d . F i g u r e 46 
shows the g e n e r a l arrangement of the s i g n a l p i p e s , those on the l e f t 
hand s i d e going t c the S l a v e c y l i n d e r s e n s i n g u n i t s , the r i g h t hand 

i 
s i d e f o r speed, f e e d e t c . , and to f l u i d i c d e v i c e s . 

5.5.3. F l u i d i c U n i t Boards. F i g u r e s 47 to 50 

The f l u i d i c c i r c u i t diagrams shown i n F i g u r e s 10 to 15 were 
compiled i n t o two F l u i d i c U n i t Boards, each c o m p r i s i n g of s e v e r a l 
m a n i f o l d s and'mounting boards on which the f l u i d i c d e v i c e s were 
f i t t e d . The u n i t shown i n F i g u r e 47 c o n t a i n s l o g i c c i r c u i t s con
t r o l l i n g the c h a n n e l s e l e c t i o n , C r o s s - s l i d e c o n t r o l , S e l e c t o r 
s w i t c h b o a r d and V a l v e C o n t r o l . The r e a r of t h i s board, F i g u r e 48, 
shows the s u p p l y m a n i f o l d s , i n t e r c o n n e c t i o n s , i n p u t s i g n a l p i p e s 
from the I n t e g r a t e d C i r c u i t Board, t u r r e t , and c r o s s - s l i d e s e n s i n g 
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' u n i t s ; s i g n a l p i p e s from the f l u i d i c d e v i c e s t o the diaphragm 
v a l v e s a r e not f i t t e d . The board shown i n F i g u r e 49 c o n t a i n s the 
l o g i c c i r c u i t s c o n t r o l l i n g the f e e d s e l e c t i o n and the s p e e d - c o l l e t 
o p e r a t i o n . F i g u r e 50, a r e a r view of t h i s board shows the sup p l y 
manifold,, and the i n t e r c o n n e c t i o n s between d e v i c e s made w i t h 
f l e x i b l e p o l y t h e n e tube. 

5.5,4. Assembly of I n s t r u m e n t P a n e l s and F l u i d i c Boards 
i n the C o n t r o l C a b i n e t . F i g u r e s 5 1 - 5 5 

The lower i n s t r u m e n t p a n e l had been f i t t e d t o the c a b i n e t when 
the pneumatic and h y d r a u l i c p i p e s were i n s t a l l e d . T h i s enabled 
i n t e r c o n n e c t i o n s to be made between i n l e t c o n n e c t i o n s and'manifolds, 
as shown i n F i g u r e s 40 and 41-, The p a n e l was then removed to 
f a c i l i t a t e the f i t t i n g of other s u b - a s s e m b l i e s . The Upper I n s t r u 
ment Panel,, F i g u r e 45 was f i t t e d t o the c a b i n e t , c o n n e c t i o n s were • 
made between the I n t e g r a t e d C i r c u i t Boards, M a n i f o l d s , and the 
s e n s i n g u n i t s of the 0.5 and 3 i n c h S l a v e C y l i n d e r s w i t h l / l 6 i n c h 
diameter bore p o l y t h e n e tube. The Lower I n s t r u m e n t p a n e l was then 
r e p l a c e d and r e - c o n n e c t e d ; F i g u r e s 51 and 52 show the,arrangement 
of the p i p e c o n n e c t i o n s w i t h the p a n e l s open. Co n n e c t i o n s between 
the F l u i d i c Boards and other' U n i t s , can a l s o be seen i n F i g u r e s 51, 
52 and 53, as they would be viewed by maintenance s t a f f . F i g u r e s 
54 and 55 a r e vi e w s w i t h the p a n e l s c l o s e d , as seen by an o p e r a t o r . 
The c o n t r o l panel has y e t t o be connected to the machine t o o l power 
c y l i n d e r s and s e n s i n g u n i t s . 
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CHAPTER V I 

Commissioning 

A f t e r each u n i t or sub-assembly of the c o n t r o l system had been 
manufactured, p r e l i m i n a r y . t e s t s were performed, whenever p o s s i b l e , 
p r i o r to f i n a l assembly. F o r convenience the system was d i v i d e d 
i n t o t h e ' f o l l o w i n g s e c t i o n s , and t e s t s f o r p r e s s u r e drop, r e s p o n s e , 
leakage and performance were c a r r i e d out. 

1. C y l i n d e r s and s e n s i n g u n i t s 
2. Programme system 
3. Address system 
4. L o g i c system 

When the t e s t r e s u l t s i n d i c a t e d a f a u l t , an a l t e r n a t i v e or improve
ment was suggested i n d e s i g n ; t h ey were i n v e s t i g a t e d , the u n i t under 
t e s t was m o d i f i e d or r e - d e s i g n e d and manufactured. 

6.1. Performance of C y l i n d e r s and S e n s i n g U n i t s 

The t e s t s performed on the u n i t s , were arranged to check the 
r e p e a t a b i l i t y of the c y l i n d e r p o s i t i o n i n g , the r e s p o n s e of v a l v e s 
and f l u i d i c d e v i c e s to r e v e r s e c y l i n d e r motion, the e f f e c t of a i r 
p o c k e t s i n the c y l i n d e r , and the t r a v e r s e speed on the over run. 

6.1.1. P r e l i m i n a r y C y l i n d e r T e s t s 

The f o l l o w i n g equipment was u sed to t e s t the c y l i n d e r u n i t s 
b e f o r e f i t t i n g i n t o the c o n t r o l c a b i n e t and onto the machine 
s i m u l a t o r . 

2 - F l u i d s t o r a g e t a n k s 
4 - Three p o r t diaphragm operated v a l v e s 
1 - B i s t a b l e f l u i d i c d e v i c e 
2 - Back p r e s s u r e s e n s i n g f l u i d i c d e v i c e s 
1 - 0.0001 i n c h D i a l t e s t i n d i c a t o r and s t a n d 
1 - Multi-column monometer 
1 - Mounting board 
2 - Flow c o n t r o l v a l v e s 
1 - Three p o r t l e v e r operated v a l v e 
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Eac h c y l i n d e r p i s t o n was p o s i t i o n e d raid-way i n t h e c y l i n d e r and 
each s i d e was f i l l e d w i t h f l u i d , One c y l i n d e r i n l e t p o r t was connected 
t o F l u i d s t o r a g e tank w i t h a flo w c o n t r o l and t h r e e p a r t diaphragm 
v a l v e i n the c i r c u i t . The p i s t o n was moved, f o r c i n g the c y l i n d e r f l u i d 
through the p i p e , flow c o n t r o l , and the t h r e e p o r t v a l v e s i n t o the 
st o r a g e tank to remove the a i r from the c i r c u i t . T h i s tank was then 
f i l l e d up w i t h f l u i d t o w i t h i n an i n c h of the top and then connected 
to the o u t l e t p o r t of a pneumatic s u p p l y v a l v e . The c y l i n d e r o u t l e t 
p o r t was connected t o the second s t o r a g e tank i n a s i m i l a r manner. 
The pneumatic s u p p l y t h r e e p o r t v a l v e i n the f i r s t c i r c u i t was 
a c t i v a t e d , and f l u i d from the s t o r a g e tank r e t u r n e d the p i s t o n t o 
e x c l u d e a i r from the second c i r c u i t . The second f l u i d s t o r a g e tank 
was then f i l l e d , and connected to the o u t l e t p o r t of a second 
pneumatic supply t h r e e p o r t v a l v e . Two s e n s i n g d e v i c e s on the u n i t 
were s e l e c t e d , and connected t o the back p r e s s u r e f l u i d i c d e v i c e s , 
t h e i r output 02 connected t o the C I and C3 c o n t r o l s of the b i s t a b l e 
d e v i c e ; output 01 and 02 of the b i s t a b l e , a c t i v a t i n g t h e t h r e e p o r t 
diaphragm v a l v e s . Mains a i r p r e s s u r e a t 60 pounds per square i n c h , 
and an a u x i l i a r y s u p p l y a t 10 pounds per square i n c h , was connected 
to the v a l v e s and f l u i d i c d e v i c e s ; the d i a l i n d i c a t o r was p o s i t i o n e d 
to c o n t a c t the p i s t o n r o d a t t h e end of i t s l e n g t h of s t r o k e . 

6.1.2. P r e l i m i n a r y T e s t Performance 

When the a i r supply was s w i t c h e d on, the b i s t a b l e output 
operated the diaphragm v a l v e s t o p r e s s u r i s e one s t o r a g e tank and 
v e n t the othe r t o atmosphere. F l u i d , f o r c e d from t h e p r e s s u r i s e d 
tank, p a s s e d through f l o w c o n t r o l and " h y d r a u l i c l o c k " t h r e e p a r t 
v a l v e s i n t o the c y l i n d e r . F l u i d from the o p p o s i t e s i d e of t h e 
c y l i n d e r p i s t o n , flowed through the p r e - s e t f l o w c o n t r o l and t h r e e 
p o r t v a l v e , i n t o the second tank. 

When the t r a v e l l i n g probe of the s e n s i n g u n i t , f i t t e d t o the 
c y l i n d e r , c o v e r e d the s e l e c t e d s e n s i n g d e v i c e o r i f i c e , a s i g n a l 
from the back p r e s s u r e f l u i d i c d e v i c e connected to the o r i f i c e , 
s w i t c h e d the b i s t a b l e output t o change the v a l v e s over. The 
v a l v e s i n the h y d r a u l i c c i r c u i t p r o v i d e the " h y d r a u l i c lock." to 
reduce over run of the s e n s o r s by the probe. The p r e s s u r i s e d tank 
i s v e n t e d to the atmosphere: s i m u l t a n e o u s l y the othe r tank i s 
p r e s s u r i s e d and the " h y d r a u l i c l o c k " i s removed t o r e v e r s e the 
d i r e c t i o n of the p i s t o n movement. The d i a l t e s t i n d i c a t o r r e a d i n g 
was noted d u r i n g the change-over i n p i s t o n movement. As the p i s t o n 



- 84 -

r e t u r n e d , the second s e n s i n g d e v i c e was a c t i v a t e d and the motion was 
r e v e r s e d . To check the r e p e a t a b i l i t y of change-over p o s i t i o n , a 
range of p i s t o n speeds was s e l e c t e d by r e g u l a t i n g the flow c o n t r o l 
v a l v e s , and the d i a l t e s t i n d i c a t o r r e a d i n g s noted. 

6.1.3. P r e l i m i n a r y C y l i n d e r T e s t C o n c l u s i o n s 

The l e n g t h of the l / l 6 i n c h diameter s i g n a l p i p e between o r i f i c e 
and back p r e s s u r e s w i t c h a f f e c t e d the r e s p o n s e owing t o a combination 
of p i p e r e s i s t a n c e , c a p a c i t a n c e and o r i f i c e s i z e . I n c r e a s i n g the . 
o r i f i c e d iameter from 0.03 to 0.05 i n c h e s and the w i d t h of the 
t r a v e l l i n g probe enabled a h i g h e r p r e s s u r e t o be used, which gave a 
marked improvement i n s e n s i t i v i t y and r e s p o n s e . V a l v e r e s p o n s e time 
proved t o be i r r e g u l a r when o p e r a t i n g t h e diaphragms a t the minimum 
p r e s s u r e of two pounds per square i n c h , which i s the output p r e s s u r e 
of a b i s t a b l e d e v i c e w i t h a s u p p l y p r e s s u r e of t e n pounds per square 
i n c h . I n c r e a s i n g t h e b i s t a b l e s u p p l y t o f i f t e e n pounds per square 
i n c h p r o v i d e d an output of t h r e e pounds f o r v a l v e o p e r a t i o n , w hich 
removed the problem. The s u p p l y to the back p r e s s u r e s w i t c h was 
reduced to e i g h t pounds per square i n c h , as the output a t t h i s 
p r e s s u r e , 20$ of the s u p p l y , gave p o s i t i v e s w i t c h i n g of the b i s t a b l e 
d e v i c e and some r e d u c t i o n i n the a i r consumption. The r e s u l t s 
o b t a i n e d f o r the r e p e a t a b i l i t y of p i s t o n p o s i t i o n i n g a r e a c c e p t a b l e 
a t t h i s s t a g e , but a t e s t f o r r e l i a b i l i t y based on v a l v e l i f e i s 
n e c e s s a r y . Care must a l s o be t a k e n to remove a i r from the c y l i n d e r s 
and c i r c u i t or an i n c o n t r o l l a b l e v a r i a t i o n i n t h e p i s t o n p o s i t i o n 
o c c u r s . 

6.1.4. I n s t a l l e d C y l i n d e r T e s t s 

On c o m p l e t i o n of the p r e l i m i n a r y t e s t s and minor m o d i f i c a t i o n s , 
each c y l i n d e r was i n s t a l l e d i n t o the system and connected t o the 
Programme, Address and L o g i c c i r c u i t s . A programme was s e l e c t e d and 
the system was a l l o w e d t o perform a s e r i e s of c y c l e s u n t i l the 
p r e s s u r e , f l o w and c o n t r o l v a l v e s were s e t and o t h e r minor a d j u s t 
ments completed. The count c i r c u i t was then i s o l a t e d and s e t t o 
p r o v i d e a c o n t i n u o u s su p p l y t o programme cha n n e l number two. 
P o s i t i o n a l r e p e a t a b i l i t y t e s t s were then commenced on the c r o s s -
s l i d e and t u r r e t s l i d e motions, v a r i o u s r a t e s of p i s t o n speed were 
used f o r each sample of f i f t y c y c l e s of o p e r a t i o n ; the d i a l t e s t 
i n d i c a t o r r e a d i n g s were noted and p l o t t e d . 

6.1.5. I n s t a l l e d C y l i n d e r T e s t R e s u l t s 

Three p i s t o n speeds, one i n c h , t h r e e i n c h e s and s i x i n c h e s 
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per minute were s e l e c t e d ; , r e s u l t s of the r e p e a t a b i l i t y t e s t s a r e 
as f o l l o w s : -

P i s t o n speed, one i n c h per minute 

-0.0006 0 +0.0005 
P o s i t i o n of p i s t o n - i n c h e s 

P i s t o n speed, t h r e e i n c h e s per minute 

-0.0008. 0 • +0.0009 
P o s i t i o n of p i s t o n - i n c h e s 

P i s t o n speed, s i x i n c h e s per minute 

-0.0007 0 +0.0008 
P o s i t i o n of p i s t o n - i n c h e s 

6.1,6. I n s t a l l e d C y l i n d e r T e s t Conclusion. 

The d i a l t e s t i n d i c a t o r r e a d i n g s d i d not g i v e the a n t i c i p a t e d 
d i s t r i b u t i o n c u r v e a t the h i g h e r p i s t o n speeds. A l s o i t had been 
n o t i c e d t h a t a f t e r s e v e r a l c o n s e c u t i v e r e a d i n g s w i t h i n p l u s or minus 
0.0002 i n c h e s of a mean v a l v e , the f o l l o w i n g f i v e t o s i x r e a d i n g s were 
d i s t r i b u t e d about a s l i g h t l y h i g h e r or lower v a l v e . A f u r t h e r t e s t of 
one hundred c y c l e s was i n s t i g a t e d , the p i s t o n speed was i n c r e a s e d t o 
t w e l v e i n c h e s per minute and s u p p l y a i r p r e s s u r e s were noted. As t h e 
t e s t p r o g r e s s e d , the v a r i a t i o n i n the mean v a l u e f o r each f i v e to s i x 
c y c l e s of o p e r a t i o n , produced a c u r v e , which was r e l a t i v e to s u p p l y 
p r e s s u r e v a r i a t i o n caused by the r e g u l a t i n g v a l v e d i f f e r e n t i a l p r e s s u r e . 
I t can be seen from the r e s u l t s of t h i s t e s t , t h a t a p r e s s u r e v a r i a t i o n 
of 10$ has a d e t r i m e n t a l e f f e c t on r e p e a t a b i l i t y when h i g h p i s t o n speeds 
a r e used. 

P i s t o n speed, t w e l v e i n c h e s per minute 

0.0023 P o s i t i o n of p i s t o n - i n c h e s +0.0023 
- 5^ ^ Supply p r e s s u r e v a r i a t i o n + 5% 
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I n a s e r i e s of random t e s t s which f o l l o w e d t h e one shown 
above, i t was p o s s i b l e to p r e d i c t the p i s t o n p o s i t i o n w i t h i n p l u s 
or minus 0.0002 i n c h e s , by n o t i n g the s u p p l y p r e s s u r e . I t was 
concluded t h a t s u p p l y p r e s s u r e v a r i a t i o n , w h ich c o u l d be g r e a t l y 
reduced w i t h a p r e c i s i o n p r e s s u r e r e g u l a t i n g v a l v e , was the major 
f a c t o r i n r e p e a t a b i l i t y , because of i t s e f f e c t on the r a t e of 
f l u i d f l o w through the f l o w c o n t r o l v a l v e s . 

6.2. Performance of the Programme System 

T h i s system c o n s i s t s of t h e R o t a r y Programme U n i t s , and 
the i n t e g r a t e d c i r c u i t board, which had been t e s t e d d u r i n g manu
f a c t u r i n g , and i s d e s c r i b e d i n Chapter 5.4.4. As a r e s u l t of 
the t e s t s , s e v e r a l m o d i f i c a t i o n s were made, and the c i r c u i t board 
a i r w a y s became 90% to 95$ e f f i c i e n t when t e s t e d w i t h a p r e s s u r e 
of 60 i n c h e s w a t e r gauge. 

6.2.1. R o t a r y Programme U n i t T e s t 

The R o t a r y Programme U n i t c o u l d not be t e s t e d as an 
i n d i v i d u a l u n i t owing t o s i g n a l h o l e s i z e and arrangement; i t 
was t h e r e f o r e n e c e s s a r y to mount each u n i t on one of the c i r c u i t 
Boards f i t t e d , w i t h c o n n e c t i n g p i p e s . The equipment u t i l i s e d i n 
the t e s t was:-

1 - C i r c u i t Board 
2 - Multi-column monometers 
1 - F l u i d i c s u p p l y m a n i f o l d 
1 - M u l t i - c o n n e c t i o n j u n c t i o n b l o c k 
2 - V a r i a b l e r e s t r i c t o r s 
1 - S c h m i t t T r i g g e r f l u i d i c d e v i c e 
1 - Water tank 

The R o t a r y Programme U n i t b a s e p l a t e and c o r e , i t e m s "A" 
and "B" F i g u r e 24, were f i t t e d t o the c i r c u i t board. Channel 
d i a l i t e m "C" f i t t e d on the c o r e , and the v e r t i c a l output s i g n a l 
grooves i n the c o r e , stopped o f f w i t h m o d e l l i n g c l a y to p r e v e n t 
s i g n a l l o s s . A i r p r e s s u r e i n the f l u i d i c s u p p l y m a n i f o l d was 
a d j u s t e d to 60 i n c h e s w a t e r gauge, and a c o n n e c t i o n made t o 
Channel 1 i n p u t p i p e on the c i r c u i t board; the monometers b e i n g 
connected t o the output s i g n a l p i p e s . By r o t a t i n g c h a n n e l d i a l 
"C" to a l i n e the r a d i a l c o n n e c t i n g h o l e w i t h the v e r t i c a l 
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output s i g n a l grooves i n Core "B", the p r e s s u r e drop, and 
s i g n a l t r a n s f e r c o u l d be noted on the monmeters. 

A i r l o s s between the h o r i z o n t a l j o i n t f a c e s was d e t e c t e d 
by submerging the u n i t i n t o the water tank. The r e m a i n i n g d i a l s 
were f i t t e d and t e s t e d i n a s i m i l a r manner u n t i l t h e Programme 
U n i t was assembled; le a k a g e between t h e v a r i o u s c h a n n e l s c o u l d 
now be checked w i t h the monometers. The a i r supply from the 
ma n i f o l d t o the u n i t was d i s c o n n e c t e d , and a t e e - j u n c t i o n w i t h 
a v a r i a b l e r e s t r i c t o r was i n s e r t e d t o p r o v i d e a back p r e s s u r e 
s i g n a l t a p p i n g p o i n t f o r the S c h m i t t T r i g g e r f l u i d i c d e v i c e . 

6.2.2. R o t a r y Programme U n i t Performance 

The t e e - p i e c e and Programme U n i t output p i p e s were 
connected t o monometers; the a i r s u p p l y was r e - c o n n e c t e d , 
p r e s s u r e s were noted and the v a r i a b l e r e s t r i c t o r s were a d j u s t e d . 
With a su p p l y p r e s s u r e of 60 i n c h e s w a t e r gauge, the p r e s s u r e a t 
the s e n s i n g u n i t was 15 i n c h e s and the back p r e s s u r e was 20 
i n c h e s w a t e r gauge. When the s e n s i n g d e v i c e was operated, the 
back p r e s s u r e i n c r e a s e d to 24 i n c h e s , a 4 i n c h d i f f e r e n t i a l 
p r e s s u r e t o the s w i t c h output of the S c h m i t t T r i g g e r . Connect
i n g the back p r e s s u r e s i g n a l p i p e , to c o n t r o l C I of the S c h m i t t 
T r i g g e r gave output 01• A b i a s s i g n a l a d j u s t e d t o 21 i n c h e s 
water gauge, connected t o c o n t r o l C2 s w i t c h e d the output t o 02 
as i t was g r e a t e r than the i n i t i a l back p r e s s u r e s i g n a l . When 
the s e n s i n g d e v i c e was operated, the back p r e s s u r e s i g n a l 
i n c r e a s e d to 24 i n c h e s ; the b i a s s i g n a l was i n h i b i t e d ; and the 
output was changed to 01 to c o n t r o l o t h e r l o g i c d e v i c e s , where 
as output 02 v e n t s to atmosphere. 

€.2.3. S i g n a l P r e s s u r e Drop 

S i m i l a r t e s t s were performed on each Channel D i a l , but a 
v a r i a t i o n i n the .output p r e s s u r e , owing t o the c u m u l a t i v e e f f e c t 
of t h e j o i n t f a c e l e a k a g e , r e s i s t a n c e t o a i r f l o w w i t h i n the u n i t 
and s i g n a l t r a n s f e r , shown i n F i g u r e 56, reduced the s e n s i n g d e v i c e 
and d i f f e r e n t i a l p r e s s u r e s i n some i n s t a n c e s to 5 and 1 i n c h water 
gauge r e s p e c t i v e l y . The i n t r o d u c t i o n of r e s t r i c t o r s i n each 
Channel C i r c u i t a d j u s t e d outputs to a common v a l u e ; the b i a s 
s i g n a l was a d j u s t e d to s u i t the s m a l l e s t d i f f e r e n t i a l p r e s s u r e . 
The l i m i t s between f u n c t i o n and n o n - f u n c t i o n were now reduced t o 
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an u n s a t i s f a c t o r y l e v e l where a s l i g h t v a r i a t i o n i n c i r c u i t 
r e s i s t a n c e between s e n s i n g d e v i c e s , or f l u c t u a t i o n i n sup p l y would 
cause m a l f u n c t i o n . The r e d u c t i o n i n u n i t performance between t h e s e 
and the p r e l i m i n a r y t e s t s , d e s c r i b e d i n Chapter 6.2.1. was due t o 
leakage between the d i a l f a c e c i r c u l a r grooves and the co r e v e r t i c a l 
grooves. The r e s i s t a n c e due to any v a r i a t i o n i n the c i r c u i t l e n g t h 
of the v a r i o u s c h a n n e l s , was secondary. 

6.2„4. M o d i f i c a t i o n s to the Rotary. Programme U n i t 

F i g u r e 57 shows the m o d i f i c a t i o n s made to the u n i t ; a d d i t i o n a l 
c i r c u l a r grooves were c u t i n the op p o s i t e f a c e of each Channel D i a l 
and a po l y t h e n e washer was i n s e r t e d between the d i a l f a c e s . The 
t r a n s f e r h o l e s c o n n e c t i n g the grooves i n each f a c e were a l s o e n l a r g e d 
to reduce r e s i s t a n c e . The improved output p r e s s u r e s were noted on. 
t e s t i n g but t h e i r e f f e c t i v e n e s s was o f f s e t by an i n c r e a s e i n s i g n a l 
t r a n s f e r between the v e r t i c a l c o re grooves. The i n c r e a s e d volume of 
a i r w a y s , due to the a d d i t i o n a l grooves, had a n o t i c e a b l e e f f e c t on 
the back p r e s s u r e s i g n a l response., e s p e c i a l l y where lea k a g e between 
the dia.l and c o r e would occur.. A t h i n g r e a s e was smeared on the 
core and i n the d i a l bore, to a c t as a s e a l , confirmed, t h a t the bore 
and core f i t was r e s p o n s i b l e f o r the poor performance. P r i o r to the 
use of g r e a s e as a s e a l , l e a k a g e p r e s s u r e s i n a d j a c e n t v e r t i c a l c o r e 
grooves to the one programmed, averaged 1 i n c h w a t e r gauge, w i t h a 
maximum of 3 i n c h e s water gauge. The s o l u t i o n to t h e s e l o s s e s would 
appear to be a s y n t h e t i c rubber s e a l as i l l u s t r a t e d i n F i g u r e 58; the 
Channel D i a l j o i n t f a c e s e a l c o u l d a l s o be moulded i n a s i m i l a r 
m a t e r i a l and would i n c o r p o r a t e the c i r c u l a r grooves i n s t e a d of hav i n g 
to be machined i n the d i a l s . The use of t h e s e s e a l s would, i n a d d i t i o n 
t o the improved performance, reduce m a n u f a c t u r i n g time and p e r m i t w i d e r 
t o l e r a n c e s to be used on the components. I t i s u n f o r t u n a t e t h a t 
f a c i l i t i e s t o produce such s e a l s were not a v a i l a b l e , and i t was 
n e c e s s a r y to examine i n g r e a t e r d e t a i l the E n d l e s s Tape Programme 
U n i t c o n s i d e r e d i n Chapter 3.4* 

6,2,5. Tape Programme U n i t 

The d e s i g n , i l l u s t r a t e d i n F i g u r e 59, had been d i s c a r d e d 
e a r l i e r i n t h i s p r o j e c t due to i t s r e l a t i v e l y l a r g e p h y s i c a l 
dimensions, about 6.5 x 4 x 1.5 i n c h e s , and t h a t i t d i d not l e n d 
i t s e l f t o mounting on a c i r c u i t board. The u n i t c o n s i s t s of a 
per s p e x b l o c k w i t h s i x t y f o u r t r a n s v e r s e grooves s t a g g e r e d on^-a 
h o r i z o n t a l p l a n e to f a c i l i t a t e s i g n a l p i p e c o n n e c t i o n s . I n the 
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top f a c e a r e s i x grooves, one f o r each programme c h a n n e l , i n which an 
e i g h t m i l l i m e t r e wide e n d l e s s tape s l i d e s , r e v o l v i n g round an i d l e r 
p u l l e y a t one end, and t r a v e r s e d b y a d r i v i n g a p r o c k e t a t the o t h e r . 
Each tape, s e a l e d s i x t y f o u r v e r t i c a l h o l e s d r i l l e d i n t o the t r a v e r s e 
grooves, e x c e p t f o r one h o l e , i n l i n e w i t h a 0,04 X 0.1 i n c h s l o t c u t 
i n the t a p e . A i r was s u p p l i e d to a groove i n a s p r i n g loaded p o l y 
thene s u p p l y b l o c k , which h o l d s the tape i n p o s s i t i o n , p a s s i n g through 
the tape s l o t , down the v e r t i c a l h o l e , and out of the t r a n s v e r s e 
groove t o the s e n s i n g u n i t . When the s e n s i n g d e v i c e was a c t i v a t e d , 
a i r p r e s s u r e i n c r e a s e d i n the p o l y t h e n e s u p p l y b l o c k and the i n c r e a s e 
i n back p r e s s u r e s i g n a l s t r e n g t h , t r i g g e r e d the a p p r o p r i a t e f l u i d i c 
d e v i c e , u s u a l l y a S c h m i t t T r i g g e r . To programme a p a r t i c u l a r s e n s i n g 
d e v i c e of a s e n s i n g u n i t , the tape i s moved by r o t a t i n g the s p r o c k e t 
u n t i l the tape s l o t c o i n c i d e s w i t h the a p p r o p r i a t e h o l e connected to 
the d e v i c e . A c c u r a t e p o s i t i o n i n g of the tape i s n e c e s s a r y to p r e v e n t 
p a r t i a l blockage of the v e r t i c a l h o l e . T h i s i s f a c i l i t a t e d by a mark 
on the tape and an engraved s c a l e f i t t e d t o the c o n t r o l p a n e l as 
shown i n F i g u r e 63. 

The components f o r the u n i t can be seen i n F i g u r e s 60 and 61, 
they a r e : -

1. Item A. P e r s p e x l a m i n a t e d b l o c k 
2. Item B. Tape d r i v i n g s p r o c k e t 
3. Item C. S p r o c k e t d i s c 

4. Item D. I d l e r r o l l e r 
5. Item £. S p i n d l e b r a c k e t 
6. Item F. S p i n d l e 
7. Item G. Mounting f e e t 
8. Item H. Tape 
9. Item I . P o l y t h e n e s u p p l y b l o c k 

10. Item J . P r e s s u r e pads 
11. Item K. P r e s s u r e p l a t e 
12. Item L. F l u i d i c d e v i c e mounting 

The p e r s p e x b l o c k , i t e m A, i s l a m i n a t e d from t h r e e p i e c e s of 
q u a r t e r i n c h ..thick perspex; the bottom and middle p l a t e s each have i-
t h i r t y two t r a n s v e r s e grooves 0.030 i n c h e s wide by 0.040 i n c h e s deep 
a t one e i g h t h of an i n c h c e n t r e s , c u t i n one f a c e . The top p l a t e 
has s i x l o n g i t u d i n a l grooves, 0.0625 i n c h e s deep by 0.325 i n c h e s wide, 
to s u i t the tape. I n each of the s i x grooves a r e s i x t y f o u r 0.03 
i n c h diameter h o l e s ; t h i r t y two l i n e up w i t h the t r a n s v e r s e grooves 
i n the middle p l a t e , the remainder, w i t h t h i r t y two h o l e s i n the 
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middle p l a t e which l i n e up w i t h the t r a n s v e r s e grooves i n the lower 
p l a t e . The a c c u r a t e p o s i t i o n i n g of t h e s e h o l e s was a c h i e v e d w i t h t h e 
a i d of a p l a t e d r i l l j i g . A f t e r c l e a n i n g the h o l e s , grooves and 
j o i n t f a c e s , the p l a t e s were bonded t o g e t h e r i n a s i m i l a r manner to 
t h a t used f o r the C i r c u i t Board, d e s c r i b e d i n Chapter 5.4.4. Holes 
were d r i l l e d and tapped i n the b l o c k s i d e f o r b r a c k e t s , i t e m E. The 
Tape D r i v i n g S p r o c k e t , i t e m B, was produced by c o n v e n t i o n a l p l a s t i c 
moulding t e c h n i q u e s , a d i e h a v i n g been manufactured f o r the purpose. 
On the s p i g o t of the s p r o c k e t , i t e m C, the aluminium S p r o c k e t D i s c 
was bonded. When t h e aluminium I d l e r R o l l e r , i t e m D, t h e aluminium 
S p i n d l e B r a c k e t , i t e m E , and the m i l d s t e e l s p i n d l e , i t e m F, were 
completed, they were f i t t e d t o the b l o c k , i t e m A. The tape, item E, 
manufactured from e i g h t m i l l i m e t r e f i l m , was measured f o r l e n g t h and 
the ends were s p l i c e d to make an e n d l e s s tape. A f t e r c u t t i n g the 
0.04 x 0.1 i n c h s l o t i n the tape, i t was f i t t e d round the I d l e r R o l l e r , 
D r i v i n g S p r o c k e t and i n t o the 0.325 i n c h wide groove. When c o r r e c t l y 
t e n s i o n e d , the s p i n d l e and b r a c k e t screws were t i g h t e n e d . The P o l y 
thene Supply B l o c k s , i t e m 1, produced w i t h a s i m p l e moulding t o o l , 
were f i t t e d w i t h s u p p l y and back p r e s s u r e s i g n a l p i p e c o n n e c t i o n s . 
A f t e r the j o i n t f a c e had been lapped f l a t , t h e y were f i t t e d i n t o the 
tape s l o t and the a i r s e a l between t h i s b l o c k , the tape and the pe r s p e x 
b l o c k was t e s t e d . When the s e a l on each of the s i x c h a n n e l s was 
s a t i s f a c t o r y , the P r e s s u r e Pads, item J , and P r e s s u r e P l a t e , i t e m K, 
were p o s i t i o n e d on top of the P o l y t h e n e Supply B l o c k s , the screws 
were i n s e r t e d and t i g h t e n e d . 

At t h i s s t a g e , the u n i t was a g a i n t e s t e d ; i f the performance was 
below the p r e v i o u s t e s t i t was s t r i p p e d down, examined, the f a u l t was 
r e c t i f i e d and re - a s s e m b l e d . When s a t i s f i e d w i t h each c h a n n e l perform
ance, the F l u i d i c d e v i c e mounting p l a t e , i t e m L, was f i t t e d on top of 
the mounting f e e t and t h e f l u i d i c d e v i c e s were connected to the 
Po l y t h e n e Supply B l o c k s i g n a l p i p e s . 

6.2.6. Performance of the Tape Programme U n i t 

The equipment and method used to t e s t the u n i t , was s i m i l a r t o 
t h a t used f o r t e s t i n g the R o t a r y Programme U n i t , d e s c r i b e d i n Chapter 
6.2.1. An i n p u t s u p p l y of 60 i n c h e s w a t e r gauge was connected to the 
Pol y t h e n e s u p p l y b l o c k , the back p r e s s u r e and s e n s i n g d e v i c e p i p e s 
to tnonometers. Back p r e s s u r e r e a d i n g s between 40 t o 46 i n c h e s water 
gauge were observed, when the s e n s i n g u n i t probe co v e r e d the s e n s i n g 
d e v i c e o r i f i c e . When the probe moved, and a l l o w e d the d e v i c e to v e n t 
to the atmosphere, the back p r e s s u r e s i g n a l dropped to 16 i n c h e s 
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water gauge, g i v i n g a d i f f e r e n t i a l of 30 i n c h e s water gauge to s w i t c h 
f l u i d i c d e v i c e ^ r 

Each channel was t e s t e d i n t u r n , the othe r c h a n n e l s b e i n g p r o 
grammed to zer o i n order t o e l i m i n a t e f e e d back and the o b s e r v a t i o n 
of c i r c u i t r e s i s t a n c e . The s e l e c t e d r e s u l t s , l i s t e d below, a r e 
t y p i c a l , w i t h the e x c e p t i o n of the odd h i g h back, p r e s s u r e from an 
open s e n s i n g d e v i c e , marked 5 . E x a m i n a t i o n showed t h a t p a r t i a l b l o c k 
age of the t r a v e r s e groove w i t h bonding agent had o c c u r r e d . On 
completion of the t e s t and r e c o r d i n g the r e s u l t s i n Ta b l e 1 the 
channel back p r e s s u r e p i p e s were connected t o a m a n i f o l d e n a b l i n g a 
common back p r e s s u r e s i g n a l p i p e to be f i t t e d . . T h i s would p e r m i t a 
f e e d back to the unprogrammed c h a n n e l s and e f f e c t , the r e s u l t s l i s t e d 
i n T a b l e No. 1. With an a i r supply of 60 i n c h e s water gauge, Channel 
number 6 was programmed to a s e n s i n g d e v i c e , which on the p r e v i o u s 
t e s t , had g i v e n water gauge r e a d i n g s of:.— 

Back p r e s s u r e , s e n s i n g d e v i c e o r i f i c e open - 16 i n c h e s 
Back p r e s s u r e , s e n s i n g d e v i c e o r i f i c e c l o s e d - 46 i n c h e s 
Sensor p r e s s u r e - 40 i n c h e s 

The common back p r e s s u r e s i g n a l p i p e was connected to the monometer 
and comparative r e a d i n g s were ta k e n to observe the e f f e c t of fe e d 
back i n t o the Programme U n i t . The r e m a i n i n g c h a n n e l s , which had 
been s e t a t z e r o , were then programmed i n t u r n u n t i l a complete 
o p e r a t i o n a l s e l e c t i o n was on the Tape Programme U n i t . The r e s u l t s 
of t h i s t e s t a r e l i s t e d i n T a b l e No. 2. 



- | 5 - . 

TABLE No. 1 Supply P r e s s u r e 60 i n c h e s water gauge 

Back P r e s s u r e Readings, i n c h e s w a t e r gauge 

Programme a t Zero Sensor open Sensor c l o s e d 

14 38 
12 38 

Channel No. 1 s 20 - 40 
50 i n c h e s 12 36 

14 34 

z 20 36 
12 34 

Channel No. 2 x 22 32 
38 i n c h e s 10 31 

16 34 

10 43 
12 34 

Channel No. 3 12 46 
50 i n c h e s 

s 26 44 s 26 44 
8 40 

10 30 
10 28 

Channel No. 4 12 28 
38 i n c h e s 9 32 

8 30 

12 26 
9 26 

Channel No. 5 14 32 
46 i n c h e s x 22 34 

12 32 

10 46 

11 44 
Channel No. 6 x 20 42 

48 i n c h e s 10 46 

16 36 
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TABLE No. 2 Supply P r e s s u r e 60 i n c h e s water gauge. 
I 

Number of Channels 
Programmed 

Back P r e s s u r e R e a d i n g s . ' i n c h e s water gauge Number of Channels 
Programmed Sensor Open Sensor c l o s e d 

1 6.0 10 
2 5.0 7.4 
3 4.0 5.5 

. 4 3.8 4.5 
5 3.5 4.0 
6 3.2 3.4 

The back p r e s s u r e s i g n a l d e c r e a s e d i n s t r e n g t h as each channel was 
programmed to a s e n s i n g d e v i c e . . When the t r a v e l l i n g probe of the 
s e n s i n g u n i t p a s s e d any programmed s e n s i n g d e v i c e , the back p r e s s u r e s 
of a l l c h a n n e l s i n c r e a s e d s l i g h t l y ; the l a r g e s t i n c r e a s e i n p r e s s u r e 
o c c u r r e d when the e n e r g i s e d channel s e n s i n g d e v i c e was cove r e d by 
the t r a v e l l i n g probe. The a i r sup p l y to each channel was a t t h i s 
s t a g e , p r o v i d e d by a t h r e e p o r t diaphragm operated v a l v e w i t h a p l u g 
i n the exhaust p o r t . T h i s arrangement p r e v e n t e d a drop i n any ch a n n e l 
p r e s s u r e , as a f e e d back.through the back p r e s s u r e s i g n a l m a n i f o l d 
i n t o the u n a c t i v a t e d c h a n n e l s , would exhaust to atmosphere through the 
v a l v e e x h a u s t p o r t . The back p r e s s u r e s i g n a l from the Programme U n i t 
was nor; l e s s than I O J j of the i n d i v i d u a l channel performance. The 
suppl y p r e s s u r e was i n c r e a s e d to 10 i n c h e s of mercury, a p p r o x i m a t e l y 
500^, but t h i s o n l y gave a 150}s i n c r e a s e i n back p r e s s u r e s i g n a l 
s t r e n g t h . At t h i s h i g h e r p r e s s u r e the t e s t was r e p e a t e d , and the 
r e s u l t s t a b u l a t e d i n T a b l e No. 3, 

When the t r a v e l l i n g probe of the s e n s i n g u n i t t r a v e r s e d over a 
programmed s e n s i n g d e v i c e of an u n a c t i v a t e d c h a n n e l , the f e e d back 
from the common back p r e s s u r e s i g n a l m a n i f o l d , was s u f f i c i e n t t o 
e f f e c t the back p r e s s u r e s i g n a l . 
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TABLE No. 3 Supply P r e s s u r e 10 i n c h e s . Mercury. 

Number of Channels Back P r e s s u r e Readings . i n c h e s water gauge 
Programmed Sensor Open Sensor C l o s e d 

1 15.7 25.4 
2 10.4 16.5 
3 9.4 • 14.8 
4 8.0 11.5 
5 6.6 9.2 
6 5.8 8.1 

The programmed s e n s i n g d e v i c e s chosen i n the p r e v i o u s t e s t s were 
used, and f l u c t u a t i o n s i n the back p r e s s u r e s i g n a l s t r e n g t h as the 
probe p a s s e d each programmed s e n s i n g d e v i c e were noted i n T a b l e No.4. 

TABLE No. 4 Supply P r e s s u r e 10 i n c h e s . Mercury. 

S e n s i n g D e v i c e 
P o s i t i o n U n - a c t i v a t e d Channels A c t i v a t e d 

Channel 

0 1 2 3 4 5 6 

Back P r e s s u r e 
i n c h e s water gauge 5.8 6.6 6.1 6.3 6.8 6.3 8.1 

S e v e r a l t e s t s were made w i t h v a r y i n g programmes, the r e s u l t s i n e a c h 
i n s t a n c e b e i n g s i m i l a r to the above. The r e c o r d e d p r e s s u r e s were 
take n a f t e r the water column of the monometer had stopped o s c i l l a t i n g . 
Surge r e a d i n g s v/ere i n s e v e r a l i n s t a n c e s , g r e a t e r than s e n s o r p o s i t i o n 
No. 6 i n the above t a b l e and caused the f l u i d i c d e v i c e to s w i t c h . 

The diaphragm v a l v e exhaust p l u g s were removed and any feedback 
from the back p r e s s u r e s i g n a l m a n i f o l d , exhausted to atmosphere, 
through v a l v e s not a c t i v a t e d . T h i s p e r m i t t e d t h e s u p p l y to " b l e e d 
o f f " ; the o p e r a t i n g p r e s s u r e dropped to 6.5 i n c h e s of mercury, but 
was a d j u s t e d back to 10 i n c h e s b e f o r e the above programme was t e s t e d 
under t h i s v a r i e d c o n d i t i o n . The r e s u l t s noted i n T a b l e No. 5. 
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TABLE No.. 5 

S e n s i n g D e v i c e 
1 P o s i t i o n 

U n — a c t i v a t e d Channels A c t i v a t e d 
Channel 

S e n s i n g D e v i c e 
1 P o s i t i o n 

0 1 2 3 4 5 6 

Back P r e s s u r e , 
i n c h e s water gauge 5.0 5.0 5.1 5.1 5.1 5.1 6.4 

The o v e r a l l hack p r e s s u r e s i g n a l s t r e n g t h was now reduced from 8.1 
to 6.4 i n c h e s water gauge. The v a r i a t i o n as the probe p a s s e d the 
s e n s i n g d e v i c e s , was from 1.0 to 0.1 i n c h e s water gauge, but the 
surge r e a d i n g s were n e g l i g i b l e , and c o u l d not be noted w i t h any 
degree of a c c u r a c y , although, a i r consumption had i n c r e a s e d . 

The Tape Programme U n i t f o r f e e d , speed and c o l l e t o p e r a t i o n 
does not r e q u i r e the back p r e s s u r e s i g n a l arrangement; the 
programmed s e l e c t i o n i s connected to a "Nor" gate or a s i m i l a r 
f l u i d i c d e v i c e . When t e s t e d w i t h a s u p p l y p r e s s u r e of 10 i n c h e s 
of mercury, the output was 6.5 i n c h e s , g i v i n g an e f f i c i e n c y of 
65$S where as the f l u i d i c d e v i c e s were a p p r o x i m a t e l y 20$. The s e a l 
between the tape, the p o l y t h e n e s u p p l y b l o c k and the u n i t base 
proved t o be s a t i s f a c t o r y but movement of the tape tended to be 
s t i c k y due to the c o n t a c t p r e s s u r e . I m pregnation of the p o l y 
thene s u p p l y b l o c k tape c o n t a c t f a c e w i t h g r a p h i t e , a l l o w e d the 
tape to s l i d e more e a s i l y when the d r i v i n g s p r o c k e t was r o t a t e d . 

6.2.7. A l t e r a t i o n s to the Back P r e s s u r e S i g n a l Arrangement 

The back p r e s s u r e s i g n a l p i p e s from each channel supply b l o c k 
were connected t o a back p r e s s u r e m a n i f o l d , f i t t e d onto the u n i t 
p r e s s u r e p l a t e , to g i v e a common output p i p e as shown i n F i g u r e 52. 
The v a r i o u s t e s t s had shown t h a t t h i s arrangement was i n e f f i c i e n t 
due t o f e e d back. V a r i a t i o n i n chan n e l and s e n s o r output, due to 
the method of manufacture c a u s i n g p a r t i a l b l ockage of grooves, was 
c o n s i d e r a b l e . The d i f f e r e n t i a l p r e s s u r e was, however, s t i l l 
s u f f i c i e n t to s w i t c h the output of a S c h m i t t T r i g g e r . By u s i n g 
one f l u i d i c d e v i c e per channel a d j u s t e d to s u i t t h a t c h a n n e l 
o p e r a t i n g p r e s s u r e ; s i x d e v i c e s were n e c e s s a r y i n s t e a d of one, but 
the f e e d back problem was e l i m i n a t e d . Back p r e s s u r e s i g n a l s t r e n g t h s 
were now comparable w i t h those o b t a i n e d i n the i n d i v i d u a l t e s t . A 
wide r s w i t c h i n g d i f f e r e n t i a l p r e s s u r e band, about 10 i n c h e s water 
gauge i n s t e a d of 1.3 i n c h e s water gauge, was now a v a i l a b l e and i t 

i 



reduced the p o s s i b i l i t y of a m a l f u n c t i o n o c c u r r i n g . The Tape 
Programme U n i t s were s u b s e q u e n t l y f i t t e d i n t o the C o n t r o l P a n e l , 
as shown i n F i g u r e s 62 and 63; r e p l a c i n g the R o t a r y Programme U n i t s . 

6.3. Performance of the Address System 

The Address System f u n c t i o n e d i n a s a t i s f a c t o r y manner when 
t e s t e d manually. A s a t i s f a c t o r y range of t u r r e t s l i d e f e e d s c o u l d 
be o b t a i n e d by a d j u s t i n g the flo w c o n t r o l v a l v e s , but t h e q u i c k 
t r a v e r s e motions were sl o w e r than a n t i c i p a t e d due to p i p e and v a l v e 
r e s t r i c t i o n on f l u i d f l o w . 

6.3.1. V a l v e Response 

I t was found t h a t c e r t a i n diaphragm v a l v e s r e q u i r e d a minimum 
p r e s s u r e 50£ h i g h e r than s p e c i f i e d b e f o r e they would opera t e . I n 
some i n s t a n c e s , the d e l a y i n resp o n s e was s e v e r a l seconds. When 
the diaphragm v a l v e o p e r a t i n g p r e s s u r e was i n c r e a s e d to 3.0 pounds 
per square i n c h the' performance c o i n c i d e d w i t h t h a t s p e c i f i e d f o r a 
diaphragm p r e s s u r e of 2,0 pounds per square i n c h . As the a i r supply 
to operate the v a l v e s ivas the output of f l u i d i c d e v i c e s , i t was 
n e c e s s a r y t o i n c r e a s e the f l u i d i c s u p p l y p r e s s u r e , which i n t u r n 
a f f e c t e d a i r consumption. T h i s type of v a l v e was purchased some 
time ago f o r the p r o j e c t , although s i n c e t h a t d a t e , a l t e r n a t i v e 
d e s i g n s have become a v a i l a b l e , which o p e r a t e on much lower p r e s s u r e s , 

6.4. Performance of t h e L o g i c System 

Performance of t h e i n d i v i d u a l f l u i d l o g i c d e v i c e s used i n the 
v a r i o u s c i r c u i t s were comparable w i t h the m a n u f a c t u r e r s s p e c i f i c a t i o n . 
When assembled on mounting boards, i n t e r f e r e n c e and m a l f u n c t i o n d i d 
occur i n some i n s t a n c e s and i t was n e c e s s a r y t o r e — a r r a n g e t h e 
d e v i c e s . When a c i r c u i t d i d not f u n c t i o n c o r r e c t l y , the cause was 
e i t h e r a l o o s e s i g n a l p i p e which had been a c c i d e n t a l l y removed; an 
o b s t r u c t i o n i n the d e v i c e a i r w a y s , u s u a l l y d u s t , or a f l u c t u a t i o n i n 
m a n i f o l d p r e s s u r e . F i n d i n g the b l o c k e d a i r w a y i n a completed c i r c u i t 
was time consuming, as each p i p e had to be removed, but e a s i l y 
c l e a r e d w i t h an a i r b l a s t . The f l u c t u a t i o n i n a i r sup p l y p r e s s u r e 
to the d e v i c e s , was caused by the Count C i r c u i t changing the a i r 
supp l y to the v a r i o u s Programme U n i t Channel's. I t was n e c e s s a r y to 
i n t r o d u c e a s e p a r a t e s u p p l y f o r the Programme U n i t s as the r a p i d 
f l u c t u a t i o n caused some d e v i c e s to o s c i l l a t e . The i n c r e a s e i n 
diaphragm o p e r a t i n g p r e s s u r e of the Address System v a l v e s , made i t 
necessax-y to r e - a r r a n g e the f l u i d i c a i r supply. I n g e n e r a l , most of 
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the problems encountered were due to i n e x p e r i e n c e i n f l u i d i c 
c i r c u i t r y and a p p l i c a t i o n , w i t h t h i s number of d e v i c e s mounted i n 
c l o s e p r o x i m i t y . 

5.4.1. M o d i f i c a t i o n s to the F l u i d i c L o g i c A i r Supply 

From the d a t a a v a i l a b l e on f l u i d i c d e v i c e s , the performance 
c h a r a c t e r i s t i c s appeared to be compatible, and each f u n c t i o n a l 
c i r c u i t was s u p p l i e d w i t h a i r from a common ma n i f o l d . The m a n i f o l d 
p r e s s u r e s were determined by d e v i c e e f f i c i e n c y , and the output 
p r e s s u r e n e c e s s a r y to a c t i v a t e the diaphragm v a l v e s i n the Address 
System. On i n c r e a s i n g the m a n i f o l d p r e s s u r e t o g i v e a h i g h e r 
d e v i c e output^ now n e c e s s a r y to a c t i v a t e the v a l v e s , c e r t a i n d e v i c e s 
o p e r a t i n g on or about the maximum recommended p r e s s u r e , s t a r t e d 
v e n t i n g and t h e i r performance was a f f e c t e d . The s u p p l y i n each 
c i r c u i t was s u b s e q u e n t l y d i v i d e d , d e v i c e s a c t i v a t i n g v a l v e s were 
s u p p l i e d from a h i g h p r e s s u r e m a n i f o l d , those concerned w i t h l o g i c , 
from a low p r e s s u r e manifold.. 

6.4.2. L o g i c D e v i c e M a l f u n c t i o n 

M a l f u n c t i o n of the f l u i d i c d e v i c e s was due t o one, or a 
combination of the f o l l o w i n g : — 

I . An e x c e s s i v e i n p u t s u p p l y p r e s s u r e o v e r l o a d i n g the d e v i c e 
and the s u r p l u s was "dumped" by v e n t i n g to the atmosphere. 
When the v e n t s of a d j a c e n t d e v i c e s were c l o s e t o g e t h e r and 

i n l i n e , the "dumped" a i r c o u l d s w i t c h the a d j a c e n t d e v i c e : 
i n some i n s t a n c e s an o s c i l l a t i n g a c t i o n o c c u r r e d . A 
t y p i c a l example of such a f a u l t o c c u r r e d i n the Channel 
S e l e c t i o n c i r c u i t , F i g u r e 10, which was o r i g i n a l l y s u p p l i e d 
w i t h a i r a t a p r e s s u r e of 10 pounds per square i n c h . When 
the supply v;as reduced to between 5 and 7 pounds per square 
i n c h ; dumping and o s c i l l a t i o n c e a s e d . 

I I . A c o n t r o l s i g n a l of i n s u f f i c i e n t magniture, e i t h e r i n 
p r e s s u r e or d u r a t i o n would not s w i t c h the d e v i c e i t 
c o n t r o l l e d . The t e n m i l l i s e c o n d output s i g n a l from a 
m u l t i v i b r a t o r , c o u l d not be used to p r o v i d e the count 
s i g n a l f o r a B i n a r y Counter, as t h i s d e v i c e r e q u i r e d a 
s i g n a l d u r a t i o n of a t l e a s t 10 m i l l i s e c o n d s . T h i s 
f a c t o r , the M u l t i v i b r a t o r output c h a r a c t e r i s t i c s , and 
c a p i t a n c e of s i g n a l p i p e s , made i t n e c e s s a r y to modify 
some f l u i d i c c i r c u i t s . Maximum fa n - o u t i s l i m i t e d to 
f o u r d e v i c e s ; when c o n n e c t i n g p i p e s were over e i g h t 
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i n c h e s i n l e n g t h , the s w i t c h i n g performance was m a r g i n a l due t o low 
c o n t r o l s i g n a l p r e s s u r e s . M a l f u n c t i o n u s u a l l y o c c u r r e d on the 
d e v i c e f i t t e d w i t h the l a r g e s t c o n t r o l s i g n a l p i p e . I n such c a s e s , 
c o n t r o l p i p e s of a common l e n g t h were f i t t e d to b a l a n c e r e s i s t a n c e ; 
the f a n - o u t r e s t r i c t e d t o t h r e e d e v i c e s , or a D i g i t a l A m p l i f i e r , 
was i n c o r p o r a t e d i n t h i s c i r c u i t . 

6.4.3. M o d i f i c a t i o n s t o t h e F l u i d i c C i r c u i t s 

M o d i f i c a t i o n s to s e v e r a l c i r c u i t s were n e c e s s a r y due to the 
f a c t o r s mentioned i n C h a p t e r s 6,3.1., S . 4 . I . , 6.4.2.; the i n t r o 
d u c t i o n of the Tape Programme U n i t s , back p r e s s u r e s i g n a l m o d i f i 
c a t i o n s , and the combined f e e d , speed, c o l l e t programming. 

I . The Channel S e l e c t i o n c i r c u i t , F i g u r e 1G, d e v i c e s were 
r e - a r r a n g e d due to v e n t i n g , the count s i g n a l C I was not 
4CJw of the B i n a r y Counter supply and a Back P r e s s u r e 
S w i t c h was f i t t e d . The s u p p l y to the Nor g a t e s had 
been i n c r e a s e d to operate the diaphragm v a l v e s , but 
the output of Nor gate N6 was not s u f f i c i e n t to c o n t r o l 
v a l v e 23 and t h e And gate A l . I t was n e c e s s a r y to i n 
c o r p o r a t e D i g i t a l A m p l i f i e r DAI i n t o the c i r c u i t to 

i n c r e a s e the output. The r e v i s e d c i r c u i t , shown i n 
i - -

F i g u r e 10 - ! 2 was b u i l t and tested;; i t s performance 
was s a t i s f a c t o r y . 

I I . The c r o s s - s l i d e f l u i d i c c i r c u i t , F i g u r e 11, d i d not 
f u n c t i o n c o r r e c t l y due to a continuous output s i g n a l 
from ST1 l o c k i n g the B i s t a b l e B l output t o 01. T h i s 
a l l o w e d the c r o s s - s l i d e to move from p o s i t i o n A to C, 
but p r e v e n t e d the p u l s e s i g n a l from C s w i t c h i n g B l 
output to 02 and r e v e r s i n g the s l i d e motion. Manual 
removal of ST1 l o c k i n g c o n t r o l s i g n a l p e r m i t t e d 
r e v e r s a l of s l i d e motion to a c t i v a t e t h e M u l t i v i b r a t o r 
MV1, c o n f i r m i n g t h a t the p u l s e output s i g n a l , would not 
operate B i n a r y Counter B C l t w h i c h c o n t r o l l e d the v a l v e 
o p e r a t i o n through the D i g i t a l A m p l i f i e r DAI. I n a d d i t i o n 
to the c r i t i c a l s e t t i n g of r e s t r i c t o r s i n the s e n s i n g 
d e v i c e p i p e s from p o s i t i o n s A, B, and C; the c o n t r o l 
s i g n a l s marked F r o n t and R e a r , C I and C2 of S c h m i t t 
T r i g g e r ST1 from a m a n i f o l d b l o c k , were v e r y weak. 
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I n c r e a s i n g t h e i r s t r e n g t h caused a drop i n pressure a t the 
sensing u n i t and c r e a t e d feed back s i g n a l problems. The 
r e v i s e d c i r c u i t , F i g u r e 11-2, shows the v a r i o u s m o d i f i c a t i o n s ; 
Back Pressure Switches BP1., BP2 and BP3 r e p l a c i n g the r e s t r i c t o r s 
t o improve the response and r e l i a b i l i t y of s i g n a l s A, B and C. 
A B i s t a b l e B2, w i t h a time delay r e s e t , was i n t r o d u c e d between 
MV1 and BC1 t o increase the d u r a t i o n of c o n t r o l s i g n a l C t o BC1. 
To overcome the problems r e l a t e d t o ST1, s i x small switches were 
manufactured, i n s e r t e d i n the c i r c u i t , and programmed f o r f r o n t 
and r e a r t o o l p o s t o p e r a t i o n . Feed back pressure s i g n a l l o s s was 
prevented by connecting the s w i t c h outputs t o Nor gates, which 
s u p p l i e d the c o n t r o l s i g n a l s t o 1IV2 and MV3. A pulse s i g n a l 
from e i t h e r m u l t i v i b r a t o r , s e t t i n g the output of B l , but a l l o w 
i n g a s i g n a l from e i t h e r p o s i t i o n 3 or C t o s w i t c h i t s o u t p u t 
and reverse the c r o s s - s l i d e motion. 

I I I . The Feed S e l e c t i o n f l u i d i c c i r c u i t f u n c t i o n e d s a t i s f a c t o r i l y , 
b u t w i t h the i n t r o d u c t i o n of the Tape Programme U n i t s which 
have a h i g h e r output s i g n a l pressure than the Rotary Programme 
U n i t s ; Nor gates Nl t o N7 were n o t necessary. As only seven 
s e l e c t i o n s were r e q u i r e d f o r feeds, two f o r speeds, and one t o 
operate the c o l l e t , i t was decided t o u t i l i s e one Tape 
Programme U n i t . The r e v i s e d c i r c u i t and Programme U n i t 
connections are recorded i n F i g u r e 12-2. 

IV. The S e l e c t o r Switchboard f l u i d i c c i r c u i t , F i g u r e 13, which 
d e t e c t e d and a m p l i f i e d back pressure s i g n a l s from the Sensing 

• U n i t s was b a s i c a l l y o p e r a t i o n a l . M a l f u n c t i o n occurred due t o 
a feed back between the channels of the back pressure s i g n a l , 
and f o r e i g n matter r e s t r i c t i n g airways i n t h e Programme U n i t s . 
I n the r e v i s e d c i r c u i t diagram, now r e f e r r e d t o as the Tape 
S e l e c t i o n U n i t f l u i d i c diagram, F i g u r e 13-2, a Schmitt T r i g g e r 
has been i n c o r p o r a t e d f o r each channel. This arrangement 
allowed a b i a s s i g n a l pressure t o be s e l e c t e d f o r each channel 
c o n d i t i o n , and increased the d i f f e r e n t i a l pressure range t o 
prevent m a l f u n c t i o n because of surge i n m a n i f o l d pressure. 
The manufacture of a Tape Programme U n i t under improved 
manufacturing c o n d i t i o n s , would g i v e a more u n i f o r m channel 
o u t p u t pressure, e l i m i n a t e the problems encountered, and the 
o r i g i n a l c i r c u i t would be s a t i s f a c t o r y . By connecting t h e 
Schmitt T r i g g e r outputs t o two Nor gates, the channel f e e d 
back problem was removed; i f a s i x i n p u t device had been 
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a v a i l a b l e , only one Nor gate would have been i n t r o d u c e d i n t o 
the c i r c u i t . This arrangement of s i x Schmitt T r i g g e r s and two 
Nor gates, was i n c o r p o r a t e d i n a l l Tape Programme U n i t 
C i r c u i t s connected t o the 0.0625 and. 0.001 i n c h Sensing U n i t s , 
and p r o v i d e d s i g n a l s S, S I , S2 and S3. 

V. The Valve C o n t r o l F l u i d i c diagram, F i g u r e 15, was m o d i f i e d 
as shown i n Fi g u r e 15-2 and now i n c l u d e s two Back Pressure 
Switches i n place of the Back pressure r e s t r i c t o r s . The Back 
Pressure Switches improved the response and s t r e n g t h of s i g n a l 
CI and C2, which were weak because of the l e n g t h of s i g n a l p i p 
they also removed the need f o r the Schmitt T r i g g e r ST1. 

6,4.4. Completion of Assembly 

Each f l u i d i c c i r c u i t a f t e r assembly and t e s t i n g , had been 
s t o r e d u n t i l f i n a l assembly i n t o the C o n t r o l Cabinet, when connect
ions between the Logic, Address and Programming Systems were 
completed. When th e system was energised i t d i d not f u n c t i o n ; the 
v a r i o u s sub-assemblies which had operated s a t i s f a c t o r i l y when bench 
t e s t e d d i d not perform t h e i r t a s k . The i n i t i a l f a i l u r e was due t o 
the f o i l o w i n g : -

I . Dust had accumulated i n some mani f o l d s and pipes 
causing the f l u i d i c devices t o m a l f u n c t i o n . 

I I . The increase i n pressure t o devices c o n t r o l l i n g the 
diaphragm v a l v e s , overloaded the c a p a c i t y of c e r t a i n 
supply pipes and m a n i f o l d s . 

I I I . A i r f l o w t o the f l u i d i c c i r c u i t s was n o t balanced, 
the supply pressure v a r i e d due t o p i p e s i z e , l e n g t h 
and c i r c u i t requirements. As a r e s u l t , the outp u t 
from some devices was low and would not s w i t c h devices 
they c o n t r o l l e d . The performance of each f l u i d i c 
device was t e s t e d , each f a u l t y c o n t r o l s i g n a l t r a c e d , 
blocked devices removed, cleaned, r e f i t t e d and the 
c i r c u i t then r e - t e s t e d . The a i r supply t o the 
manifolds was re-arranged, a d d i t i o n a l or l a r g e bore 
p i p i n g was i n t r o d u c e d t o increase a i r f l o w , and 
i n d i v i d u a l c i r c u i t s u p p l i e s were balanced. At t h i s 
stage i t was r e a l i s e d t h a t a common supply m a n i f o l d 
does n o t guarantee a u n i f o r m c i r c u i t m a n i f o l d 
pressure. I f f l o w c o n t r o l r e g u l a t o r s had been 
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i n c l u d e d i n each f l u i d i c c i r c u i t supply, t u n i n g 
the v a r i o u s c i r c u i t s would have been r e l a t i v e l y 
easy. The .various m o d i f i c a t i o n s have been 
i n c o r p o r a t e d i n a r e v i s e d Schematic Arrangement 
of Pneumatic-Hydraulic F l u i d i c C i r c u i t s Diagram, 
Fi g u r e 18-2. The re-arrangement of f l u i d i c 
d e vices, Tape Programme U n i t s and s i m u l a t o r are 
i l l u s t r a t e d i n F i g u r e 62, 63, 64, 65 and 66. 
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CHAPTER V I I 

Conclusions 

I n c o n c l u d i n g t h i s t h e s i s , i t i s a p p r o p r i a t e t o make general 
observations i n the f o l l o w i n g areas:-

I Manufactured components. 
I I Programming. 
I I I H y d r a u l i c a p p l i c a t i o n of l i n e a r motion. 
IV Performance of the f l u i d l o g i c devices. 
V C o n s t r u c t i o n of the c i r c u i t s . 
V I A i r supply. 
V I I Performance of the c o n t r o l system. 
V I I I F a u l t f i n d i n g . 
IX Performance of f l u i d i c systems. 
X M o d i f i c a t i o n s t o improve performance. 
X I F u t u r e . a d d i t i o n s t o the c o n t r o l system. 
X I I Cost. 

7.1. Manufactured Components 

W i t h the exce p t i o n of the Programme U n i t s , no problems were 
encountered i n the manufacture or performance of such items as, 
Storage Tanks, Ma n i f o l d s and Sensing U n i t s . The performance of 
the Programme U n i t s was d i s a p p o i n t i n g and t h e v a r i a t i o n i n each 
channel o u t p u t , had a s e r i o u s e f f e c t on t h e systems' o v e r a l l 
performance. Approximately 40^ of t h e Programme Channels conformed 
t o the design s p e c i f i c a t i o n s , 40$ gave marginal performance and the 
remainder, were of l i t t l e use. The cause of .such a v a r i a b l e p er
formance c o u l d be a t t r i b u t e d t o the manufacturing techniques, or 
m a t e r i a l s used i n c o n v e r t i n g t h e ba s i c design i n t o a working u n i t . 

7.2. Programming 

The o p e r a t i o n a l performance of the Rotary Programme U n i t was 
a f a i l u r e because of s i g n a l leakage, and as f a c i l i t i e s were n o t 
a v a i l a b l e t o manufacture the suggested m o d i f i c a t i o n s , shown i n 
Fig u r e 58, the a l t e r n a t i v e Tape Programme U n i t was developed. 
Performance of these u n i t s v a r i e d c o n s i d e r a b l y , b u t they were 
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f u n c t i o n a l and i t was p o s s i b l e t o programme the system. Had such 
processes as p h o t o - e t c h i n g , h i g h frequency p l a s t i c w e l d i n g , 
moulding equipment, and a s u i t a b l e range of p l a s t i c and rubber 
compounds been a v a i l a b l e , a more u n i f o r m and improved performance 
would have been p o s s i b l e . 

Cursor l i n e s were used t o p o s i t i o n the Channel D i a l s and 
Endless Tape i n l i n e w i t h the sensing device h o l e s . When s e t t i n g 
a programme, i t was found t h a t a combination of manufacturing 
t o l e r a n c e s and the angle an operator observed the l i n e s , p e r m i t t e d 
a s l i g h t mis-alignment, which acted as a r e s t r i c t i o n and reduced 
s i g n a l s t r e n g t h . A programme read-out i n d i c a t o r p a n e l , u s i n g t h e 
n o n - f u n c t i o n a l f l u i d i c device output would be b e n i f i c i a l t o the 
opera t o r . 

7.3. H y d r a u l i c A m p l i f i c a t i o n of Li n e a r Motion 

The p r i n c i p l e of t r a n s f e r r i n g the exhaust f l u i d from a 3.0 
i n c h diameter c y l i n d e r , i n t o an 0.5 i n c h diameter c y l i n d e r t o 
a m p l i f y and c o n t r o l the l i n e a r movement of the l a r g e r c y l i n d e r , 
proved t o be e f f e c t i v e b u t was l i m i t e d by p i s t o n speed and v a l v e 
response time* The l i n e a r a m p l i f i c a t i o n , a pproximately t h i r t y two 
t o one, increased the small c y l i n d e r p i s t o n speed p r o - r a t a . A one 
i n c h per minute t u r r e t s l i d e feed moved the 0.5 i n c h diameter Slave 
C y l i n d e r p i s t o n a t a r a t e of t h i r t y two inches per minute. W i t h the 
e x i s t i n g sensing device o r i f i c e and probe bar dimensions of t h e 0.5 
i n c h diameter Slave C y l i n d e r Sensing U n i t , a back pressure s i g n a l 
would have a d u r a t i o n of twenty m i l l i s e c o n d s . The f l u i d i c device 
c h a r a c t e r i s t i c s would reduce t h i s t o a u s e f u l t e n - twelve m i l l i 
second pulse s i g n a l . Owing t o the response time of the v a l v e s 
changing the l a r g e c y l i n d e r programmed feed t o a slow creep f e e d , 
t e n t o f i f t e e n sensing devices of t h e 0.5 i n c h diameter c y l i n d e r 
Sensing U n i t , c o u l d be passed by the probe, before the creep feed 
was f u l l y o p e r a t i o n a l . Using these sensing devices i n a programme 
had a d e t r i m e n t a l e f f e c t on r e p e a t a b i l i t y . 

A t a sensing probe speed of t h i r t y two inches per minute, the 
response time of the v a l v e s " l o c k i n g " the c i r c u i t , p e r m i t t e d the 
probe t o over-run the programmed sensing device. When the probe 
r e t u r n e d , a second "stop" s i g n a l was issued t o the Logic c i r c u i t . 
A slower creep feed and wider probe bar was f i n a l l y used i n the 
r e p e a t a b i l i t y t e s t s . The use of a b l o c k probe, and o p e r a t i n g t h e 
creep feed s l i g h t l y b e f o r e s w i t c h i n g t h e f l u i d t o the small slave 
c y l i n d e r , would p e r m i t f a s t e r creep feeds t o be used. 
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7.4. Performance of the f l u i d l o g i c devices 

The performance of the devices was q u i t e c o n s i s t a n t and any 
v a r i a b i l i t y could be t r a c e d t o e i t h e r a f a u l t y c o n n e c t i o n , or 
f o r e i g n matter i n the device airways. M a l f u n c t i o n of some devices 
d i d occur a f t e r an hour or so I n o p e r a t i o n , but when cleaned they 
f u n c t i o n e d s a t i s f a c t o r i l y , w i t h o u t g i v i n g f u r t h e r t r o u b l e . I t i s 
adviseable t c c l e a n w i t h a i r , a l l pipes and m a n i f o l d s p r i o r t o 
connecting up t o the devices. 

7.5. C o n s t r u c t i o n of the C i r c u i t s 

The experimental n a t u r e of t h i s p r o j e c t d i c t a t e d the method 
of connecting the outputs and c o n t r o l p i p i n g of the modules i n the 
f l u i d i c c i r c u i t s . The modules were arranged i n one plane t o 
f a c i l i t a t e connections, and the l e n g t h of some connecting p i p e s , 
e s p e c i a l l y from m u l t i v i b r a t o r s , a f f e c t e d performance. The number 
of pipes and the compactness of the module l a y o u t d i d n o t f a c i l i t a t 
e i t h e r the assembly or t e s t i n g . I t was r e l a t i v e l y easy t o d i s l o d g e 
an output s i g n a l p i p e or b l a n k i n g - o f f p l u g from a t r i p l e o utput 
adapter. 

The m a j o r i t y of r e s t r i c t o r s used t o £ive a timed delay, were 
a simple device which compressed the small bore p i p i n g . The a d j u s t 
ment proved t o be coarse and r e q u i r e d c a r e f u l s e t t i n g , where 
p o s s i b l e , they were r e p l a c e d by a s u i t a b l e f i x e d r e s t r i c t o r . 

I n s u f f i c i e n t a t t e n t i o n had been gi v e n t o the r e s i s t a n c e of 
some of the h y d r a u l i c c i r c u i t s , e s p e c i a l l y those c o n t a i n i n g s e v e r a l 
v a l v e s . This increase i n r e s i s t a n c e reduced the speed of the 
c y l i n d e r p i s t o n s , e s p e c i a l l y the quick t r a v e r s e motion of the 
t u r r e t s l i d e power c y l i n d e r . 

7.6. A i r Supply 

The q u a l i t y of the a i r used was s i m i l a r t o t h a t a v a i l a b l e i n 
any i n d u s t r i a l o r g a n i s a t i o n , w i t h f i l t e r s f i t t e d t o remove r i n g 
main pipe o x i d i s a t i o n . On one occasion when bench t e s t i n g a 
f l u i d i c c i r c u i t , the supply was a c c i d e n t l y connected t o an a i r 
l i n e f i t t e d w i t h o i l m i s t l u b r i c a t i o n . Most of "the o i l passed 
through the devices or out of the vents and bad no immediate 
e f f e c t on the simple devices, but the performance of the m u l t i 
v i b r a t o r s and counters r a p i d l y d e t e r i o r a t e d . E v e n t u a l l y dust 
adhered t o the o i l coated v e n t s , which a f f e c t e d the performance 
of a l l the devices and i t was necessary t o wash them i n a s o l v e n t . 



A f l u c t u a t i o n i n the a i r supply pressure, due t o the pressure 
r e g u l a t i n g v a l v e d i f f e r e n t i a l , had a s e r i o u s e f f e c t on the p e r f o r m 
ance of the Schmitt T r i g g e r s . A v a r i a t i o n i n the s w i t c h i n g and b i a s 
c o n t r o l s i g n a l pressures a l t e r e d the d i f f e r e n t i a l of the device and 
the s w i t c h i n g c h a r a c t e r i s t i c s were changed. This change was 
p a r t i c u l a r l y n o t i c e a b l e on the Schmitt T r i g g e r s connected t o t h e 
Tape Programme and Slave C y l i n d e r Sensing U n i t s . A f t e r s e t t i n g the 
l i i a s c o n t r o l - s i g n a l pressures w i t h r e s t r i c t o r s , a v a r i a t i o n i n the 
supply pressure would e i t h e r s w i t c h , or prevent the device from 
s w i t c h i n g . Back Pressure Switches, a l e s s s e n s i t i v e d e v i c e , were 
not a f f e c t e d by a v a r i a t i o n i n supply pressure, as t h e i r b i a s c o n t r o l 
i s an i n t e r n a l connection from the device i n p u t . The Tape Programme 
Schmitt T r i g g e r s , which were n o t now r e l i a b l e because of the supply 
pressure v a r i a t i o n , were r e p l a c e d by Back Pressure Switches. Where 
the Tape Programme channel had a good a i r s e a l , t h e i r s w i t c h i n g 
c h a r a c t e r i s t i c s were e x c e l l e n t , but on channels where leakage 
occurred, they would not s w i t c h . 

A v a r i a t i o n i n the a i r supply pressure can s e r i o u s l y a f f e c t 
the r e l i a b i l i t y of a f l u i d i c c i r c u i t , e s p e c i a l l y when Schmitt 
T r i g g e r s are i n c o r p o r a t e d , and i t i s how-considered e s s e n t i a l t o 
f i t a p r e c i s i o n pressure r e g u l a t o r i n t o the i n p u t supply. 

7.7. Performance of the C o n t r o l System 

The o v e r a l l performance of the c o n t r o l system was not good and 
coul d n o t be considered o p e r a t i o n a l f o r the reasons which have been 
s t a t e d . I t d i d c o n f i r m t h a t f l u i d i c sensing devices and h y d r a u l i c 
a m p l i f i c a t i o n could c o n t r o l l i n e a r motion w i t h i n acceptable l i m i t s , 
f o r s i n g l e p o i n t t o o l e d machines. The method of programming sens
i n g devices and the sequence of events, proved t o be a r e l a t i v e l y 
simple t a s k when compared x?ith plugboard and punched card systems. 

7.8. F a u l t F i n d i n g 

The l o c a t i o n of a m a l f u n c t i o n i n a f l u i d i c c i r c u i t c o u l d be 
l a b o r i o u s and t e d i o u s , as a l l c o n t r o l and output pipes had t o be 
dis-connected. I t was n o t o n l y necessary t o t e s t f o r a b l o c k i n p u t 
or output passage i n a device, i u t i n many inst a n c e s i t was 
necessary t o measure the s i g n a l magnitude as c i r c u i t s o p e r a t i n g a t 
v a r i o u s pressures were i n t e r - c o n n e c t e d . F l u i d i c devices Require a 
constant sourse of energy, and when an output i s not used i t i s 
vented t o the atmosphere. Using t h i s f e a t u r e t o g i v e an i n v e r t e d 
read-out s i g n a l , the vented outputs were connected t o a panel of 
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i n d i c a t o r s , and the l o g i c of a c i r c u i t of a c i r c u i t checked a g a i n s t 
the t r u t h t a b l e . This technique c o u l d be extended t o p r o v i d e an 
i n c o r p o r a t e d f a u l t f i n d i n g p a nel. 

7.9. Performance of F l u i d i c Systems 

The use of f l u i d i c devices has i n g e n e r a l , been supplementary 
t o f i x e d event pneumatic c i r c u i t s . The number of devices u t i l i s e d 
i n such cases was r e l a t i v e l y small and they were housed i n one side 
of a double si d e d c a b i n e t , the other side c o n t a i n i n g standard 
pneumatic equipment, such as f i l t e r s and pressure r e g u l a t o r s e t c . 
F l u i d i c s have proved t o be extremely r e l i a b l e i n performance even 
when o p e r a t i n g i n humid, n o i s y or dusty environments. However, 
t h e r e aire s e v e r a l d i s c o n c e r t i n g f e a t u r e s , f o r example: when a c i r c u i t 
i s energised t h e r e i s no guarantee t h a t i t w i l l . a l w a y s g i v e a p r e 
determined p a t t e r n of device outputs so i t would be a d v i s a b l e t o 
i n c o r p o r a t e a r e s e t - s t a r t c o n t r o l . Another i s the c o n s t a n t h i s s 
of v e n t i n g a i r , which can become i r r i t a t i n g i f the system operates 
i n a q u i e t environment. The more s o p h i s t i c a t e d loop tape f l u i d i c 
systems, now commercially, a v a i l a b l e , s u c c e s s f u l l y c o n t r o l a complex 
s e r i e s of events, and p e r m i t a degree of f l e x i b i l i t y i n s p e c i a l 
purpose machine t o o l o p e r a t i o n . 

7.10. M o d i f i c a t i o n t o improve Performance 

The m o d i f i c a t i o n s t o t h i s c o n t r o l system, which are necessary 
t o make i t f u l l y o p e r a t i o n a l , more e f f i c i e n t and r e l i a b l e , have i n 
some cases been discussed i n p r e v i o u s c h a p t e r s . They a r e : -

I P r e c i s i o n pressure r e g u l a t i n g valves t o remove any 
a i r supply f l u c t u a t i o n causing u n a c t i v a t e d s w i t c h 
i n g of some f l u i d i c devices. 

I I The increase of the diameter of some h y d r a u l i c 
p i p i n g t o increase c y l i n d e r p i s t o n speed on the 
non-working t r a v e r s e s . 

I I I Pneumatic-hydraulic v a l v e s , which w i l l operate 
w i t h lower diaphragm pressures t o reduce the 
q u a n t i t y of a i r r e q u i r e d by the f l u i d i c devices. 

IV The improvement of the Tape Programme seals. 
V The a l t e r a t i o n of the 0.0625 i n c h d i s t a n c e 

Programme U n i t and the Logic c i r c u i t t o i ssue 
a. p r e - s t o p s i g n a l , which w i l l s t a r t the creep feed. 

V I A b l o c k probe on the 0.001 i n c h d i s t a n c e Sensing U n i t 
t o p revent a double s i g n a l i n the event of an over-run. 
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V I I A f l u i d i c i n t e r l o c k between the t u r r e t p o s i t i o n and 
the programmed channel 

The above m o d i f i c a t i o n s r e q u i r e no major a l t e r a t i o n t o the 
e x i s t i n g c o n s t r u c t i o n p r o v i d i n g the v a l v e s are of a s i m i l a r s i z e . 
To make the system commercially acceptable, i t should be r e 
designed t o i n c o r p o r a t e the f o l l o w i n g " a d d i t i o n s " and u t i l i s e 
b atch q u a n t i t y manufacturing techniques. 

7..11. Future A d d i t i o n s t o the C o n t r o l System 

The C o n t r o l System which has been c o n s t r u c t e d , when f u l l y 
o p e r a t i o n a l w i l l serve the basic requirements of a capstan or 
t u r r e t l a t h e . I t s o p e r a t i o n a l e f f e c t i v e n e s s i s l i m i t e d , but 
extensions are p o s s i b l e by i n c o r p o r a t i n g the f o l l o w i n g o p e r a t i o n s . 

7..11.1. Coolant Supply 

A common p r a c t i c e on automatic l a t h e s i s t o enclose the t o o l s 
i n a t r a n s p a r e n t splash guard, and t o p r o v i d e a heavy continuous 
supply of c o o l a n t or l u b r i c a n t t o the c u t t i n g t o o l s . This arrange
ment i s not s u i t a b l e f o r t u r r e t l a t h e s owing t o the use of b o r i n g 
bars and t o o l i n g arrangement. I t i s advantageous i n many inst a n c e s 
t o have an i n d i v i d u a l c o o l a n t supply t o the t u r r e t t o o l s and 
another t o the c r o s s - s l i d e t o o l s . 

The i n c l u s i o n of a r o t a r y s w i t c h , s i m i l a r t o those used t o 
c o n t r o l f r o n t and r e a r c r o s s - s l i d e t o o l p o r t o p e r a t i o n s , c o u l d be 
used t o c o n t r o l the q u a n t i t y of c o o l a n t . The s t a r t and stop s i g n a l s 
from the Logic System being used t o c o n t r o l the Coolant Supply 
v a l v e s . 

7.11.2. "Woodpecker" T u r r e t S l i d e Feed 

When d r i l l i n g holes t h e r e i s a tendancy f o r the d r i l l f l u t e s 
t o become loaded w i t h swarf, which may cause d r i l l breakage.1? as i t 
i s d i f f i c u l t t o f l u s h away w i t h c o o l a n t . iVhen the hole i s deep and 
the c h i p continuous, the length, can be a. s a f e t y hazard t o personnel 
and f o u l machine and t o o l s , A pause i n the feed a c t i o n , p a r t i a l or 
f u l l w i t h d r a w a l of the d r i l l g i v i n g i t a "Woodpecker" a c t i o n , breaks 
the swarf i n t o manageable l e n g t h s and cleans the d r i l l f l u t e s . 

Space i s a v a i l a b l e on the Feed Programme U n i t t o i n c o r p o r a t e 
t h i s o p e r a t i o n , but the continuous output s i g n a l would have t o be 
converted, w i t h a m u l t i v i b r a t o r , i n t o a pulse o u t p u t . This s i g n a l 
would set a b i s t a b l e device and c o n t r o l the o u t p u t of an i n h i b i t e d 

.—OS gate which reverses the t u r r e t power c y l i n d e r motion. A timed 



- 12 0 » 

delay feed back s i g n a l from each out p u t of the b i s t a b l e device, 
would s w i t c h the r e v e r s i n g s i g n a l on and o f f , changing t h e d i r e c t i o n 
of the s l i d e movement. The "woodpecker 1 1 a c t i o n would continue u n t i l 
the stop s i g n a l S2, the i n h i b i t i n g c o n t r o l of the i n h i b i t e d OR gate, 
o v e r - r i d e s the timed delay s i g n a l s and p e r m i t s the t u r r e t s l i d e t o 
r e t u r n and index. 

7.11.3. Tapping Operation 

When t a p p i n g h o l e s , the d i r e c t i o n of the s p i n d l e r o t a t i o n must 
be reversed on re a c h i n g the d e s i r e d t h r e a d depth t o unscrew the tap 
as the s l i d e reverses. F a c i l i t i e s t o programme t h i s o p e r a t i o n can 
be i n c o r p o r a t e d i n the Feed Programme U n i t . The stop s i g n a l S2, 
which on the prese n t system o n l y stops s p i n d l e r o t a t i o n t o e l i m i n a t e 
s p i r a l t o o l marks on the component, would s w i t c h a b i s t a b l e device 
t o a c t i v a t e the reverse speed f l u i d i c c i r c u i t . C o n t r o l l e d l e n g t h 
s i g n a l C2 connected t o the other b i s t a b l e c o n t r o l , would s w i t c h 
the o u t p u t and stop t h e reverse s p i n d l e r o t a t i o n . 

7.11.4. C r o s s - s l i d e F r o n t Toolpost I n d e x i n g 

There are occasions when i t i s convenient t o perform s e v e r a l 
o p e r a t i o n s w i t h the c r o s s - s l i d e f r o n t t o o l p o s t , and i t may be 
expedient t o index the t o o l p o s t i n s t e a d of u s i n g compound t o o l s . 
To do t h i s i t w i l l be necessary t o f i t an i n d e x i n g c y l i n d e r t o the 
t o o l p o s t and modify the small c r o s s - s l i d e r o t a r y switches. Three 
output s i g n a l p o s i t i o n s are now r e q u i r e d on t h i s s w i t c h , one f o r 
the r e a r t o o l p o s t o p e r a t i o n , one f o r the f r o n t t o o l p o s t , and the 
t h i r d f o r i n d e x i n g and f r o n t t o o l p o s t o p e r a t i o n . 

7.11.5. I n t e r l o c k i n g Complimentary Systems 

P r o v i s i o n must be made i n the l o g i c c i r c u i t s t o i n t e r l o c k 
t h i s c o n t r o l system w i t h such processes as automatic l o a d i n g , 
unloading and gauging. This can be accomplished w i t h the use of 
And gates and Back Pressure sensing devices. 

7.12. Cost 

The cost of the items purchased or on loan from v a r i o u s 
s u p p l i e r s amounts t o approximately £600; 75$ of t h i s f i g u r e c o u l d 
be a l l o c a t e d t o f l u i d i c devices. D i s c o u n t i n g a l l experimental 
t i m e , the estimated c o s t of the manufactured u n i t s and assembly i s 
£650, g i v i n g a t o t a l of £1,250 f o r a one-off experimental c o n t r o l 
system. Assuming a reasonable number of l i n e a r c o n t r o l systems 
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c o u l d be produced, and were r e - d e s i g n e d to s u i t e x i s t i n g manu
f a c t u r i n g t e c h n i q u e s , such as etched c i r c u i t s w i t h i n t e g r a t e d l o g i c 
d e v i c e s , moulded programme u n i t s e t c . ; the c o s t would he i n the 
r e g i o n of £650 e a c h , p l u s a t o o l i n g and s a l e s charge. The i n c l u s i o n 
of such e x t r a s as a programme read-out, f a u l t f i n d i n g p a n e l , c o o l 
ant s u p p l y c o n t r o l e t c . , would i n c r e a s e the c o s t to about £850 — 
£950, a p p r o x i m a t e l y 50$ of the c o s t of an e x i s t i n g sequence c o n t r o l 
system. 

The r u n n i n g c o s t of a f l u i d i c system i s c o n t r o l l e d by the a i r 
consumption of the f l u i d i c c i r c u i t s and power c y l i n d e r s ; the l a t t e r 
b e i n g a v a r i a b l e and dependant upon the component. There i s no 
doubt t h a t the r u n n i n g c o s t i s h i g h , when compared w i t h an e l e c t r o n i c 
system. Three c u b i c f e e t per minute a t f i f t e e n pounds per square 
i n c h , and f i f t e e n c u b i c f e e t per minute a t t e n pounds per square 
i n c h of a i r , was r e q u i r e d to operate the e x p e r i m e n t a l systems' 
s e n s i n g and l o g i c c i r c u i t s . These f i g u r e s a r e h i g h because of t h e 
v a l v e o p e r a t i n g p r e s s u r e s , which i f reduced would make a c o n s i d e r 
a b l e s a v i n g i n a i r consumption. 
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APE3SDIX I A . I . I . 

F l u i d i c Terminology 

A m p l i f i e r : - A device, or system which p r o v i d e s an output t h a t i s 
d i f f e r e n t i n magnitude from the c o n t r o l i n p u t . A 
v a r i e t y of t e c h n i q u e s to perform the a m p l i f i c a t i o n 
f u n c t i o n have been developed i n the f l u i d i c f i e l d . 

Analogue:- P r e s e n t a t i o n of a v a r i a b l e by p h y s i c a l q u a n t i t y i n 
a d e f i n e d r e l a t i o n s h i p s f o r example, a d i a l 
i n d i c a t i o n of p r e s s u r e . 

And Gate:.- A l o g i c element or c i r c u i t i n which a number of 
i n p u t s i g n a l s must be p r e s e n t b e f o r e t r a n s m i s s i o n 
o c c u r s . I n pneumatic l o g i c , a two-input And i s 
used; both must be e n e r g i s e d to cause s w i t c h i n g . 

Back P r e s s u r e : A secondary output s i g n a l ; a p roduct of p a r t i a l 
or f u l l impedance of c i r c u i t flow. 

B i s t a b l e : - Elements which have two output p o s s i b i l i t i e s , and 
which w i l l h o l d a g i v e n c o n d i t i o n u n t i l s w i t c h e d , 
are c l a s s i f i e d as b i s t a b l e d e v i c e s . 

B i a s : - Asymmetry i n a d e v i c e or c i r c u i t . T h i s may be 
a c c i d e n t a l as i n p r o d u c t i o n t o l e r a n c i n g , or 
p u r p o s e f u l , as i n the c a s e of c o n t r o l p o r t b i a s 
used to modify s e n s e t i v i t y or o t h e r f e a t u r e s . 

C a p a c i t a n c e : A s t o r a g e d e v i c e ; i n the c a s e of f l u i d d e v i c e s , 
i t accumulates f l u i d by v i r t u e of i t s volume and 
p r e s s u r e head a v a i l a b l e . 

C i r c u i t : - An a r r a y of elements i n t e r - c o n n e c t e d to perform 
f u n c t i o n s beyond the range of s i n g l e element 
c a p a b i l i t y . 

C o n t r o l : - A s i g n a l r e c e i v e d a t system input;, used as 
i n t e l l i g e n c e to produce a m o d i f i c a t i o n i n output. 

D i g i t a l : - G e n e r a l c l a s s of elements or c i r c u i t s which have 
"on-off" c h a r a c t e r i s t i c s . 
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P a n - i n : 

F a n-out:-

Flow:-

Diode;- Element w h i c h has h i g h r e s i s t a n c e to f l e w i n one 
d i r e c t i o n , low r e s i s t a n c e to flo w i n the op p o s i t e 
d i r e c t i o n . 

Number of u n i t s which may be i n p u t - connected to a 
s i n g l e s i m i l a r u n i t . 

Number of u n i t s w hich may be operated i n p a r a l l e l from 
a s i n g l e s i m i l a r element. " S i m i l a r " i n t h i s c a s e 
r e f e r s to the o p e r a t i n g parameters such as impedance 
and does not mean i d e n t i c a l f u n c t i o n d e v i c e s . 

Q u a n t i t y p a s s i n g a p o i n t per u n i t time. I n pneumatics, 
t h i s i s commonly r e p r e s e n t e d by C.F.M or Cubic f e e t per 
rain. 

Any n o n - s o l i d media. 

A b i s t a b l e sub-system which w i l l a l t e r n a t e from one 
output to another upon r e c e i p t of c o r r e c t l y phased 
i n p u t s i g n a l s . 

R a t i o of output change to c o n t r o l change. 

A d e v i c e or c i r c u i t which a l l o w s the passage of a s i g n a l 
o n l y i f c e r t a i n c o n t r o l r e q u i r e m e n t s have been s a t i s f i e d . 

The d i s p a r i t y between forward and r e v e r s e f u n c t i o n t r a c e s . 

T o t a l o p p o s i t i o n t o c i r c u i t f l o w , r e p r e s e n t e d by 
r e s i s t a n c e , c a p a c i t a n c e , and i n d u c t a n c e combined t o a 
r e s u l t a n t . 

I n d u c t a n c e : - I n e r t i a l r e s i s t a n c e to flo w change as a p p l i e d to f l u i d i c . 
c i r c u i t s . G e n e r a l l y of second or l e s s order e f f e c t i v e n e s s . 

Monostable:- A System h a v i n g an "At r e s t " b i a s which c a u s e s one output 
c o n d i t i o n c o n s i s t e n t l y , u n t i l a p p r o p r i a t e i n p u t s i g n a l i n g 
i s performed. 

F l u i d ; -

F l i p - F l o t : -

G a i n : -

Gate:-

H y s t e r i s i s : 

Impedance ;-

Or-Nor gate: 

Power 

P r e s s u r e : -

T h i s c l a s s r e p r e s e n t s a scheme which w i l l p r o v i d e output 
s w i t c h i n g upon r e c e p t i o n i n s i m p l e s t form, of any or a l l 
of a number of i n p u t s . 

A d e v i c e which c a u s e s a change i n output power f o l l o w i n g 
a change, of s u f f i c i e n t magnitude, i n c o n t r o l power. 

A d e v i c e which c a u s e s a change i n output p r e s s u r e 
f o l l o w i n g a change, of s u f f i c i e n t magnitude, i n c o n t r o l 
p r e s s u r e . 
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P r o p o r t i o n a l : - A u n i t w hich m a i n t a i n s a r e g u l a t e d r e l a t i o n s h i p from 
c o n t r o l p r e s s u r e r e s u l t s i n an analogous i n c r e a s e i n 
output p r e s s u r e f o r the ca s e of a p r e s s u r e - a m p l i f y 
i n g p r o p o r t i o n e r . 

R e c o v e r y : -

I l e s i s t a n c e : -

Eesponee:-

S e n s o r : -

S u p p l y : -

T r a n s d u c e r : 

T u r b u l e n c e 

V a l u e : -

V o r t e x : -

W a l l 
Attachment:-

I n f l u i d i c d e v i c e s , a g e n e r a l l y p e r c e n t i l e r e p r e s e n t 
a t i o n of output c a p t u r e as r e l a t e d to supply. T h i s 
might be such as output p r e s s u r e v e r s u s i n p u t p r e s s u r e . 

Host o f t e n the. p r i m a r y c o n t r i b u t o r to flo w o p p o s i t i o n . 
C h a r a c t e r i s t i c a l l y , a r e s i s t o r produces a p r e s s u r e drop 
which may be e x p r e s s e d as a f u n c t i o n of flow. A l l 
d e v i c e s which do not i n s e r t energy i n t o a system 
produces r e s i s t a n c e to flow. 

R e l a t i o n s h i p between output and i n p u t a f t e r s system 
d i s t u r b a n c e , as d i r e c t e d to phase and or time parameters. 

I n f o r m a t i o n p i c k up d e v i c e . 

Power s o u r c e . 

D e v i c e w hich c o n v e r t s s i g n a l s r e c e i v e d i n one media i n t o 
output i n some other media; e.g. the d i a l p r e s s u r e 
i n d i c a t o r c o n v e r t s f l u i d p r e s s u r e i n t o m e c h a n i c a l 
d i s p l a c e m e n t . 

D i g i t a l element u s i n g l a m i n e r - t o - t u r b u l e n t f l o w 
t r a n s i t i o n to c r e a t e the c o n t r o l e f f e c t . 

A d e v i c e or system which has the c a p a b i l i t y of flo w 
d i v e r s i o n , c u t - o f f , or modulation. 

A m p l i f i e r s u s i n g momentum - i n t e r a c t i o n to produce 
stream r o t a t i o n and consequent output m o d i f i c a t i o n , 

A f a m i l y of elements which make use of flo w c r e a t e d 
low p r e s s u r e r e g i o n s , c a u s i n g f l u i d t o adhere t o an 
a m p l i f i e r w a l l i n a c o n t r o l manner. 
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APPENDIX I I A.2.1. 

Pneumatic and H y d r a u l i c Equipment 

F i v e P o r t - Diaphraga A c t u a t e d v a l v e : 

T h i s diaphragm a c t i v a t e d s p r i n g r e s e t v a l v e i s de s i g n e d to 
operate from a s i g n a l p r e s s u r e of two pounds per square i n c h . A 
micro v a l v e operated by the diaphragm, a l l o w s a i r p r e s s u r e on the 
p i s t o n of the main spool moving i t through the- s e a l s , and a l l o w 
i n g a i r to p a s s from the i n l e t p o r t to one s i d e of the c y l i n d e r ; 
s i m u l t a n e o u s l y e x h a u s t i n g ' t h e o p p o s i t e s i d e to atmosphere. The 
body i s c o n s t r u c t e d from duralumin and p l a s t i c , w i t h n i t r i l e s e a l s , 
s t a i n l e s s s t e e l s p o o l and s p r i n g . Performance c h a r a c t e r i s t i c s a r e 
shown on A.2.4; the v a l v e being s u i t a b l e f o r sup p l y p r e s s u r e s 
r a n g i n g from 35 - 150 p . s . i . g . and diaphragm s i g n a l p r e s s u r e s from 
2 - 150 p . s . i . g . 

Three p o r t - Micro Diaphragm A c t u a t e d V a l v e : 

T h i s diaphragm a c t u a t e d s p r i n g r e s e t v a l v e , i s de s i g n e d t o 
operate from a s i g n a l p r e s s u r e of two pounds per square i n c h , 
which move a poppet v a l v e to connect the i n l e t and o u t l e t p o r t s . 
T«7hen the s i g n a l i s removed, the s p r i n g r e t u r n s the poppet v a l v e 
to r e s t p o s i t i o n . Components of the v a l v e a r e manufactured i n 
s i m i l a r m a t e r i a l s to the f i v e p o r t v a l v e ; performance c h a r a c t e r 
i s t i c s a r e shown on A.2.4. 

Three p o r t - Micro Toggle V a l v e : 

The v a l v e i s c o n s t r u c t e d i n a s i m i l a r manner to-the. above; 
i n p l a c e of the diaphragm, a l e v e r i s used t o move the poppet 
v a l v e and h o l d i t i n an open p o s i t i o n . 

Three p o r t - Micro Rush 3 u t t o n V a l v e : 

The v a l v e , c o n s t r u c t i o n i s s i m i l a r to the above;, the l e v e r 
i s r e p l a c e d by a push b u t t o n which moved the poppet v a l v e to 
connect the i n l e t and o u t l e t p o r t s . When the push b u t t o n 
p r e s s u r e i s removed, a s p r i n g r e t u r n s the poppet to the " r e s t " 
p o s i t i o n . 
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Flow C o n t r o l R e g u l a t i n g V a l v e : 

T h i s v a l v e i s u n i - d i r e c t i o n a l " ; i t r e s t r i c t s the f l o w i n one 
d i r e c t i o n and a l l o w s f r e e f l o w i n the o t h e r . T h i s c h a r a c t e r i s t i c 
i s produced by the a d j u s t a b l e n e e d l e r e s t r i c t o r and n o n - r e t u r n 

i 

v a l v e i n c o r p o r a t e d i n the v a l v e body. When f l u i d i s f l o w i n g i n 
the " c o n t r o l l e d " d i r e c t i o n , i t must p a s s through the n e e d l e r e s t r i c t o r 
as the n o n - r e t u r n v a l v e i s c l o s e d . F l u i d f l o w i n the o p p o s i t e 
d i r e c t i o n opens t h i s v a l v e , and the r e s t r i c t o r i s by-passed t o g i v e 
a f r e e f l o w c o n d i t i o n . 
C i r c u i t and Component Symbols 

An abridged l i s t of C.E.T.G.P. c i r c u i t symbols, used i n the 
p n e u m a t i c - h y d r a u l i c c i r c u i t s a r e i l l u s t r a t e d on A.2.3. These 
symbols a r e p i c t o r i a l r e p r e s e n t a t i o n s of the v a r i o u s units;, i n the 
c a s e of v a l v e s , the f i r s t frame i s the a c t i v a t e d c o n d i t i o n , and 
the second frame i l l u s t r a t e s the v a l v e a t r e s t . 

S i n c e c o m p i l i n g t h e l i s t , a r e v i s e d 3 r i t i s h S t a n d a r d has 
been i s s u e d which now r e p l a c e s C.T.T.Q.P. c i r c u i t symbols. 
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