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IBSTRAOT.

A u to m a tic  V alves: f o r  Gas C om preaaors.

The p ijrp ose  o f  th e  i n r e s t i g a t i o a  was to  s tu d y  th e  p erfo rm a n ce  

o f  th e  a u to m a tic  v a lv e  o f  th e  r e e d  ty p e  i n  common u s e  f o r  p o r t in g  

s m a ll  h ig h  sp e e d  r e c ip r o c a t i n g  g a s  co m p resso rs^  The e f f e c t  o f  

v a lv e  b eh a v io u r  on v o lu m e tr ic  e f f i c i e n c y  w as th e  prim e con cern ^

The t h e o r e t i c a l  ap proach  was s im i la r  t o  t h a t  o f  O o s t a g l io la ,  

b u t s i m p l i f i c a t i o n  o f  th e  e q u a t io n s  re d u ce d  th e  work o f  a n a ly s i s  

and a v o id e d  g r a p h ic a l  s o lu t io n s #  H ow ever, t h e  a n a ly s i s  o f  

O o s t a g l io la  assum ed t h a t  t h e r e  w as no v a lv e  f l u t t e r #  I t  i s  now 

show n, b o th  t h e o r e t i c a l l y  and e x p e r im e n ta l ly  t h a t  t h i s  may b e  

p r e s e n t#

New e x p e r im e n ta l tachniqu® ®  w ere d e v e lo p e d  in c lu d in g  a  

p o r t a b le  r e c o r d e r  w h ich  in d ic a t e d  tii® v e r y  l i g h t  v a lv e  w ith o u t  

a tta c h m e n ts  t o  i t ,  and m easured  th e  p r e s s u r e  drop a c r o s s  th e  

v a lv e  d u r in g  o p era tio n # . The l o s s  o f  v o lu m e tr ic  e f f i c i e n c y  due 

t o  s u c t io n  v a lv e  t h r o t t l i n g  w as com puted .

The e f f e c t  on a c t u a l  v o lu m e tr ic  e f f i c i e n c y  o f  th e  v a lv e  

v a r i a b l e s ,  s p r in g  s t i f f n e s s ,  v a lv e  w e ig h t  and p e r m it te d  v a lv e  

l i f t  w ere exam ined  e x p e r im e n ta l ly ,  t o g e t h e r  w ith  th e  co m p resso r  

v a r i a b l e s ,  p r e s s u r e  r a t i o  and s p e e d , yàien  pum ping (a )  a i r  and

(b ) F reon  12#

O b se r v a tio n s  w ere made i n  c o n n e c t io n  w ith  v a lv e  f a i l u r e ,  

and a l s o  on t h e  r e l a t i v e  p erform an ce  o f  a p o r te d  co m p resso r  o f  

th e  same d im en sio n s*



A u tom atie  V a lv e s  f o r  W ater Pum ps. ■

Much in fo r m a t io n  i s  a v a i la b le  on a u to m a tic  v a lv e s  f o r  

w a te r  pumps, b u t th e r e  h a s  b een  no stu d y  o f  a  s m a l l  pump#

L i t t l e  i n t e r e s t  h a s  b een  shown i n  th e  s u b j e c t  d u r in g  th e  l a s t  

25 y e a r s ,  and t h e  o ld e r  t e c h n iq u e s  t o  s tu d y  th e  v a lv e s  i n  la r g e  

lo w  sp eed  pumps w ere n o t s u i t a b l e  f o r  th e  s p e e d s  now i n  common 

u se#

An in d u c t iv e  p ic k -u p  u n i t  was d e v e lo p e d  w h ich  g a v e  

s im u lta n e o u s  r e c o r d s  o f  th e  movement o f  b o th  v a lv e s  under  

c o m b in a tio n s  o f  pump and v a lv e  v a r ia b le s #  I t  may be  

a n a l y t i c a l l y  d ed u ced  t h a t  th e  v a lv e  movement i s  a d is p la c e d  s in e  

wave and i t  w as foun d  t h a t  th e  t r a v e l  n o r m a lly  ap p rox im ated  t o  

t h i s .  H ow ever, f o r  a  number o f  r e a s o n s ,  v e r y  abnorm al v a lv e  

t r a v e l  o c c a s io n a l ly  o ccu rred #

G ra p h ica l r e c o r d s  o f  120 t e s t s  show th e  e f f e c t  o f  v a lv e  

s h a p e , v a lv e  m a ss , v a lv e  s p r in g  s t i f f n e s s ,  and d i s s i m i l a r  

p a ir in g  o f  v a lv e s  on maximum v a lv e  l i f t ,  v a lv e  c o e f f i c i e n t  o f  

d is c h a r g e  and pump p erform an ce#  The maximum v a lv e  l i f t s  

o b ta in e d  from  th e  fo rm u la  due to  K rauss e x c e e d e d  t h o s e  a c t u a l l y  

o b ta in e d  by a lm o st  100^# The c u r v e s  f o r  t h e  v a lv e  d is c h a r g e  

c o ë f f i o i e n t  w ere s i m i l a r  t o  th o s e  o f  K ra u ss i n  form  but 

r e v e a le d  a  s i s e  e f f e c t  n o t  p r e v io u s ly  observed#. O b s e r v a t io n s  

on v a lv e  n o i s e  s u b s t a n t ia t e d  th e  l a t e r  v a lu e s  o f  th e  n o i s e  l i m i t  

p u b lis h e d  by B erg* D is s im i la r  p a ir in g  o f  v a l v e s  and s p r in g s  

show ed t h a t ,  on o c c a s io n ,  im provem ent i n  pump p erfo rm a n ce  c o u ld  

be o b ta in ed #



.   ̂ NOICBNGLATUHIS: -  GAS' aOlVIPEESSOHH.

Sym bol.
A a r e a  o f  f lo w  i n  p a r t ly  open v a lv e #

Aq a r e a  o f  f lo w  i n  f u l l y  open v a lv e #

Ap a r e a  o f  p i s t o n ,

a  a r e a  o f  v a lv e  fa c e #

0 a o c o u s t ic  v e l o c i t y  or e l e c t r i c a l  c a p a c ity #

Oyx p r e s s u r e  d ra g  c o e f f i c i e n t  — d rag  f o r c e
p r e s s u r e  head

c^ c o e f f i c i e n t  o f  d is c h a r g e #

c^ s p e c i f i c  h e a t  a t  c o n s ta n t  p r e s s u r e #

0 ^  fr tr n  tr V O l u m e #

c f r a c t i o n a l  c le a r a n c e  or ( s u f f i x )  c le a r a n c e #

D c h a r a c t e r i s t i c  le n g th #

d d ia m e te r  or ( s u f f i x )  d is c h a r g e #

E Young* 8 m odulus or in t e r n a l  en ergy#

Fr Fr oud e numb e r .
0

G p a ra m eter
Aps

g  g r a v i t  a t i  o n a l c o n s t a n t ,

h  v a lv e  l i f t

I  moment o f  in e r t i a #

i  ( s u f f i x )  i n l e t *

kh

Cpapçĵ
J  p a ra m eter  = ----------  or  M ech a n ica l E q u iv a le n t  H eat#

'0
K C o m p r e s s ib i l i t y .

Eg e l e c t r i c a l  p e r m it t i v i t y *  

k s p r in g  c o n s ta n t*

1  a  f u n c t io n  o f^  and 6

1  le n g t h  o f  c o n n e c t in g  rod

M Mach number#



Sym bol*

m m ass*

W a  f u n c t io n  o f  /a n d  B'

0 ( s u f f i x )  o r i f i c e  or open*

p , p r e s s u r e  or ( s u f f i x )  p is t o n *

Q volum e f lo w  r a te #

R g a s  c o n s ta n t*

Re R eynolds*  number*

r  p r e s s u r e  r a t i o  or cra n k  r a d iu s *

8 p i s t o n  s tr o k e *

T tem p era tu re*

t  tim e*

T  volum e*

V v e l o c i t y  or ( s u f f i x )  v a lv e #

w m ass f lo w  r a t e #

Z v a lv e , r e s i s t a n c e  c o e f f i c i e n t  p ressT ^ e  h ea d
v e l o c i t y  h ead

s  p i s t o n  p o s i t i o n  from  v a lv e  p la t e #

<x A

X =& i s e n t r o p i c  in d e x *

& 3.  ̂ c le a r a n c e  volum e  
“  ^ s t r o k e  volum e

^ v  v o lu m e tr ic  e f f i c i e n c y

( 9

^ d e n s ity *

B o r a n k a n g le  a f t e r  T*D*0 *

n a t u r a l  fr e q u e n c y  o f  v a lv e  re ed *

(jy  a n g u la r  sp eed  o f  crank*

Ap p r e s s u r e  d i f f e r e n c e  a c r o s s  v a lv e  a ssem b ly #



NOMENCLATURE -  FATEH PUMPS.

Sym bol*
a  a r e a  o f  v a lv e  d is c *

a ,  th r o a t  a r e a  ( e x c lu d in g  c e n t r a l  s p i g o t ) ;

a f  t h r o a t  a r e a  [ e x c lu d in g  c e n t r a l  s p ig o t  and r i b s ) *

&2 r a d i a l  f lo w  a r e a  a t  p e r im e te r  o f  v a lv e  d is c #

c vaLve d is c h a r g e  c o e f f i c i e n t  a t  c o n s ta n t  f lo w *

c*" ** ** when o p e r a t in g *

04 " b a sed  on d i s c  a r e a  (B er g )*

c^  tr t h r o a t  a r e a  (K r a u s s ) .

d d ia m e te r  o f  v a lv e  d i s c *

s p r in g  f o r c e  a t  

g  g r a v i t a t i o n a l  c o n s ta n t*

h v a lv e  l i f t *

^max iii&%imum v a lv e  l i f t *  

k v a lv e  s p r in g  s t i f f n e s s * :

1  p e r im e te r  o f  d i s c  v a lv e *

1 ,  v a lv e  t h r o a t  p e r im e te r *

N pump speed:*

P p r e s s u r e  lo a d  p e r  u n i t  a rea *

P^ p r e s s u r e  lo a d  p e r  u n i t  a r e a  b elow  v a lv e  d is c *

^max v a lv e  lo a d in g  due t o  v a lv e  w e ig h t and s p r in g  force:*

t h e o r e t i c a l  a v e r a g e  f lo w  r a t e  th ro u g h  v a lv e *  

a c t u a l  f lo w  r a t e  from  pump*

W w e ig h t  o f  v a lv e  in  a ir #

r  tn îf tr tr w a ter#
w

s p r in g  i n  a ir *

W*' tr tr tr ti w ater*
w



Sym bol*

X r a t i o  o f  a^ t o  a f .

X  n o is e  l i m i t  c o e f f i c i e n t #

 ̂ d e n s i t y  o f  w a te r .
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AUTOMATIO VALVES FOR GA8 GOMPRESSORS,

CHAPTER I .

DISCUSSION AND REVIEW OF PREVIOUS INVESTIGATIONS.

1 .  1 I n tr o d u o t io n .

The pum ping e f f i c i e n c y ,  th e  a c t u a l  v o lu m e tr ic  e f f i c i e n c y  

and m e c h a n ic a l e f f i c i e n c y  o f  s m a ll  h ig h  sp ee d  g a a  co m p resso rs  a re  

o f t e n  s u r p r i s in g l y  low * W hile th e  f a c t o r s  c o n t r ib u t in g  t o  low  

e f f i c i e n c i e s :  a re  r e a d i l y  en u m erated , t h e i r  r e l a t i v e  im portance: i s  

n o t f u l l y  known.

The s i m p l i c i t y  o f  t h e  a u to m a tic  v a lv e  h a s  made i t  u n i v e r s a l l y  

u s e d  f o r  p o r t in g  a l l  t y p e s  o f  t h e s e  co m p resso rs*  L i t t l e  i s  known 

o f  th e  in f l u e n c e  o f  th e  v a lv e  on com p ressor  p er fo rm a n ce , 

p a r t i c u l a r l y  a t  th e  h ig h  r o t a t i o n a l  s p e e d s  now u se d  to  p r o v id e  

th e  n e c e s s a r y  com p act, d i r e c t l y  d r iv e n , m ach ine* The few  

i n v e s t i g a t i o n s  on th e  s u b j e c t  a r e  n o t r e l a t e d  and no r e v ie w  o f  

them  h a s  b een  made p r e v io u s ly *

In  s m a ll  c o m p r e sso r s  f l e x i n g  r e e d  v a lv e s  o f  th e  c a n t i l e v e r ,  

beam or  d i s c  t y p e s  a re  u s u a l ly  em ployed* The b a c k in g  s p r in g  

d e s ig n s  a l s o  v a r y  g r e a t ly *  The d e s ir a b le  q u a l i t i e s  o f  th e  

a u to m a tic  v a l v e , th e  d e s c r ip t i o n  o f  p r a c t i c a l  v a lv e  a s s e m b lie s  

and t h e i r  d ev elo p m en t a re  d is c u s s e d  by K oh ler (1 6 )  and R e i f  ( 2 5 ) ,  

i n  German and by W atson (3 4 )  and Q u a r tie r  (2 2 )  and R ow ledge (2 6 )  

i n  E n g lis h *

1* 2 L o s s e s  i n  r e c ip r o c a t in g  co m p resso rs*

An im p o r ta n t c r i t e r i o n  o f  p erform an ce  i s  v o lu m e tr ic  

e f f i c i e n c y *  The economy o f  s i z e  and pow er in p u t  o f  an  a i r  

co m p resso r  i s  r e l a t e d  to  i t  a s  i s  a l s o  th e  r e f r i g e r a t i n g  e f f e c t  

and c o e f f i c i e n t  o f  p erform an ce  o f  a  r e f r i g e r a t i n g  c i r c u i t .
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The p r i n c i p a l  f a c t o r s  a f f e c t i n g  v o lu m e tr ic  e f f i c i e n c y  are  

( a )  p r e s s u r e  r a t i o ,  (b )  c le a r a n c e  vo lu m e, (o )  h e a t  t r a n s f e r

(d ) gaa  le a k a g e ,  ( e )  v a lv e  perform ance:, and some o f  t h e s e  

co m p lex  f a c t o r s  a re  in te r d e p e n d e n t*

The e a r ly  a t te m p ts  to  s tu d y  com p ressor  p er fo rm a n ce  

r e s u l t e d  i n  th e  p u b l i c a t io n  o f  e m p ir ic a l  fo rm u la e  t o  f i t  t e s t  

r e s u l t s .  G i l l  ( 8 ) a n a ly s e d  th e  r e s u l t s  o f  v o lu m e tr ic  

e f f i c i e n c y  t e s t s  co n d u c te d  by S c h e e l  (2 7 )  on co m p resso rs  

pum ping d ry  n a tu r a l  g a s ,  w et n a tu r a l  g a s  and a i r .  In  th e  

r e f r i g e r a t i o n  f i e l d  an e m p ir ic a l  fo rm u la  was d e v e lo p e d  by 

V o o rh ees ( 3 2 ) ,  b a sed  on th e  e a r ly  work (1 8 9 0 )  o f  D enton  and 

o f  th e  York M a n u fa c tu r in g  Company ( 1 9 0 4 ) ,  ( 3 7 ) ,  f o r  la r g e  s lo w  

Speed  ammonia co m p resso rs*  D enton d id  n o t  c la im  g r e a t  a c c u r a c y  

fo r  h i s  work and Oldham (2 1 )  d e c la r e d  th e  fo rm u la  " fu n d a m en ta lly  

a t  f a u l t V o o r h e e s  s u b s e q u e n t ly  (1 9 3 1 ) w ith d rew  i t .

R eid  and A m brosius (2 3 )  co u ld  n o t c o r r e la t e  t h e i r  own 

r e s u l t s  f o r  an ammonia co m p resso r  w ith  t h o s e  from  o th e r  

i n v e s t i g a t i o n s  p r io r  t o  1931* For su ch  a  co m p a riso n  to  b e  

p r o f i t a b l e  i t  i s  n e c e s s a r y  t o  s e p a r a te  th e  f a c t o r s  in v o lv e d ,  and 

by c o n s id e r in g  e a c h , a s s e s s  i t s  r e l a t i v e  im p o r ta n c e . T h is  

ap proach  h a s  b een  ad op ted  i n  two i n v e s t i g a t i o n s *  F u ch s , Hoffmann 

and P la n k  (5 )  co n d u cted  t e s t s  (1 9 4 0 ) on a s i x  c y l in d e r  ammonia 

com p ressor*  The l o s s e s  due t o  t h r o t t l i n g  a t  th e  v a lv e s  w ere  

in c lu d e d  w ith  h e a t  t r a n s f e r  and f r i c t i o n  l o s s e s *  The approach  

was more f u l l y  d e v e lo p e d  (1 9 4 9 ) by D o ren tzen  ( l 8 ) .  The p a r t i a l  

l o s s e s  i n  v o lu m e tr ic  e f f i c i e n c y  w ere com puted f o r  s i x  m odern  

m u lt ic y l in d e r  r e f r ig e r a n t  co m p resso rs*  The w id e sco p e  o f  t h i s  

e x t e n s iv e  e x p e r im e n ta l programme d id  n o t p e rm it  a  d e t a i l e d  s tu d y  

o f  v a lv e  l o s s e s *



-  The d e l i v e r y  p r e s s u r e  f o r  an. a i r  co m p resso r  i s  f i x e d

by th e  d u ty  r e q u ir e d  o f  i t ,  and th e  s u c t io n  p r e s s u r e  i s  u s u a l ly

a tm o sp h er ic*  I n  a  r e f r i g e r a t i n g  c i r c u i t  th e  s u c t io n  p r e s s u r e  i s

d e term in ed  by th e  r e q u ir e d  e v a p o r a t in g  te m p e r a tu r e , and t h e

d e l iv e r y  p r e s s u r e  by th e  c o n d e n s in g  c o n d i t io n s  a v a i la b le *  The

p r e s s u r e  r a t i o ,  r ,  i s ,  t h e r e f o r e ,  u s u a l ly  d e f in e d *  Any in c r e a s e

i n  r  w i l l ,  in  g e n e r a l ,  r e s u l t  i n  an in c r e a s e  o f  a l l  th e  p a r t i a l

l o s s e s  e x c e p t  t h e  v a lv e  l o s s *

The p rim ary  e f f e c t  o f  com p ressor  c le a r a n c e , volum e i s  t o

r e d u c e  v o lu m e tr ic  e f f i c i e n c y *  The in d i c a t e d  i d e a l  v o lu m e tr ic

e f f i c i e n c y  can  be r e a d i l y  e x p r e s se d  i n  th e  form
4\v  * I -

T h is  i s  th e  maximum v o lu m e tr ic  e f f i c i e n c y  f o r  g iv e n  v a lu e s  o f  

p r e s s u r e  r a t i o  and c le a r a n c e  vo lu m e, b u t th e  e f f e c t  o f  h e a t  

t r a n s f e r ,  g a s  le a k a g e  and v a lv e  p erform an ce i s  n e g le c te d *

The h e a t  t r a n s f e r r e d  d u r in g  th e  c y c le  h a s  b een  s t u d ie d  

d u r in g  s i x  i n v e s t i g a t i o n s  -  by W irth (3 6 )1 9 3 2 ;  Sm ith  (2 8 )  193 4 ;  

G if f e n  and H ew ley (7 )  1 9 4 0 ; lo r e n t z e n  (1 8 )  1 9 4 9 ; Brown (2 )  19 5 1 ;  

and G osney (9 )  1953* The m agn itu d e and c o m p le x ity  o f  h e a t  

t r a n s f e r  e f f e c t s  j u s t i f y  th e  e f f o r t s  made to  s tu d y  them* They 

p a r t i c u l a r l y  a f f e c t  th e  v o lu m e tr ic  e f f i c i e n c y  o f  a  co m p resso r  

pumping a  vap our n ea r  i t s  s a t u r a t io n  te m p e r a tu r e ;  t h e  e a r ly  

i n v e s t i g a t i o n s  w ere co n d u c ted  on r e l a t i v e l y  la r g e  s lo w  sp eed  

ammonia m a c h in e s , th e  l a s t  two on s m a ll  h ig h - s p e e d  F reon  12 

m ach in es*  The t e s t s  by Brown w ere c a r r ie d  ou t on a co m p resso r  

i d e n t i c a l  to  t h a t  u s e d  i n  th e  p r e s e n t  i n v e s t i g a t i o n ,  and i t  w as 

shown t h a t  an in c r e a s e  from  0*5 dry t o  8 0 ^F* su p e r h e a t  s u c t io n  

vap our r e s u l t e d  i n  20^  im provem ent i n  th e  in d i c a t e d  and .30^  i n  

t h e  a c t u a l  v o lu m e tr ic  e f f i c i e n c y *  The in d ic a t o r  d iagram , i s
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t h e r e f c r  e ,  an u n r e l ia b le  g u id e  to  th e  volum e t r i o  e f f i c i e n c y  

o f  th e  com p ressor#  T h is  f a c t  w as a p p r e c ia te d , i n  g e n e r a l  te r m s ,  

a s  e a r ly  a s  1904 (3 7 )  and i s  d is c u s s e d  i n  m ore d e t a i l  b y  G if f e n  

and N ew ley# The in d i c a t o r  ca r d  i s  an a s s e t ,  o f  c o u r s e ,  i n  

a s s e s s i n g  o th e r  f a c t o r s  d e tr im e n ta l  t o  co m p resso r  p erform an ce*

A s e t  o f  14 in d i c a t o r  c a r d s  sh ow in g  f a u l t y  co m p resso r  p erfo rm a n ce  

was c o l l e c t e d  b y  L enhaT t, and p u b lis h e d  by T o s s  (3 3 )  ♦ An 

i n t e r e s t i n g  f e a t u r e  i s  t h a t  i n  9 c a s e s ,  p o o r  o p e r a t io n  can  be 

a t t r i b u t e d ,  p a r t ly  o r  w h o l ly ,  t o  f a u l t y  v a lv e  p erform an ce#

The g a s  le a k a g e  l o s s  d ep en d s l a r g e l y  on th e  d e s ig n  o f  p i s t o n  

c le a r a n c e s  and v a lv e s *  F u ch s , Hoffm ann and P la n k  (5 )  o b ta in e d  

v a lu e s  from  s t a t i c  and r u n n in g  t r i a l s  u s in g  a ir *  G osney (9 )  

o b se r v e d  t h a t  s t a t i c  le a k a g e  w ith  r e f r ig e r a n t  (F reo n  1 2 ) was 

g r e a t e r  th a n  le a k a g e  d u r in g  o p e r a t io n .  I t  i s  known t h a t  an  

i n v e s t i g a t i o n  on p i s t o n  le a k a g e  i s  i n  p r o g r e s s *

The e f f e c t  o f  o i l  on any one o f  th e  p r e v io u s  f a c t o r s  i s  n o t  

n e c e s s a r i l y  n e g l i g i b l e  and th e  v a lv e  n o is e  and v a lv e  l i f e  a r e  

a l s o  a f f e c t e d  by i t #  The q u a n t i ty  o f  o i l  n e c e s s a r y  a t  t h e  v a lv e s  

i s  a  m a tte r  o f  com prom ise b etw een  c o n f l i c t i n g  r e q u ir e m e n ts*  A 

p a p er  by Higham (1 1 )  d e a ls  w ith  t h i s  problem * The h e a t  t r a n s f e r  

r a t e  w i l l  be a f f e c t e d  due to  t h e  th e r m a l r e s i s t a n c e  o f  th e  o i l  

on th e  c y l in d e r  w a l l ,  and t o  th e  m i s c i b i l i t y  o f  t h e  o i l  w ith  a  

r e f r ig e r a n t *  The le a k a g e  l o s s e s  are  d ep en d en t on th e  q u a n t i t y ,  

n a tu r e  and tem p e ra tu r e  o f  th e  o i l  p r e s e n t#  F u c h s , H offn an n  and  

P la n k  (5 )  show ed th e  e f f e c t  o f  o i l  l e v e l  and o i l  tem p e ra tu r e  on  

le a k a g e *  The e f f e c t  o f  o i l  l e v e l  a lo n e  on t h i s  l o s s  w as -  ^5^* 

The e f f e c t  o f  co m p resso r  sp eed  on v o lu m e tr ic  e f f i c i e n c y  i s  

d i f f i c u l t  t o  p r e d ic t  s i n c e  i t  a f f e c t s  h e a t  t r a n s f e r ,  g a s  le a k a g e

and v a lv e  p erform an ce*  H eat t r a n s f e r  and le a k a g e  l o s s e s  w i l l
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be more s e r io u s  a t  lo w  s p e e d s ,  bu t w i l l  be r e d u c e d  a s  a   ̂

p e r c e n ta g e  l o s s  a t  h ig h e r  s p e e d s ,  s in c e  a  g r e a t e r  m ass o f  g a s  i s  

th e n  pumped p e r  u n i t  t im e*  At h ig h  sp e e d s  v a lv e  p erfo rm a n ce  may 

d e t e r io r a t e *  T here may b e an optimum s p e e d  t h e r e f o r e ,  a t  w h ich  

t h e  sum o f  t h e s e  l o s s e s  i s  a  minimum* T h ere a r e  a  few  t e s t  

r e s u l t s  a v a i l a b l e ,  f o r  v a r io u s  la r g e  ammonia c o m p r e s so r s , i n  

p a p e r s  by Reed and A m brosius ( 2 3 ) ,  Jenks ( 1 4 ) ,  F u ch s , Hoffm ann  

and P la n k  ( 5 ) ,  and G if f e n  and N ew lfy  (7 )*  In  g e n e r a l ,  sp e e d  

h a s  s u r p r i s in g l y  l i t t l e  e f f e c t  on a c t u a l  v o lu m e tr ic  e f f i c i e n c y *

1 .  3 V a lv e  D o s s e s .

D o ss  o f  co m p resso r  p erfo rm a n ce  due t o  t h e  v a lv e s  i s  ca u se d  

by (a )  th e  i r r e v e r s i b i l i t y  o f  th e  t h r o t t l i n g  p r o c e s s  th ro u g h  t h e  

v a l v e ,  (b )  g a s  le a k a g e  due to  **^blow-by*  ̂ d u r in g  c lo s u r e  and 

Co) g a s  le a k a g e  due t o  im p e r fe c t  s e a l in g *  A erodynam ic, 

therm odynam ic and dynam ic a s p e c t s  w i l l ,  t h e r e f o r e ,  be in v o lv e d *

The v a l v e ,  a p t ly  d e s c r ib e d  by W ille y  (3 5 )  a s  an  "^aerodynamic 

h o r r o r " , d i s t u r b s  th e  g a s  f lo w  and th e  e n e r g y  exp en d ed  t o  overcom e  

t h e  r e s i s t a n c e  t o  f lo w  w i l l  e v e n t u a l ly  be d i s s i p a t e d ,  due t o  

v i s c o s i t y ,  a s  a  r i s e  i n  g a s  te m p e r a tu r e , d e c r e a s in g  b o th  t h e  

pum ping and v o lu m e tr ic  e f f i c i e n c y  o f  th e  com p ressor*  T h is  

r e s i s t a n c e  i s  a  f u n c t io n  o f  t h e  g a s  d e n s i t y ,  v i s c o s i t y ,  v e l o c i t y  

o f  sound i n  th e  g a s ,  g r a v i t y ,  g a s  v e l o c i t y  and v a lv e  d im en s io n s*  

O nly th e  l a s t  two f a c t o r s  can  be m a t e r ia l l y  m o d if ie d  t o  r e d u c e  

r e s i s t a n c e  f o r  a  p a r t i c u la r  g a s  b e in g  pumped and t h e i r  e f f e c t  

may b e  exam ined  by e i t h e r  s t a t i c  t e s t s  o f  th e  v a lv e  a ssem b ly  or  

by co m p resso r  t e s t i n g *

T here have b een  fo u r  i n v e s t i g a t i o n s  t o  s tu d y  th e  g a s  

co m p resso r  a u to m a tic  v a lv e ;  D a zen d o r fer  ( 1 7 ) ,  1 9 3 1 ; F u ch s, 

Hoffm ann and S c h u le r  ( 6 ) ,  1 9 4 1 ; Hanson ( 1 0 ) ,  1945 ; and
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O o s t a g l io la  ( 3 ) ,  1949*

la z e n d o r fe r  t e s t e d  a r in g  p l a t e  v a lv e  under s t e a d y  a i r  f lo w  

c o n d it io n s  and a l s o  a s  a  d is c h a r g e  v a lv e  i n  an  a i r  co m p resso r  

u n d er  norm al o p e r a t in g  c o n d i t i o n s ,  t o  f in d  w h eth er  s t a t i c  t e s t  

r e s u l t s  w ere r e le v a n t  t o  a c t u a l  c o n d it io n s *  The com p arison  o f  

f lo w  th ro u g h  th e  v a lv e  c a l c u la t e d  u s in g  t h e  c o e f f i c i e n t  o f  

d is c h a r g e  found  f o r  ea ch  v a lv e  l i f t  by s t a t i c  t e s t  d id  n o t  

com pare c l o s e l y  w ith  th e  d is c h a r g e  th ro u g h  th e  v a lv e  a s  d educed  

from  th e  ch a n g e  i n  c y l in d e r  p r e s s u r e  and volum e*

F u ch s , Hoffm ann and H ch u ler  exam ined th e  l o s s e s  th ro u g h  a  

number o f  r i n g  p l a t e  v a lv e s *  A s e r i e s  o f  s t a t i c  t e s t s  w ere  

co n d u c te d  w ith  w a te r  to  f in d  th e  e f f e c t  o f  l i f t  and f l u i d  

v e l o c i t y  on th e  t h r o t t l e  l o s s *  T h is  m ethod s i m p l i f i e d  th e  f lo w  

m easurem ent t e c h n iq u e  and a  r e l a t i v e l y  s m a ll  q u a n t ity  o f  w a te r  

had t o  be pumped to  o b ta in  v e l o c i t i e s  t o  g iv e  th e  same R eyn o ld ^ s  

number a s  t h a t  when a r e f r i g e r a n t  w as f lo w in g  a t  th e  mean 

v e l o c i t i e s  m et w ith  i n  p r a c t ic e *  I t  was d ed u ced  from  th e  

r e s u l t s  o b ta in e d  t h a t  t o  a v o id  in c r e a s e  o f  t h e  f lo w  r e s i s t a n c e  

c o e f f i c i e n t ,  ( Z ) ,  low  l i f t  was d e s ir a b le ;  th e  n e c e s s a r y  f lo w  

a r e a  t o  be o b ta in e d  by f i t t i n g  a la r g e r  number o f  v a lv e s *

H anson p u b lis h e d  th e  r e s u l t s  o f  w ind t u n n e l  t e s t s  w ith  la r g e  

(4X) s c a l e  w ooden m o d e ls  o f  p la t e - v a l v e s #  M o d if ic a t io n s  re d u ced  

th e  l o s s  th ro u g h  th e  v a lv e  a ssem b ly  c o n s id e r a b ly ,  bu t l i k e  a l l  

s im i la r  s t a t i c  t e s t s ,  th e r e  w ere d i f f i c u l t i e s  o f  c o r r e l a t i o n  w ith  

a c t u a l  c o n d it io n s *

The g a s  co m p resso r  v a lv e  may n o t c a u se  r e c o g n is e d  f lo w  

p a t t e r n s  a t  any l i f t  s in c e  th e  g a s  v e l o c i t y  th ro u g h  i t  

c o n t in u o u s ly  v a r i e s ,  and o n ly  1 /7 0  S e c . or l e s s  i s  a v a i la b le  t o  

P a ss  th e  co m p le te  ch a rg e*  H ow ever, r e c e n t  work by S t a n i t z  (2 9 )  *



w ith  p o p p et v a l v e s ,  i n d i c a t e s  t h a t  s t a t i c a l l y  d eterm in ed -  

c o e f f i c i e n t  s  may be a p p lie d  t o  dynam ic c o n d i t io n s  w ith o u t  g r e a t  

e r r o r •

Cone ern e d w ith  th e  p erform an ce  o f  " fe a th e r "  ty p e  r e e d  v a lv e s  

f o r  u s e  i n  th e  m u lt iv a lv e  arrangem ent o f  a  f r e e  p i s t o n  g a s  

g e n e r a to r  O o s t a g l io la  made an im p o rta n t c o n t r ib u t io n  t o  th e  s u b j e c t  

by com p u tin g  th e  v a lv e  l o s s e s  m a th e m a tic a lly *  T h ree  d im e n s io n le s s  

p a r a m e te r s  w ere e v o lv e d  and th e  im p o rta n t c r i t e r i o n  was found t o  

be t h a t  in v o lv in g  f lo w  a r e a  th ro u g h  th e  v a lv e s  and p i s t o n  sp eed *  

V a lv e  dynam ics o n ly  became im p o r ta n t i f  f lo w  a r e a s  w ere a lr e a d y  

a d eq u a te  and f o r  optimum d yn am ica l c o n d it io n ^ , i t  was shown t h a t  

th e  v a lv e  sh o u ld  h ave no w e ig h t  and a l i g h t  s p r in g  g iv in g  i n f i n i t e  

n a t u r a l  fr e q u e n c y  t o  th e  v a lv e  system *  T h is  i d e a l  co u ld  n o t be  

ap p roach ed  s in c e  im p a ct s t r e s s e s  w ith  a  l i g h t  v a lv e  w ere  

t h e o r e t i c a l l y  h ig h *

1* 4 V a lve  F l u t t e r *

That f l u t t e r  o c c u r s  w ith  t h i s  ty p e  o f  v a lv e  h a s  lo n g  b een  

su s p e c te d *  I t  may be shown t h a t  a  r e v e r s a l  o f  p r e s s u r e  d i f f e r e n c e  

a c r o s s  th e  v a lv e  can  o ccu r  due t o  r a d i a l  f lo w  ev e n  u n d er s te a d y  

f lo w  c o n d i t i o n s .  T h is  i s  s m a ll  compared to  th e  r e v e r s e d  p r e s s u r e  

d i f f e r e n c e  w hich  may be o b serv ed  on o c c a s io n  from  in d ic a t o r  c a r d s ,  

due t o  p r e s s u r e  s u r g e s  ca u se d  by th e  i n i t i a l  la r g e  p r e s s u r e  

d i f f e r e n c e  r e q u ir e d , w ith  h ig h  sp eed  c o m p r e sso r s , t o  overcom e th e  

e f f e c t  o f  v a lv e  s e a t  a r e a  and o f  v a lv e  i n e r t i a *  Even when th e  

v a lv e  b re a k s  away from  i t s  s e a t  th e  c y l in d e r  p r e s s u r e  may 

c o n t in u e  t o  f a l l  u n t i l  th e  f lo w  r a t e  o f  th e  g a s  i s  a p p r e c ia b le *

The p r e s s u r e  f l u c t u a t i o n s  t h u s  i n i t i a t e d  may be so  v i o l e n t  t h a t  

th e  c y l in d e r  p r e s s u r e  may s u b s e q u e n t ly  be g r e a t e r  th a n  th e  p rew su re  

i n  t h e  s u c t io n  p ip e  i n  th e  c a s e  o f  th e  s u c t io n  v a lv e  and le s s :  th a n
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th e  p r e s s u r e  i n  th e  r e c e i v e r  i n  th e  c a s e  o f  th e  d is c h a r g e  

v a lv e *  Such phenom ena l e d  B ish op  (3 )  to  s u g g e s t  t h a t  th e  

i n e r t i a  o f  th e  g a s  a s s o c ia t e d  w ith  th e  v a lv e  p a s s a g e s  sh o u ld  he  

s t u d i e d ,  th e  c y l in d e r  and v a lv e  p a s s a g e  b e in g  c o n s id e r e d  a s  a  

H e lm h o ltz  r e s o n a to r *  By m aking a  number o f  s im p l i f y in g  

a ssu m p tio n s  he was a b le  to  c a l c u l â t e th e  d is c h a r g e  p o r t io n  o f  an  

i n d i c a t o r  d iagram  and o b t a in  r e a s o n a b le  agreem en t w ith  an  

a c t u a l  card *  The p r e s s u r e  f l u c t u a t i o n s  w ere so  la r g e  t h a t  i t  

was c o n c lu d e d  t h a t  s e v e r e  v a lv e  f l u t t e r  m ust r e s u l t *

P r e s s u r e  wave a c t i o n ,  w h ich  may appear i n  th e  s u c t io n  or  

d is c h a r g e  l i n e  w ith  a  r e s u l t a n t  wave o f  r a r e f a c t i o n  i n  th e  

c y l in d e r ,  was s t u d ie d  i n  an a i r  com p ressor  by V o is s e l  (3 1 )*

The e f f e c t  o f  v a r io u s  l e n g t h s  and c u r v a tu r e s  o f  p ip e  l i n e  w as  

i n v e s t i g a t e d  and good agreem en t o b ta in e d  w ith  Sommerfeld*^s th e o r y *  

R e c e n t ly  W ille y  (3 5 )  showed in d i c a t o r  c a r d s  w here c o n s id e r a b le  

wave a c t i o n  was p r e s e n t  d u r in g  d is c h a r g e  from  an a i r  com p ressor*  

When a i r  was p a s s e d  th ro u g h  a  d is c h a r g e  v a lv e  a  h ig h  p i t c h e d  

r a t t l e  was h ea rd  t o g e t h e r  w ith  an a u d ib le  n o te  i n  th e  d is c h a r g e  

p ip e *  I t  was d ed u ced  t h a t  th e  p ip e  r e so n a n c e  was en h an ced , 

o r  p erh a p s i n i t i a t e d  by th e  f lo w  in t e r r u p t io n  due t o  v a lv e  

f l u t t e r ,  s in c e  th e  p ip e  r e so n a n c e  c e a se d  i f  th e  v a lv e  w as  

se c u r e d  * Ah . u n u su a l s u c t io n  l i n e  (F ig *  l o )  c o u ld  be o b ta in e d  

w ith  a  r e s u l t a n t  in c r e a s e  i n  v o lu m e tr ic  e f f i c i e n c y *  From th e  

e v id e n c e  a v a i la b le  th e  p r e s s u r e  wave a c t io n  i s  l e s s  tro u b le so m e  

d u r in g  th e  s u c t io n  p r o c e s s  th a n  d u r in g  th e  d is c h a r g e  p r o c e s s ,  

p r o b a b ly  due t o  th e  lo w e r  p i s t o n  v e l o c i t y  a t  commencement o f  

s u c t io n *  Gosney (9 )  showed t h a t  p r e s s u r e  wave a c t io n  was 

u n l i k e l y  i n  sm a ll c o m p resso rs  pum ping F reon  12*
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AIM AND SCOPE OF PRESENT WORK* CGAS OOMPRESSORg).

The v a lv e  p erfo rm a n ce  o f  a  s m a ll  h ig h  sp e e d  r e c ip r o c a t i n g  

g a s  com p ressor  i s  exam ined  f o l lo w in g  th e  g e n e r a l  theme o f  th e  

m a th em a tic a l a n a l y s i s  by O o s t a g l io la ,  b u t e v o lv in g  somewhat 

s im p le r  e q u a t io n s*  The prim ary  o b je c t  i s  t o  f u r t h e r  know ledge  

on th e  p a r t i a l  l o s s e s  c o n t r ib u t in g  to  th e  la r g e  d i f f e r e n c e  # i i c h  

i s  known t o  e x i s t  b etw een  th e  t h e o r e t i c a l  in d ic a t e d  and a c t u a l  

v o lu m e tr ic  e f f i c i e n c y  o f  su ch  a  com p ressor*  The s tu d y  i s  m a in ly  

co n ce rn ed  w ith  th e  a c t i o n  o f  a  c a n t i l e v e r  r e e d  ty p e  s u c t io n  v a lv e  

and th e  l o s s e s  due t o  i t *  C e r ta in  c o e f f i c i e n t s  r e q u ir e d  f o r  

th e  t h e o r e t i c a l  a n a l y s i s  a r e  d e term in ed  by s t a t i c  f lo w  t e s t s *

S in c e  th e  p rob lem  i s  so  com p lex  v a r io u s  a ssu m p tio n s  m ust 

b e  made t o  o b ta in  any a n a l y t i c a l  s o lu t io n *  A s u b s t a n t i a l  

e x p e r im e n ta l programme i s  t h e r e f o r e  a l s o  r e q u ir e d  t o  f in d  th e  

a c t u a l  e f f e c t  o f  th e  p r in c ip a l  v a r ia b le s  in v o lv e d *  New 

t e c h n iq u e s  were n e c e s s a r y  t o  r e d u c e  th e  e x p e r im e n ta l e r r o r s  

u s u a l ly  a s s o c ia t e d  w ith  co m p resso r  t e s t i n g *  The co m p resso r  

p erform an ce i s  exam in ed , w ith  v a r y in g  p e r m it te d  v a lv e  l i f t ,  v a lv e  

s p r in g  s t i f f h e s s ,  v a lv e  w e ig h t , com p ressor  sp e e d  and p r e s s u r e  

r a t i o *  S in c e  co m p resso rs  o f  t h i s  ty p e  a re  w id e ly  u sed  t o  pump 

a i r  and a l s o  i n  v e r y  la r g e  numbers i n  s m a ll  d o m e stic  ty p e  

r e f r i g e r a t i n g  u n ite »  th e  t e s t  s e r i e s  a re  c a r r ie d  ou t u s in g  (a )  a i r  

and (b ) th e  d en se  r e f r ig e r a n t  F reon  12*



CHAPTER 3 .

THEORETICAL ANALYSIS OF THE PERFORMANCE OF THE 
SUCTION VALVE OF A SMALL HIGH SPEED GAS COMPRESSOR*

The u s u a l  ap proach  t o  a  s tu d y  o f  th e  m e c h a n ic a l ly  o p e r a te d

v a lv e  o f  an e n g in e  i s  to  t r e a t  th e  v a lv e  a sse m b ly  a s  an o r i f i c e

and so  o b ta in  th e  m ass f lo w  i n  t®3?ms o f  p r e s s u r e  d i f f e r e n c e

a c r o s s  th e  v a lv e *  I n  su ch  an a p p l i c a t io n  th e  v a r ia b le  f lo w  a rea ,.

o r  v a lv e  l i f t ,  i s  a  known f u n c t io n  o f  th e  o ra n k a n g le*  In  th e

c a s e  o f  th e  a u to m a tic  v a lv e  th e  v a lv e  l i f t  i s  an unknown f u n c t io n

o f  th e  unknown p r e s s u r e  d i f f e r e n c e  and i s  t h e r e f o r e  a l s o  v a r ia b le

w ith  co m p resso r  s p e e d , v a lv e  w e ig h t ,  s p r in g  s t i f f n e s s ,  f l u i d

p r o p e r t i e s ,  e t c *  Hence? th e  v e r y  s i m p l i c i t y  o f  th e  a u to m a tic

v a lv e  m akes f o r  a  co m p lex  a n a l y s i s ,  s i n c e  a  f u r t h e r  r e l a t i o n s h i p

i s  r e q u ir e d  b etw een  th e  v a lv e  l i f t  and p r e s s u r e  d i f f e r e n c e  a c r o s s

th e  v a lv e *

To o b ta in  an a n a l y t i c a l  s o l u t i o n  th e  f o l lo w in g  a ssu m p tio n s  

w ere m ade:—

1* P r o c e s s e s  d u r in g  th e  c y c l e  w ere a d ia b a t ic  e x c e p t  d u r in g  
th e  s u c t io n  p h a se*

2* T h ere was no g a s  le a k a g e  p a s t  th e  p i s t o n  or c lo s e d  v a lv e s *

3* The v a lv e  s p r in g  f o r c e  w as d i r e c t l y  p r o p o r t io n a l  t o  th e
v a lv e  l i f t  *

4* The v a lv e  d rag  c o e f f i c i e n t  and c o e f f i c i e n t  o f  d is c h a r g e  
w ere c o n s ta n t  and th e  v a lu e s  w ere t h o s e  d e term in ed  by  
s t a t i c  t e s t *

5* There was no damping o f  th e  v a lv e  movement by o i l *

6 * The i n l e t  m a n ifo ld  was s u f f i c i e n t l y  la r g e  t h a t  th e
p r e s s u r e  rem a in ed  c o n s ta n t   ̂ th e r e  *

3* 1 V a lv e  O pening and P r e s s u r e  Drop from  F low  C o n s id é r a t io n s *

From th e  s ta n d a r d  fo rm u la  f o r  one d im e n s io n a l s u b c r i t i c a l

f lo w  th ro u g h  an o r i f i c e ,  and r e f e r r i n g  to_ P ig *  1 .

-V
( 1 )
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1 1 #
I f  i s  s m a ll  com pared t o  t h i s  may he r e d u ce d  t o

Prom th e  suhsaq^uent e jcp er lm en ta l d a ta  i t  may he shown t h a t  t h e  

c a lc u la t e d  v a lu e  o f  w a t  th e  w o rst  co m b in a tio n  o f  co m p resso r  and  

v a lv e  o p e r a t in g  c o n d it io n s  i s  o n ly  i n  e r r o r  hy Sfo (h ig h )  and under  

norm al o p e r a t in g  c o n d i t io n s  th e  e r r o r  i s  1 ^  ( h i g h ) » H ence a  

c o n s id e r a b le  s i m p l i f i c a t i o n  i s  e f f e c t e d  by t h i s  r e d u c t io n  and 

th e  e r r o r  in c u r r e d  i s  n o t g r e a t e r  th a n  th e  e x p e r im e n ta l e r r o r  i n  

th e  d e te r m in a t io n  o f  .

s in ce  (, = j ^  , X  = m  , =<

^ ( 3 )
then . W ■= Cot H C  1 3̂  , o<

V. J » ■ p

By c o n s id e r a t io n  o f  th e  g e n e r a l:  en erg y  e q u a t io n  f o r  a  g a s  and 

i t s  d i f f e r e n t i a t i o n  w ith  r e s p e c t  t o  tim e a  f u r t h e r  e x p r e s s io n  

i s  o b ta in e d  f o r

n e g l e c t i n g  h e a t  t r a n s f e r  e f f e c t s  d u r in g  s u c t i o n ,  then^  

E x te r n a l work done -  change o f  en erg y  i n  th e  sy stem *

IV -     .......................-

where th e  l a s t  term  on R#H#S# d e n o te s  th e  e n th a lp y  a d d it io n  t o

"lEMy C vm   ̂ 4 -  -V' C p \ i  (4 )

th e  c l o s e d  sy s te m  due to  th e  f lo w  en erg y  o f  th e  in d u ce d  ch arge*

S in c e  Cp = Cy + &  , , V = j c
r ;r r

VL -  («n -  j  (5 )



s in c e  ^

V nPV c -  - ( V - l ) f p B p Z  ( 5 )
^If.

d iv id in g  by X1̂ A p

m \& _  Cp (J(%. ç _  Cp ^  constants
/Zii.^  (T)

d i f f e r e n t i a t i n g  w *r*t*  t im e

I i  + f a r  ( 8 )

s in c e  ^
dm _ gyApCyd^ .
d t  " v T d 5 "  v i V a e  o )

æ -  ( 1 0 )

s in c e  ^  , th e n  ( 3 ) = C9) and w i s  e l im in a te d *

(1 1 )

(1 8 )

= ( l- )  (̂ Gr) - X  ' “ C*̂ ) ^  (1 3 )

w here L and E a r e  known f u n c t io n s  o f  ^  , d ep en d en t on com p ressor

d im e n s io n s*  G i s  a  known d im e n s io n le s s  p a ra m eter  d ep en d in g  on

o p e r a t in g  c o n d i t i o n s :  i f  m u l t ip l ie d  by a f a c t o r  J -  ̂ i t
1 IT"" i

i s  e q u a l t o  th e  f lo w  p a ra m eter  B u se d  by O o s t a g l io la *  T h is  i s  

th e  f i r s t  r e l a t i o n s h ip  b etw een  th e  unknown v a lv e  l i f t  r a t i o  oC, 

th e  unknown p r e s s u r e  r a t i o  (p^and th e  o ra n k a n g le  ^  *

3# 2 V a lve  o p en in g  and P r e s s u r e  Drop from  Dynamic O o n s id e r a tio n a  

The f o l lo w in g  r e la t i o n s h i p  b etw een  and th e  cra n k  a n g le  ^  

i s  t h a t  g iv e n  by O o s t a g l io la  ( 3 ) .

; F o rc e  due t o  f l u i d  d ra g  on th e  v a lv e  *



1 3 .
Through th e  s m a ll  v a lv e  l i f t  th e  s p r in g  s t i f f n e s s  may he  

assum ed c o n s t a n t .  T here i s  no s p r in g  lo a d  when th e  v a lv e  i s  closed. . 

H ence

'!lbL =: C o ^ ( p c “p )  -
3 ' (1 4 )

îüy 6j^ho -  Or» a
3 cle^  ' ^

since Wn = and if  q = Jîd_ , ■> = & p.-
V ->v t  ^  k C

(1 7 )d B '
w here q[ and J  a re  known d im e n s io n le s s  p a r a m e te r s  d ep en d en t on  

co m p resso r  c h a r a c t e r i s t i c s  and o p e r a t in g  c o n d i t i o n s .  When 

e v a lu a t in g  O o s t a g l io l a  used. Op = 1^3* T h is  i s  th e  v e l o c i t y  

d rag  c o e f f i c i e n t  o f  a c i r c u l a r  d i s c  su sp en d ed  i n  a broad s tr e a m .  

The p r e s s u r e  d ra g  c o e f f i c i e n t  f o r  th e  o v e r a l l  v a lv e  a sse m b ly  was 

shown by ex p er im en t (A p p en d ix  I I I )  t o  be about 0 .2  when b ased  on 

th e  w h ole  v a lv e  f a c e ,  or 0 .5 3 5  when b ased  on th e  p o r t  a r e a .

3è 3 R e la t io n s h ip  B etw een  L» H and fr .

The r e l a t i o n s h i p  b etw een  z  and 6* i s  d ed u ced  i n  th e  u s u a l  way 

from  th e  co m p resso r  d im e n s io n s . I f  z  i s  th e  d i s t a n c e  from  t h e  

p i s t o n  crow n t o  t h e  v a lv e  p l a t e

f  {̂ l -  cos& -t- c le a r a n c e  ( 1 8 )

=  ( l  — ^  ^  c l e a r a n c e  ( 1 9 )

- ^ =  + ÿ  ( 2 0 )

wiiers ^  i  + oXsaraaos
stro K e

^  = f s»n ^ -V Ü  s,n
S d 6 \  5.Z t  ( 2 1 )



A — /-V T- -1 ■ ------------------- ----

A mean v a lu e  o f  th e  f r a c t i o n a l  o le a r a n o e  th ro u g h o u t th e  

e x p e r im e n ta l w ork w as 5^  h e n c e  ^ = 0 -55  and s i n c e  ^  «  0 .1 4 2 8 5 T  

f o r  th e  co m p resso r  exam ined^

^ ( 1 - 1 3 5 7 - C o s O - 0 - 0 3 5 7 c o s ^ e )  ( 2 2 )
$

g-tig. ■ ( s i r , e  -t- o -o7m -£s sin 'g .e) , ,
5 d&"  ̂   ( 2 3 )

H ence L =--------------- ^ o  o 7 .t .^ s s .-^ a e )
(l-l2>5'7 -  C05O -  0*0357Oos^O) C I (5^7 ~ <056 -  O'0 3i>7cos^e)

The g ra p h s o f  1  and R t o  a  ‘b ase  o f  & a re  shown to  a  s m a ll  s c a l e

i n  F ig .  2 .

3* 4 S o lu t io n  o f  e q u a t io n s  *

The v a lv e  l i f t  and p r e s s u r e  drop a c r o s s  th e  v a l v e , a s

e x p r e s s e d  b y  th e  unknown v a r i a b l e s ^  and ( ^ r e s p e c t iv e ly ,  a r e  g iv e n

by th e  s im u la tn e o u s  e q u a t io n s
L C  -  N ^

( |V ' = - T ( t  -cp) -  ^  (IT)

w here 1  and ÎT a re  known f u n c t io n s  o f  d ep en d en t on co m p resso r  

p r o p o r t io n a  and g a s  p r o p e r t i e s ,  and G*J and q a r e  known p a r a m eter s  

d ep en d en t on co m p resso r  d im e n s io n s , o p e r a t in g  c o n d it io n s  and g a s  

p r o p e r t ie s ^  The ra n g e  o f  t h e s e  p a ra m eters  f o r  th e  co m p resso r  

u se d  i n  th e  e x p e r im e n ta l work i s  shown i n  F ig .  3#

The w hole s u c t io n  p r o c e s s  may be broken  down i n t o  a  number 

o f  s t a g e s .

S ta v e  X. The v a lv e  i s  o p e n in g , and b o th  ecguations h o ld #  The 

i n i t i a l  v a lu e  o f  B ,Fig.^ 1 . ) i s  o b ta in e d  from  t h e  i s  e n tr o p ie  

r e - e x p a n s io n  o f  th e  c l e a r a n c e  g a s#  I n i t i a l l y  c< =t o  and cip — I .  

The s t a g e  n o rm a lly  f i n i s h e s  when o( =  I , i ^ e *  th e  v a lv e  m ee ts  th e  

s t o p .  The v a lv e  may come to  r e s t  b e fo r e  r e a c h in g  t h e  s t o p .
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s t a g e  ir *  I f  th e  v a lv e  re m a in s  open a g a in s t  th e  s to p  o n ly  

eg,#. 13 h o ld s ,  t i l l  th e  p r e s s u r e  f a l l s  t o  a  v a lu e  g iv e n  by

( y- t |  when th e  v a lv e  s t a r t s  t o  c l o s e r  Under c e r t a in  c o n d i t io n s

t h e  v a lv e  may le a v e  th e  s to p  and r e tu r n  t o  i t  s e v e r a l  t im e s  b e fo r e  

th e  f i n a l  c l o s i n g  p r o c e s s ,  i * e #  v a lv e  f l u t t e r  may ta k e  p la c e #

S ta g e  I I I #  The v a lv e  i s  c l o s i n g  and b o th  e q u a t io n s ,h o ld *

I n i t i a l l y  <  =  I and =t [ -  ^  # The s t a g e  f i n i s h e s  when e i t h e r

— O or I  *

S ta g e  IVé The f i n a l  s t a g e  c o n t in u e s  t i l l  b o th  x  = O and (3̂  = I # 

This; i s  a s ta g e , o f  i n t e r e s t  i n  a  s tu d y  o f  th e  l o s s  due t o  g a s  

le a k a g e  by b low —by a f t e r  p i s t o n  r e v e r s a l  a t  B#U*G*

The e x p r e s s io n  d e v e lo p e d  by O o s t a g l io la  e q u iv a le n t  to  

e q u a t io n  ( 1 3 )  h ad  no d i r e c t  s o lu t io n *  In  an a tte m p t t o  rem edy  

t h i s ,  th e  p r e s e n t  s im p le r  form  w a s deduced* H ow ever, th e r e  i s  

s t i l l  no a lg e b r a ic  s o l u t i o n  and i t  was f i n a l l y  c o n c lu d e d  t h a t  th e  

d i f f i c u l t i e s  w ere in h e r e n t  t o  su ch  an e x p r e s s io n  v h ic h ,  b a se d  on  

therm odynam ic c o n s id e r a t i o n s ,  r e s u l t s  i n  a n o n - l in e a r  e q u a tio n *  

S in c e  d i r e c t  s o l u t i o n s  co u ld  n o t be o b ta in e d  a  s t e p - b y - s t e p  

p r o c e s s  by M iln e r s  ( 7 4 )  m eth od s o f  n u m e r ic a l c a l c u lu s  w ere so u g h t*  

The b e h a v io u r  n e a r  =  I o f  th e  term  J | ^  c a u se d  d i f f i c u l t i e s

and n e i t h e r  a  s t a r t i n g  p r o c e s s  by T a y lo r^ s s e r i e s  nor by s t a r t e r  

fo rm u la e  was s u c c e s s f u l*

E q u a tio n  1 7  i s  a form  o f  th e  secon d  o r d e r  d i f f e r e n t i a l  

e q u a t io n  la c k in g  th e  f i r s t  d e r i v a t i v e  w h ich  i s  foun d  i n  many 

v ib r a t io n  prob lem s# S in c e  =  I a t  &■ =  Bo (=  P ig *  1 ,  ) a t  

th e  s t a r t  o f  o p e n in g , th e n  th e  s o lu t io n *  i s

*  s e e  r e f e r e n c e  7 1 , p a g e  403#
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w here ^  i s ,  a  v a r ia b le  o f  i n t e g r a t io n  w hich  v a n is h e s  when th e  

l i m i t s  a r e  s u b s t i t u t e d *  I f  i t  i s  assum ed m eantim e t h a t  

rem a in s c o n s ta n t  d u r in g  o p en in g  th e n  a t  8" =  B s t o p .
 ̂ BsVop  ̂ ^

i f  ' ” ÇQ5 j  V  (2 6 )
' •Ovp = bo = ^

The i n t e g r a l  =  _  s .n  -DsVop _  ^  ^^7 )

1/ %
TNhich i s  p l o t t e d  to  a  s m a ll  s c a l e  i n  P ig*  4*

I n i t i a l l y  — 1 a t  »  O and from  eq* 13  -ÎT w h ich  may b e

e v a lu a te d  from  eq* 2 4 #

H ence H s e a t  t o  s to p  =  N& from  v ^ io h  th e  f i r s t  a p p r o x im a tio n  

o f  th e  i n t e r v a l  G s e a t  -  G s to p *  i s  o b ta in e d  and i s  shown i n  P ig*  5* 

The su b seq u e n t more p r e c i s e  de term in a  t i  on o f  t h i s  i n t e r v a l  

show ed t h a t  th e  f i r s t  a p p r o x im a tio n  w as q u i t e  g o o d , a lth o u g h  

som ewhat t o o  la r g e  i n  e v e r y  c a s e  in v e s t ig a t e d *  In  th e  s h o r t e s t  

t im e  o f  v a lv e  o p en in g  th e  f i r s t  a p p ro x im a tio n  w as 2 *2 8  ̂ compared  

to  th e  more p r e c i s e  v a lu e  o f  2^; under c o n d i t io n s  f o r  th e  lo n g e s t  

t im e  th e  f i r s t  a p p ro x im a tio n  o f  1 2 *1  ̂ com pared t o  th e  p r e c i s e  

v a lu e  o f  1 0 *9^#

S im i la r ly  th e  f i r s t  a p p r o x im a tio n  o f  th e  v a lv e  m o tio n  i s  

g iv e n  by

(ÿ)H = c o n s ta n t  x  H (2 9 )  '

and th e  p ro x im a te  v a lv e  d is p la c e m e n t  c u r v e s  d u r in g  o p e n in g ,  

w hich  may be shown to  a p p rox im ate  t o  c u b ic  p a r a b o la e , a r e  

o b ta in ed ^

By a r r a n g in g  eq* 25 s e v e r a l  but s im i la r  m ethod s o f  p r e c i s e  

s t e p - b y - s t e p  d e te r m in a t io n  o f  ^  and (pare p o s s ib l e *  W hile none

was found t o  be n e a t e r  th a n  t h a t  o f  C T o sta g lio la , th e  p r e s e n t
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s î m p l i f i c a t io n  o f  th e  a q u a t io n s  e n a h led  h i s  g r a p h ic a l  m ethods

t o  h e  su p e r c e d e d  and s o l u t i o n s  o b ta in e d  hy c a l c u l a t i n g  m achine*

W hile t h e  p r o c e s s  i s  s t i l l  la h o r io u s ,  v a lu e s  o f  << and ^ c o r r e c t

t o  0*1^ c o u ld  h e o b ta in e d  i n  a  r e a s o n a b le  t im e  a f t e r  o p e r a t in g

e x p e r ie n c e *  S o lu t io n s  co n v er g ed  r a p id ly  d u r in g  v a lv e  o p en in g

and fo u r  s t e p s  ap p eared  s u f f i c i e n t  f o r  th e  d e te r m in a t io n  o f  th e

oCand (]p c u r v e s*

I f  ^ s to p  -  B ^ a e a t Afi w ith  ^ s t o p  d e term in ed  by th e  f i r s t  
4

a p p r o x im a tio n  i n  F ig *  1 3 r and s u f f i c e s  0 ,  1 ,  2 ,  3> 4 i n d i c a t e  

e q u a l in c r e m e n ts  d u r in g  o p e n in g , th e n  th e  v a lu e s  o f

% , H2 , H3 , H4 , a r e  H i = ^  -  e t c . ,
"b ll  %

and AHi = ^ ^ 2 ~ ^3 ^1> ^^3 “ ^4 ” ^ l

F or s t e p  (1 )  (3 0 )

W ith t h i s  v a lu e  o f  o( , Op/ i s  o b ta in e d  from  eq* 13  w ith  a p p r o p r ia te  

v a lu e s  o f  L and ÎT and th e  mean v a lu e  o f  (jp o v e r  th e  i n t e r v a l

+  9 , ]

and qp, = I ^6- (3 1 )

So by s i m i l a r  s t e p s  t o  s t e p  ( 4 ) w hence

and ûB- (3 2 )

S in c e  th e  f i r s t  a p p r o x im a tio n  o f  th e  t im e  ta k e n  f o r  t h e  v a lv e  

t o  open  C && ) w as a lw a y s  t o o  la r g e  th e  v a lu e  o f  c/^^from th e  

^exact*^ s o l u t i o n  was a lw a y s g r e a t e r  th a n  u n ity ^  W ith th e  r e v i s e d  

v a lu e  o f  , th e  w h o le  p r o c e s s  was a g a in  c a r r ie d  th r o u g h , 

e x p e r ie n c e  e n a b lin g  à  g u e s s  o f  Z)6to be made so  t h a t  was



1 8 .
c o r r e c t  t o  w i t h in  0 .1 ^  a f t e r  t h i s  secon d  c o m p u ta t io n .

fh e  upper and lo w e r  ex trem e v a lu e s  o f  co m p resso r  sp eed  and 

v a lv e  s p r in g  s t i f f n e s s  a t  t h r e e  p e r m it te d  v a lv e  l i f t s  w ere  

exam ined* The c u r v e s  o f  v a lv e  l i f t  d u r in g  o p en in g  and th e  

c u r v e s  f o r  p r e s s u r e  drop a c r o s s  th e  v a lv e  f o r  t h e s e  tw e lv e  c a s e s  

a re  shown i n  F i g .  6 and F ig .. T*

3 .  5 D is c u s s io n  o f  R e s u l t s *

The i n i t i a l  p a r t  o f  t h e  s u c t io n  lo o p  showed t h a t  th e  f a l l  i n  

p r e s s u r e  i n  th e  c y l in d e r  w as a f u n c t io n  o f  th e  co m p resso r  sp eed  

and o f  th e  v a lv e  s p r in g  s t i f f n e s s ,  h u t was in d e p e n d e n t o f  

p e r m it te d  v a lv e  l i f t .  As th e  p r e s s u r e  d i f f e r e n c e  a c r o s s  th e  

v a lv e , d e c r e a s e d  from  th e  maximum r e a c h e d , th e  c u r v e s  a t  any one 

sp eed  and v a lv e  s p r in g  s t i f f n e s s  a lw a y s d iv e r g e d  s l i g h t l y  f o r  

d i f f e r e n t  p e r m it te d  l i f t s ,  a  phenomena w h ich  was not r e a d i l y  

e x p la in e d *

W ith in  th e  ra n g e  exam ined th e  p r e s s u r e  d i f f e r e n c e  a c r o s s  

th e  v a lv e  a s  i t  n ea red  th e  s to p  was r a p id ly  d e c r e a s in g  f o r  ea ch  

p e r m it te d  v a lv e  l i f t  e x c e p t  th e  s m a l l e s t .  T h is  r e s u l t  h a s  f a r  

r e a c h in g  c o n se q u e n c e s*

In  th e  c a s e s  o f  minimum p e r m it te d  l i f t  th e  v a lv e  w i l l  

rem a in  a g a in s t  th e  s to p  s in c e  th e  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  

v a lv e  w i l l  in c r e a s e  due to  in c r e a s in g  p i s t o n  v e l o c i t y *  At 

h ig h e r  p e r m it te d  l i f t s ,  th e  v a lv e  w i l l  p r o b a b ly  le a v e  th e  s to p  a s  

th e  p r e s s u r e  d i f f e r e n c e  i s  d e c r e a s in g *  The su b se q u e n t  d e c r e a s e  

i n  v a lv e  f lo w  a r e a  t o g e t h e r  w ith  in c r e a s e d  p i s t o n  v e l o c i t y  w i l l  

r e s u l t  i n  an in c r e a s e  i n  and. a r e tu r n  t o  th e  s to p *  Hence a 

f l u t t e r  o f  th e  v a lv ë  w i l l  be i n i t i a t e d *  In  th e  e v e n t  o f  th e  

v a lv e  f a i l i n g  t o  r e a c h  th e  s to p  on o p e n in g , a t  v e r y  h ig h  p e r m it te d
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19 *
l i f t ,  i t  w i l l  te n d  t o  c l o s e  from  th e  p o in t  o f  r e s t  and 

su b seq /u e n tly  r e o p e n  t o  a  h ig h  l i f t ,  or to  th e  s t o p ,  due t o  

in c r e a s in g  p i s t o n  v e l o c i t y *  'fhat t h i s  o c c u r s  h a s  b een  shown by  

r e c e n t  e x p e r im e n ts  w ith  a r in g  ty p e  v a lv e  w ith o u t  a  l i m i t i n g  s to p  

w here t h e  d is c o n t in u o u s  cu rv e  o f  v a lv e  d is p la c e m e n t  on o p en in g  

was o b serv ed  by th e  t e c h n iq u e  d e s c r ib e d  l a t e r *  I t  was a l s o  

o b se r v e d  w ith  t h e  c a n t i l e v e r  r e e d  v a lv e s  when th e r e  was no v a lv e  

l i f t  l i m i t  ( s e e  C h ap ter 4* 5 )*

When th e  v a lv e  r e a c h e s  th e  s to p  and s t a y s  t h e r e  th e  

su b seq u e n t a n a l y s i s  f o r  s t a g e  I I  i s  r e l a t i v e l y  s im p le*  Eq* 17  

l a p s e s  and eq* 1 3 , w ith  ^  =  I h o ld s  u n t i l  th e  d e c r e a s in g  p i s t o n  

v e l o c i t y  r e s u l t s  i n  a  d e c r e a s e  o f  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  

v a lv e  t o  a  v a lu e  g iv e n  by

^   ̂ ■ T  (3 3 )

a t  v ^ ic h  th e  v a lv e  b e g in s  t o  c lo s e *  D uring c lo s u r e  (S ta g e  I I I )  

e q u a t io n  13 h o ld s  t o g e t h e r  w ith

r= 1 -  T 1 ro'\ 1 -cos B - v  T

However t h e s e  c ir c u m s ta n c e s  a r o s e  o n ly  i f  th e  p e r m it te d  v a lv e  

l i f t  was somevAiat l e s s  th a n  0*0175 in *  The l a t e r  e x p e r im e n ta l  

w ork show s t h a t  th e  a c t u a l  v o lu m e tr ic  e f f i c i e n c y  was c o n s ta n t  

o v er  a  w id e ra n g e  o f  v a lv e  l i f t »  bu t th e  lo w  l i f t  (0 * 0 1 7 5  in * )  

la y  b e lo w  t h i s  r a n g e  f o r  b o th  a i r  and Ere on 12 and s u c t io n  v a lv e  

t h r o t t l i n g  th e n  a d v e r s e ly  a f f e c t e d  v o lu m e tr ic  e f f i c i e n c y *  T h is  

c a s e ,  t h e r e f o r e ,  i s  n o t  o f  p r a c t i c a l  i n t e r e s t  f o r  th e  co m p resso r  

exam ined^

The v a lu e  o f  (Ç o b ta in e d  from  e q . 33 g i v e s  th e  p r e s s u r e  

d i f f e r e n c e  w h ich  m ust e x i s t  a c r o s s  th e  v a l v e ,  i n  in c h e s  o f



w a te r , i f ,  on r e a c h in g  th e  s t o p ,  th e  v a lv e  i s  t o  rem a in  th e r e *
20i

P e r m it te d  V alve  L i f t  ( l a * ) 0 .0 1 7 5 0*035 0*07

L ig h t  S p r in g  
(0 * 0 0 6  in *  t h i c k  v a lv e  r e e d ) * 2*3 3*23 6*93

S t i f f  S p r in g  
(0*012  in *  t h i c k  v a lv e  r e e d )* 1 8 .5 3 7 74

S in c e  th e  p r e s s u r e  d i f f e r e n c e  a c r o s s  th e  v a lv e  i s  a lw a y s  

d e c r e a s in g  a s  i t  a p p ro a ch es  th e  s to p  and s in c e  th e r e  w i l l  be some 

rebound due to  im p act a t  th e  s t o p ,  i t  i s  e v id e n t  t h a t  v a lv e  

f l u t t e r  w i l l  o cc u r  i n  th e  m a jo r ity  o f  c a s e s  exam ined* As shown  

l a t e r  th e  f lo w  c o n d i t i o n s  a re  su ch  t h a t ,  on ce  i n i t i a t e d ,  t h i s  

f l u t t e r  i s  r e a d i l y  s u s ta in e d *  The v a lv e  movement and v a lv e  

p r e s s u r e  l o s s  may s t i l l  be com puted by eq* 13 and 3 4 , or by 13  

a lo n e  i n  th e  ( u n l ik e l y )  e v e n t  o f  th e  in c r e a s in g  p i s t o n  v e l o c i t y  

e v e n t u a l ly  h o ld in g  th e  v a lv e  on th e  s to p *  H ow ever, th e  v a lu e s  

o f  and (p v a r y  s o  r a p id ly  d u r in g  v a lv e  f l u t t e r  i t  w as found  

t h a t  v e r y  s m a ll  in c r e m e n ts  o f  c r a n k a n g le  (a  f r a c t i o n  o f  a  d e g r e e )  

w ould be r e q u ir e d  i n  th e  s t e p - b y - s t e p  p r o c e s s  and th e  la b o u r  o f  

com p u tin g  o v er  150  d eg rees; becom es im p r a c t ic a b le *  F u r th e r , i f  

v a lv e  b low —by l o s s e s  a r e  im p o rta n t t h e  m ain i n t e r e s t  c e n t r e s  on  

th e  end p o in t  when th e  v a lv e  h a s  j u s t  r e tu r n e d  t o  i t s  s e a t ,  and  

th e  e r r o r s  h ave c o n t in u e d  t o  a ccu m u la te  t o  t h a t  p o in t*

H ence th e  a n a l y s i s  o f  th e  v a lv e  o p en in g  p h a se  h a s  e x p la in e d  

some o f  th e  phenom ena a s s o c ia t e d  w ith  th e  b e h a v io u r  o f  a v a lv e  

o f  t h i s  ty p e*  H ow ever, w i t h in  th e  ra n g e  o f  v a lv e  l i f t s  o f  

p r a c t i c a l  i n t e r e s t ,  v a lv e  f l u t t e r  o ccu rred  and th e  m a th e m a tic a l  

e q u a t io n s  r e q u ir e  an im p r a c t ic a b le  amount o f  t im e  f o r  t h e i r  

co m p le te  s o lu t io n *



OHAPTER 4 .

EXPERIMENTAL MEASUREMENT OF 
VALVE: MOVEMENT AND VALVE PRESSURE LOSS.

The movement o f  a  c a n t i l e v e r  ty p e  v a lv e  r e e d  d u r in g  th e

c y c l e  i n  a  s m a ll  h ig h  sp eed  co m p resso r  was r e c o r d e d  w ith  v a r io u s

v a lv e  and co m p resso r  v a r ia b le s *  On a c c o u n t o f  th e  l i g h t n e s s  o f

th e  v a lv e  i n  a  s m a ll  c o m p r e sso r , th e  h ig h  r o t a t i o n a l  s p e e d  and

th e  p o s s i b i l i t y  o f  h ig h  fr e q u e n c y  o s c i l l a t i o n s  due to  f l u t t e r  and

im p a c t , m e c h a n ic a l i n d i c a t o r s  a re  n o t s u i t a b l e  and a  new

e x p e r im e n ta l  t e c h n iq u e  was d ev e lo p e d #

The c y c l i c a l  p r e s s u r e  drop a c r o s s  th e  s u c t io n  v a lv e  w h i le  i n

o p e r a t io n  w as m easured* T h is  p r o v id e d  a  **ligh t s p r in g ” d iagram  .

o f  th e  a c t u a l  a t t e n u a t io n  d u r in g  s u c t io n  and t h e  l o s s  o f

v o lu m e tr ic  e f f i c i e n c y  due t o  t h i s  e f f e c t  w as com puted* The e f f e c t

o f  v a lv e  and co m p resso r  v a r i a b l e s  on th e  t h r o t t l e  l o s s  w as

o b serv ed *

4* 1 A p p a ra tu s*

(a )  The Gas C om p ressor . The co m p resso r  h ad  a  s i n g l e  a c t i n g ,  

s i n g l e  c y l i n d e r ,  1^ in *  b o r e , 1 in *  s tr o k e *  The c y l i n d e r  h e a d  

c o n s i s t e d  o f  a v a lv e  p l a t e  and a  to p  co v e r*  The v a lv e  p l a t e  

c a r r ie d  th e  c a n t i l e v e r  ty p e  vaL ve re ed *  The s u c t io n  v a lv e  p o r t  • 

th ro u g h  t h i s  p l a t e  was 3 /8  in *  lo n g  and 1 1 /3 2  in *  d ia m e te r*  The 

e x h a u s t  v a lv e  c o n s i s t e d  o f  a b r id g e  h o ld in g  a beam t y p e  v a lv e *

The c le a r a n c e  volum e was found  by m easurem ent o f  a l l  th e  

c le a r a n c e  s p a c e s ,  and th e  f r a c t i o n a l  c le a r a n c e  v a r ie d  from  4*64^  

t o  4*91^  d ep en d in g  on th e  t h ic k n e s s  o f  t h e  v a lv e  r e e d  i n  u se *

The co m p resso r  was b e l t  d r iv e n  by a  1 B.H#P* compound wound 

D*0# M otor* Speed  was m easured by a  s t r o b o s c o p e  fo c u s e d  on th e  

co m p resso r  p u l l e y  and d i r e c t l y  c o u p le d  to  t h e  m ains f r e q u e n c y .



The co m p resso r  s p e e d s  c h o se n  w ere a l l  s im p le  frg ^ c tio n s  o f  t h i s .

(h )  The V a lv e  R eed . The c a n t i l e v e r  ty p e  v a lv e  r e e d  (P ig *  9 ) i s  

t y p i c a l  o f  t h a t  i n  common u s e  i n  s m a ll  g a s  co m p resso rs*  To 

p ro v id e; a  ra n g e  o f  v a l v e  w e ig h t s  and s t i f f n e s s ,  s e t s  o f  v a l v e s  

w ere stam ped from  s t e e l  p l a t e  t h i c k n e s s ,  6 ,  8 ,  9> 1 0 , 12 x  1 0 " \ n .  

T h is  was th e  w id e s t  p r a c t i c a l  ra n g e*  A l i g h t e r  v a lv e  w ould be 

l i a b l e  t o  f a i l u r e  by c o l l a p s e  i n t o  th e  v a lv e  p o r t  when th e  h ig h  

and lo w  s i d e  p r e s s u r e s  a c t e d  a c r o s s  i t ;  a  h e a v ie r  and t h e r e f o r e  

s t i f f e r  v a lv e  was u n l i k e l y  t o  r e a c h  th e  d e s ir e d  v a lv e  l i f t s  a t  

lo w  co m p resso r  sp e e d s*  The S w ed ish  m a n u fa c tu re rs  o f  th e  p l a t e  

p r o v id e d  a  c h e m ic a l a n a l y s i s : — Carbon 0*95 t o  1 * 1 ^ , M anganese  

0 ,2 5  t o  0*4^ , S i l i c o n  0*25 t o  0*35^ , P h osp h orou s 0 .0 2 3 ^  m a x .. 

S u lp h u r 0*075^  max*

The p h y s i c a l  p r o p e r t i e s  o f  th e  m a t e r ia l  w ere d e term in ed  i n  

p r e l im in a r y  t e s t s *  The V ic k e r s  Pyram id Number was about 600*

The U lt im a te  T e n s i l e  S tr e n g th , a v era g ed  from  s e v e r a l  t e s t  p i e c e s ,  

w as 107  t o n s / in * ^ ,  t h i s  h ig h  f ig u r e  b e in g  due t o  th e  s t r a i n  

h a r d e n in g  from  th e  c o ld  r o l l i n g  p r o c e s s  i n  th e  m a n u fa ctu re  o f  th e  

p l a t e :  th e  m akers c la im  an U*T*S. 120  t o n s / i n * ^ .  The a v e r a g e

s u r f a c e  f i n i s h  o f  th e  v a lv e  r e e d s ,  m easured  by T a ly s u r f  r e c o r d e r  

v a r ie d  from  2 t o  7 m icro  in c h e s *  Prom t e s t s  w ith  t e n  sp e c im e n s  

th e  f a t i g u e  s t r e n g t h  was found to  be 53 t o n s / in * ^  on a  b a s i s  o f  

16 X 10^ r e v e r s a l s *  The n a tu r a l  fr e q u e n c y  o f  t h e  v a lv e  r e e d s  

w as m easured  by e le c t r o m a g n e t ic  o s c i l l a t o r  and a l s o  c a lc u la t e d *  

The s p r in g  s t i f f n e s s  w as c a l c u la t e d  from  th e  n a t u r a l  fr e q u e n c y  

and a l s o  m easured*
V a lv e  r e e d  t h i c k n e s s ,  in *  x  10"^ 6 8 9 1 0  12
F undam ental f r e q u e n c y , ^ / s e c *  1 0 0  121  136 144 166
(m easu red )
F undam ental fr e q u e n c y  * 109 125 1 3 3  141  155
( c a lc u la t e d )
S p r in g  S t i f f n e s s  l b / i n *  0 .2 3 7  0*563  0 .8  1*1  1*9
* The se co n d  mode w ould be a t  6 .1 6  x  fu n d a m en ta l f r e q u e n c y .



( g ) Valve L ift  C ontrol. Prelim inary t e s t s  showed th at i t

was n e c e s s a r y  t o  d e v is e  a  co n tro X  o f  th e  maximum p e r m it te d  v a lv e

l i f t  w h ich  f u l f i l l e d  th e  f o l lo w in g  r e q u ir e m e n ts :—

( i )  V a r ied  th e  v a lv e  l i f t  th ro u g h o u t th e  r a n g e  
r e q u ir e d ,  w ith o u t  s to p p in g  th e  co m p resso r*

( i i )  Measured accurately  the valvâ l i f t *

( i i i )  M easured  th e  maximum v a lv e  l i f t ,  i f  t h i s  l i f t
was l e s s  th a n  t h a t  p e r m it te d  hy th e  c h e c k .

( i v )  Did n o t  a l t e r  th e  v e r y  s m a ll  c le a r a n c e  volum e*

(v )  Was a b s o lu t e ly  g a s  t i g h t *

T hese r e q u ir e m e n ts  w ere m et by th e  d e v ic e  shown i n  P ig .  8*

The h a rd  s t e e l  w ir e  0*042 in *  d ia *  was o p e r a te d  by th e  m icr o m e te r  

head  from  o u t s id e  th e  co m p resso r  f u l f i l l i n g  ( i )  and ( i i ) .  To

p r o v id e  f o r  ( i i i )  t h i s  w ir e  was e l e c t r i c a l l y  in s u l a t e d  from  th e

co m p resso r  and so  form ed  a  "make and b reak "  c o n t a c t  w ith  th e  

m oving e a r th e d  va lve; r e e d *  I n c r e a s e  o f  th e  p e r m it te d  v a lv e  l i f t  

by th e  m icro m eter  u n t i l  no c o n t a c t  was r e c o r d e d  in d ic a t e d  th e  

maximum v a lv e  l i f t ,  a t  th e  t i p ,  f o r  any g iv e n  o p e r a t in g  c o n d it io n *  

The r e c o r d in g  o f  t h e  c o n t a c t  was shown v i s u a l l y  by th e  b r e a k in g  

o f  a t r a c e  on th e  o s c i l l o s c o p e  sc r e e n *  D u rin g  m ost o f  th e  

t e s t i n g ,  h o w ev er , ea rp h o n es  w ere u sed  t o  r e c o r d  c o n t a c t  a t  th e  

maximum l i f t *  An in c r e a s e  i n  th e  d ep th  o f  th e  m i l l e d  c h e c k  i n  

th e  c y l in d e r  w a l l  had t o  be made t o  a l lo w  th e  d e s i r e d  ra n g e  o f  

l i f t s *  The s l i g h t  in c r e a s e  o f  c le a r a n c e  volum e was p a r t ly  

o f f s e t  by th e  volum e o f  t h a t  p a r t  o f  th e  c o n t r o l  w ir e  w h ich  

p r o j e c t e d  i n t o  t h e  c y l in d e r  so  l a r g e l y  f u l f i l l i n g  r e q u ir e m e n t ( d ) .  

The t r a n s m is s io n  o f  t h e  m icro m eter  head  movement th ro u g h  th e  

c y l in d e r  h ea d  w ith o u t  any g a s  le a k a g e  ( e ) ,  was o b ta in e d  by  

f i t t i n g  a br%ss b e l lo w s  s e a l  a s  shown* The e l e c t r i c a l  l e a d

n e c e s s a r y  f o r  th e  maximum l i f t  in d i c a t o r  was ta k e n  th r o u g h  a  s m a ll  

g la n d  i n  th e  to p  o f  th e  b e l lo w s *
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Cd) V a lve  d ispX aoem eiit p ic k -u p . S in c e  th e  v a lv e  i n  a  s m a l l  

co m p resso r  may w e ig h  o n ly  0*03 oz* no a tta ch m en t t o  i t  i s  

f e a s i b l e *  A m e c h a n ic a l in d i c a t o r ,  w ith  i t s  in h e r e n t  i n e r t i a  

f o r c e s  would seem  p r e c lu d e d  a lth o u g h  m e c h a n ic a l d e v ic e s  w ere  u se d  

i n  l a r g e r  co m p r e sso r s  by L a z e n d o r fe r , t o  i n d i c a t e  r i n g  p l a t e  

v a l v e s ,  and by O o s t a g l io l a  t o  in d i c a t e  f e a t h e r  v a l v e s ,  th e  l a t t e r  

(w ith  some d i f f i c u l t y )  o p e r a t in g  a t  s p e e d s  up t o  20 0 0  r*p*m*

The in d i c a t o r  sh o u ld  n o t  a f f e c t  th e  s m a ll  c le a r a n c e  volum e  

and sh o u ld  be e a s i l y  i n s t a l l e d ,  a c c u r a te ly  c a l i b r a t e d ,  r e l i a b l e  

and g a s  t i g h t  * An e l e c t r i c a l  d e v ic e  m ee ts  m ost o f  t h e  

r e q u ir e m e n ts ;  th e  p ic k -u p  may b e s m a ll and a l e a d  from  i t  

r e a d i l y  ta k e n  ou t t o  t h e  b u lk  o f  r e c o r d in g  eq u ipm en t s i t e d  c l e a r  

o f  t h e  com p ressor*  The p r e s e n t  c h o ic e  o f  p h y s i c a l  phenom ena w h ich  

may be u se d  t o  c o n v e r t  a m e c h a n ic a l movement t o  a  p r o p o r t io n a l  

e l e c t r i c a l  e f f e c t  i s  s m a ll  due t o  th e  v a r io u s  l i m i t a t i o n s  im p osed  

by th e  problem * E i t h e r  a  c a p a c i t a t iv e  or in d u c t iv e  p ic k -u p  

w ould s u i t *  The fo rm er  was s e l e c t e d  a s  i t  h a s  l e s s  b u lk ,  i s  

more r o b u s t  and o f  s im p le r  c o n s t r u c t io n ,  and th e  w ork in g  f l u i d s  

( a i r  and Frenn 1 2 ) h a v e  good d i e l e c t r i c  p r o p e r t ie s *  The p ic k -u p  

u n i t  i s  shown i n  F ig *  9 ; t h e  m oving  v a lv e  r e e d  form ed  th e  

e a r th e d  p l a t e  o f  a  v a r i a b le  co n d en ser  and t h e  f i x e d  i n s u la t e d  

p l a t e ,  0*18 in * ^  a r e a  was bedded  i n  t h e  v a lv e  p la t e *  Gas 

s e a l i n g  d i f f i c u l t i e s  n e c e s s i t a t e d  a  p ro p er  g la n d  s e a l  f o r  t h e  l e a d  

from  t h e  u n it *  The c a l i b r a t i o n  o f  th e  u n i t  i s  shown i n  F ig *  5 3 , 

A pp en d ix  IV*

( e )  V a lv e  D isp la c e m e n t E ecord er*  (F ig *  1 0 ) .  S in c e  a  l a r g e  

r a n g e  o f  f r e q u e n c ie s  o f  t h e  m ovin g  v a l v e ,  down t o  s t a t i c  

c o n d i t io n s  f o r  c a l i b r a t i o n  p u r p o s e s , would be e x p e r ie n c e d , som e . 

form  o f  " c a z r ie r "  was d e s ir a b le *  H ence th e  p ic k -u p  u n i t  was
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e n e r g is e d  by an o s c i l l a t o r ,  tu n ed  t o  5G0 K o /s .  The o r i g i n a l  

i n t e n t i o n  was t o  u se  a c r y s t a l  o s c i l l a t o r ,  b u t th e  u n i t  shown i n  

F ig#  1 2  b a sed  on C olp itts*^  c i r c u i t ,  p ro v ed  t o  be v e r y  s t a b le *

The p r e - c i r c u i t s  f o r  c a p a c i t a t i v e  ty p e  p ic k -u p  u n i t s  may be  

b r o a d ly  c l a s s e d  a s  r e s o n a n t  c i r c u i t s  and b r id g e  c i r c u i t s *  The 

b r id g e  c i r c u i t  h a s  an in h e r e n t  a d v a n ta g e  o f  e a s y  tu n in g  ( u s u a l ly  

th e  b e s t  b a la n c e  o f  t h e  b r id g e ) ,  and w h ile  b o th  m ethods would  

s e r v e  th e  p r e s e n t  p u r p o se  th e  b r id g e  m ethod was s e l e c t e d  and a  

two c h a n n e l u n i t  c o n s t r u c te d  a s  shown by th e  b lo c k  d iagram  ( F i g * l l ) . 

The c o n s t r u c t io n  w as su ch  t h a t  th e  b r id g e  u n i t s  w ere d e ta c h a b le  

from  th e  w h o le  and c o u ld  be r e p la c e d  by th e  in d u c t iv e  b r id g e s  

u sed  i n  t h e  w a te r  pump v a lv e  i n v e s t i g a t i o n  r e p o r te d  la t e r *

C athode f o l lo w e r s  w ere p r o v id e d  a s  b u f f e r  s t a g e s  b etw een  

(a )  each  b r id g e  and th e  s i n g l e  o s c i l l a t o r  s u p p ly in g  b o th  c h a n n e ls ,  

and (b )  b etw een  ea ch  b r id g e  and th e  f o l lo w in g  a m p lify in g  s ta g e *  

T h ese p r e v e n t  in t e r f e r e n c e  b etw een  ea ch  c h a n n e l amd e x tr a n e o u s  

d is tu r b a n c e , o f  th e  b r id g e  v o l t a g e s *

S in c e  one a id e  o f  th e  p ic k -u p , the; v a lv e  reed ^ w as n e c e s s a r i l y  

e a r th e d , a d o u b le  ended  o u tp u t was i n e v i t a b l e  from  t h e  b r id g e *

The v a r y in g  p o t e n t i a l  d i f f e r e n c e  a c r o s s  th e  b r id g e  w a s , t h e r e f o r e ,  

s u p p lie d  t o  a  d i f f e r e n t i a l  a m p l i f i e r  and th e  s i n g l e  o u tp u t th e n  

p a s s e d  th ro u g h  th e  c a th o d e  f o l lo w e r  t o  t h e  m ain a m p li f ie r *  A 

d em od u la tor  s t a g e  was in c o r p o r a te d  to  f i l t e r  th e  E*F* c a r r ie r  

and so  g iv e  a s im p le  l i n e  t r a c e *  T h is  s t a g e  c o u ld  be r e a d i l y  

b y -p a s s e d  t o  f a c i l i t a t e  th e  b a la n c in g  o f  th e  b r id g e  by v ie w in g  

th e  a m p litu d e  o f  th e  c a r r ie r *

Two p r o to ty p e  r e c o r d e r s  o p er a te d  s u c c e s s f u l l y  a t  c a r r i e r  

f r e q u e n c ie s  o f  200  K c /se c *  and 250 K o /sec*  r e s p e c t i v e l y *  The

f i n a l  com pact tw o c h a n n e l u n i t  d e s c r ib e d  h e r e ,  tu n ed  t o  500 E c / s ,
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p erm itted : t h e  u s e  o f  s ta n d a rd  R*F. a m p l i f ie r s *  The a m p l i f i e r  

g a in  i n  ea eh  c h a n n e l was made t o  s u i t  the. d i f f e r e n t  g a in s  o f  th e  

two c h a n n e ls  o f  th e  O o sso r , m odel 1049> D*0* d o u b le  beam 

o s c i l l o s c o p e *  One beam was u se d  t o  show th e  a m p litu d e  m o d u la ted  

c a r r i e r  and th e  ot^ier t o  r e c o r d  p h a se  m arking* The t r a c e s  

o b ta in e d  w ere p h o to g ra p h ed  by a  O ossor cam era, m od el 1425» u s in g  

35 m*m* Kodak su p e r  XX f i lm *

( f )  D if fe r e n t ia l Pressure P ick-up* The pressure drop across the 

su ction  valve was measured by a pressure d if f e r e n t ia l  ca p a c itiv e  

type pick-up recording through the two channel u n it  already  

described*

Capacity type pressure pick-ups have been frequently  used  

but a d d ition a l problems in  th is  ap p lica tio n  made d i f f ic u l t  the 

con stru ction  o f a su ita b le  unit* The back of the diaphragm had 

to  be open to th e su ction  head pressure while the front was 

exposed to  the cy lin d er pressure* The pick-up had to be s e n s it iv e  

enough to measure accurately  a pressure d ifferen ce  of 1 in* water 

across the su ction  valve w hile open, yet s u f f ic ie n t ly  robust to  

withstand a pressure d ifferen ce  of 50 lb /in *^  or more during 

d e liv e r y , w ithout a lte r a tio n  o f ca lib ration *  The method of 

c a lib r a tio n , which for  accuracy must be done w ith the element in  

s i tu ,  a lso  presented problems*

The a t t r a c t i v e  arran gem en t would be t o  h a v e  t h e  d iaphragm  

i n t e g r a l  w ith  th e  u n i t  b o d y , and t h e r e f o r e  g a s  t i g h t ,  and th e  

w h ole  screw ed  i n t o  th e  v a lv e  p l a t e  f l u s h  w ith  th e  c y l in d e r  s i d e ,  

l e q v in g  th e  c le a r a n c e  volum e u n a f fe c te d *  S e v e r a l  u n i t s  so  

c o n s tr u c te d ,f r o m  v a r io u s  t y p e s  o f  s t e e l ,  f a i l e d  t o  p r o v id e  an  

e le m e n t o f  s u f f i c i e n t  s e n s i t i v i t y *  A s u i t a b l e  u n i t  w as f i n a l l y  

o b ta in e d  (P ig *  1 3 )*  A d isp hragm  o u t from  sh im  s t e e l  0*002 in *
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th ick  was clamped in  the valve, p la te , thus providing minimm  

diaphragm thickness- w ith maximum s e n s it iv ity *  The diaphragm 

was honed round the edges; and "both sides, a lte r n a te ly  lapped on 

p la te  g la ss*  Grooves were cut in  the face o f the f ix e d  in su la ted  

p la te  to  provide adequate v e n t ila t io n  of the hack of the  

diaphragm and in  the hope th at traces of o i l  would c o l le c t  th ere  

rath er  than in  the gap* This p la te , the in su la t in g  hushes and 

lo c a tin g  r in g  were firm ly  assemhled and the fa ces  o f the lo c a tin g  

r in g  and p la te  trued* A cut o f 0*0005 in i  then taken from the  

in su la ted  p la te  provided the clearance & The face o f the lo c a tin g  

r in g  was lapped and then used to  lap the step in  the valve p la te  

which provided the other lo c a tin g  face fo r  the clamped stretch ed  

diaphragm* The d ie le c tr ic  gap was f i l l e d  hy s p l i t t in g  mica 

t i l l  a p ie c e  c lo se  to  0*0005 in* was obtained* I t  must he 

f i t t e d  e x a c tly , otherw ise the large s ig n a l generated during 

discharge would swamp the am p lifier , which would not recover  

quickly enough from overloading to record accu rately  the desired  

s ig n a l during suction* The assemhled unit^ which did not exceed 

the depth o f the valve p la t e (3/8 in*) overlapped the cy lin d er  

w all and so allowed a packing d isc  to  he in se r te d , la r g e ly  

o f f s e t t in g  the in crease in  clearance volume* The cs l ih ra tio n  o f  

the u n it i s  shown in  Fig* 5 4 , Appendix IVr The fr a c t io n a l  

clearance was 5*2?f with the un it in  place> depending on the v a lv e  

reed in  use; i*e*  ah out 0*6^ greater than without the unit*



2o  •
4* 2 m t e r p r e t a t i o n  and M’easu rem en t o f  T a ly e

331 sp la c e m e n t  O so illo g r a in s  » O s c illo g r a m s

o f  t h e  s u c t io n  v a l v e  d is p la c e m e n t  t o  cr a n k  a n g le  w ere r e c o r d e d

f o r  co m p resso r  s p e e d s  o f  5 0 0 , 1 0 0 0  and 1500  r*p*m . w h i le  pum ping

a i r  a t  d is c h a r g e  p r e s s u r e s  o f  0 , 1 0 0  and 2 0 0  I h / ïn * ^  g a u g e , w ith

v a lv e  l i f t s  ( a t  t i p )  o f  0 ,  0*035 and 0*07 in s *  f o r  fo u r  v a lv e

s t i f f n e s s e s ,  i* e *  r e e d  t h ic k n e s s  0 * 0 0 6 , 0 * 0 0 8 , 0 .0 1 0  and 0*012 in *

A s e t  o f  t h r e e  o f  t h e s e  108 u n r e c t i f i e d  d iagram s i s  shown i n

F ig *  14* The d e la y  i n  s u c t io n  v a lv e  o p e n in g , due t o  r e - e x p a n s io n

o f  a i r  i n  th e  c le a r a n c e  sp a c e  i s  m arked X i n  th e  accom panying

s k e tc h e s *  %  — X i s  th e  t im e  f o r  th e  v a lv e  to  open t o  t h e  s to p *

The d e la y  i n  c X o s in g  a f t e r  B*33.0. i s  c l e a r l y  show n: a  s l i g h t

rebound from  th e  v a lv e  s e a t  i s  J u s t  d i s c e r n a b l e ,  m a g n if ie d  due t o

in c r e a s e  o f  s e n s i t i v i t y  o f  th e  p ic k -u p  n ea r  v a lv e  c lo s u r e

( s e e  F ig *  52) * The la r g e  d isp la c e m e n t  Y w h ich  i n c r e a s e s  w ith

in c r e a s in g  d is c h a r g e  p r e s s u r e  and  w ith  d e c r e a s in g  v a lv e  r e e d

t h ic k n e s s  i s  due t o  th e  p u n ch in g  o f  th e  v a lv e  r e e d  in t o  th e

s u c t io n  p o r t*  The la r g e  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  s u c t io n

v a lv e  d u r in g  d e l iv e r y  r e s u l t s  i n  a d is p la c e m e n t  o f  th e  r e e d  a t

th e  p ic k -u p  u n i t  a s  shown i n  F ig *  15* T h is  d i s t o r t i o n  o f  th e

v a lv e  r e e d  w as a l s o  o b se r v e d  i n  th e  o s c i l lo g r a m s  (F ig *  1 5 )  w h ich

r e c o r d e d  th e  make and b re a k  b etw een  th e  v a lv e  r e e d  t i p  and th e

s to p *  The v e r t i c a l  d is p la c e m e n ts  i n  t h e s e  l a t t e r  o s c i l lo g r a m s

h ave no s i g n i f i c a n c e .  When th e  la r g e  p r e s s u r e  d i f f e r e n c e  a c te d

a c r o s s  th e  s u c t io n  v a lv e  d u r in g  d isc h a r g e ^  th ë  v q :lve  y ee d  t i p

was s u f f i c i e n t l y  b e n t  downwards t o  make c o n t a c t  w ith  th e  v a lv e

l i f t  c h ec k  a s  shown by R, i f  th e  p e r m it te d  l i f t  was sm a ll*

The o s c i l lo g r a m s  o f  v a lv e  d isp la c e m e n t  w ere  e n la r g e d  and

m easured* Some o f  th e  r e s u l t s  o b ta in e d  a r e  shown i n  F ig .  16*
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The in a c c ijr a G ie s  in v o lv e d  i n  th e  v a r io u s  e x p e r im e n ta l p r o c e d u r e s  

t o g e t h e r  w ith  th e  i r r e g u l a r  b e h a v io u r  o f  th e  v a lv e  made i t  

d i f f i c u l t  t o  o b se r v e  s m a ll  ch a n g es  i n  v a lv e  a c t io n # . W hile th e  

108 o s c i l lo g r a m s  g a v e  th e  f i r s t  p ic t u r e  o f  th e  v a lv e  i n  a c t io n  

and th e  g e n e r a l  t r e n d s ,  q u a n t i t a t iv e  d a ta  from  them  was n o t v e r y  

accu ra te# . An im provem ent i n  th e  t e c h n iq u e ,  a t  g r e a t  e x p e n se  

f o r  f i l m ,  w ould  be t o  d r iv e  t h e  f i l m ,  and so  e x te n d  th e  tim e  base#. 

I t  may be s e e n ,  h o w ev er , t h a t  th e  d e la y  i n  p o in t  o f  v a lv e  o p en in g  

was o n ly  s l i g h t l y  a f f e c t e d  by co m p resso r  s p e e d , ab ou t 3^ a v e r a g e ,  

a t  th e  h ig h e s t  d is c h a r g e  p r e s s u r e ,  w here th e  sp ee d  e f f e c t  i s  m ost  

p ron ou n ced  due t o  r e l a t i v e l y  h ig h  p i s t o n  s p e e d  a t  v a lv e  op en in g#  

The d e la y  in c r e a s e d  n o t i c e a b ly  w ith  in c r e a s e  i n  v a lv e  i n e r t i a  

and s p r in g  s t i f f n e s s #  The p e r io d  d u r in g  w h ich  th e  v a lv e  may b e  

c o n s id e r e d  f u l l y  open  d e c r e a s e d  w ith  in c r e a s e  o f  v a lv e  s t i f f n e s s  

and in c r e a s e  o f  v a lv e  l i f t  b u t th e r e  was a w id e s c a t t e r  o f  

i n d i v id u a l  r e s u l t s  due to  th e  e f f e c t  o f  o i l  and v a lv e  f l u t t e r #

4# 3 V alve  F l u t t e r . When th e  v a lv e  l i f t  s to p  was i n  o p e r a t io n  

th e  f l u t t e r  was u s u a l ly  o f  th e  s m a ll  a m p litu d e  shown i n  F ig .  1 4 ,  

and th e  fr e q u e n c y  was c l o s e  t o  t h a t  o f  th e  n a tu r a l  f r e q u e n c y  o f  

th e  v a lv e  r e e d  a s  a s im p le  c a n t i l e v e r #  I t  was foun d  t h a t  th e  

a m p litu d e  was s e v e r e ly  damped, p a r t i c u l a r l y  w ith  th e  l i g h t e r  

v a l v e s ,  due to  th e  o i l  on t h e  s to p #  As shown i n  F ig#  18 t h e  

f l u t t e r  c o u ld  i n t e r f e r e  w ith  th e  commencement o f  th e  c l o s i n g  

p r o c e s s #  n o r m a lly  th e  f l u t t e r  te n d e d  to  d ie  aw ay, b u t  

e x c e p t io n s  w ere n o t uncommon# F ig*  IT  show s th e  b u ild  up o f  

f l u t t e r  d u r in g  th e  t im e  th e  v a lv e  was open# I t  i s  p o s s ib l e  

t h a t  s e l f  e x c i t e d  f l u t t e r  o f  th e  v a lv e  t a k e s  p la c e ;  t h a t  t h e r e  

i s  an a l t e r n a t i n g  f o r c e  w h ich  s u s t a in s  th e  f l u t t e r ,  t h e  n e c e s s a r y
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energy being supplied by the flow ing f lu id ,  evêrî i f  the f lu id  

flow  i s  steady# Consider the valve v ib ra tin g  about an average 

p osition #  In th is  average p o s it io n  the outflow  from the su ctio n  

valve in to  the cy lin d er i s  equal to  the in flow  in to  th e  compressor 

head cover. I f  the valve i s  further open than th is  p o s it io n  the  

outflow i s  greater than the in flow , i#e# the pressure in  the head 

cover i s  reduced# I f  the valve i s  further c lo sed  than the 

average p o s it io n  the outflow i s  l e s s  than the in flow , i#e# the 

pressure in  the head cover i s  increased* Therefore, when the 

valve i s  ju st past the average p o s it io n  and opening, pressure i s  

dim inishing, so th at i  cy c le  la t e r ,  when the va lve reaches the 

average p o s it io n  but c lo s in g , the pressure in  the head cover i s  a 

minimum* S im ilar ly , when the valve passes the average p o s it io n  

during i t s  opening phase the pressure i s  a maximum# Hence the 

pressure energy does work on the f lu tte r *  The energy so supplied  

may be considered as a negative damping force# This force w i l l  

be p a r t ia l ly  o f f s e t  by the p o s it iv e  damping due to  th,e v is c o s ity  

of the flow ing f lu id ,  thus preventing an exp on en tia lly  in crea sin g  

amplitude of f lu t te r #  The frequency , of such a f lu t t e r  w il l  be, 

for  a l l  p r a c t ic a l purposes, the natural frequency of the va lve  

system# Since th is  type of f lu t t e r  i s  not dependent on dynamic 

con sid erations i t  should be p o ssib le  to reproduce i t  by s ta t ic  

te s t#  However, during the s t a t ic  flow  tester (Appendix I I I )  i t  

was observed th a t f lu t t e r  could neith er be in i t ia t e d  or maintained  

by a steady gas flow# In the compressor the greater  the perm itted  

valve l i f t  the more severe was the f lu t t e r ,  due to  the decrease  

in  the damping e f f e c t  of the va lve  stop* With the heavy va lve  

the amplitude was o ften  equal to  the whole valve l i f t #
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4# 4 TaXve A c t io n  w ith  F reon  12# V alve  d is p la c e m e n t  

o s c i l lo g r a m s  w ere o b ta in e d  by th e  same te c h n iq u e  when pum ping  

F reon  1 2  w ith  t h i s  co m p resso r  i n  a  r e f r i g e r a t i n g  c i r c u i t #  The 

r a n g e  o f  p r e s s u r e  r a t i o s  a v a i la b le  was n e c e s s a r i l y  much red u ced #  

The same co m p resso r  sp e e d  ra n g e  was u sed  a t  tw o p r e s s u r e  r a t i o s  

w ith  f i x e d  e v a p o r a t in g  c o n d i t i o n s  (5^F#) w ith  t h r e e  v a lv e  r e e d  

t h i c k n e s s e s ,  0 # 0 0 6 , 0#009 and 0#012 in #  a t  t h r e e  v a lv e  l i f t s #  

S pecim en  o s c i l lo g r a m s  a re  shown i n  F ig#  19*

W hile th e  g e n e r a l  form  o f  th e  o s c i l lo g r a m s  i s  s im i la r  t o  

t h o s e  o b ta in e d  when pum ping a i r ,  a  f e a t u r e  n o t p r e v io u s ly  o b se r v e d  

was o b ta in e d  a t  h ig h  co m p resso r  sp ee d s*  C lo se  t o  T#D#G# when th e  

v a lv e  r e e d  w as d i s t o r t e d ,  i t  t e m p o r a r ily  r e tu r n e d  t o  t h e  v a lv e  

p l a t e  ( p o in t  D, F ig #  1 9 )  l e a v in g  a g a in  j u s t  a f t e r  T#D#C# T h is  

was due t o  th e  p i s t o n  s t r i k i n g  th e  r e e d ,  th e  p r e s s u r e  o f  th e  

c le a r a n c e  g a s  b e in g  s u f f i c i e n t  a g a in  t o  d i s t o r t  th e  r e e d  d u r in g  

r e -e a p a n s io n *  Thus th e  c le a r a n c e  v o lu m e , w h i le  a d e q u a te  t o  

accom m odate t h e  f l a t  r e e d ,  c o u ld  n o t  accom m odate th e  d i s t o r t e d  

r e e d ,  w ith  c o n se q u e n t  s e v e r e  pun ish m ent t o  th e  a lr e a d y  h ig h ly  

s t r e s s e d  v a lv e *

The v a lv e  f l u t t e r  was se ld o m  g r e a t e r  th a n  i n  th e  exam p les  

show n, b u t t h e r e  w ere a few  o a s e s  o f  b u i ld  up o f  f l u t t e r  s im i la r  

t o  F ig #  17# In  th e  t e s t s  w ith  s i r  a g r e a t l y  in c r e a s e d  a m p litu d e  

was o b ta in e d  b y  t h r o t t l i n g  th e  s u c t io n #  P erh a p s a t  lo w e r  

e v a p o r a t in g  te m p e r a tu r e s  th e  f l u t t e r  would in c r e a s e  i n  s e v e r i t y #

Home m easu rem ents from  th e  o s c i l lo g r a m s  a r e  shown i n  F ig #  20# 

T hese show t h a t  ( i )  th e  d is c h a r g e  v a lv e  was e f f e c t i v e l y  s e a l i n g  

SO; t h a t  t h e  p r e s s u r e  r a t i o  d id  n o t m a t e r ia l l y  a f f e c t  c l o s i n g  

a f t e r  B#D#cr., ( i i )  th e  d e la y  i n  s u c t io n  v a lv e  o p en in g  (and i n  

c l o s i n g )  was a g a in  o n ly  s l i g h t l y  a f f e c t e d  by co m p resso r  sp e e d
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' 0
(F ig #  A ), a b o u t 6 change from  1000  t o  1 5 0 0  r .p .m .  com pared t o  

ab ou t 3  ̂ w ith  a i r ,  ( i i i )  th e  a c t io n  was v i r t u a l l y  in d e p e n d en t o f  

th e  -dynam ics on th e  v a lv e #  T h is  l a s t  i s  a t  v a r ia n c e  w ith  th e  

f i g u r e s  u s in g  a i r ;  p erh a p s  th e  r e l a t i v e l y  l a r g e r  m ass o f  F reon  

1 2  w hich  may be assum ed a s s o c ia t e d  w ith  th e  m ass o f  t h e  v a lv e  r e e d  

ten d e d  t o  re d u ce  th e  e f f e c t  o f  th e  w ide ra n g e  o f  v a lv e  w e ig h ts  

and s p r in g  s t i f f n e s s  u sed #

4v 5 D ir e c t  O b se r v a tio n  o f  V alve A c t io n # The v a lv e  a c t io n  was 

a l s o  d i r e c t l y  o b se r v e d  by s tr o b o s c o p e #  A p o r te d  ty p e  com p ressor  

( s e e  A pp en d ix  I I )  was f i t t e d  w ith  a  s u c t io n  v a lv e  r e e d  i n  l i e u  

o f  a d is c h a r g e  v a lv e  and th e  v a lv e  p l a t e  clam ped i n  p o s i t i o n  

w ith o u t  a c y l in d e r  h ead #  W ith no d is c h a r g e  p r e s s u r e  th e  v a lv e  

b eh a v io u r  a p p ro x im a ted  t o  t h e  s u c t io n  v a lv e  a c t io n  i n  a  

0 o n v e n t i  o n a l arrangem ent #

In  th e  f i r s t  t e s t  th e  co m p resso r  was d r iv e n  up t o  3000  r .p .m #  

w ith o u t  a v a lv e  s to p #  D urin g  th e  o p en in g  o f  th e  v a lv e  th e r e  was 

a  s m a l l  b u t d i s t i n c t  f l u t t e r  o r  l a g  i n  th e  movement a t  ab ou t h a l f  

th e  a m p litu d e , from  w h ich  th e  v a lv e  q u ic k ly  r e c o v e r e d ,  o p en in g

t h e r e a f t e r  to  th e  f u l l  ampl: 

su b seq u e n t f l u t t e r #

Ltude o f  th e v a lv e o p en in g  w ith

C om pressor Speed — r .p .m # 800 1 0 0 0 1 2 0 0 1 6 0 0 2000 3000

U n r e s t r ic t e d  L i f t  -  in # *06 .0 8 .1 .1 4 .1 5 #16

F ree V ib r a t io n s  ( f l u t t e r ) 4 3 2 1 1 1

D ep en d ing  on th e  p r e s s u r e  r a t i o  u sed  th e r e  w ould  be a  number 

o f  co m p resso r  s p e e d s  a t  w h ich  th e  f l u t t e r  s y n c h r o n is e d  w ith  th e  

v a lv e  c l o s i n g  p r o c e s s #  At s l i g h t l y  h ig h e r  co m p resso r  sp e e d s  th e



t h e  c l o s i n g  p r o c e s s  w as in t e r f e r e d  w it h ,  p r o b a b ly  t o  th e

d e tr im e n t  o f  p erfo rm a n ce  due t o  in c r e a s e d  b lo w -b y . At co m p resso r

s p e e d s  s l i g h t l y  l e s s  th a n  t h e s e  c r i t i c a l  v a lu e s  th e  c l o s i n g  a c t io n

c o u ld  be i h i t i a t e d  sm a r t ly  due t o  commencement o f  a  f l u t t e r #

When th e  v a lv e  r e e d  t i p  was ch eck ed  th e  a c t i o n  was s i m i la r

b u t t h e  a m p litu d e  o f  th e  f l u t t e r  w as r e d u c e d :  t h e  damping e f f e c t

due t o  th e  o i l  f i l m  b etw een  t h e  r e e d  t i p  and th e  s t o p  c o u ld  be

c l e a r l y  o b ser v ed #  For t h i s  same r e a s o n  rebound  from  th e  v a lv e

s e a t ,  w h ich  c o u ld  be o b s e r v e d , w as a lw a y s s m a l l .

4# 6  V a lve  P r e s s u r e  L oss#  The 35 m.m. f i l m  r e c o r d s  o f  th e

r e c t i f i e d  o s c i l l o s c o p e  t r a c e  o f  v a lv e  p r e s s u r e  drop t o  c r a n k a n g le

( F i g .  2J), f o r  72 c a s e s  w ere e n la r g e d  some 15 t im e s  on a  H ilg e r

E n la r g e r  and th e n  t r a c e d #  From th e  c a l i b r a t i o n  c u r v e s

(A p p en d ix  IV) and a  s t r o k e  t o  cr a n k a n g le  c h a r t  t h e s e  t r a c in g s

w ere c o n v e r te d  t o  th e  c o n v e n t io n a l  P .V . d ia g ra m s (F ig #  2 2 )  and th e

a r e a s  m easured  by p la n im e te r #

The l o s s  o f  v o lu m e tr ic  e f f i c i e n c y  due t o  a t t e n u a t io n  may be

com puted  a s  f o l lo w s : .*

N e g le c t in g  h e a t  t r a n s f e r  e f f e c t s  d u r in g  s u c t io n  and a ssu m in g

t h a t  t h e  w e ig h t  in d u c e d  i s  d is c h a r g e d  t o  th e  r e c e iv e r #
a t  +  T c iy  _  o

R e fe r r in g  t o  F i g .  1 .

Cv/(»viTT; -  +  f - e p ( m , - r v ) a T T  C35)
th e  l a s t  term  on l .H .S #  d e n o t in g  th e  e n th a lp y  a d d i t io n  t o  t h e  

c lo s e d  sy stem  due to  th e  f lo w  en erg y  o f  th e  in d u c e d  ch a rg e#

D ep en d ing  on th e  form  o f  t h e  s u c t io n  l i n e  th e  term  I
/vV J

may be p a r t  p o s i t i v e  and p a r t  n e g a t iv e .
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S ince > T?V = vvTRT̂  th en

 ̂— (y î ~ Vi, "* Î ^pdV.
S in c e  p t  = p  i = 1 ^  ; =; th e n

-  ‘" '-" ■ 'W  -  4 ^ 0 ' - # ) -  V

^  L /P . (36)
i#e>'*\ ind icated:- a c tu a l tim es area of su ction  loop

V ^VspL
By eq# 36 the lo s s  o f volum etric e f f ic ie n c y  due to  su ction  valve  

th r o t t l in g  was computed and the r e s u lts  are shown in  Fig# 23*

The outstanding feature was the sm all e f f e c t  of th r o tt lin g  

lo s s  on volum etric e f f ic ie n c y ;  even when the a ir  v e lo c ity  

through the r e s tr ic te d  area of the valve was as high as 500 f t /s e c *  

the lo s s  o f volum etric e f f ic ie n c y  thereby was only At

more normal operating cond itions the lo s s  did not exceed 1^, so 

that there was no severe d eter io ra tio n  of performance a t high  

compressor speeds or low valve l i f t s  because o f the choking e f f e c t  

of the su ction  valve* The leakage e f f e c t s  and heat tra n sfer  

e f f e c t s ,  r e la t iv e ly  large  when the machine i s  sm all, probably 

decrease with increased; compressor speed and th e  optimum 

compressor speed may, th erefo re , be su rp ris in g ly  high s in c e  the  

valve th r o t t lin g  lo s s  i s  so small* At a pressure r a t io  o f u n ity  

there was l i t t l e  d ifferen ce  between the lo s s e s  due to  the l ig h t  

and heavy valves*  This may have been due to  th e low p is to n  

v e lo c ity  a t opening, making valve dynamics unimportant, and to  

the valve being open fo r  a long period of the stroke reducing  

the e f f e c t  o f d if fe r in g  valve c h a r a c te r is t ic s  a t opening and 

closin g*  The appreciably superior performance o f the l ig h t  va lve  

at very low l i f t  was probably due to i t s  greater a b i l i t y  to  f l e x

with the large pressure drop, providing a somewhat grea ter  flow
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a r e a  th a n  th e  n om in a l*

At th e  h ig h e r  p ress in * e  r a t i o  th e  d i f f e r e n a e  b etw een  th e  

v a l v e s  was more marked* The h ig h e r  p i s t o n  sp eed  a t  o p en in g  now 

made a p p a ren t th e  s u p e r io r  d y n a m ica l p r o p e r t i e s  o f  th e  l i g h t  

v a lv e  a t  t h i s  p h a s e , b u t a t  any g iv e n  s p e e d  and l i f t  th e  

d i f f e r e n c e  b etw een  th e  l o s s  o f  v o lu m e tr ic  e f f i c i e n c y  d id  n o t e x c e e d  

0*75^*

The le a k a g e  l o s s  due t o  b low —by d u r in g  c l o s u r e  i s  n o t  

in c lu d e d  i n  e q u a t io n  36* D u rin g  c lo s u r e  th e  s t i f f e r  s p r in g  o f  

t h e  h ea v y  v a lv e  may fa v o u r  i t s  p erform an ce by r e d u c in g  b low —b y , 

o f f s e t t i n g ,  i t s  i n i t i a l  d is a d v a n ta g e  t h a t  i t  r e a c h e s  th e  s to p  

l a t e r ,  i f  a t  a l l ,  and l e a v e s  e a r l i e r ,  r e s u l t i n g  i n  a  lo w e r  

" e f f e c t i v e "  l i f t *  A lth ou gh  i t  had d o u b le  th e  m ass i t  had s p r in g  

s t i f f n e s s  e ig h t  t im e s  g r e a te r *  Hence o v e r a l l  th e  s t i f f  v a lv e  

may be e q u a l t o  o r  even  s u p e r io r  t o  th e  l i g h t  v a l v e ,  s in c e  t h e  

t h r o t t l i n g  e f f e c t  on v o lu m e tr ic  e f f i c i e n c y  i s  so  sm a ll*  T h ie  

i s  l a t e r  shown t o  be th e  c a s e *

In  th e  a n a l y s i s  o f  v a lv e  p erform an ce  ( C hap ter 3 ) i t  w as  

a p p a ren t t h a t  t o  c a l c u l a t e  th e  p o in t s  a t  v h io h  t h e  v a lv e  c lo s e s ,  

and th e  p r e s s u r e  a cr o ss:  th e  v a lv e  i s  f i n a l l y  z e r o  was v e r y  

la b o r io u s  i f  v a lv e  f l u t t e r  was p r e s e n t*  T h ese two p o in t s  may 

be o b ta in e d  from  th e  o s c i l lo g r a m s  (F ig *  14  and F ig *  2 1 ) ,  b u t th e  

in a c c u r a c ie s  due t o  t h e  s m a ll  t im e  b a se  and e x p e r im e n ta l e r r o r s  

a re  c o n s id e r a b le *  H ow ever, i f  th e  e x p e r im e n ta l t e c h n iq u e s  u sed  

w ere f u r t h e r  d e v e lo p e d  w ith  th e  aim  o f  s tu d y in g  l o s s e s  due to  

v a lv e  b lo w -b y , th e  ap proach  w ould be more f r u i t f u l  th a n  th e  

la b o r io u s  t h e o r e t i c a l  a n a ly s i s  w ith  i t s  in h e r e n t  a ccu m u la ted  

e r r o r s  due t o  t h e  s t e p  i n t e g r a t i o n  p r o c e s s *

C o n s id e r a t io n  o f  P ig .  6 and B ig .  2 2  show s t h a t  t h e r e  i s



j b .
a  la r g e , d i f f e r e n c e  b etw een  th e  t h e o r e t i c a l  and a c t u a l  p o in t  

a t  w h ich  th e  v a lv e  can  b e g in  t o  open* The l o s s  o f  v o lu m e tr ic  

e f f i c i e n c y  f o r  t h i s  c a u se  i s  ab ou t 20^ , m a in ly  due to  t h e  a c t i o n  

o f  th e  d is c h a r g e  v a lv e *  A p r e s s u r e  o f  a b o u t 15 lb / in * ^  was: 

n e c e s s a r y  t o  o p e r a te  th e  d is c h a r g e  v a lv e ,  i* e *  t h e  e f f e c t i v e  

p r e s s u r e  r a t i o  was tw o , when th e  n o m in a l p r e s s u r e  r a t i o  was one*  

W hile th e  l o s s  due t o  t h i s  d e c r e a s e s  w ith  in c r e a s in g  p r e s s u r e  r a t i o ,  

th e  e f f e c t  i s  s t i l l  s e r io u s  i n  th e  ra n g e  o f  p r e s s u r e  r a t i o s  u se d  

i n  r e f r i g e r a n t  co m p resso rs*  A l l  p r e v io u s  i n v e s t i g a t i o n s  h a v e  

assum ed t h a t  th e  d is c h a r g e  v a lv e  c o u ld  h a v e  l i t t l e  e f f e c t  on  

v o lu m e tr ic  e f f i c i e n c y ,  but i t  i s  a p p a ren t t h a t  t h e  l o s s  o f  

v o lu m e tr ic  e f f i c i e n c y  due t o  i t s  s t i f f  s p r in g s  may g r e a t l y  e x c e e d  

th e  l o s s  due t o  s u c t io n  v a lv e  t h r o t t l i n g *

}
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EXPERIMENTAIi. INTESTIGATrOH OF THE EFFECT OF 
TAEVE VAHIABLEE OH AIR M D  FREON 1 2  COMPRESSOR PERFORMANCE*

An e x p e r im e n ta l s tu d y  was made o f  th e  e f f e c t  o f  v a r io u s  

v a r i a b le s  on t h e  p erfo rm a n ce  o f  th e  s m a ll  co m p resso r*

When pum ping a i r ,  th e  v a lv e  v a r i a b l e s  w e r e , l i f t ,

0 — 0*085  in * ,  r e e d  t h i c k n e s s ,  0 .0 0 6  in *  and 0*010  in *  g iv in g  

s p r in g  s t i f f n e s s  0*237  and 1*1  l b / i n .  and n a t u r a l  fr e q u e n c y  1 0 0  

and 1 4 4 ^ / s e c *  The co m p resso r  v a r i a b le s  w ere p r e s s u r e  r a t i o ,

1 -  9 > and s p e e d , 500 — 1 5 0 0  r*p*m*

S in c e  a  s l i g h t  im provem ent i n  p er fo rm a n ce  w ith  th e  h e a v ie r ,  

0*010 i n * , v a lv e  was o b se r v e d  i n  th e  a i r  co m p resso r  t e s t s  a  s t i l l

s t i f f e r  v a lv e  w as u s e d , 0*012 in *  t h i c k ,  s p r in g  s t i f f n e s s

1*9 I b / i n * ,  n a tu r a l  fr e q u e n c y  166 /% /seo *, and co m p a r iso n  o f  

p erfo rm a n ce  b etw een  t h i s  and t h e  l i g h t  0*006 in *  v a lv e  made, 

when pum ping a  d en se  r e f r i g e r a n t .  F reon  1 2 .  The sp eed  range, 

and v a lv e  l i f t  r a n g e  w ere a s  i n  th e  a i r  t e s t s ,  b u t th e  ra n g e  o f  

p r e s s u r e  r a t i o s e v a i l a b l e  w a s, o f  c o u r s e ,  now l im i t e d *

5* 1  A pp aratu s * ( a )  C ir c u i t  f o r  co m p resso r  t e s t s  w ith  A ir * The

co m p resso r  w as d i r e c t l y  c o u p le d  t o  a toajque-m ounted e l e c t r i c  m otor*  

The a i r ,  a t  a tm o sp h e r ic  c o n d i t io n  a t  s u c t io n  th ro u g h o u t t h e  s e r i e s  

w as co m p ressed  and d e l iv e r e d  t o  an o i l  s e p a r a to r  and r e c e iv e r *

The a i r  w as th e n  t h r o t t l e d  t o  th e  ap proach  p ip e  o f  t h e  m e te r in g  

o r i f i c e  th ro u g h  # i i o h  i t  d is c h a r g e d  t o  a tm osp h ere*  A v e r t i c a l  

w a ter  m anom eter m easured  th e  p r e s s u r e  drop a c r o s s  th e  o r i f i c e ;  

a  th erm o co u p le  m easured  th e  a i r  tem p era tu re  a t  th e  co m p resso r  

i n l e t  f la n g e ;  p r e s s u r e s  w ere o b serv ed  on c a l ib r a t e d  Bourdon  

ty p e  g a u g es*

The t e s t  p r o c e d u r e  f i n a l l y  ad op ted  was t o  a l lo w  th e  co m p resso r



JO*
t o  s e t t l e  th o r o u g h ly  a t  a. s e l e c t e d  sp eed  and d is c h a r g e  p r e s s u r e  

and th è n  m easure th e  a i r  d e l iv e r e d  a t  d i f f e r i n g  v a lv e  l i f t s ,  t h e s e  

b e in g  c o n t r o l l e d  by t h e  l i f t  m easurem ent d e v ic e *  The r e l a t i v e l y  

s m a ll  e f f e c t  o f  v a lv e  l i f t  on p erform an ce d id  n o t  m a t e r ia l l y  

d is t u r b  t h e  s e t t l e d  te m p e r a tu r e s  and p r e s s u r e s *  At each  d is c h a r g e  

p r e s s u r e  th e  m a ss f lo w  o f  a i r  w as m easured  w ith  th e  v a lv e  l i f t  

a l t e r e d  by s t e p s ,  a t  some m in u te s  in t e r v a l , f r o m  th e  maximum 

p e r m it te d  l i f t  t o  t h e  p o s i t i o n  w ith  th e  v a lv e  t i p  c lo s e d  and b ack  

a g a in  t o  t h e  maximum p e r m it te d  l i f t .  The l u b r i c a t i n g  o i l  was 

k e p t a t  a  c o n s ta n t  l e v e l  i n  th e  sump, b u t i t s  p r e s e n c e  i n  v a r y in g  

q u a n t i t i e s  i n  v a r io u s  p la c e s  d u r in g  o p e r a t io n  p r e s e n te d  a  d i f f i c u l t y  

i n  th e  r e d u c t io n  o f  t h e  e x p e r im e n ta l s c a t t e r  t o  w i t h in  th e  c l o s e  

l i m i t s  r e q u ir e d *  The r e s u l t s  a re  p r e s e n te d  i n  g r a p h ic a l  fo rm , 

ea ch  cu rv e  b e in g  th e  mean o f  th e  two o b ta in e d  a s  th e  v a lv e  l i f t  

was f i r s t  r e d u c e d  and th e n  in c r e a s e d  a g a in *

(b ) C ir c u i t  f o r  co m p resso r  t e s t s :  w ith  lb?eon 12 (F ig *  2 4 ) .

The C om pressor d e l iv e r e d  t o  an o i l  s e p a r a to r  and th e  s e p a r a te d  

F reon  12 vap ou r p a s s e d  t o  tw o c o n d e n se r s  i n  p a r a l l e l *  The 

c o o l in g  w a te r  was s u p p lie d  from  a  c o n s ta n t  head  ta n k  and th e  

c o n t r o l  o f  t h i s  f lo w  by n e e d le  v a lv e s  r e g u la t e d  t h e  r e f r i g e r a n t  

h i g h - s id e  p r e s s u r e *  The s u b -c o o le d  l i q u i d  p a s s e d  t o  an

a ccu m u la to r  w h ich  c o n s id e r a b ly  im proved  th e  s t a b i l i t y  o f  th e  c i r c u i t  

The l i q u i d  p a s s e d  th r o u g h  a  s i l i o a - g e l  d r i 0r ,  th ro u g h  a  s i g h t  g l a s s  

t o  a  p r e s s u r e  c o n t r o l l e d  e x p a n s io n  v a lv e  and h en ce  t o  a  c a lo r im e t e r  

t o  m easu re th e  r e f r i g e r a n t  m ass f lo w *  T h is  c a lo r im e t e r  a l s o  

fu n c t io n e d  a s  th e  e v a p o r a to r *  The s u c t io n  v a p o u r , su p e r h e a te d  

t o  th e  am bien t tem p e ra tu r e  th ro u g h o u t th e  p r e s e n t  t e s t s  r e tu r n e d  

to  th e  co m p resso r  from  th e  e v a p o r a to r *  The r e q u ir e d  te m p e r a tu r e s  

w ere m easured  by c a l ib r a t e d  co p p er  C o n s ta n t in  th e r m o c o u p le s  a t
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th e  r e q u ir e d  p o i n t s .  The c o ld  j u n c t io n  w as ta p e d  to  a  s u i t a b l e  

th erm o m eter , im m ersed i n  a  t e a t  tu b e  o f  o i l  and th e  w hole  

im m ersed  i n  a vacuum f l a s k  o f  sh aved  ice# .

The se c o n d a r y  c a lo r im e t e r  was s e l e c t e d  a s  th e  m ost s u i t a b l e  

f o r  th e  a c c u r a te  m easurem ent o f  r e l a t i v e l y  s m a l l  ch a n g es  o f  f lo w *

The in p u t  to  th e  e l e c t r i c a l  h e a t e r  e lem en t im m ersed i n  th e

se c o n d a r y  f l u i d  was c o n t r o l l e d  by a. V a r ia c  t r a n s fo r m e r , and s l i d e  

w ir e  r e s i s t o r  f o r  f i n e  c o n t r o l*  The co n su m p tio n  was m easured  

by a  su b sta n d a rd  w a ttm eter*  A lth ou gh  th e  c a lo r im e t e r  was 

s u f f i c i e n t l y  r o b u s t  t o  o p e r a te  w ith  F reon  12 ( 7 2 .4 1  I b / in * ^  a b s .  

a t  ) a s  t h e  se co n d a r y  f l u i d ,  F reon  2 1  was u s e d  (1 8 * 9  l b / i n

a b s .  a t  6 0 ^ F .)  T h is  p e r m it te d  a m ercury m anom eter to  be u se d  a s

th e  i n d i c a t o r  o f  tem p era tu re  o f  th e  se c o n d a r y  f l u i d *  No l o c a t i o n  

f o r  e i t h e r  a therm om eter or a th e rm o co u p le  was found  w h ich  g a v e  

a s  s e n s i t i v e  a  r e g i s t e r  o f  seco n d a r y  f l u i d  tem p eratu re , a s  d id  

t h i s  m anom eter, w h ich  i n c i d e n t a l l y  se r v e d  a s  a s im p le  s a f e t y  

d e v ic e  so  t h a t  no a u to m a tic  c u t - o u t  was n e c e s s a r y  i n  th e  h e a t e r  

c i r c u i t .  The c a lo r im e t e r ,  in s u la t e d  w ith  g r a n u la te d  c o r k , had  

a low  h e a t  le a k a g e  and t h i s  c o u ld  be n e g le c t e d  b e c a u se  (a )  th e  

e x p a n s io n  v a lv e  was k ep t c l o s e  t o  th e  c a lo r im e t e r  and (b )  th e  

s u c t io n  l i n e  vap ou r tem p e ra tu r e  and th e  se c o n d a r y  f l u i d  te m p e r a tu r e  

w ere k ep t a t  am bient tem p era tu re  th ro u g h o u t th e  s e r i e s .

The f u n c t io n  o f  th e  o i l  s e p a r a to r  was t o  r e d u c e  to  a  v e r y  

s m a ll  f i x e d  amount th e  o i l  f lo w in g  w ith  th e  r e f r i g e r a n t  th ro u g h  

th e  c a lo r im e t e r  and co m p resso r  s u c t io n  v a lv e *  The F reon  1 2 / o i l  

m ix tu r e  d e l iv e r e d  from  th e  co m p resso r  e n te r e d  a c a g e  s e p a r a t in g  

two co p p er  g a u ze  e le m e n ts*  A 125 w a tt  h e a t e r  ev a p o ra te d  th e  

F reon  12 and h e a t  exch an ge was e f f e c t e d  b etw een  t h e  r i s i n g  vap ou r



f  w *

and in co m in g  m ix tu r e ;  th e  w hole o p e r a te d  a s  a s im p le  

r e f r a c t i o n a t i n g  colum n* The upp er g a u z e  te n d e d  f u r t h e r  t o

s e p a r a te  o i l  p a r t i c l e s  r e m a in in g  i n  th e  v a p o u r , w h ile  th e  lo w e r  

a id e d  th e  d i s t r i b u t i o n  o f  h e a t*  The d e n se r  o i l  a ccu m u la ted  and 

c o u ld  be b le d  b ack  t o  t h e  co m p resso r  sump, v i a  th e  d r a in ,  a t  th e  

c o n c lu s io n  o f ,  or  i f  n e c e s s a r y  d u r in g  a t e s t *  In p u t t o  th e  

h e a t e r  was c o n t r o l l e d  by s l i d e  w ir e  r e s i s t o r  so  t h a t  th e  s e p a r a te d  

Freon  12 vap ou r l e f t  a t  200^F* a t  any co m p resso r  s p e e d , e n s u r in g  

a s im i la r  o i l  c o n c e n t r a t io n ,  a  s m a ll  f r a c t i o n  o f  1^ , i n  th e  f lo w  

th ro u g h  th e  c a lo r im e te r *  The o i l  q u a n t ity  p a s s e d  o v er  by th e  

co m p resso r  was n e g l i g i b l e  s in c e  th e  s u c t io n  vap ou r was su p e r h e a te d  

and th e  c o n c e n t r a t io n  o f  Freo>n 12  i n  i t i .  s m a ll;  l e s s  th a n  8^  by  

w e ig h t ,  a t  th e  h ig h e s t  co n d e n ser  p r e s s u r e  u s e d , a t  200^F* H ence  

th e  m ass f lo w  o f  F reon  12  th ro u g h  th e  co m p resso r  w as v i r t u a l l y  

t h a t  th ro u g h  th e  c a lo r im e t e r ,  and , f u r t h e r ,  t r u e  v a lu e s  o f  l i q u i d  

r e f r i g e r a n t  e n th a lp y  c o u ld  be d eterm in ed  by te m p e r a tu r e  m easurem ent 

The t e s t  s e r i e s  u s in g  F reon  1 2  was c a r r ie d  o u t an d , i n  t h e  

l i g h t  o f  th e  r e s u l t s  and o p e r a t in g  e x p e r ie n c e ,  th e  p la n t  was 

r e b u i l t  and m o d if ie d  f o r  th e  p r e s e n t  s e r i e s  t o  im prove t h e  c o n t r o l  

o f  th e  many f a c t o r s  i n f l u e n c in g  p erform an ce  and so  r e d u c e  th e  

s c a t t e r  o f  r e s u l t s *  I t  was found n e c e s s a r y  t o  o p e r a te  th e  p la n t  

f o r  a b o u t 5 h o u rs  b e f o r e  s te a d y  c o n d i t io n s  w ere o b ta in e d *  D uring  

t h i s  p e r io d  th e  v a r io u s  c o n t r o l s  had to  be a d ju s te d *  A fte r  

commencement o f  a t e s t ,  t h i r t y  m in u tes  was a llo w e d  b etw een  ea c h  

a l t e r a t i o n  o f  v a lv e  l i f t  t o  en su re  s te a d y  c o n d i t io n s  a g a in *  The 

d u r a t io n  o f  ea ch  o f  30 t r i a l s  w as, t h e r e f o r e ,  about 10  h o u r s  

su b seq u e n t t o  th e  ‘'ru n n in g —i n p e r i o d  and c o n s i s t e n t  r e s u l t s  c o u ld

n o t be o b ta in e d  i n  l e s s  t im e .



W hen^all m o d i f ic a t io n s  f o r  im provem ent o f  c o n t r o l  had been  

m ade, t h r e e  a p p r e c ia b le  c a u s e s  o f  e r r o r  s t i l l  rem a in ed *  F i r s t l y ,  

th e  v a r i a t i o n s  i n  m ain s v o l t a g e  r e s u l t e d  i n  v a r i a t i o n  o f  co m p resso r  

s p e e d , w h ich  was. e a s i l y  ad justed :*  (The e f f e c t  o f  th e  c a lo r im e t e r  

was more com plex* S e c o n d ly , ch a n g es  i n  am bien t te m p e r a tu r e , w hich  

n o t o n ly  f l u c t u a t e d ,  b u t v a r ie d  a t  d i f f e r e n t  p o in t s  o f  th e  

basem ent la b o r a t o r y ,  w ere s u f f i c i e n t  t o  a f f e c t  t h e  a c c u r a c y  

r e q u ir e d *  T h is  w a s, o f  c o u r s e ,  p a r t ly  c o u n te r e d  by c a r e f u l  

la g g in g *  T h ir d ly ,  s l i g h t  v a r i a t i o n s  i n  w a te r  te m p e r a tu r e  a f f e c t e d  

th e  h ig h  s i d e  p r e s s u r e *  T h ese  d i f f i c u l t i e s  w ere l a r g e l y  m et by 

”r \m n in g * in ^  t h e  p la n t  d u r in g  th e  e v e n in g  and c a r r y in g  o u t th e  

t e s t  b e tw een  1 0  p*m* and 8 a.m* when t h e r e  was a p p r e c ia b ly  l e s s  

d is tu r b a n c e  o f  e l e c t r i c a l  and w a ter  p r e s s u r e s  and a i r  and w a ter  

tem p e r a tu r e s*

Throughout th e  s e r i e s  t h e  e v a p o r a t in g  tem p e ra tu r e  was h e ld  

a t  th e  s ta n d a rd  v a lu e ,  5^F* The s u c t io n  vap our was su p e r h e a te d  

t o  60®F* S u p e r h e a tin g  o f  s u c t io n  vap our i s  a c c e p te d  p r a c t i c e  

w ith  t h i s  vap our*  The d e c r e a s e  i n  t h e o r e t i c a l  p erfo rm a n ce  i s  

s m a l l ,  due t o  th e  lo w  v a lu e  o f  th e  i s e n t r o p i c  in d e x ,  and t h i s  i s  

m ore th a n  o f f s e t  by th e  im provem ent i n  a c t u a l  p erfo rm a n ce  due t o  

r e d u c t io n  o f  h e a t  t r a n s f e r  e f f e c t s ,  w h ich  a r e  a  minimum and 

c o n s ta n t  f o r  t h i s  m ach in e a t  th is :  vap ou r c o n d it io n *  The 

c o n d e n s in g  te m p e r a tu r e s  u sed  w ere T2^F, 84-^F, and 120^F* g iv in g  

p r e s s u r e  r a t i o s  3 *4 3 , 4*1  and 6 *4 , o b ta in e d  by v a r i a t i o n  o f  th e  

c o o l in g  w a ter  m ass f lo w *

Change o f  r e f r i g e r a n t  f lo w  was r e f l e c t e d  by a change, i n  

tem p eratu re, and t h e r e f o r e  o f  p r e s s u r e ,  a s  r e c o r d e d  by th e  m ercury

m anom eteë, o f  th e  se co n d a r y  f l u i d  F reon  21& T h is  m anom eter



was open t o  a tm o sp h ere  and s u b j e c t  t o  s l i g h t  e r r o r  due to  

v ^ i a t i o n  o f  b a r o m e tr ic  p r e s s u r e *  A c h a r t  was c o n s t r u c te d  from  

th e  p r o p e r t i e s  o f  F recn  21 so  t h a t  th e  c o r r e c t  m anom eter h ea d  

c o u ld  be com puted f o r  any b a r o m e tr ic  p r e s s u r e  and am bien t 

tem p e ra tu re*  ' The s e t t i n g  o f  th e  m anom eter h ea d  was n o t v a r ie d  

d u r in g  any one t e a t  and t h e  c o n t r o l l e d  h e a t  in p u t  t o  th e  

c a lo r im e t e r  m a in ta in e d  th e  m ercury head* I t  was p o s s i b l e  f o r  

th e  s m a ll  e r r o r s  a ccru ed  by v a r i a t i o n  o f  am bien t tem p e ra tu r e  and 

b a r o m e tr ic  p r e s s u r e  d u r in g  a. t e s t  t o  be a d d i t i v e ,  or t o  c a n c e l  

ea ch  o th e r *  To a d j u s t  th e  h e a t  in p u t  and h en ce  m ercury l e v e l ,  

a  sy s te m  o f  b r a c k e t in g  was u s e d , and , w ith  o p e r a t in g  e x p e r ie n c e ,  

t h e  f l u c t u a t i o n  was r e d u c e d  t o  a  s h o r t  p e r io d *  I t  was e s s e n t i a l  

t h a t  th e  l e v e l  was e x a c t l y  o b ta in e d  and m a in ta in e d  f o r  a t  l e a s t  

h a l f  an hour*

W ith ea ch  w e ig h t  o f  v a lv e  r e e d ,  two t e s t  s e r i e s  w ere  

c o n d u c te d , a t  f i x e d  s u c t io n  c o n d i t i o n s ,  and a t  co m p resso r  s p e e d s  

o f  5 0 0 , 1 0 0 0  and 1500  r*p*m* In  th e  f i r s t , th e  v a lv e  l i f t  

w as v a r ie d  from  0- 0*08 i n .  a t  t h r e e  d is c h a r g e  p r e s s u r e s ;  i n  th e  

s e c o n d , a t  p a r t i c u l a r  v a lv e  l i f t s ,  th e  d is c h a r g e  p r e s s u r e  w as 

v a r ie d  from  7 5  — 177  I b / in * ^  gauge*  la r g e  s c a l e  c h a r t s  w ere  

c o n s t r u c t e d  f o r  t h e  v a r io u s  p r o p e r t ie s  o f  F reon  12  r e q u ir e d  f o r  

a c c u r a te  c a l c u l a t i o n  o f  th e  r e s u l t s *

5* 2 D is c u s s io n  o f  R e s u l t s * (a )  E f f e c t  o f  T a lv e  L i f t  on A c tu a l  

T o lu m e tr ic  E f f i c i e n c y  -  A ir .  T here was no r e d u c t io n  i n  v o lu m e tr ic  

e f f i c i e n c y  a t  500  r .p .m *  w ith  r e d u c t io n  i n  v a lv e  l i f t  (F ig *  2 5 )*

At s p e e d s  o f  1 0 0 0  r .p .m *  and 1 5 0 0  r*p*m* a  s lo w  r e d u c t io n  

o c c u r r e d  i f  l i f t  was r e d u c e d  b elow  ab ou t 0 .0 2 5  in *  and 0*40 in *  

r e s p e c t i v e l y ;  t h a t  i s ,  a t  mean gas, s p e e d s  th ro u g h  th e  s u c t io n
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v a l v e  i n  e x c e s s  o f  a b o u t 230  f t / s e e *  In  th e  e a s e  o f th e  l i g h t  

v a l v e ,  F ig #  2 6 , t h e r e  was a c t u a l l y  an in c r e a s e  i n  v o lu m e tr ic  

e f f i c i e n c y  a s  th e  v a lv e  l i f t  was r e d u c e d , u n t i l  g a s  v e l o c i t i e s  

o f  th e  same o r d e r  w ere r e a c h e d , a f t e r  w h ich  th e  e x p e c te d  d e c r e a s e  

o ccu rred *  l h a t  in c r e a s e  o f  ab out 2fo was d e f i n i t e  and r e a d i l y  

r e p r o d u c e d , w ith  a l l  o th e r  c o n d it io n s  s t e a d y ,  b e in g  r e p r e s e n t e d  

by a ch an ge o f  o r i f i c e  m anom eter h ead  o f  ab o u t 0*8 in *  w ater*

I t  was c o n c lu d e d  t h a t  r e d u c t io n  in  t h r o t t l i n g  l o s s  by in c r e a s in g  

v a lv e  l i f t  was f u l l y  o f f s e t  by th e  b lo w -b y  d u r in g  c lo s u r e  and 

more th a n  o f f s e t  i n  t h e  c a s e  o f  th e  l i g h t  v a lv e  w ith  i t s  w eaker  

sp r in g *

(b ) E f f e c t  o f  T a lv e  L i f t  on A c tu a l V o lu m e tr ic  E f f i c i e n c y  -  ’F reon  1 2 

W ith F reon  12 a s  w ith  a i r  th e  v o lu m e tr ic  e f f i c i e n c y  w as  

p r a c t i c a l l y  c o n s ta n t  o v er  a  w id e ra n g e  o f  v a lv e  l i f t *  (F ig *  2 7 )*

The g a s  v e l o c i t y  th r o u g h  th e  r e s t r i c t e d  v a lv e  a r e a  e x c e e d e d  

1 3 0  f t / s e c *  b e fo r e  th e  t h r o t t l i n g  l o s s  more th a n  o f f s e t  th e  

a d v a n ta g e s  o f  lo w  l i f t *  üp t o  t h i s  g a s  s p e e d  t h e r e  was n e g l i g i b l e  

f l e x i n g  o f  th e  s t i f f  v a lv e ,  r e e d  so  th e  f ig u r e  w as r e a s o n a b ly  

c l e a r l y  d e f in e d *

That th e  v o lu m e tr ic  e f f i c i e n c y  would rem a in  c o n s ta n t  a t  g a s  

sp e e d s  l e s s  th a n  130  f t * / s e e .  i s  a t  v a r ia n c e  w ith  common c o n j e c t u r e  

and r e q u ir e d  t h i s  ecxpierim ental s u b s t a n t ia t io n *  The im proved  

v a lv e  p er fo rm a n ce  a t  lo w er  l i f t s  o f f s e t  th e  t h r o t t l i n g  l o s s  w h ic h ,  

a s  h a s  b een  s e e n  (C h ap ter  4 ), had o n ly  a  s m a ll  e f f e c t  on v o lu m e tr ic  

e f f i c i e n c y *  I f  th e  v a lv e  l i f t  w as u n d u ly  re d u ce d  u n t i l  a mean 

g a s  sp e e d  o f  180  f t  • / s e c .  was r e a c h e d  o n ly  a f u r t h e r  1^  l o s s  i n  

v o lu m e tr ic  e f f i c i e n c y  o c c u r r e d .

The r e s u l t s  a t  500  r.p*m * d id  n o t conform  t o  t h e s e  f i g u r e s .
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At r  = 3 .4 5  th e  h ea v y  v a lv e  d id  n o t open f u l l y  a t  h ig h  p e r m it te d  

l i f t s  an d , t h e r e f o r e ,  w ith  t h i s  v a lv e  a t  lo w  sp eed  t h e  mean f lo w  

a r e a  was more a  f u n c t io n  o f  th e  com p ressor  sp eed  th a n  o f  p e r m it te d  

l i f t *

( c )  E f f e c t  o f  O om presaor Speed  on A c tu a l V o lu m e tr ic  E f f i c i e n c y  - A i r * 

(F ig *  28 A) T h is  co m p r esso r , in te n d e d  t o  o p e r a te  a t  6 0 0  r .p # m . 

when th e  mean p i s t o n  sp e e d  i s  1 0 0  f t /m in *  and th e  mean g a s  

v e l o c i t y  th ro u g h  t h e  s u c t io n  v a lv e  i s  a b o u t 90 f t / s e c *  showed a  

marked im provem ent a t  a l l  p r e s s u r e  r a t i o s ,  a s  sp e e d  in c r e a s e d  from  

500 t o  1 0 0 0  r.p*m * The optimum o cc u r re d  b etw een  1 0 0 0  and 1 5 0 0 r.^km. 

At 1500  r*p .m * t h e r e  was no marked d e t e r i o r a t i o n  e x c e p t  a t  lo w  

p r e s s u r e  r a t i o s *  Thus th e  in c r e a s e  o f  v a lv e  t h r o t t l i n g  l o s s  was 

more th a n  o f f s e t  by  th e  r e d u c t io n  o f  v a lv e  b low —by and o th e r  

l o s s e s *  At lo w  s p e e d s ,  p a r t i c u l a r l y  a t  lo w  p r e s s u r e  r a t i o s ,  th e  

l i g h t  v a lv e  com pared l e a s t  fa v o u r a b ly  w ith  th e  h e a v ie r  v a lv e  w ith

s t i f f e r  sp r in g *  At lo w  co m p resso r  sp e e d s  th e  v o lu m e tr ic

e f f i c i e n c y  was v e r y  low * T h is  was due t o  th e  m anner o f  c la m p in g

t h e  s u c t io n  v a l v e  r e e d ;  a  m ethod w hich  i s  i n  g e n e r a l  u se *  I t

was n o t  r i g i d l y  h e ld  on i t s  l o c a t i n g  p i n s ,  o th e r w is e  f u r t h e r  

ev e n  t i g h t e n in g  o f  th e  c y l in d e r  head and v a lv e  p l a t e  to  th e  

c y l in d e r  b lo c k  w ould n o t be p o s s ib le *  H ence th e  co m p ressed  

v a lv e  p l a t e  j o i n t  had a g r e a t e r  t h i c k n e s s  th a n  th e  r e e d  w h ich  was 

th u s  f r e e  v e r t i c a l l y  f o r  a  few  th o u sa n d s  o f  an in c h *  T h is  

c le a r a n c e  was m a g n if ie d  o v er  th e  v a lv e  p o r t  and a t  lo w  s p e e d s  i t  

was p o s s i b l e  t o  b low  b ack  th e  w hole in d u ced  ch a rg e*  I t  i s  

o f t e n  c la im e d  t h a t  t h i s  s l i g h t l y  open s u c t io n  v a lv e  a s s i s t s  t h e  

b r e a k in g  o f  th e  o i l  s e a l  a t  v a lv e  op en in g*  W h ile , a s  h a s  b een

show n, th e  o i l  d o es  a f f e c t  th e  v a lv e  o p e r a t io n ,  v a r i a t i o n  o f  v a lv e
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o p en in g  c l i a r a c t e r i s t i c s  h ave a l s o  b een  shown t o  have, n e g l i g i b l e  

e f f e c t  on co m p resso r  p erform an ce#  H ence t h i s  a p p r e c ia b le  b lo w -b y  

a t  lo w  sp e e d s  sh o u ld  be red u ce d  by f ir m ly  s e t t i n g  th e  v a lv e  t o  r e s t  

o v er  th e  p o r t ,  w ith  no s p r in g  lo a d *

(d ) E f f e c t  o f  C om pressor S peed  on V o lu m etr ic  E f f i c i e n c y  — S reo n  12 

I t  was rem a k ra b le  t h a t  t h i s  v a p o u r , a b o u t 8 t im e s  m ore d en se  

th a n  a i r  c o u ld  be pumped w ith  a  v e l o c i t y  o f  1 3 0  f t / s e c *  th ro u g h  

th e  v a lv e  b e fo r e  d e t e r i o r a t i o n  i n  p erfo rm a n ce  r e s u l t e d *  At 23- 

t im e  s  th e  d e s ig n  sp eed  o f  600  r,p*m * th e  v o lu m e tr ic  e f f i c i e n c y  

had o n ly  d e t e r io r a t e d  by a b o u t 23^ .

The l i g h t  v a l v e ,  th e  p erform an ce o f  w h ich  in c r e a s e d  so  

rem a rk a b ly  w ith  sp e e d  when pum ping a i r ,  d id  n o t  show any  

im provem ent a s  co m p resso r  sp e e d  in c r e a s e d ;  th e  h eavy  v a lv e  show ed  

a l i t t l e  im provem ent up to  ab ou t 1000  r.p^m * p erh a p s  due to  i t s  

b e t t e r  c l o s i n g  c h a r a c t e r i s t i c s *

I t  was s u r p r i s in g  t h a t ,  w ith  th e  l i g h t  v a lv e , a t  500 r*p*m* 

(E ig *  29 a ) th e  co m p resso r  p erform an ce w ith  F reon  12 Was s u p e r io r  

t o  t h a t  w ith  a ir *  A c t u a l ly ,  a com p arison  o f  th e  p erfo rm a n ce  

o f  th e  m ach ine w ith  th e  two f l u i d s  ca n n o t c o n f id e n t ly  be m ade, 

m e r e ly  on a  b a s i s  o f  sp eed  and p r e s s u r e  r a t i o *  T here i s  a 

s u c t io n  p r e s s u r e  a t  w h ich  th e  v o lu m e tr ic  e f f i c i e n c y  i s  a  maximum 

f o r  a f i x e d  p r e s s u r e  r a t i o ,  ( F i g .  30) and a co m p a r iso n  b etw een  

th e  two f l u i d s  sh o u ld  be made a t  e i t h e r  (a )  th e  same s u c t io n  

p r e s s u r e  or (b )  th e  optimum s u c t io n  p r e s s u r e  f o r  ea ch  f l u i d  * 

Hovfever, th e  a tm o sp h e r ic  s u c t io n  p r e s s u r e  o f  t h e  a i r  co m p resso r  

and th e  e v a p o r a to r  p r e s s u r e  o f  th e  r e f r i g e r a n t  co m p rew so rr is  n o t  

l i k e l y  t o  f u l f i l  e i t h e r  c o n d it io n  so  t h a t  th e  p r e d ic t io n  o f  

p er fo rm a n ce  w ith  a  vap ou r from  r e s u l t s  o b ta in e d  w ith  a i r  ca n n o t  

be made*
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c®) CTomparison o f  V a lv e  W eigh ts and S p r in g  S t i f f n e s s  " A ir  & l ÿ e o n l g » 

F ig  Eo# 31 .show s th e  com p arison  o f  th e  tw o v a lv e s  u s e d  i n  th e  

a i r  t e s t s  a t  th e  v a lv e  l i f t  0*^035 in #  The l i g h t  v a lv e  was l e s s  

e f f i c i e n t  th r o u g h o u t , e x c e p t  a t  h ig h  c o m p r e ss io n  r a t i o s  when th e  

tw o w ere ab out e q u a l p r o b a b ly  due t o  t h e  b lo w -b y  l o s s e s  b e in g  th e n  

a s m a ll  p a r t  o f  th e  w hole l o s s *

When pum ping ï^ e o n  1 2  th e  f a s t e r  c l o s i n g  o f  th e  s t i f f e r  v a lv e  

a g a in  ap p eared  t o  o f f s e t  i t s  g r e a t e r  lo s s :  a t  o p e n in g  and i t s  

lo w e r  e f f e c t i v e  f lo w  a r e a ,  s in c e  i t  r e a c h e s  th e  s to p  l a t e r  and 

l e a v e s  i t  e a r l i e r *  The d i f f e r e n c e  b etw een  th e  two i s  o f  th e  

o rd er  o f  o n ly  1 ^ , ab ou t th e  same o rd er  a s  t h e  a c c u r a c y  o f  th e  

v o lu m e tr ic  e f f i c i e n c y  r e s u l t s *  Due t o  th e  l a r g e r  volum e o f  th e  

t h i c k e r  v a lv e ,  th e  dé c r e a s e  i n  c le a r a n c e  volum e w ould r e s u l t  i n  an  

in c r e a s e  o f  t h e o r e t i c a l  in d i c a t e d  v o lu m e tr ic  e f f i c i e n c y  o f  

1*25?^ a t  r  ^  6*44* A f u r t h e r  t e s t  s e r i e s  u s in g  a v a lv e  r e e d  

0*009 in *  t h i c k  gave r e s u l t s  w i t h in  th e  tw o and s o  no optimum  

s p r in g  s t i f f n e s a  was d eterm in ed *

When th e  d i f f e r e n c e  b etw een  th e  pump p erfo rm a n ce  w it h  ea ch  

v a lv e  i s  so  s m a l l ,  o th e r  m inor f a c t o r s  assum e im p o rta n ce*  For. 

ex a m p le , th e  le a k a g e  p a s t  th e  l i g h t  v a lv e ,  due t o  i t s  g r e a t e r  

d i s t o r t i o n  co u ld  a cco u n t f o r  i t s  ap p aren t s l i g h t l y  i n f e r i o r  

p e r fo r m a n c e , r a t h e r  th a n  i t s  p o o r e r  dynam ic p r o p e r t i e s  on c lo s in g *  

F u r th er  i t  i s  n o t  p o s s i b l e  t o  stamp r e e d s  a b s o lu t e ly  f l a t ;  th e  

g r e a t e s t  d i s t o r t i o n  w a s found arOund th e  l o c a t i n g  h o le s  i n  th e  l e g s *  

A ls o ,  by th e  T a ly s u r f  R ec o r d er , i t  was p o s s i b l e  t o  show c o n s id e r a b le  

im p e r f e c t io n s  on v a lv e  s e a t s  and t h e i r  e d g e s ,  a lth o u g h  t h e  v a lv e  

p l a t e s  w ere c a r e f u l l y  ground * T h e r e fo r e , th e  p er fo rm a n ce  o f  

a p p a r e n t ly  i d e n t i c a l  p a r t s  c o u ld  v a ry  and th e  im provem ent i n  one 

s e t  o f  p a r t s  d u r in g  th e  ru n n in g  i n  p e r io d  c o u ld  be g r e a t e r  th a n
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th e  d i f f e r e n c e  sought*. The v a lv e s  u sed  w ere s e l e c t e d  f o r  

f la t n e s s -  and t o  g iv e  th e  same le a k a g e  u nd er th e  sta n d a rd  vacuum  

t e s t s #

In  a  f u r t h e r  a tte m p t t o  r e d u c e  e x p e r im e n ta l s c a t t e r ,  

a n c i l l a r y  equ ipm ent n o t reçLUired t o  m easure v o lu m e tr ic  e f f i c i e n c y  

was rem oved from  th e  l^ e o n  12 p la n t  and a  new v a lv e  p l a t e  and 

s e l e c t e d  v a l v e s ,  a t  f i x e d  l i f t ,  0#035 in # ,  u sed  i n  a s e r i e s  i n  

w h ich  t h e  e v a p o r a to r  c o n d i t io n s  and co m p resso r  s p e e d  w ere h e ld  

c o n s ta n t  and th e  h ig h  s id e  p r e s s u r e  a llo w e d  t o  s e t t l e  t o  any  v a lu e < 

The r e s u l t s  (F ig #  3 2 ) s t i l l  showed a s c a t t e r  i n  e x c e s s  o f  t h a t  

p e r m is s ih le  i f  d e f i n i t e  c o n c lu s io n s  w ere to  he made r e g a r d in g  

optimum d y n a m ica l p r o p e r t i e s  o f  th e  v a lv e #  O p e r a tin g  e x p e r ie n c e  

in d i c a t e d  t h a t  c l o s e  c o n t r o l  o f  am bient te m p e r a tu r e  by a i r  

c o n d i t io n in g  w ould be n e c e s s a r y  t o  im prove on th e  r e s u l t s  ob ta ined^

I t  i s  i n t e r e s t i n g  t o  com pare t h e s e  r e s u l t s  w ith  t h o s e  o f  

F u ch s, Hoffm ann and P la n k  (5 )  o b ta in e d  from  a  r e l a t i v e l y  l a r g e  

s i x  c y l in d e r  ammonia co m p resso r  (1 0 0  m.m. b o re  x  90  m.m# s t r o k e )  

(F ig #  3 2 )*  The two co m p resso rs  w ere w id e ly  d i f f e r e n t  i n  e v e r y  

w ay, e x c e p t  i n  sp eed  and p r e s s u r e  r a t i o  y e t  th e  c o r r e s p o n d in g  

v o lu m e tr ic  e f f i c i e n c y  c u r v e s  a re  i d e n t i c a l #  T h is  em p h a s ise s  th e  

c o m p le x ity  and in t e r r e la t io n  o f  th e  p a r t i a l  l o s s e s  and show s t h a t  

l i t t l e  in fo r m a t io n  r e g a r d in g  l o s s e s  can  be co n v ey ed  by th e  u s u a l  

c r i t e r i a  o f  p erform an ce#  I t  a l s o  te n d s  t o  d is c o u n t  a common 

su rm ise  t h a t  a co m p resso r  o f  s m a ll  s i z e  pum ping a  d en se  v a p o u r  

h a s  ip s o  f a c t o  a  p o o r  p erform an ce#

( f ) I s o th e r m a l e f f i c i e n c y # T h is  e f f i c i e n c y  i s  so m etim es  

e x p r e s s e d  i n  an in v e r s e  form  a s  th e  c o u p lin g  h o r s e  power p e r  c u b ic  

f o o t  o f  f r e e  a i r  d e l iv e r e d  p e r  m in u te , a t  a g iv e n  p r e s s u r e  r a t io #
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The r a t i o  was grap h ed  f o r  a l l  th e  t e s t s  t o  a b a se  o f  v a lv e  l i f t ,  

b u t s in o e  th e  h o r s e  pow er and th e  volum e f lo w  u s u a l ly  v a ry  i u  th e  

same d i r e c t i o n  t r e n d s  w ere n o t e a s i l y  d e t e c t e d  n or u s e f u l  

c o n c lu s io n s  drawn* S im i la r l y ,  th e  c o u p lin g  h o r s e  power p er  to n  o f  

r e f r i g e r a t i o n  d o e s  n o t  change s i g n i f i c a n t l y  w ith  ch an ge i n  v a lv e  

p erfo rm a n ce  o r ,  f o r  th e  same r e a s o n ,  w ith  ch a n g es  i n  f r a c t io n a l ,  

c le a r a n c e *  The power co n su m p tio n  was c o n s ta n t  e x c e p t  f o r  an 

in c r e a s e  a t  v e r y  low  l i f t s *  The optimum e f f i c i e n c y  t h e r e f o r e  

o c c u r re d  ab ou t 1000  r*p*m* (F ig *  28 C) th e  in c r e a s e d  f r i c t i o n  work  

a t  th e  h ig h e r  .sp eed  b e in g  more th a n  o f f s e t  by th e  im provem ent i n  

v o lu m e tr ic  e f f i c i e n c y *  In  su ch  a  s m a ll  c o m p r e sso r , th e  f r i c t i o n  

h*p* i s  h ig h *  When pum ping a i r ,  a t  1 0 0 0  r*p*m *, p r e s s u r e  r a t i o  

4 , s u c t io n  v a lv e  l i f t  0*035 in * ,  th e  m e c h a n ic a l e f f i c i e n c y  was 

o n ly  57?^* H ence s m a ll  ch a n g es  i n  in d ic a t e d  h .p *  become v e r y  

s m a ll  c h a n g es  i n  c o u p l in g  h*p*
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The a u to m a tic  v a lv e  f o r  a  g a s  pump, i n  th e  form  o f  a  

l e a t h e r  c l a c k  v a lv e  on b e l lo w s , h a s  b een  i n  u s e  s in c e  p r e h i s t o r i c  

t im e s*  As h a s  b een  show n, i t  h a s  n o t b een  s t u d ie d  to  any g r e a t  

e x te n t*  The w a te r  pump, in v e n te d  by Hero a b o u t 1 2 0  B*G* was n o t  

u n d e r s to o d , i n  p r i n c i p l e ,  t i l l  t h e  1 7 th  c e n tu r y , b u t s in c e  th e n  

i t  h a s  b een  s tu d ie d  i n  g r e a t  d e ta iX *  T here i s  a c o n s id e r a b le  

q u a n t i ty  o f  t e c h n i c a l  l i t e r a t u r e  to  be p e r u s e d  ev e n  i f  a t t e n t i o n  

i s  fo c u s e d  o n ly  on w a te r  pump v a lv e  b eh a v io u r*  R esea rch  on  

w a ter  pump v a lv e s  h a s  c o n t in u e d  a lm o st  u n in te r r u p te d  s in c e  1842*  

M ost o f  th e  work was c a r r ie d  ou t i n  Germany up t o  th e  t im e  o f  

P r o f e s s o r  S h r e n k 's  w ork i n  1925*  Due to  th e  need  o f  in d u s tr y  

d u r in g  and a f t e r  th e  l a t e  war f o r  b e t t e r  and h ig h e r  sp eed  pum ping  

eq u ip m en t, r e s e a r c h  i n t o  th e  b eh a v io u r  o f  s e l f - a c t i n g  v a lv e s  f o r  

w a ter  pu^ps was r e v iv e d  and u n d er ta k en  by C om m ittee 6 o f  th e  

B r i t i s h  H ydrom echan ics R esea rch  A s s o c ia t io n *

The f i r s t  o b j e c t  o f  th e  p r e s e n t  work was t o  d e v e lo p  a v a lv e  

d is p la c e m e n t  in d i c a t o r  w hich  had no a tta c h m e n ts  t o  t h e  v a lv e  and 

was u n a f f é c t e d  by pump .'.speed* A sm alX w a te r  pump was s o  

in d i c a t e d  and a  s tu d y  made o f  th e  v a lv e  movement u n d er  v a r io u s  

v a lv e  and pump o p e r a t in g  c o n d it io n s *

S in c e  p r e v io u s  i n v e s t i g a t i o n s  had . b een  made on la r g e  

r e l a t i v e l y  s lo w  pumps i t  i s  in te n d e d  t o  exam ine t h e  p erfo rm a n ce  

o f  a  s m a ll  pump and t h e  e f f e c t  o f  v a lv e  and pump v a r i a b le s  on 

pump p erfo rm a n ce*
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APPARATUS*

(a )  W ater Pump* The w a te r  pump u se d  was a  s i n g l e  a c t in g  ram 

pump, ram d ia m e te r  1 in *  s t r o k e  2 in *  c o n n e c t in g  r o d  le n g t h  t o  

cra n k  le n g t h  5* (F ig *  3 3 )*  The s p e c i f i c a t i o n s  w ere ; c r a n k s h a f t  

sp e e d  360  r*p*m *, maximum d e l iv e r y  p r e s s u r e  1 5 0  I h / l n * ^ . ,  maximum 

s u c t io n  l i f t  6 f t * ,  d e l iv e r y  1 2 2  g a l lo n s  p e r  h our* The pump

i s  n o rm a lly  f i t t e d  w ith  s im i la r  s i n g l e  d i s c  ty p e  s u c t io n  and 

d is c h a r g e  v a lv e s *

The pump was d r iv e n  by a  v a r ia b le  sp ee d  D*0* m otor th ro u g h  

Tee. b e l t s *  To o b ta in  optimum c o n t r o l  o f  sp ee d  o v er  a  w id e r a n g e ,  

a  13 s t e p  T a r io r a t io  g ea rb o x  w as in c o r p o r a te d  i n  th e  t r a n s m is s io n *  

To a v o id  s p i l l i n g  o f  w a ter  when ch a n g in g  v a lv e s  or s p r in g s   ̂

d r a in s  w ere f i t t e d  a t  t h e  d e l iv e r y  v a lv e  c h e s t  and on th e  s u c t io n  

p ip e  a t  pump e n tr a n c e *  A v a lv e  was a ls o  f i t t e d  t o  th e  s u c t io n  

a i r  v e s s e l  t o  r e g u l a t e  i t s  a i r  c o n te n t*  To f a c i l i t a t e  

o b s e r v a t io n  o f  t h i s  a i r  volum e a  window was f i t t e d  and a s m a ll  

e l e c t r i c  b u lb  in s e r t e d *

(b ) W ater Pump C ir c u i t  » The s u c t io n  p ip e  te r m in a te d  w ith  a  

n o n -r e tu r n  v a lv e  a t  th e  b ottom  o f  a  7 in *  d ia m e te r  s u c t io n  ta n k ,

12 f t .  b e lo w  pump l e v e l .  By means o f  6 o v e r f lo w  v a lv e s  a t

2 f t *  i n t e r v a l s ,  th e  w a ter  l e v e l  i n  th e  ta n k , and hence, th e  pump 

s u c t io n  h e a d , c o u ld  be v a r ie d  by i n t e r v a l s *  In  l a t e r  t e s t s  th e  

1 2  f t .  l o n g ,  3 /4  in *  d ia m e te r  s u c t io n  p ip e  was d is c o n n e c te d  and  

w a te r  th e n  f lo w e d  in t o  th e  pump u n d er a  p o s i t i v e  3 in *  head*

To o b ta in  a  s t e a d y  d is c h a r g e  f lo w  from  t h e  pump an a d d i t io n a l  

d isc h a r g e , r e c e i v e r  was f i t t e d  w hich  had a  volum e 2490  t im e s  th e  

p i s t o n  d isp la c e m e n t*  In  l a t e r  t e s t s  t h i s  r e c e i v e r  w as d is p e n s e d  

w it h ,  r e s u l t i n g  i n  a  m ore s t a b l e  b eh a v io u r  o f  t h e  pump a t  h ig h
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sp e e d s*  The d is c h a r g e  f lo w  and p r e s s u r e  w ere c o n t r o l l e d  by 

a  n e e d le  v a lv e  r e g u l a t in g  th e  f lo w  in t o  an o r i f i c e  ta n k  s i t e d  

above th e  s u c t io n  tank*. The f lo w  was m easured  by e i t h e r  o f  two 

in t e r c h a n g e a b le  c a l ib r a t e d  o r i f i c e  p la t e s *  T a r io n s  r e f in e m e n ts  

w ere in tr o d u c e d  t o  damp o s c i l l a t i o n s  o f  th e  w a te r  l e v e l  i n  th e  

o r i f i c e  ta n k  and t o  m in im ise  a i r  en tr a in m e n t i n  b o th  o r i f i c e  and 

s u c t io n  ta n k s*

(o )  T a lv e  D isp la c e m e n t R e c o r d e r * ( i )  C a p a c ity  P ic k -u p  U n i t s *

In  th e  m easurem ent o f  v a lv e  d is p la c e m e n t  i n  g a s  c o m p r e sso r s  a  

c a p a c i t y  ty p e  p ic k -u p  w as s a t i s f a c t o r y  i n  s p i t e  o f  th e  p r e s e n c e  

o f  o i l ,  w h ich  h a s  a  h ig h e r  d i e l e c t r i c  c o n s ta n t  th a n  e i t h e r  a i r  or  

F reon  12* An a t te m p t  was made t o  m easure w a te r  pump v a lv e , 

d is p la c e m e n t  by t h i s  te c h n iq u e *  The f i r s t  c a p a c i t i v e  u n i t  

c o n s i s t e d  o f  a  c a s t e l l a t e d  *Terspex^^ r in g  w h ich  r e p la c e d  th e  v a lv e  

c h e s t  c o v e r  s p ig o t *  A *Terspex**“ tu b e  jo in e d  t o  th e  r in g  l e d  

ou t th e  le a d  from  a b r a s s  a n n u la r  p l a t e ,  w h ich  f a s t e n e d  t o  th e  

'♦Perspex**^ r in g  ab ove th e  v a lv e  d i s c ,  form ed th e  in s u l a t e d  p l a t e  

o f  th e  e lem en t*  The w hole u n i t  was baked i n  v a r n is h *  The 

i n s u l a t i o n  o f  t h i s  u n i t  was i n f i n i t e  i n  a i r ,  but o n ly  5 0 ,0 0 0  ohms, 

i n  w a ter*  A se co n d  c a p a c i t y  u n i t  was t h e r e f o r e  made w here th e  

i n s u l a t i n g  medium was beyond s u s p ic io n *

A le n g t h  o f  o v a l  s e c t i o n  f l i n t  g l a s s  was s e a l e d  a t  th e  en d s  

and b en t i n t o  a  r in g *  H ear one en d , a g l a s s  tu b e  was f u s e d  and 

th e  w h o le  f i l l e d  w ith  m ercury* The r e s u l t s  o f  s t a t i c  and 

dynam ic t e s t s  w ith  t h i s  u n i t  showed t h a t  t h e  e l e c t r i c a l  r e s p o n s e  

due t o  th e  m o tio n  o f  th e  w a te r  and th e  p r e s e n c e  o f  a i r  b u b b le s  

swamped th e  r e s p o n s e  due t o  th e  v a lv e  movement* T hat t h i s  was 

l i k e l y  t o  happen  may be shown a s  f o l l o w s ; -
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I f  th e  t o t a l  d is t a n c e  b etw een  th e  two c o n d e n se r  p l a t e s  i s  

6 m*m*, made up o f  1  m*m* g l a s s  and 5 m*m. w a te r , th e n  th e  

c a p a c i ta n c e  o f  th e  u n i t  i s  5*12 u n it s *  I f  th e  d i s t a n c e  b etw een  

th e  p l a t e s  i s  now in c r e a s e d  to  10  m*m*, i* e *  9 m.m* o f  w a te r , th e  

c a p a c ita n c e  i s  now 4*07  u n i t s *  There i s  t h e r e f o r e  a  c a p a c i ta n c e  

change o f  20*5/^ due t o  a  v a lv e  movement o f  4 m*m* I f  one a i r  

b u b b le  o f  d ia m e te r  0*5 m*m* i s  in tr o d u c e d  i n t o  th e  o r i g i n a l  

arran gem en t th e  c a p a c ita n c e  i s  now 1*45 u n i t s ,  i . e *  th e  ch a n g e  

o f  c a p a c i ta n c e  due to  th e  b u b b le  i s  71*7^  o f  th e  o r i g i n a l  v la u e *

In  p r a c t i c e  th e  u n i t  was so  s e n s i t i v e  to  th e  p r e s e n c e  o f  m in u te  

q u a n t i t i e s  o f  a i r  t h a t  t h i s  te c h n iq u e  m ight p ro v e  u s e f u l  i n  

r e s e a r c h e s  on a i r  e n tra in m e n t i n  w ater*

S in c e  b o th  a i r  and w a te r  may be r e g a r d e d  a s  e q u a l ly  

n o n -m a g n e tic  t h e s e  d i f f i c u l t i e s  d id  n o t  o c c u r  w ith  a v a lv e  l i f t  

m easurem ent u n i t  w o rk in g  on th e  in d u c t iv e  p r in c ip l e *

( i i )  I n d u c t iv e  P ic k -u p  U n i t * F ig*  34 show s a s e c t i o n  th ro u g h  

t h e  s u c t io n  v a lv e  w ith  th e  in d u c t iv e  p ic k -u p  u n i t  i n  p la c e *  The 

c o n s t r u c t io n  o f  t h e s e  c o i l s  had to  be c a r e f u l l y  c a r r ie d  ou t t o  

m eet th e  ard u ou s c o n d i t io n s  under w h ich  th e y  had t o  operatei*

The c o i l s  w ere wound w ith  120  tu r n s  o f  38 g a u g e  v a r n is h  

i n s u la t e d  w ir e  on  **Tufhol^ fo r m e r s  and w ere t h e  same f o r  b o th  

v a lv e s *  T h ese  c o i l s  w ere th e n  s e a le d  by c a s t i n g  i n  a  t h e r m o s e t t in g  

r e s i n ,  ”̂ Araldite**’* T h is  m a t e r ia l  h a s  g r e a t  m e c h a n ic a l s t r e n g t h  

and a l s o  c o n s id e r a b le  a d h e s iv e  s t r e n g t h  w h ich  w as u t i l i s e d  i n  

c a s t i n g  th e  s u c t io n  v a lv e  c o i l  d i r e c t l y  on th e  v a lv e  c o v ô r  s p ig o t *

On th e  same a c c o u n t r e l e a s e  from  th e  m oulds was d i f f i c u l t *

**D.O  ̂ 7 Mould R e le a s e  Wax" was u sed *  " S i l i o o t e "  was l e s s  

s u c c e s s f u l*
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The d e l i v e r y  v a lv e  p ic k -u p  c o i l  co u ld  n o t be c a s t  d i r e c t l y  

on to  th e  c o v e r  and a  b a se  was p r o v id e d  w ith  su ch  d im e n s io n s  t h a t  

th e  same m oulds co u ld  be u sed  i n  th e  c a s t i n g  p r o c e s s *  In  t h i s  

c a s e  th e  le a d s  from  th e  c o i l s  w ere ta k e n  out th ro u g h  a  5 /3 2  in *  

d ia m e te r  tu b e  and th ro u g h  a  g la n d  s e a l  a t  th e  to p  o f  th e  a i r  

v e s s e l *

I d e n t i c a l  b a la n c in g  c o i l s  w ere wound f o r  each  in d u c t iv e  

b r id g e ,  bu t w ere n o t  c a s t  i n  A r a ld it e *  At f u l l  v a lv e  l i f t  

(a b o u t  1 / 4  i n * ) th e  p ic k -u p  c o i l s  w ere c l e a r  o f  t h e  v a lv e  d i s c  

by ab ou t 1 /3 2  in *  To r e d u c e  h y d r a u lic  dam ping e f f e c t s  on th e  

v a lv e ,  w a te r  v e n t s  w ere d r i l l e d  above th e  c o i l s *

T h ese in d u c t iv e  p ic k -u p  c o i l s  w ere u sed  i n  th e  pump when 

o p e r a t in g  w ith  n o n -m a g n etic  (T u fn o l)  v a lv e  d i s c s *  I t  w as foun d  

t h a t  th e  c o i l s  w ere im p e r v io u s  t o  v a lv e  m o tio n , c y c l i c a l  p r e s s u r e ,  

p r e s s u r e  wave e f f e c t s ,  w a te r  m o tio n  and th e  p r e s e n c e  o f  a ir *

T here was a s l i g h t  d is tu r b a n c e  o f  th e  o s c i l l o s c o p e  t r a c e  due t o  

s p r in g  m otion *  The s p r in g s  w ere t h e r e f o r e  s h ie ld e d  by t h in  

s t e e l  tu b e s  from  th e  e le m e n ts  and t h i s  d is tu r b a n c e  e l im in a te d *

T e s t  r e s u l t s  w ith  and w ith o u t  th e  c o i l s  i n  th e  pump showed th a t  

th e  p r e s e n c e  o f  th e  p ic k -u p  c o i l s  d id  n o t  a f f e c t  pump p er fo rm a n ce . 

F ig .  5 5 , A p p en d ix  IV show s th e  c a l i b r a t i o n  c u r v e s  f o r  t h e s e  

p ic k -u p  u n it s *

Cd) I n d u c t iv e  B r id g e  and D em od u la tor* The in d u c t iv e  b r id g e s  i n  

ea ch  c h a n n e l w ere  i d e n t i c a l  (F ig *  35 ) and w ere r e a d i l y  

in te r c h a n g e a b le  w ith  th e  c a p a c ita n c e  b r id g e s  i n  th e  r e c o r d e r  

a lr e a d y  d e s c r ib e d  (C h ap ter  4 )*  The b r id g e  was d r iv e n  th ro u g h  

a  tr a n s fo r m e r , th e  seco n d a ry  c o i l  o f  w h ich  form ed p a r t  o f  th e

b r id g e*  The p h a se  u n b a la n ce  o f  th e  b r id g e  and th e  c a p a c ita n c e
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O f  t h e  le a d  t o  th e  p io ic -u p  w ere com p en sâ ted f o r  hy a d ju stm en t  

o f  th e  a i r  trim m er c o n d e n se r s  i n  p a r a l l e l  w ith  t h e  p ic k -u p  c o i l  

and th e  "balancing c o i l #  A l l  fo u r  c o i l s  w ere s e l f - r e  so n a n t  a t  

500 K c /s#  S in c e  one c o r n e r  o f  th e  "bridge co u ld  he e a r th e d  a  

s i n g l e  ended  o u tp u t  was o b ta in e d , u n l ik e  t h e  c a p a c ita n c e  b r id g e  

w h ich  r e q u ir e d  a d i f f e r e n t i a l  a m p li f ie r #

D em odulator s t a g e s  w ere i n s e r t e d  i n  ea c h  c h a n n e l,  one h a l f  

o f  th e  6K6 d o u b le -d io d e  v a lv e  b e in g  u se d  f o r  each* The c u r r e n t  

f lo w in g  th ro u g h  t h i s  v a lv e  was h a l f  wave D.C# w ith  c h a n g in g  

a m p litu d e #  The sm o o th in g  co n d e n se r  e l im in a t e d  th e  R*F* c a r r i e r ,  

and s in c e  th e  v o l t a g e  a c r o s s  th e  s e r i e s  r e s i s t a n c e  was p r o p o r t io n a l  

t o  th e  c u r r e n t  th ro u g h  t h e  v a lv e ,  a v a r y in g  D .C . v o l t a g e  o u tp u t  

was o b ta in e d *  The l i n e  t r a c e s  f o r  ea ch  v a lv e  th u s  o b ta in e d  

co u ld  o v e r la p  on th e  s c r e e n  w ith o u t  c a u s in g  a m b ig u ity *  The 

d em o d u la to r  s t a g e  co u ld  be r e a d i l y  b y -p a sse d *  T h is  f e a t u r e  was 

u s e f u l  s in c e  i n i t i a l  b a la n c in g  o f  th e  b r id g e s  was more e a s i l y  

c a r r ie d  o u t by s tu d y in g  th e  R*F. c a r r ie r #

( e )  V a lv e s  and V a lv e  S p r in g s # D urin g  t h e  f i r s t  t e s t  s e r i e s ,  

p r im a r i ly  c o n ce rn ed  w ith  v a lv e  m ovem ent, b r a s s  v a lv e  d i s c s  w ere  

u sed  w ith  two s t i f f n e s s e s  o f  sp r in g *  The w e ig h t  o f  t h e  v a lv e s  

i n  w a te r  1% w e r e :—

S u c t io n  V a lv e  #0845 lb #  D is c h a r g e  V a lv e  0*0868  lb #

The s t i f f n e s s  o f  th e  s p r in g s ,  k ,  w e r e :—

L ig h t  S u c t io n  V a lv e  S p r in g  0#58T l b / i n #
D is c h a r g e  ♦*" 0#465 l b / i n #

S t i f f  S u c t io n  « 3*32  l b / i n .
” D isc h a r g e   ̂ " 3 .4  l b / i n #

I n  th e  seco n d  t e s t  s e r i e s  t o  s tu d y  v a lv e  l i f t ,  and th e  e f f e c t  

o f  v a lv e  v a r i a b le s  on pump p er fo rm a n ce , 6 v a lv e s  o f  v a r io u s  

s t i f f n e s s  w ere u s e d .  D e t a i l s  o f  t h e s e  a r e  t a b u la t e d  i n  (F ig * 3 6 )#
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GHAPOrSH 8 .

WATER PUMF TALVIT M O V m m f.

R e c t i f i e d  o s c i l lo g r a m s  o f  th e  movement o f  b o th  s u c t io n  and 

d is c h a r g e  v a lv e a  were o b ta in e d  s im u lta n e o u s ly  a t  pump sp e e d s  

2 7 0 , 350 and 4 3 0  r.p»m * w ith  no v a lv e  s p r in g s ,  l i g h t  s p r in g s  and  

s t i f f  s p r in g s  a t  d e l iv e r y  p r e s s u r e s  o f  0 , 75 and 150  lb / in # ^  a t  

s u c t io n  h ea d s  o f  0 ,  6 and 12 ft# . Prom t h e s e  th e  g e n e r a l  

b e h a v io u r  o f  th e  v a l v e s  was s tu d ie d  and th e  l a g  a t  o p en in g  and  

c l o s i n g  o f  b o th  v a lv e s  was m ea su red .

8 . 1  G en era l D e s c r ip t io n  o f  V a lve M ovement.

F i g .  37 e x p la in s  a  t y p i c a l  o s c i l lo g r a m  and show s th e  s m a ll  

e f f e c t  o f  th e  n o n - l i n e a r i t y  o f  th e  c a l i b r a t i o n  c u r v e s*

S uperim posed  i s  a  d is p la c e d  s in e  wave w h ich  i s  a good a p p r o x im a tio n  

o f  th e  movement u n d er t h e s e  p a r t io u le ir  c o n d i t i o n s .

The s u c t io n  v a lv e  a lw a y s opened a f t e r  p i s t o n  r e v e r s a l .  The 

i n i t i a l  o p e n in g  o f  th e  v a lv e  was r e l a t i v e l y  s lo w , but th e  

v e l o c i t y  in c r e a s e d  r a p id ly  and , som etim es w ith  a fe w  o s c i l l a t i o n s ,  

th e  maximum l i f t  was r e a c h e d  c l o s e  t o  m id - s t r o k e .  The v e l o c i t y  

when c l o s i n g  was s t e a d y  and on a p p ro a ch in g  th e  s e a t  was n e a r ly  

a lw a y s  lo w e r  th a n  th e  v e l o c i t y  when l e a v in g  th e  s e a t .  The v a lv e  

a lw a y s  c lo s e d  a f t e r  p i s t o n  r e v e r s a l  and came t o  r e s t  w ith o u t  

u n d u ly  r a p id  d e c e l e r a t i o n .

The r e l a t i v e l y  s lo w  o p en in g  was p r o b a b ly  due t o  th e  a i r  

d i s s o lv e d  i n  th e  w a te r  and t o  l e a k a g e .  A f t e r  th e  d is c h a r g e  

v a lv e  h a s  c lo s e d  th e  p i s t o n  h a s  t o  move a  d i s t a n c e  u n t i l  th e  

p r e s s u r e  drop i s  s u f f i c i e n t  t o  a c c e l e r a t e  b o th  t h e  v a lv e  and th e  

s u c t io n  colum n* Hence b o th  i n e r t i a  and e l a s t i c i t y  e f f e c t s  w i l l  

s lo w  th e  i n i t i a l  s u c t io n  v a lv e  o p e n in g . S in c e  th e  su b seq u e n t  

a c c e l e r a t i o n  was r e l a t i v e l y  g r e a t ,  e q u il ib r iu m  c o n d i t io n s  w ith
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v a lv e  lo a d  and w a ter  f lo w  c o u ld  be re a c h ed  b e fp r e  maximum p i s t o n  

sp eed  The v e l o c i t y  o f  ap p roach  to  th e  s e a t  was r e l a t i v e l y  lo w  

s in c e  th e  d e s c e n d in g  sp ee d  was m a in ly  r e g u la te d  by th e  d e c r e a s in g  

w a ter  f lo w #

The d is c h a r g e  v a l v e  o f t e n  opened b e fo r e  th e  s u c t io n  v a lv e  

had come t o  r e s t  and a lw a y s  a f t e r  p i s t o n  r e v e r s a l#  T h is  v a lv e  

opened su d d en ly  and r e a c h e d  i t s  maximum l i f t  a b o u t 25^ a f t e r  

th e  o ra n k a n g le  p o s i t i o n  f o r  maximum p i s t o n  v e l o c i t y #  A ga in  th e  

v e l o c i t y  on c l o s i n g  was: more r a p id  th a n  on o p en in g #  Wheri s p r in g  

load ed , th e  v a lv e  c lo s e d  w ith  a  r e l a t i v e l y  s m a ll  lag#. R e ta r d a t io n  

o f  t h i s  v a lv e  b e fo r e  r e a c h in g  i t s  s e a t  was s m a ll  and i t  c lo s e d  

w ith  a h ig h  v e l o c i t y #

The sudden  o p e n in g  o f  th e  d is c h a r g e  v a lv e  w as due t o  th e  

im p a ct o f  th e  w a te r  f o r c e d  by th e  p i s t o n  i n t o  th e  sp a ce  b en ea th  

th e  v a lv e  w h ich  i s  n o r m a lly  f i l l e d  w ith  a i r  and w a ter  vapour#

T h is  su dd en  i n i t i a l  o p en in g  r e s u l t e d  on o c c a s io n  i n  th e  v a lv e  

v ib r a t in g #  The i n e r t i a  o f  th e  in c r e a s in g  w a te r  f lo w  w ould  

c a u se  th e  c o n t in u e d  r i s e  o f  th e  v a lv e  a f t e r  maximum p i s t o n  

v e l o c i t y  had b een  r e a c h ed #  S in c e  th e  w a ter  f lo w  r a t e  d e c r e a se d  

a f t e r  maximum p i s t o n  v e l o c i t y  th e  d e s c e n t  was more r a p id  th a n  

th e  r i s e #

8# 2 V a lv e  L ag#

The v a lv e  l a g s  w ere found  t o  be v i r t u a l l y  in d e p e n d e n t  o f  

d is c h a r g e  p r e s s u r e #  The l a g s  a t  0 ,  7?  and 1 5 0  l b / i n # 2  d is c h a r g e  

p r e s s u r e  w ere t h e r e f o r e  a v era g ed  and p b t te d  a g a in s t  pump sp e e d  

f o r  s u c t io n  and d is c h a r g e  v a l v e s ,  w ith  l i g h t  and s t i f f  s p r in g s #  

G-'enerally,. th e  l a g  in c r e a s e d  w ith  pump sp eed  and d e c r e a se d  w ith  

in c r e a s e d  v a lv e  lo a d in g ,  but th e r e  w as c o n s id e r a b le  s c a t t e r  due
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t o  b o th  e x p e r im e n ta l e r r o r  and i r r e g u la r  v a lv e  b eh a v io u r#

W ith th e  l i g h t  s p r in g  th e  e f f e c t  o f  sp eed  on l a g  was m ore 

p ron oun ced# S u c t io n  head  had r e l a t i v e l y  s m a ll  e f f e c t  on l a g  

a t  v a lv e  c lo s u r e #  The tim e b etw een  d is c h a r g e  v a lv e  c lo s u r e  and 

s u c t io n  v a lv e  o p en in g  in c r e a s e d  w ith  s u c t io n  h ead  and w ith  s p r in g  

s t i f f n e s s #  The t im e  b etw een  d is c h a r g e  v a lv e  o p en in g  and s u c t io n  

v a lv e  c lo s u r e  in c r e a s e d  w ith  pump ^ e e d #  The o p en in g  l a g  o f  one 

v a lv e  depended on th e  c l o s i n g  l a g  o f  th e  o th e r #

The r e a s o n  f o r  th e  g r e a t e r  e f f e c t  o f  sp eed  on l a g  w ith  th e  

l i g h t  s p r in g  was p r o b a b ly  t h a t  i n e r t i a  e f f e c t s  r e p r e s e n te d  a  

l a r g e r  f r a c t i o n  o f  th e  f o r c e  o p p o sin g  th e  v a lv e  and t h e  v a lv e  

t h e r e f o r e  d id  n o t t r a v e l  i n  a cc o rd a n c e  w ith  t h e  w a ter  f lo w  th r o u g h  

th e  v a ^ e  t o  t h e  same d e g r e e  a s  w ith  th e  v a lv e  w ith  s t i f f  sp r in g #

I f  v a lv e  lo a d in g  or s u c t io n  head was l a r g e ,  a  g r e a t e r  vacuum  

w ould be r e q u ir e d  i n  th e  c y l in d e r  f o r  th e  o p e n in g  o f  th e  s u c t io n  

v a lv e #  T h is  r e q u ir e d  a  g r e a t e r  p i s t o n  d is p la c e m e n t  a f t e r  d is c h a r g e  

v a lv e  c l o s u r e ,  h en ce  th e  in c r e a s e d  o p en in g  l a g  o f  th e  s u c t io n  

v a lv e #  '

The d is c h a r g e  v a lv e  o f t e n  opened b e fo r e  t h e  s u c t io n  v a lv e  

had come t o  r e s t *  T h is  may h ave b een  due t o  th e  i n e r t i a  e f f e c t  

o f  th e  w a te r  i n  th e  s u c t io n  colum n and i n  th e  c y l in d e r  l i f t i n g  

th e  d is c h a r g e  v a lv e  by im pact#  As w ould be e x p e c te d  t h i s  e f f e c t  

in c r e a s e d  w ith  pump sp eed #

The s u c t io n  v a lv e  l a g  a t  B#I»#C* w ith  s t i f f  s p r in g  and 

12 f t *  s u c t io n  h e a d , ap p eared  t o  be g r e a t e r  a t  270  r*p#m# th a n  

a t  350 r.p#m # p erh a p s  due t o  i r r e g u l a r i t y  i n  s u c t io n  v a lv e  

c lo s u r e #  A cc o rd in g  t o  th e  o s c i l lo g r a m  th e  v a lv e  ap p roach ed  th e

s e a t  i n  th e  norm al way a t  270 r*p*m* but was d e la y e d  a s h o r t



d is ta n c e , from  th e  s e a t  f o r  some re a so n *  C T o n sisten tly  th e  

o p en in g  l a g  o f  th e  d is c h a r g e  v a lv e  was somewhat in c r e a s e d #

8# 3 I r r e g u la r  V a lve  M ovement#

Under c e r t a in  pump c o n d it io n s  q u it e  abnorm al v a lv e  t r a v e l  

d iagram s w ere o b ta in e d #

P ig .  38a show s th e  e f f e c t  o f  a i r  i n  t h e  s u c t io n  p i p e # The 

v a lv e s  c lo s e d  i n  th e  norm al way b ut o p en in g  was d e la y e d  due to  

t h e  e l a s t i c i t y  o f  t h e  a i r  i n  th e  pump c y l in d e r #  T h is  c a u se d  

c o n s id e r a b le  o s c i l l a t i o n  o f  th e  a u c t io n  v a lv e *  The r e s u l t i n g  

s e v e r e  im p act on th e  d is c h a r g e  v a lv e  w as c l e a r l y  shown#

P ig .  38b show s th e  v a lv e  movement u n d er s e v e r e  k n o ck in g  a t  

430  r .p # m # , 80  I b / in # ^  d e l iv e r y  p r e s s u r e  and 12. f t .  s u c t io n  head  

w ith  no v a lv e  s p r in g s #  The d is c h a r g e  v a lv e  s t r u c k  th e  s to p  and 

rebounded# The c lo s u r e  was l a t e  and a t  h ig h  v e l o c i t y ,  c a u s in g  

rebound from  th e  v a lv e  s e a t #  A rem ark ab le  f e a t u r e  o f  t h i s  

diagram  was t h a t  th e  d is c h a r g e  v a lv e  l e f t  i t s  s e a t  d u r in g  th e  

s u c t io n  s t r o k e  -  a g a in s t  a d e l iv e r y  head o f  80  l b / i n * T h i s  

may h ave b een  due t o  an in s ta n ta n e o u s  vacuum o v er  th e  d is c h a r g e  

v a lv e  due t o  p r e s s u r e  w aves i n  th e  d e l iv e r y  p ip e  #

P ig .  3 8 c  show s t h e  d evelop m en t o f  an abnorm al v a lv e  

movement u n d er u n s ta b le  c o n d i t i o n s ,  a g g ra v a te d  by th e  a b sen ce  

o f  v a lv e  s p r in g s #  The d is c h a r g e  v a lv e  d escen d ed  i n  th e  norm al 

way# In  su b seq u e n t c y c l e s  th e  v a lv e  l e f t  th e  s to p  and s t a r t e d  

t o  d escen d  but p r o b a b ly  due t o  r e so n a n c e  e f f e c t s ,  showed a  

te n d e n c y  t o  r i s e  a g a in .  T h is  te n d e n c y  in c r e a s e d  and a f t e r  fo u r  

pump r e v o lu t io n s  th e  v a lv e ,  a f t e r  l e a v in g  th e  s t o p ,  r o s e  a g a in  

and f i n a l l y  c lo s e d  l a t e  on th e  s u c t io n  s t r o k e #  Due t o  l a t e

c lo s u r e  th e  s u c t io n  v a lv e  o p en in g  was v e r y  s m a ll and a p p r o x im a te ly
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sym etrioal about B .D .(J. No water was d elivered  u n t i l  pump 

cond itions were changedr a v a r ia tio n  of discharge pressure, 

w ith in  l im it s ,  was not s u f f ic ie n t  to  re sto re  normal operation# 

During d e liv ery , water was flow ing rap id ly  in to  the a ir  v e sse l#

As p is to n  displacem ent decreased, the in e r t ia  e f f e c t  may have 

created a low pressure in  the valve chest which caused flow  

r e v e r sa l in  the d e liv ery  pipe* As the d e liv ery  passage was in  

the plane of the d ischarge va lve  d isc  the in e r t ia  e f f e c t  o f the  

water j e t  impinging p a rtly  under the d isc  may have kept i t  open# 

When the p is to n  decelerated  on the su ction  s tro k e , the pressure  

in  the valve chest would build  up again and the valve consequently  

descends



OHAPTER 9 .

FATEH PUMP M D  VADVB PERFORMBTOB'.

9* 1 Range o f  T e sts : .

D u rin g  th e  s tu d y  o f  th e  v a lv e  d is p la c e m e n t  d iagram s f lo w  

q u a n t i t i e s  w ere n o te d  and th e  v o lu m e tr ic  e f f i c i e n c y  o f  th e  pump 

com puted# Maximum v a lv e  l i f t s  were n o te d  and com pared w ith  th e  

t h e o r e t i c a l  v a lu e s #  O b se r v a tio n s  w ere made o f  v a lv e  n o is e #

T h ese r e s u l t s  a re  n o t r e c o r d e d  h e r e  but from  th e  o p e r a t in g  

e x p e r ie n c e  g a in e d  th e  f o l lo w in g  s y s t e m a t ic  t e s t  programme w as  

c a r r ie d  ou t#  E i^ e r im e n t 1 c o n s i s t e d  o f  108  t e s t s  t o  i n v e s t i g a t e  

pump p erfo rm a n ce  u s in g  th r e e  t y p e s  o f  p a ir e d  v a l v e s  and two  

s t i f f n e s s  o f  s p r in g s  a t  s u c t io n  and d is c h a r g e ,  a t  t h r e e  sp e e d s  

(3 2 5 , 400  and 495 r .p # m # ) ,  th r e e  d is c h a r g e  p r e s s u r e s  

( 0 ,  25 and 50 lb / in # ^ )  w ith  t h e  s u c t io n  a i r  v e s s e l  i n i t i a l l y  

(a )  f u l l  and (b )  em pty# E xp erim en t IT  c o n s i s t e d  o f  12 t e s t s  i n  

w hich  d i s s i m i l a r  v a lv e s  and s p r in g s  w ere u se d  on th e  s u c t io n  and 

d is c h a r g e  s id e #  S u c t io n  c o n d i t io n s  w ere n o t  v a r ie d  and w a ter  

was f lo w in g  i n t o  th e  pump under a  p o s i t i v e  3 i n .  head i n  a l l  t e s t s  

9# 2 E x p e r im e n ta l and C a lc u la te d  R e s u l t s #

Prom th e  o b ser v ed  r e s u l t s  o f  f lo w  q u a n t i t y ,  maximum v a lv e  

l i f t  and v a lv e  n o is e  i n t e n s i t y ,  th e  q u a n t i t i e s ;  x ,  th e  r a t i o  o f  

th e  r a d i a l  f lo w  a r e a  a t  p e r im e te r  o f  v a lv e  d i s c  t o  th e  v a lv e  

t h r o a t  a r e a  e x c lu d in g  th e  c e n t r a l  s p ig o t  and r i b s ;  c^-g and c^g;, 

t h e  v a lv e  d is c h a r g e  c o e f f i c i e n t  b ased  on v a lv e  d i s c  a r e a  and  

t h r o a t  a r e a  r e s p e c t i v e l y ,  w ere c a l c u la t e d  f o r  th e  s u c t io n  v a lv e  

i n  a l l  c a s e s #  The n o is e  l i m i t , X y was e v a lu a te d  f o r  b o th  v a l v e s ,  

and th e  v o lu m e tr ic  e f f i c i e n c y  com puted , f o r  a l l  c a s e s #

9* 3 Volums-fcrle E f f i o i e n o v .

In  a lm o st  e v e r y  t e s t  w ith  z e ro  d is c h a r g e  p r e s s u r e  the.
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v o lu m e tr io  e f f i c i e n c y  ex c ee d e d  u n i t y ,  som etim es by a c o n s id e r a b le  

amount# The a b s c i s s a e  o f  th e  p o in t s  i n  e q u a l sp eed  bands i n  

P ig .  3 9 r 4 0 , 4 1 , a r e  d i r e c t l y  p r o p o r t io n a l  t o  th e  v o lu m e tr ic  

e f f i c i e n c y #

At a  n o m in a l z e r o  d e l i v e r y  p r e s s u r e ,  th e  p r e s s u r e  g r a d ie n t  

a c r o s s  th e  v a lv e s  was p r o b a b ly  i n s u f f i c i e n t  t o  e n s u r e  s te a d y  

m otion *  W hile th e  v a lv e  t r a v e l  d ia g ra m s d id  n o t show t h e  v a lv e s  

l e a v in g  t h e i r  s e a t s  due t o  wave a c t io n ,  e x c e p t  i n  th e  c a s e  w ith  

no s p r in g s  a lr e a d y  d is c u s s e d ,  i t  must be d ed u ced  t h a t  th e r e  was 

a leak age; p a s t  th e  v a lv e s  t o  o b ta in  v a lu e s  o f  v o lu m e tr ic  e f f i c i e n c y  

g r e a t e r  th a n  i n i t y #  The p r e s s u r e  wave e f f e c t  c a u s in g  t h i s  m ust 

h ave b een  s m a l l ,  s in c e  th e  v a lv e  l a g s  w ere a lm o st  in d e p e n d en t o f  

d e l iv e r y  p r e s s u r e #  H ow ever, a s  th e  s u c t io n  s id e  had a s m a ll  

p o s i t i v e  h ea d  o f  3 in #  o f  w a te r , l i t t l e  wave a c t io n  w ould be 

r e q u ir e d  to  c a u se  le a k a g e .  Such h ig h  v a lu e s  o f  v o lu m e tr ic  

e f f i c i e n c y  w ere n o t o b ta in e d  i n  th e  e a r ly  t e s t s  when u s in g  la r g e  

s u c t io n  h ead s*

At h ig h e r  s p e e d s , when sh ook  e f f e c t s  w ere in c r e a s e d ,  and 

th e r e  was g r e a t e r  ch a n ce  o f  s e p a r a t io n  i n  th e  s u c t io n  co lum n, 

g r e a t e r  i r r e g u l a r i t y  i n  v o lu m e tr ic  e f f i c i e n c y  was o b serv ed #

C hanges o f  s p r in g  lo a d in g  and v a lv e  m ass ap p eared  t o  h ave l i t t l e  

e f f e c t  on th e  i r r e g u l a r i t y  o f  v o lu m e tr ic  e f f i c i e n c y  p r o b a b ly  

b e c a u se  t h e s e  f a c t o r s  a re  n e g l i g i b l e  compared t o  t h e  e f f e c t  o f  

sh ook  a c t i o n  shown on th e  t r a v e l  d iagram s a t  d is c h a r g e  v a lv e  

op en in g#

At h ig h e r  d e l i v e r y  p r e s s u r e s  th e  v o lu m e tr ic  e f f i c i e n c y  

r e v e r t e d  t o  t h e  e x p e c te d  v a lu e s #  Due t o  im proved  s u c t io n

c o n d i t io n s  th e  v o lu m e tr ic  e f f i c i e n c y  was h ig h e r  w ith  th e  s u c t io n
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V C  *

a ir  v e s s e l  empty than with i t  f u l l  of water#

The voluDietrie e f f ic ie n c y  was v ir tu a l ly  independent of 

pump speed, probably because even the h igh est speed used did not 

g rea tly  a f fe c t  su ction  conditiohstv

There was l i t t l e  d ifferen ce  between the volum etric e f f ic ie n c y  

when u sin g  the brass valve (B) and the large  duralium valve (!))♦

The values obtained w ith the sm all duralium valve (d) c o n s is te n tly  

exceeded those of the other two#. The volum etric e f f ic ie n c y  

using the la s t  was hardly a ffec ted  by su ction  v e s s e l  cond itions  

or d e liv ery  pressure* I t  was considered th at t h i s  was due to  

i t s  steady l i f t  c h a r a c te r is t ic  which i s  d iscu ssed  la ter#

The valve movement at aero d e liv ery  pressure,, which re su lted  

in  very high volum etric e f f ic ie n c ie s  was not a sso c ia ted  with  

ex èessiv e  va lve noise# The lower volum etric e f f ic i e n c ie s  at 

high d e liv ery  p ressu res, p a r tic u la r ly  at high speeds, were always 

assoc ia ted  with noise# As noise a lso  occurred in  the case o f  

the e f f ic ie n t  valve (d) at high ^ e e d s  and high d e liv ery  p ressures, 

n oise  could not be taken as a cer ta in  sign  o f low volum etric  

e ff ic ie n c y #

9# 4 Maximum S u c t io n  V a lv e  L i f t #

, The maximum l i f t  o f  th e  s u c t io n  v a lv e  i s  shown a g a in s t  

d e l i v e r y  r a t e  i n  F ig #  3 9 , 4 0 ,  41# The v e r t i c a l  h e ig h t  o f  th e  

eq[ual sp e e d  bands show ed t h e  e f f e c t  o f  d e l i v e r y  p r e s s u r e  and 

s u c t io n  v a lv e  c o n d i t io n s  on t h e  v a lv e  l i f t # As th e  v o lu m e tr ic  

e f f i c i e n c y  was so  l i t t l e  a f f e c t e d  by sp eed  c h a n g e s , t h e  g ra p h s  

may be r e g a r d e d  a l s o  a s  p l o t s  o f  v a lv e  l i f t  a g a in s t  s p e e d , f o r  

u n ifo rm  d e l iv e r y  p r e s s u r e  and s u c t io n  v e s s e l  c o n d it io n s #

The maximum l i f t  was almost d ir e c t ly  proportional to  the 

discharged volume and to  the speed, other fa c to r s  being equal#
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P a r t i c u l a r l y  f o r  th e  v a lv e  ( P ) ,  somewhat lo w e r  maximum l i f t s  

w ere o b ta in e d  when th e  s u c t io n  a i r  v e s s e l  was em pty, th a n  when 

f u l l #  T h is  phenom a, w h ich  was h a r d ly  n o t i c e a b le  w ith  v a lv e s  (B) 

amd (d ) was more p ron ou n ced  w ith  th e  l i g h t  sp r in g #  I t  h a s  b een  

s e e n  t h a t  th e  s u c t io n  v a lv e  may o s c i l l a t e  d u r in g  o p en in g  due t o  

sh o ck  from  com bined i n e r t i a  and l a g  e f f e c t s #  T h ese  o s c i l l a t i o n s  

may be c o n s id e r e d , a s  su p er im p o sed  on th e  norm al wave p a th  and  

th e y  d i e  o u t a s  l i f t  in c r e a s e s #  S in c e  sh o c k  a c t i o n  was le s s :  

s e v e r e  w ith  th e  s u c t io n  a i r  v e s s e l  em pty, th e  r e s u l t i n g  

o s c i l l a t i o n s  w ould be l e s s  and so  a l s o  th e  o b se r v e d  maximum l i f t  

a t ta in e d #  H ence th e  d i f f e r e n c e  i n  maximum v a lv e  l i f t  f o r  th e  

two s u c t io n  a i r  v e s s e l  c o n d i t io n s  was n u m e r ic a l ly  la r g e r  f o r  th e  

l i g h t e r  s p r in g *

T a lv e  (B) had a  la r g e r  volum e th a n  v a lv e  (B) and had about  

h a l f  i t s  m a ss , but ab ou t th e  same t o t a l  v a lv e  lo a d in g  when  

c lo s e d #  The in c r e a s e d  damping a c t i o n  o f  th e  w a te r  on th e  

l a r g e r  volum e p r o b a b ly  e l im in a t e d  th e  o s c i l l a t i o n  p r io r  t o  

maximum l i f t  and h en ce  no d i f f e r e n c e  in  maximum v a lv e  l i f t  due 

t o  s u c t io n  a i r  v e s s e l  c o n d i t io n s  was o b serv ed #

S in c e  th e  v a lv e  lo a d in g  o f  v a lv e  (d )  when c lo s e d  was l e s s  

th a n  h a l f  t h a t  f o r  t h e  o th e r  two v a l v e s ,  t h i s  v a lv e  c o u ld  open  

w ith  l e s s  la g #  The b e t t e r  t im in g ,  w hich  p r o b a b ly  a c c o u n te d  

f o r  th e  good v o lu m e tr ic  e f f i c i e n c y  o b ta in e d , w ould  te n d  t o  

r e d u c e  sh o ck  a c t io n  a t  o p en in g #  The m ass o f  v a lv e  (d ) w h ich  

was o n ly  I / 4  o f  th e  v a lv e  (B) a s s i s t e d  i n  th e  r a p id  dam ping o f  

any s m a ll  o s c i l l a t i o n s #  H ence th e  argum ent ad van ced  f o r  

v a lv e  (B) h o ld s  t o  an ev e n  g r e a t e r  e x te n t  f o r  v a lv e  ( d ) #

At 400  r#p  #m#, when u s in g  a  l i g h t  s p r in g  and z e r o  d e l iv e r y
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p r e s s u r e ,  t h e r e  was an e x c e p t io n a l  c a s e  w here th e  v a lv e  l i f t  w ith  

t h e  a u c t io n  a i r  v e s s e l  f u l l  o f  w a ter  e x c e e d e d  t h e  l i f t  when em pty, 

by about 0&027 i n .  f o r  a l l  t h r e e  v a l v e s .  T h is  d i f f e r e n c e  was 

th o u g h t t o  be due t o  r e s o n a n c e  e f f e c t s  i n  th e  s u c t io n  l i n e  a t  

t h i s  s p e e d , w h ich  was a c r i t i c a l  sp eed  a l s o  a s  r e g a r d s  v a lv e  

n o i s e .

The maximum v a lv e  l i f t  was a f f e c t e d  i n  an i r r e g u la r  manner 

by th e  d e l iv e r y  p r e s s u r e .  I t  was m ost o b v io u s  i n  th e  c a s e  o f  

th e  b r a s s  v a lv e  ( B ) ,  much l e s s  f o r  v a lv e  (B) and l e a s t  f o r  

v a lv e  ( d ) .  The v a r i a t i o n  may be n e g le c t e d  i n  t h e  l a t t e r  two  

c a s e s ,  e x c e p t  a t  400  r#p*m# a s  m e n tio n e d . The v a r i a t i o n  d id  n o t  

e x c e e d  15 ^  f o r  v a lv e  (B) and 8^  f o r  v a lv e  (d )  b etw een  d e l iv e r y  

p r e s s u r e s  o f  0 t o  50 l b / i n . ^  and sp e e d  ra n g e  325 t o  495 r .p .m ^

The v a lu e s  o f  maximum v a lv e  l i f t  w ere v i r t u a l l y  in d e p e n d e n t  

o f  v a lv e  m a ss . W ithout a p p r e c ia b le  d e t e r i o r a t i o n  i n  p er fo rm a n ce , 

th e  maximum l i f t s '  f o r  th e  v a lv e  ( B ) , w it h  t h e  l a r g e  s e a l i n g  

s u r f a c e ,  w ere s l i g h t l y  lo w er#  The n e g le c t  o f  th e  v a lv e  m ass  

e f f e c t  i s  t h e r e f o r e ,  c o m p a tib le  w ith  th e  a c c u r a c y  e x p e c te d  from  

d e s ig n  fo r m u la e .

9 .  5 The Form ulae f o r  Maximum l i f t .

From th e  e x p e r im e n ta l r e s u l t s  o b ta in e d  th e  v a l i d i t y  o f  th e  

fo r m u la  f o r  maximum v a lv e  l i f t  due t o  K rauss^ m o d if ie d  form  o f  

B e rg es  e x p r e s s io n  w as a s s e s s e d .

The fo rm u la  i s ,

^m ax =   Qv_____
c ^ k l f  1 Ww + Fmax .9  

V a, f
The fo rm u la e  f o r  v a lv e  d is c h a r g e  c o e f f i c i e n t s  a r e  due t o

L in d n e r , c*"  ̂ = 1
^ 1  + 5 x
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and due t o  L in to n

~  _  f o r  0 . 4 < X < 1 » 1k
X

w here x  = l , h  max
a n

By t r a n s p o s in g  t h e  fo rm u la  o f  K rauss and u s in g  t h e  

e x p r e s s io n  x ,  v a lu e s  o f  c^  was p lo t t e d  a g a in s t  x  ( F i g .  4 2 )  

t o g e t h e r  w ith  Lindner*"s and Linton*^s f u n c t i o n s ,  t o  f in d  if; th e  

l a t t e r  w ere r e a s o n a b le  a p p ro x im a tio n s#  The t e s t  r e s u l t s  w ere  

th e n  r e p l o t t e d  f o r  ea ch  v a l v e ,  i n d i c a t i n g  th e  s p e e d s ,  th e  s p r in g  

u sed  and th e  s u c t io n  v e s s e l  c o n d it io n s  (F ig #  4 3 , 4 4 , 4 5 ) .  The 

v a lu e s  w ere o n ly  ab o u t 60^  o f  th e  c a l c u la t e d  v a lu e s  f o r  c^  so  

t h a t  th e  fo rm u la e  g a v e  l i f t s  a lm o st  tw ic e  t h o s e  a c t u a l l y  o b ta in e d #  

S in c e  x  i s  d i r e c t l y  p r o p o r t io n a l  t o  h^^^ and i s  a l s o  

a f u n c t io n  o f  t h e r e  was à r e la t i o n s h ip  b etw een  t h e  v a lv e

l i f t s  and th e  d i s t r i b u t i o n  o f  th e  p o in t s  i n  F i g .  4 3 , 4 4 , 45#

The lo w e r  l i f t  v a lu e s  f o r  v a lv e  (B) and th e  r e l a t i v e l y  s m a ll  

d i f f e r e n c e  b etw een  t h o s e  p e r t a in in g  t o  v a l v e s  (B) and (d ) w ere  

a p p a r e n t . The d i s t i n c t i o n  b etw een  v a lu e s  w ith  l i g h t  and  

h ea v y  s p r in g s ,  a s  w e l l  a s  th e  e x c e p t io n a l  v a lu e s ,  a t  400  r*p#m . 

ze r o  d ^ i v e r y  p r e s s u r e ,  s u c t io n  v e s s e l  f u l l ,  w ere c l e a r l y  show n. 

The p l o t t e d  p o in t s  w ere r e a s o n a b ly  c o l in e a r ;  t h e r e  was a  

s i m i l a r i t y  i n  th e  d i s t r i b u t i o n  o f  p o in t s  f o r  t h e  i d e n t i c a l l y  

sh ap ed  v a lv e s  (B) and ( d ) .  The h ig h  v a lu e s  o f  ejj. w ith  v a lv e  

( B ) ,  w h ich  had an e x c e s s i v e l y  la r g e  o u t s id e  d ia m e te r , may h a v e  

b een  due t o  th e  same e f f e c t s  o b ser v ed  by Kahrs w ith  h i s  seco n d  

d i f f u s e r  v a lv e #

V a lu es  o f  th e  v a lv e  d is c h a r g e  c o e f f i c i e n t  c^ , b a sed  on

B erg » s fo r m u la , w hich  r e f e r s  th e  maximum l i f t  t o  th e  d i s c
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66 .

d im e n s io n s  w ere about 25?î h ig h e r  th a n  th e  v a lu e s ,  i n d i c a t i n g  

th e  a r b it a r y  n u m e r ic a l m agn itu d e o f  th e  c o e f f i c i e n t  o»'* To 

a c c o u n t f o r  th e  d i f f e r e n c e  b etw een  th e  r e s u l t s  o b ta in e d  and th o s e  

c a lc u la t e d  by p r e v io u s  fo rm u la e  th e  e a r l i e r  eocp erim en ta l work  

m ust be exam ined* Only B erg  t e s t e d  d i s c  v a lv e s  w hich  had g e o m e tr ic  

p r o p o r t io n s  s im i la r  t o  th e  p r e s e n t  v a lv e s *  T h ese  were, t h e  v a lv e s  

I  and I I ,  shown i n  F ig*  125 and 126 o f  r e f e r e n c e  6 4 , w h ich  had  

d i s c  d ia m e te r s  80  m.m* and 1 0 0  m*m* T h e ir  eg. t o  x  c u r v e s  h a v e  

b een  re p r o d u ced  t o g e t h e r  w ith  L indner»‘s  a p p r o x im a tio n  i n  F ig*  44* 

From t h i s  i t  may be s e e n  t h a t  c^  in c r e a s e d  n o t ic e a b ly  a s  t h e  

d ia m e te r  o f  th e  d i s c  d e c r e a se d *  The g e o m e t r ic a l  d i f f e r e n c e  

b etw een  B erg  * s  v a lv e s  and v a lv e  (B) d id  n o t  p e rm it  e x t r a p o la t io n *  

H ow ever, th e  tr e n d  was to w a rd s agreem en t b etw een  th e  p r e s e n t  

r e s u l t s  and Berg*'s f i n d i n g s ,  r e c a l l i n g  t h a t  L in d n er and L in to n  

b o th  b ased  t h e i r  fo rm u la e  on v a lv e s  in *  and 5 in *  d ia m eter*

Due t o  t h e  l a c k  o f  e x p e r im e n ta l d a ta  th e  e f f e c t  o f  d i s c  d ia m e te r  

on th e  cj  ̂ t o  x  r e l a t i o n s h i p  h a s  n o t b een  p r e v io u s ly  o b serv ed *

X  i s  a co m p lex  (q u an tity  and i t  i s  n o t o b v io u s  why i t  sh o u ld  v a r y  

w ith  d i s c  d ia m e ter*  F u r th e r  i n v e s t i g a t i o n  o f  t h i s  phenomena i s  

r e q u ir e d  t o  e x p la in  i t  and to  a s s e s s  i t s  im p o r ta n ce  on v a lv e  

d e s ig n *

9* 6 V a lve  H o is e *

I t  was found  t h a t  i n  g e n e r a l ,  h ig h e r  sp e e d s  and d e l iv e r y  

p r e s s u r e s  r e s u l t e d  i n  in c r e a s e d  v a lv e  n o is e *  I t  was a l s o  

co n firm ed  t h a t  h ig h e r  s p r in g  lo a d in g s  r e s u l t e d  i n  a  d e c r e a s e  in  

n o is e  p r o v id e d  t h a t  th e  s p r in g  f o r c e  on th e  s u c t io n  v a lv e  w as 

n o t e x c e s s i v e .

V a lve  (L) was th e  q u i e t e s t ,  p ro b a b ly  b e c a u se  i t s  l i f t  was 

l e a s t *  The a d v e r s e  e f f e c t  on i t s  la r g e  s e a t  a r e a  on l a g



V I

ap p eared  t o  be more th a n  o f f s e t  by i t s  b u f f e r  e f f e c t  and s m a ll  

mass:*

I n  an a tte m p t t o  e s t a b l i s h  th e  e x i s t e n c e  o f  a  n o is e  l i m i t  

F ig *  46 was c o n s tr u c te d *  T h is  n o is e  l i m i t  was d en o ted  by 

B e r g ^8 c o e f f i c i e n t  X =  ------ and w as c a l c u la t e d  f o r  a l l  th e  t e s t s *
î ’o l

The n o is e  i n t e n s i t y  o b se r v e d  i s  in d ic a t e d  a t  t h i s  v a lu e  of A ♦

The v e r t i c a l  h e ig h t s  o f  th e  colum ns have no s i g n i f i c a n c e *  I t  may 

be s e e n  t h a t  h ig h  v a lv e  n o is e  v a lu e s  were d e f i n i t e l y  a s s o c ia t e d  

w ith  lo w  v a lu e s  o f  X , w h ile  lo w  n o is e  v a lu e s  ten d e d  t o  be  

a s s o c i a t e d  w ith  h ig h e r  v a lu e s  o f  A  ̂ No h ig h  v a lu e  o f  v a lv e  

n o is e  ( i n t e n s i t y  2 or 3) o c c u r r e d  a t  v a lu e s  o f  \  g r e a t e r  th a n  0*43  

f o r  th e  s u c t io n  v a lv e  or 0^36 f o r  th e  d is c h a r g e  v a lv e ;  th e  

h ig h e s t  n o is e  r a t i n g  (3 )  d id  n o t o ccu r  beyond X *  0*4 and 

X =  0*27  r e s p e c t i v e l y .  The d i f f e r e n c e  b etw een  th e  tw o v a lu e s  

may be due t o  th e  r e s o n a n t  c o n d i t io n s  i n  th e  s u c t io n  l i n e  and 

s u c t io n  ta n k *  D ep en d in g  on w h e th e r  th e  n o i s e  '^2" or '3"  i s  t o  

be r e g a r d e d  a s  e x c e s s iv e  n o i s e ,  th e  mean v a lu e s  o f  X  a re  ab out  

0*4 f o r  n o is e  i n t e n s i t y  " 2 and 0*33 f o r  th e  g r e a t e r  i n t e n s i t y  

*3"# B e r g 's  v a lu e  o f  0*37  f o r  h i s  d i s c  v a lv e  (8 0  m*m*) i s  

t h e r e f o r e  i n  good  agreem en t*  I t  m ust be n o te d , h o w ev er , t h a t  a  

number o f  c a s e s  o f  q u ie t  o p e r a t io n  o f  th e  v a lv e s  o ccu rred  a t  

v a lu e s  o f  \  c o n s id e r a b ly  b e lo w  t h e s e  f ig u r e s *

T h ere  was no d i s t i n c t  n o is e  l i m i t ,  i f  t h i s  term  im p l ie s  

th e  su dd en  a p p ea ra n ce  o f  v a lv e  n o is e  a t  a c e r t a i n  v a lu e  o f  \  • 

H ow ever, a v a lu e  o f  \ w a s  o b ta in e d , w hich  i f  e x c e e d e d  g u a r a n te e d  

a n o i s e  l e v e l  b e lo w  t h a t  r e g a rd e d  a s  th e  n o i s e  l im i t *  On th e  

o th e r  h an d , i f  a lo w e r  v a lu e  o f  \  was p e r m it te d ,  th e  v a lv e  was 

n o t a lw a y s  u n d u ly  n o i s y ,  p r o v id e d  t h a t  th e  d e l iv e r y  p r e s s u r e  was
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not h igh , the su ction  con d ition s reasonable, and the va lve shape 

and mass s u ita b le . The rigorous ap p lica tio n  of a lim it in g  

value of Amay therefore lead to  unnecessarily  high spring loads  

with corresponding hydraulic lo sses*

S. T T ests w ith D issim ilar  V alves»

A s e r ie s  of t e s t s  was conducted to  examine the in flu en ce o f  

one valve on the other and to  fin d  whether performance could be 

improved by odd p a ir in g  of the va lves and springs* Each t e s t  

was compared with the two corresponding system atic t e s t s  in  which 

id e n tic a l v a lv es  and springs had been used at su ction  and discharge*  

The maximum l i f t  of the su ction  valve and i t s  noise was 

hardly in flu en ced  by the in troduction  of a d iss im ila r  discharge 

valve * The d ire c tio n  of any small change in  l i f t  depended on 

whether the discharge valve rose higher or lower than the su ction  

valve when sim ilar  va lves were used*

The discharge ra te  was about the arithm etic mean of the 

r a te s  obtained during the corresponding t e s t s  with paired valves*  

There were two exceptions t o . t h i s  general trend* In one case

the discharge r a te  was le s s  than that o f the corresponding t e s t  

with paired v a lves and springs and one case i t  was more* These 

e f fe c t s  were undoubtedly due to  the tim ing o f the v a lv e s  which 

was governed by th e ir  shape and spring loading* The valve noise  

was greater with the arrangement which gave the lower discharge 

rate* When the va lv es were interchanged and the increased  

discharge obtained, the noise  was not greater  than in  the 

corresponding t e s t s  with paired valves*

I t  would appear that improvements can on occasion be made by 

design ing va lves in  d iss im ila r  s e t s ,  but fu rth er  experim ental 

data i s  required*
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10* 1 A u tom atia  V a lv e s  f o r  Gas O om presaors»

1* îh e  m a th e m a tic a l a n a l y s i s  o f  th e  v a lv e  movement and th e  

p r e s s u r e  drop a cr o ss-  th e  v a lv e  d u r in g  th e  c y c l e  w ere eagpressed  

by eq^uations w h ich  d id  n o t  h ave e x a c t  s o lu t io n s *  Due to  t h e  

s i m p l i f i c a t i o n  o f  th e  e q u a t io n s  a  s t e p - b y - s t e p  in t e g r a t i o n  

c o u ld  be c a r r ie d  o u t w ith o u t  r e s o r t  to  t h e  g r a p h ic a l  m ethods o f  

O o s t a g l io la *

2* The c a n t i l e v e r  r e e d  ty p e  v a lv e  exam ined d id  n o t  v ib r a t e  

f r e e l y  u n d er s t a t i c  f lo w  c o n d i t i o n s ,  bu t i n  a c t u a l  o p e r a t io n  

v a lv e  f l u t t e r  o ccu rred *  I f  th e  p e r m it te d  v a lv e  l i f t  w as  

r e d u c e d , f l u t t e r  c o u ld  be a v o id e d , but a t  th e  e^qpense o f  

in c r e a s e d  v a lv e  t h r o t t l i n g  l o s s *  When v a lv e  f l u t t e r  o c c u r r e d  

t h e  la b o u r  in v o lv e d  i n  th e  s o l u t i o n  o f  th e  e q u a t io n s  was g r e a t l y  

in c r e a s e d *

3* The maximum p r e s s u r e  drop a c r o s s  th e  s u c t io n  v a lv e  a lw a y s  

o cc u r re d  b e fo r e  th e  v a lv e  r e a c h e d  th e  s t o p ,  i f  p e r m it te d  v a lv e  

l i f t  was a d eq u a te  t o  a v o id  e x c e s s iv e  t h r o t t l i n g  lo s s *  Hence 

th e  v a lv e  d is p la c e m e n t  and th e  maximum i n i t i a l  v a lv e  p r e s s u r e  

drop d u r in g  o p e n in g  w ere in d e p e n d en t o f  p e r m it te d  v a lv e  l i f t  but  

w ere f u n c t io n s  o f  s p r in g  s t i f f n e s s  and co m p resso r  sp eed *  The 

p r e s s u r e  d i f f e r e n c e  a c r o s s  th e  v a lv e  was r a p id ly  r e d u c in g  a s  th e  

v a lv e  ap p roach ed  i t s  s to p *  The f i n a l  p r e s s u r e  d i f f e r e n c e  a c r o s s  

a v a lv e  a s  i t  r e a c h e d  th e  s to p  w as an in v e r s e  f u n c t io n  o f  th e  

p e r m it te d  l i f t  w h ile  th e  sp rin g: f o r c e  was d i r e c t l y  p r o p o r t io n a l  

t o  th e  p e r m it te d  l i f t *  H ence th e  a m p litu d e  o f  th e  i n i t i a t e d  

f l u t t e r  in c r e a s e d  w ith  in c r e a s e d  p e r m it te d  l i f t *  The d e c r e a se d
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e f f e c t  o f  th e  dam ping o i l  on th e  v a lv e  s to p , a s  p e r m it te d  l i f t  

in c r e a s e d ,  m a g n if ie d  t h i s  r e s u l t  when o b serv ed  e x p e r im e n ta lly *

4* A p o r t a b le  tw o -c h a n n e l v a lv e  d is p la c e m e n t  r e c o r d e r  was 

d e v e lo p e d  w h ich  d id  n o t r e q u ir e  a tta c h m e n ts  t o  th e  v a lv e  and d id  

n o t  a f f e c t  co m p resso r  c le a r a n c e  volum e*

5* A d i f f e r e n t i a l  p r e s s u r e  c a p a c i t y  ty p e  p ic k -u p  e le m e n t was 

d e v e lo p e d  t o  m easure t h e  p r e s s u r e  drop a c r o s s  th e  v a lv e  i n  a  

h ig h  sp eed  co m p resso r*  The l o s s  o f  v o lu m e tr ic  e f f i c i e n c y  due t o  

s u c t io n  v a lv e  t h r o t t l i n g  was com puted and found to  be o n ly  about,

5fo o f  t h e  d i f f e r e n c e  t o  be a cc o u n ted  f o r  b etw een  th e  t h e o r e t i c a l  

in d ic a te d , and a c t u a l  v o lu m e tr ic  e f f i c i e n c y *

6* The v o lu m e tr ic  e f f i c i e n c y  o f  th e  co m p resso r  t e s t e d  was fou n d  

t o  be v i r t u a l l y  c o n s ta n t  o v er  a  w ide ra n g e  o f  p e r m it te d  s u c t io n  

v a lv e  l i f t *  L o ss o f  v o lu m e tr ic  e f f i c i e n c y  due t o  e x c e s s iv e  

v a lv e  t h r o t t l i n g  d id  n o t o ccu r  u n t i l  th e  mean g a s  v e l o c i t i e s  

th ro u g h  th e  v a lv e  ex c eed ed  230  f t / s e c *  f o r  a i r  and 130  f t / s e c *  

f o r  f r e o n  12*

7* The e f f e c t  on a c t u a l  v o lu m e tr ic  e f f i c i e n c y  o f  a w ide ra n g e  

o f  s u c t io n  v a lv e  s p r in g  s t i f f n e s s  w as to o  s m a ll t o  be m easured*

8* The d i f f e r e n c e  b etw een  th e  t h e o r e t i c a l  in d i c a t e d  and 

a c t u a l  v o lu m e tr ic  e f f i c i e n c y  c o u ld  be a s  much as- 30?^. The 

p r e s e n t  work t o g e t h e r  w ith  r e c e n t  m easurem ents from  th e  same 

co m p resso r  in d ic a t e d  t h a t  l e s s  th a n  h a l f  t h i s  l o s s  was made up 

o f  th e  sum o f  s u c t io n  v a lv e  t h r o t t l i n g ,  g a s  le a k a g e  p a s t  th e  

p i s t o n  and h e a t  t r a n s f e r  e f f e c t s  (w ith  su p e r h e a te d  v a p o u r ) .

M ost o f  th e  l o s s  was c o n s id e r e d  t o  be due t o  th e  e f f e c t  o f  t h e  

d is c h a r g e  v a lv e  and t o  b lo w -b y  d u r in g  s u c t io n  v a lv e  c lo s u r e *

The l o s s  a t  th e  d is c h a r g e  v a lv e  was c o n s id e r e d  t o  be ca u sed  by
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th e  h ig h  s p r in g  lo a d in g  p e r m it te d  th e r e  on a c c o u n t o f  th e  

common, but e r r o n e o u s , a ssu m p tio n  t h a t  v o lu m e tr ic  e f f i c i e n c y  

i s  l i t t l e  a f f e c t e d  by t h i s  v a lv e *  The e x c e s s iv e  s u c t io n  v a lv e  

b lo w -b y  a t  low  co m p resso r  sp e e d s  was ca u sed  by undue c o n s id e r a t io n  

i n  d e s ig n  to  t h e  dynam ics o f  th e  v a lv e  a t  o p e n in g , w hich  w ere  

n o t im p o r ta n t*

9* The e s t im a t io n  o f  co m p resso r  p erform an ce w ith  a  r e f r ig e r a n t  

from  t e s t s  u s in g  a i r  was c o n s id e r e d  to  be fu n d a m e n ta lly  unsound*

10* A p o r te d  co m p resso r  o f  th e  same d im e n s io n s  was i n f e r i o r  

i n  a l l  m a t e r ia l  a s p e c t s  o f  p erform an ce t o  th e  v a lv e d  m a ch in e . 

(A p p en d ix  I I ) .

1 1 .  F a i lu r e  o f  th e  v a lv e  r e e d  due t o  f a t ig u e  was u n l i k e l y .

H igh s t r e s s e s  w ere due t o  im p a c t, th e  t h e o r e t i c a l  v a lu e s  p r o b a b ly  

b e in g  much g r e a t e r  th a n  th o s e  a c t u a l ly  o c c u r r in g *  O o lla p s e  

o f  th e  v a lv e  r e e d  in t o  th e  p o r t  under p r e s s u r e  lo a d in g  was 

c o n s id e r e d  t o  be th e  m ost l i k e l y  ca u se  o f  f a i l u r e  i n  th e  co m p resso r  

exam in ed . (A ppendix  V )*

1 0 .  2 A u tom atic  V a lv e s  f o r  Water lu m p s.

1* A lth ou gh  much v a lu a b le  work h a s b een  c a r r ie d  o u t ,  m a in ly  

i n  Germany, t o  s tu d y  th e  w a ter  pump v a lv e  and i t s  e f f e c t  on  

p er fo rm a n ce , v i r t u a l l y  no work h a s  b een  c a r r ie d  out d u r in g  th e  

l a s t  30 y e a r s  -  a  p e r io d  i n  w hich  pump sp e e d s  h ave g r e a t ly  

in c r e a s e d  and in fo r m a t io n  on v a lv e  b eh a v io u r  m ore th a n  e v e r  

r e q u ir e d *

2* Due t o  t h e s e  h ig h e r  pump sp e e d s  o ld e r  m ethods o f  v a lv e  

i n d i c a t io n  are  o b s o l e t e .  The a ttem p t t o  d e v e lo p  a  v a lv e  

movement in d ic a t o r  on th e  c a p a c i ty  p r i n c i p l e  was n o t s u c c e s s f u l .

An in d i c a t o r  w ork in g  on th e  in d u c t iv e  p r i n c i p l e  was s u c c e s s f u l l y



d e v e lo p e d  and b o th  v a lv e s  o f  a sm a ll ram pump w ere in d ic a t e d  

s im u lta n e o u s ly  d u r in g  a  w id e ra n g e  o f  o p e r a t in g  c o n d it io n s *

T e s t s  in d ic a t e d  th a t  th e  p r e s se n c e  o f  a c a r e f u l l y  d e s ig n e d  p ic k -u p  

c o i l  n e a r  th e  v a lv e  d id  n o t a f f e c t  pump p erform an ce*

3* Under c e r t a i n  r e a s o n a b le  o p e r a t in g  c o n d i t io n s  th e  v a lv e  

d is p la c e m e n t  d iagram  conform ed  c l o s e l y  to  a  d i s p la c e d  s in e  wave* 

Under o th e r  c o n d it io n s  th e  v a lv e  movement was f a r  rem oved from  

t h i s  w a v ep a th . At c e r t a i n  c r i t i c a l  c o n d i t i o n s ,  a g r e a t  ch an ge  

i n  th e  v a lv e  d isp la c e m e n t  c u r v e s  o ccu rre d  i n  a v e r y  fe w  pump 

r e v o lu t io n s *  Under c e r t a in  c o n d it io n s  a l s o ,  i t  was p o s s i b l e  

t o  h ave th e  d is c h a r g e  v a lv e  l i f t i n g  d u r in g  th e  s u c t io n  s tr o k e *

The p r e s e n c e  o f  e x c e s s iv e  a i r  i n  t h e  s u c t io n  l i n e  r e s u l t e d  i n  

v i o l e n t  o s c i l l a t i o n  o f  th e  s u c t io n  v a lv e *

4* The v a lv e  l i f t s  c a l c u la t e d  by th e  fo rm u la  due t o  B erg and 

K raus8 w ere a lm o st  100?^ i n  e x c e s s  o f  th o s e  a c t u a l l y  o b ta in ed *

5* A ra n g e  o f  v a lv e  w e ig h ts  o f  r a t i o  1 t o  5 showed t h a t  th e  

v a lv e  l i f t  was v i r t u a l l y  in d e p e n d en t o f  v a lv e  m ass but n o t o f  

v a lv e , shape*

6* The form  o f  th e  c u r v e s  o f  v a lv e  d is c h a r g e  c o e f f i c i e n t  

p l o t t e d  t o  X was s im i la r  t o  t h a t  o f  B erg , b u t r e v e a le d  a s i z e  

e f f e c t  n o t  p r e v io u s ly  o b serv ed  s in c e  a l l . p r e v i o u s  r e s e a r c h e s  h ave  

b een  c a r r ie d  out on much la r g e r  pumps and v a lv e s *

7* C lo se  agreem en t was o b ta in e d  w ith  th e  l a t e r  v a lu e s  p u b l is h e d  

by B erg  f o r  th e  n o is e  l i m i t  Â * The o n ly  r e s e r v a t i o n  was t h a t  

some c a s e s  o f  q u ie t  v a lv e  o p e r a t io n  w ere o b ta in e d  a t  v a lu e s  o f  \  

beyond th e  l i m i t *

8* Only on one o c c a s io n  i n  tw e lv e  t e s t s  d id  th e  d i s s i m i l a r  

p a ir in g  o f  v a lv e s  and s p r in g s  r e s u l t  in  pump p erfo rm a n ce  s u p e r io r  

t o  t h a t  when u s in g  p a ir e d  v a lv e d  and s p r in g s *  .
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41* Baumann, R. E x p er im en ts  t o  d e term in e  th e  D isc h a r g e
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Z .V .D .I .  I 9O6 , p age 2103*
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(U ber f r e ig e h e n d e  P u m p e n v e n t ile ) .
Z .V .D .I .  1 9 0 5 , p a g e  4 8 5 , 618*
A lso  M itt#  F o rsch -A rb . 1 9 0 5 . N o*22*

( c )  E x p er im en ts on R in g  V a lv e s .
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D in g l .  P o ly t*  Journ* i g 0 8 ,  p a g e  2 8 9 , 785*

I n v e s t i g a t i o n  o f  th e  movement o f  s e l f -  
a c t in g  Pump V a lv es*
(U n tersu ch u n g  d er  Bewegung S e l b s t t a t i g e r  
Pump enve n t i l e  ) *
Z .V .D .I*  1 9 0 8 , page 1842*

T e s t s  on s e l f - a c t i n g  Pump V a lv e s  and t h e i r  
in f lu e n c e  on p erform an ce*
(U n tersu ch u n g  s e l b e S t a t ig e r  P u m p en v en tile  
und d eren  e in w irk u n g  a u f  d en  Pumpengang) * 
M i t t .  F orsch-A rb* 1 9 2 0 , No*233♦
E x tr a c t  i n  Z .V .D .I*  1 9 2 1 , p age 116*

D e s ig n  o f  Pump V a lv es*
(B erechn un g d e r  P u m p e n v e n tile ) .
Z .V .D .I . 1 9 0 8 , page 1 3 9 2 .
And M a sch in en elem en te  1910*
And L e u g e r ’ s  L ex ico n *

N ote on th e  p erform an ce o f  some 
R e c ip r o c a t in g  Pump V a lv es*
B .H .R .A . T ech . N ote N o . 1 1 ,  May 1949#

C avîtà^ tion  i n  H igh Speed  R e c ip r o c a t in g  Pumps. 
B .H .R .A . T e c h n ic a l N ote  N o . 419*

The Minimum P r e s s u r e  i n s i d e  a  
R e c ip r o c a t in g  Pump*
B .H .R .A . T e c h n ic a l N o te  No* 4 2 7 .

The Flow  th ro u g h  D is c  and Metre. V a lv e s  a t  
Low L i f t .
B .H .R .A . T e c h n ic a l N ote  No* 428*

R ecen t I n v e s t ig a t io n s  on R e c ip r o c a t in g  Pumps. 
B .H .R .A .

A c a v i t a t i o n  L im it f o r  R e c ip r o c a t in g  Pum ps. 
(S c h w e iz e r  B a u z e itu n g , V o l.  1 0 1 , p . 5 3 -5 ,1 9 3 3 )

Pump V a lv e s .
(D as P u m p e n v e n t il) .
L e ip z ig  1900*

E x p er im en ta l R esea rch  on D is c  V a lv es*
In o k u te  M em orial L e c tu r e  I I I .
J a p . S o c . Me c h . E ng. 1927*



57* O l iv e r ,  G .E. & 
M i l l s ,  H .R .

58* R ie d le r ,  A*

59* R u d o lf , K*

60* Soho eue*

61* S ch ren k , E*

62* S ch w e te r , E .

63* S ie g le r s o h m id t

S u rg in g  o f  TaLve S p r in g s  -  
Survey o f  A v a i la b le  l i t e r a t u r e .
I .A .E .  N o . 1 9 4 5 /H /8 *

I n d ic a t o r  ex p e r im e n ts  on Pumping P la n t*  
( I n d ik a to r -T e r s u o h e  an Pumpen und 
W a sserh a ltu n g sm a sch in en ) •
München 1881*

V alve  m ovem ents i n  Pumps and C om pressors*  
( V e n t i l s p i e l  b e i  Pumpen und G e b la s e n ) .  
D in g l .  P o ly t ,  H ourn. 1 9 0 1 , p .  309*

(a )  T e s t s  on s p r in g  lo a d e d  R in g  V a lv es  f o r  
d r a in a g e  Pumps; c o n t r ib u t io n s  to  th e  
dynam ics o f  V alve Movement*
(U ber V ersu ch e m it  g r o s  s e n  durch  
D la t t f e d e r n  g e fu h r te n  R in g v e n t i le n  f u r  
K a n a lisa t io n -sp u m p en n e b s t  B e itr a g e n  z u r .

(b ) Dynamik d er  V e n tilb e w e g u n g ) .
Z .V .D .I . 1 9 1 3 , p a g e  1 2 4 6 .
( D is c u s s io n  1914 ) *
M i t t .  P o rsch —Arb* 1913# No* 143*

V alve Plow  and R e s is ta n c e *
(V ersu ch e u b er S tr o m u n g s ^ te n ,  
t b n t i l w i  d er  sta n d  und v e n t i lb e la s t u n g )  * 
Z .V .D .I .  1925*
A b s tr a c t  i n  th e  M arine E n g in ee r  and 
M otorsh ip  B u i ld e r ,  May 1926*  
p age 182 and page 205*
A lso  M i t t .  F orsch-A rb * 1 9 2 5 . N o . 272*

D e te r m in a t io n  o f  th e  N o is e  L im it  o f  
s e l f - a c t i n g  V a lv es*
(E r m itt lu n g  Der S c h la g g r e n z e  
S e l b s t a t i g e r  P u m p e n v e n t ile ) .
Z .V .D .I .  V o l. 7 4 , 1 9 3 0 , p*641*
Z .V .D .I . V o l. 7 7 , 1933, P*1224*

(a )  The o p e r a t io n  and d e s ig n  o f  s e l f -  
a c t in g  Pump V a lv e s .
(D ie  W irku ngsw eise und B erechnung  
S e l b s t t a t i g e r  P u m p e n v e n t ile ) .  
D is s e r t a t i o n  B o r n a -L e ip z ig  1907*

(b ) N o te s  on th e  l i m i t i n g  s u c t io n  l i f t  o f  
h ig h  sp ee d  Pumps*
( B e i t r a g  Zur B e u r te i lu n g  Der 
S a u g fa h ig k e it  s c h n e l lg e h e n d e r  Pum pen). 
D in g l .  P o l y t .  Journ* 1908*



64* S tu G k le , R* (a )  The d evelop m en t o f  s e l f - a c t i n g  Pimp
V a lv e s  d u r in g  th e  l a s t  50 y e a r s .
(D ie  S e l b s t t a t i g e n  P u m p en v en tile  i n  den  
L e tz te n  50 J a h r e n ) .
S p r in g e r  V e r la g , B e r l in  1925*

(b ) P a r t  T r a n s la t io n  o f  R ef* 6 4 .
P r e lim in a r y  & L i s t  o f  S y m b o ls .
B .H .R .A * T . 1 7 6 , S e c t io n  1*

( c )  P a r t  T r a n s la t io n  o f  R e f .  
B .H .R .A . T . 1 7 6 , S e c t io n  X.

(d ) P a r t  T r a n s la t io n  o f  R e f .  6 4 .  
(R ecen t exp ; by B e rg . B ra u n ). 
B .H .R .A . T .1 7 6 . S e c t io n  IX .

( c )

( e )  P a r t  T r a n s la t io n  o f  R e f .
B .H .R .A . 1 * 1 7 6 , S e c t io n  V I I I .

65* T o b e l i .  (a )  On th e  movement o f  Pump and C om pressor
V a lv es*
(U ber d ie  F r e ie  Bewegung d e r  Pumpen—und 
G eb las e v e n t  i l e ) .

^ Z .V .D .I. 1 8 8 9 , p age 25*

(b ) On th e  l i m i t a t i o n s  o f  th e  in c r e a s e  o f  
Pump S p e e d s , p a r t i c u l a r l y  i n  d e -w a te r in g  
pumps a t  g r e a t  d e p th .
(Uber d ie  B ed in gu n gen , W elchen d ie  
S te ig e r u n g  d er  K o lb e n g e s c h w in -d ig k e it  b e i  
Pumpen, In sb e so n d e r e  b e i  W a sserh a ltu n g  m it  
G roszen  T eu fen  U n t e r l i e g t ) .
Z .V .D .I .  1 8 8 9 , page 1150*
The o p en in g  o f  Pump V a lv e s  and t h e  
s i g n i f i c a n c e  o f  th e  c o r r e sp o n d in g  I n d ic a t o r  
D iagram s*
(D ie  F r e ie  E ro ffn u n g  d er  P u m p en v en tile  und 
d ie  B edeutu ng d er D a ra u f B e z u g lic h e n  
I n d ik a t o r a n z e ig e n ) .
Z .V .D .I .  1 8 9 0 , p age 3 2 5 .

66* T o w ler , F.M* R ecen t D evelop m en ts i n  H igh  Speed
R e c ip r o c a t in g  Pumps*
P r o c . I ,  Meoh E ng. 1 9 3 7 , V o l.  1 3 7 , p . 79*

67* W eisbach , J* E x p er im en ts on th e  f lo w  o f  w a te r  th rou gh
S l id e  V a lv e s , C ocks and F lap  V a lv es*  
(V ersu ch e u b er den  A u s f lu s s  d e s  W assers  
Durch S c h ie b e r , Hahne, K lappen und V e n t i l e ) .  
L e ip z ig ,  1 8 4 2 .

6 8 .  W estp h a l, M* C o n tr ib u t io n  to  th e  c a l c u l a t i o n  o f  th e
s i z e  o f  Pump V a lv es*
(B e i t r a g  zur G rossenbestim m ung d er

P u m p e n v e n tile ) .  
Z .V ID .I . 1 8 9 3 , page 381*



.E x p er im en ta l A p p a ra tu s , E x p er im en ta l & A n a ly t ic a l  T ech n iq u es

69* Freem an, J.G *

70* E e t e h y i ,  M. & 
Young, W.E*

71* Karman & B io t#

72* K u d r ia v ts e v , I .V *

73* L i l l y ,  J .C . & 
L e g a l l a i s ,  V. & 
C h erry , R*

74* M iln e , W*E*

75* W oodcock, F*J*

M a th em a tica l T heory o f  Beam D e f le c t io n *  
P h i l .  Mag. D ec . 1 9 4 6 ,, Ser*  7 ,  Y ol.X Y X V II.

A p p lic a t io n  o f  B r i t t l e  L acquer M ethod  
i n  th e  S t r e s s  A n a ly s is  o f  M achine P a r ts *  
E x p er im en ta l S t r e s s  A n a ly s i s ,  V o l .  1 ,  No* 2 .

M a th em a tica l M ethods i n  E n g in e e r in g , p . 2 8 8 .

F a t ig u e  a t  v e r y  lo w  T em p eratu res*
Z arodskaya L a h o r a to r ia , R u ss ia *
N o s . 9 - 1 0 ,  1 9 4 6 , p*843*

A V a r ia b le  C a p a c ito r  f o r  M easurem ents o f  
P r e s s u r e  & M ech a n ica l M ovements*
J o u rn a l o f  A p p lied  P h y s ic s ,  1 9 4 7 .
V ol* 1 8 , p* 631*

N u m erica l C a lc u lu s , p * 1 30-144*

Some E l e c t r i c a l  M ethods o f  M easu rin g  
M ech a n ica l Q u a n t i t i e s .
P roc*  I .E .E .  1 9 5 0 , V ol*  9 7 , P a r t  I ,  p . 136*
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APPENnrx i r .

GOMPAHISGN OF VALVED AND PORTED TYPE GAS COMPRESSOR.

A co m p a riso n  o f  p erform an ce was made b etw een  th e  v a lv e d  

co m p resso r  when pum ping a i r  and one i d e n t i c a l ,  w i t h in  th e  bounds  

o f  m a n u fa c tu r in g  l i m i t s ,  e x c e p t  t h a t  th e  s u c t io n  v a lv e  w as  

b la n k ed  o f f  and th e  a i r  a d m itte d  th ro u g h  a  p o r t  0*0554 in *  t im e s  

0*69 in *  a t  th e  end o f  th e  " s u c t io n ” ̂ s tr o k e *  T h is  p r o v id e d  a  

f lo w  a r e a  4 t im e s  t h a t  o f  th e  minimum f lo w  a r e a  o f  t h e  v a lv e d  

m a ch in e , b u t was a v a i l a b l e  f o r  o n ly  about. I / I 3 t im e  d ep en d in g , 

o f  c o u r s e ,  on th e  co m p resso r  sp e e d  and p r e s s u r e  r a t i o  i n  u se*

From th e  t e s t  r e s u l t s  shown i n  F ig*  4 7  i t  was a p p a ren t t h a t  ' 

th e  p e r f  orm ance o f  th e  p o r te d  ty p e  (P ) co m p resso r  d id  n o t y i n  any  

im p o r ta n t r e s p e c t ,  m atch  t h a t  o f  th e  v a lv e d  (V) m ach ine*  The 

a c t u a l  v o lu m e tr ic  e f f i c i e n c y  was c o n s i s t e n t l y  ab ou t 10^ lo w e r  

i n  th e  p o r te d  m ach ine o v er  a  w id e  ra n g e  o f  p r e s s u r e  r a t i o s *

The a c t u a l  v o lu m e tr ic  e f f i c i e n c y  ten d ed  t o  a  maximum a t  a  

p a r t i c u la r  sp ee d  but th e  e x c e s s iv e  l o s s e s  i n  th e  p o r te d  m achine  

c a u se d  a  r a p id  d e t e r i o r a t io n  i n  p erform an ce w ith  20^  d i f f e r e n c e  

b etw een  t h e  tw o a t  1 7 5 0  r.p*m * I t  may be n o te d  t h a t  th e  

in d i c a t o r  d iagram  was o f  l i t t l e  s e r v i c e  i n  a  s tu d y  o f  a c t u a l  

v o lu m e t f io  e f f i c i e n c y *  Tile e x c e s s i v e  w ir e  d raw in g o f  th e

p o r te d  m ach ine was shown by F ig *  47D* T h ese p r e s  su re -v o lu m e  

d iagram s w ere com puted from  p r e s s u r e - t im e  o s c i l lo g r a m s  o b ta in e d  

w ith  a  p r e s s u r e  s e n s i t i v e  e lem en t w ith  i n t e g r a l  diaphragm  0*5 in *  

d ia m e te r , 0 * 0 1 1  in *  t h i c k  so  t h a t  g r e a t  a c c u r a c y  o f  th e  s u c t io n  

lo o p  c o u ld  n o t be c la im e d *  The h ig h e r  pow er con su m p tion  o f  t h e  

p o r te d  m achine i s  shown i n  F ig *  4 7 0 .
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P R E S S U R E  RATIO 4

SPEED 1000 rp .m .

5 0 0 1000 1 5 0 0
PRESSURE RATIO

_C]a s  “ AvI R _________

S p e e d  - fOOO r p.m. 
P r e s s u r e  r a t i o  4 .

6 0

BORE * I2 IM. 
STROKE -  I IN .

( V )  VALVED.

P O R T E D .

PRESSURE RATIO _4.

5 0 0 QOOC1500
VOLUME J’tixlO"^

“1C. N o .4 7 " C o m p a r i s o n  of  v a l v e d  a n d  p o r t e d  t y p e  c o m p r e s s o r s
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APPENDIX I I I .

INVESTIGATION OP GAS COMPRESSOR VALVE LOSSES 
WITH STEADY GAS P L O W . ______

An i n v e s t i g a t i o n  o f  th e  l o s s e s  due t o  an a u to m a tic  v a lv e  

under s te a d y  f lo w  was made^ (a )  t o  a p p r e c ia te  th e  n a tu re  o f  th e  

l o s s e s  o c c u r in g  i n  th e  v a lv e  and th e  f a c t o r s  a f f e c t i n g  them and

(h ) t o  p r o v id e  th e  c o e f f i c i e n t s  n e c e s s a r y  f o r  any m a th em a tica l  

a n a ly s i s  o f  th e  v a lv e  movement and l o s s  o f  p erform an ce due t o  

th e  v a lv e  i n  o p e r a t io n  i n  a  com pressor*  From p r e v io u s  f in d in g s  

r e l a t i n g  t o  p o p p et v a lv e s  ( S t a n i t a ,  L u c ia  and M a s s e l le  (2 9 )) and 

tw o -s tr o k e  e n g in e  p o r t s  th e  o m is s io n  o f  dynam ic and tim e f a c t o r s  

by u s in g  s te a d y  g a s  f lo w  d o es  n o t u n d u ly  l i m i t  th e  a p p l i c a t io n  

o f  th e  r e s u l t s  t o  o p e r a t in g  c o n d it io n s *

In  c o n ju n c t io n  w ith  i t s  f u n c t io n  a s  a s e a l  a v a lv e  a ssem b ly  

o p e r a te s  a s  a f lo w  p a s s a g e  w ith  an in h e r e n t  t h r o t t l i n g  e f f e c t *  

Hence i t  i s  u s e f u l  t o  c o n s id e r  th e  v a lv e  a lo n g  th e  l i n e s  o f  

c o n v e r g e n t -d iv e r g e n t  n o z z le  t h e o r y : th e  r a d i a l  d iv e r g e n t  p o r t io n

o f  th e  p a s s a g e  w i l l  s e r v e  t o  r e c o v e r  some o f  th e  th r o a t  v e l o c i t y  

en erg y  a s  p r e s s u r e  en ergy*

To com pare th e  t e s t  r e s u l t s  u s in g  a c o m p r e s s ib le  f l u i d  i n  a 

r e e d  v a lv e  w ith  th o s e  o f  Fuchs^ Hoffmann and S c h u le r  (6 )  u s in g  

w a te r  w ith  r in g  v a lv e s  an d , t o  f in d  w h eth er  from, t h e s e  p r e s e n t  

r e s u l t s  w ith  a i r ,  th e  v a lv e  p r e s s u r e  drop w ith  o th e r  f l u i d s  

(e*g*  r e f r i g e r a n t s )  c o u ld  be e s t im a te d , some b a s i s  o f  e q u iv a le n c e  

b etw een  v a lv e  form s and b etw een  f l u i d  p r o p e r t ie s  was d e s ir a b le *

I t  was presum ed t h a t  th e  volum e r a t e  o f  f lo w ,  Q, i s  a  

f u n c t io n  o f  ±he v a r i a b le s  -  p aram eter  o f  l e n g t h  D, m ass d e n s i t y  

o f  th e  g a s   ̂ , v i s c o s i t y  \  , c o m p r e s s ib i l i t y  K, g r a v i t a t i o n a l  

a c c e l e r a t i o n  g ,  and p r e s s u r e  d i f f e r e n c e  a c r o s s  th e  v a lv e  Apv*
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Hence by th e  m ethod o f  i n d i c e s ,  i t  was deduced  t h a t

Q. — J"S D ^ )

The term s w it h in  th e  f u n c t io n a l  b r a c k e t  a re  r e p r e s e n t a t iv e  o f  a. 

s e r ie s -  o f  w h ich  t h e  sum m ation i s  e q u iv a le n t  t o  a  c o e f f i c i e n t  o f  

d is c h a r g e *  The d im e n s io n le s s  q u a n t i t i e s  in f lu e n c e  t h i s  d is c h a r g e  

c o e f f i c i e n t  and i t  may show c r i t i c a l  v a lu e e *  I f  t h e s e

d im e n s io n le s s  q u a n t i t i e s  a l l  h a v e  a p p r e c ia b le  e f f e c t ,  th e n  i t  i s  

n o t  p o s s i b l e  t o  make com p arison  b etw een  d i f f e r e n t  c o m p r e s s ib le  

f l u i d s ,  s in c e  i t  i s  a p h y s ic a l  i m p o s s i b i l i t y  to  p r o v id e  a l l  th e  

s i m i l a r i t i e s  to g e th e r *

The T e s t  C i r c u i t * The g e n e r a l  la y o u t  (F ig *  4 8 ) show s th e  p la n t  

u sed  to  exam ine th e  v a lv e  r e e d s ,  when m ounted on a s ta n d a rd  v a lv e  

p la t e >  The a i r  su p p ly  was s u f f i c i e n t  t o  p r o v id e  a v e l o c i t y  

th ro u g h  t h e  v a lv e  e q u iv a le n t  t o  th e  mean a i r  v e l o c i t y  th ro u g h  th e  

v a lv e  i n  o p e r a t io n , a t  any y a lv e  l i f t  a t  co m p resso r  speeds: up t o  

2000  r*p*m* The m ass f lo w  r a t e  o f  a i r  w as m easu red  by a  

c a l ib r a t e d  o r i f i c e *  The p r e s s u r e  drop a c r o s s  th e  v a lv e  a ssem b ly  

was m easured  by an in c l i n e d  w a ter  m anom eter, w h ich  was c a l ib r a t e d  

a g a in s t  an A sc a n ia m e te r *

P r e c i s i o n  equ ipm ent was n e c e s s a r y  t o  m easure and c o n t r o l  

th e  v a lv e  l i f t  a c c u r a te ly *  T h is  c o n s i s t e d  o f  a s m a ll  g a n tr y  

c a r r y in g  a m icro m eter  head  m ounted on a s l i d e *  The s l i d e  h e ld  

a g a in s t  th e  t r a c k  o f  t h e  g a n tr y  by a s p r in g  lo a d e d  t r o l l e y  and 

p e r m it te d  a co m p le te  t r a v e r s e  o f  th e  v a lv e  r e e d *  T h is  h o r iz o n t a l  

t r a v e l  w as c o n t r o l l e d  by a rod  g ro v ed  a t  0*1 in *  i n t e r v a l s  and 

a c c u r a t e ly  lo c a t e d  by a s p r in g  lo a d ed  k n i f e  edge* The l i f t  a t

th e  v a lv e  r e e d  t i p  was l im i t e d  by th e  a d ju stm e n t o f  a  " s to p " arm

r i g i d l y  clam ped to  th e  b r id g e  fram e* The "make and break"
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e l e c t r i c a l  c o n ta c t  between, th e  p o in ted  e x te n s io n  to  th e  m icrom eter 

head and th e  v a lv e  reed  enab led  the v a lv e  d isp lacem en t a t  th e  

t i p  to  be measured to  about 0*0002 in#

The a ir  mass flo w  rea d in g s  were taken  a t  in t e r v a ls  o f  

p r e s su r e  heads a c r o ss  th e  v a lv e .  U n t i l  th e  reed  co n ta cted  th e  

l im i t  stop  on ly  th e  l i f t  over th e  ce n tr e  o f th e  p o r t was m easured; 

a f t e r  c o n ta c t  r e a d in g s  were a ls o  ta]^en a t  0*2 in *  on e i t h e r  s id e  

f̂ th e  a en tre  to  tak e  account o f  th e  s l i g h t  d i s t o r t io n  o f th e  

j:eed now a c t in g  as a beam r e s t r i c t e d  a t  th e  ends#

O b servations were made as th e  head over th e v a lv e  in c r ea se d  

and aga in  as i t  d ecrea sed  w ith  r e d u c tio n  o f  th e  a ir  mass flow #  

Contrary to  th e  r e s u l t s  ob ta in ed  in  t e s t s  by Shrenk (6 ) w ith  

w ater pump v a lv e s  th e r e  was no m easurable d if f e r e n c e  between th e  

readings:#

One measure o f th e  e f f i c i e n c y  o f  th e  v a lv e  p r o c e s s , which

has been used  in  p rev io u s  work, i s  "Valve R e s is ta n c e  C o effic ien t'^

Z d e fin e d  as ^head^ » and, in  g e n e r a l , t h i s  should  be a s

low  as p o s s ib le #  S in ce  th e  p ressu re  drop a c r o s s  th e  v a lv e  i s

sm a ll i t  may be shown th a t  Z =  ̂ a* The p r e se n t  r e s u l t s  are
(^d )

graphed to  show c^* The c o e f f i c i e n t  Z has on ly  been computed 

fo r  com parison w ith  th e  r e s u l t s  o f  Fuchs, Hoffmann and Schuler#  

S in ce  i t  i s  not p r a c t ic a b le  to  o b ta in  a p ressu r e  p lo t  through  

th e  v a lv e ,  th e  c a lc u la t io n s  have been based on th e  o v e r a l l  

p ressu r e  drop a c r o ss  th e  v a lv e  (A p ^ );  i t  w i l l  be p o s s ib le ,  

th e r e fo r e ,  to  have v a lu e s  o f  Z < 1 , ju s t  a s  ĉ  ̂ may be g r e a te r  

than  u n ity  in  a co n v e r g en t-d iv er g en t n o z z le  when th e  o v e r a l l  

p re ssu r e  r a t io  i s  g r e a te r  than  th e  c r i t i c a l #  The c o e f f i c i e n t

o f d isch a rg e  was based on the minimum flo w  a re a , w hich , w ith in
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th e  ra n g e  o f  v a lv e  l i f t s ,  was a lw a y s th e  a n n u la r  a r e a  a t  e n tr y  

t o  th e  r a d i a l  p a s sa g e #  In  com p utin g  th e  Reynold^.*; Number th e

c h a r a c t e r i s t i c  l e n g t h  D was ta k e n  a s  c r o s s  s e c t i o n   ̂ The
w e tte d  p e r im e te r

w e tte d  p e r im e te r  i s  p r a c t i c a l l y  in d e p e n d e n t o f  th e  v a lv e  l i f t  (h )  

and th e  f lo w  c o r s s  s e c t i o n  i s  (w e tte d  p e r im e te r )  t im e s  

( v a lv e  l i f t / 2 .  ) H ence D becom es h / 2 .

D is c u s s io n  o f  R e s u l t s # C o n s id e r in g  th e  u n s u i t a b le  e n t r y , th e  

a b ru p t fo r m a tio n  o f  a  th r o a t  by th e  v a lv e  r e e d ,  th e  change o f  

d i r e c t i o n  and th e  r a p id  d iv e r g e n c e  i n  th e  d i f f u s e r  th e  c o e f f i c i e n t  

o f  d isc h a r g e ; , e x c e p t  a t  v e r y  s m a ll  g a s ; .f lo w s ,  was s u r p r i s in g l y  

h ig h #  T h is  was p a r t ly  due t o  b a s in g  th e  c a l c u l a t i o n s  on th e  

t h r o a t  a r e a ;  th e  v a lu e  o f  0#6 f o r  c^ u sed  by O o s t a g l io la  i s  

c l o s e  t o  t h a t  o b ta in e d  h e r e  i f  d e f in e d  i n  th e  same way. At a  

c r i t i c a l  v a lu e  o f  Re ab ou t TOO th e  r a p id  in c r e a s e , i n  c^ d u r in g  

in c r e a s in g  v e l o c i t y  u n d er la m in a r  f lo w  c o n d i t io n s  a b r u p t ly c e a se d *  

The to r tu o u s  f lo w  p a th  w ould be th e  ca u se  o f  t h i s  e a r ly  breakdown  

. o f  la m in a r  f lo w #  A t r a n s i t i o n  s t a g e  b etw een  la m in a r  and tu r b u le n t  

f lo w  r e s u l t e d  i n  a d e c r e a s e  i n  c^ and a t  a l e s s  c l e a r l y  d e f in e d  

v a lu e  o f  R e, b etw een  900 and 1 7 0 0 , tu r b u le n t  f lo w  was e s t a b l i s h e d ,  

a f t e r  w hidh c^ rem a in ed  f a i r l y  c o n s t a n t ,  a s  w ould be e x p e c te d #

A f u r t h e r  s m a ll  change i n  c^ o ccu r red  c o n s l s t e h t l y  a t  a. Mach 

number 0 .3 2 ,  ( F i g .  50 ) a lo w er  v a lu e  th a n  w ould  be a n t ic ip a t e d  

f o r  Mach number e f f e c t s  t o  be a p p aren t#

The p l o t  o f  Zand Ap^ t o  a b a se  o f  u n r e s t r ic t e d  v a lv e  l i f t  

(F ig *  51 ) showed th e  same c h a r a c t e r i s t i c s  a s  w ere o b ta in e d  by  

F u ch s , Hoffmann and S c h u le r  t e s t i n g  a n n u la r  p o r t  v a lv e s  u s in g  

w a te r . One n o ta b le  d i f f e r e n c e ,  was th a t  i n  no c a s e  d id  th e y

o b ta in  v a lu e s  o f  Z l e s s  th a n  u n i t y ;  t h i s  was p o s s i b l e  h e r e  a t
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lo w  l i f t s  due t o  th e  a p p r e c ia b le  d i f f u s e r  e f f e c t  o f  th e  r a d i a l  

f lo w  p a ssa g e *  An a t t r a c t i v e  v a lv e  would h a v e  low  v a lu e s  o f  b o th  

Z and A p y  s in c e  b o th  a f f e c t  com p ressor  p e r fo rm a n ce , Z by i t s  

r e l a t i o n s h i p  w ith  and Ap-y- by i t s  e f f e c t  on b o th  v o l im e t r i c  

and pum ping e f f i c i e n c i e s *  S in c e  Z in c r e a s e d  a s  A p^ d e c r e a s e d  

th e r e , i s  th e  s u g g e s t io n  o f  an optimum v a lv e  l i f t ,  a p a r t  from  any  

c o n s id e r a t io n  o f  v a lv e , dynam ics*

The p r e s s u r e  d rag  c o e f f i c i e n t ,  Qj) d e c r e a se d  (F ig *  5 2 ) w ith  

in c r e a s in g  g a s  f lo w  u n t i l  t u r b u le n t  f lo w  was e s t a b l i s h e d *  

T h e r e a f te r  t h i s  c o e f f i c i e n t  was r e a s o n a b ly  c o n s ta n t  a t  0 * 2 . The 

c o e f f i c i e n t s  m ust be assum ed c o n s ta n t  i n  th e  d ev e lo p m en t o f  any  

p r a c t i c a b le  m a th e m a tic a l s ta te m e n t  o f  th e  v a lv e  b eh a v io u r*  H ence 

th e  c o e f f i c i e n t  o f  d is c h a r g e  was ta k e n  i n  C hapter 3 a s  0*9 and 

th e  p r e s s u r e  d ra g  c o e f f i c i e n t  a s  0 * 2 .
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APPENDIX IT .

QALIBRAIIQN OP EXPERB/IENIAL APPARAIUSé

(a ) Valve Re eg D isp lacem ent P iok-up U n it» The oapaci ta n c e , C,

o f th e p ick -u p  u n it  i s  g iv en  hy 0 = where K-n i s  th e

p e r m it t iv i t y ,  A th e  p la t e  area  and h the d is ta n c e  between th e

p la t e s ,  or d i e l e c t r ic  t h i c k n e s s .^  -  in d ic a t e s  th a t th e
dh

s e n s i t i v i t y  f a l l s  aS th e  d is ta n c e  between th e p la t e s  in c r e a se s*  

Thus a  l in e a r  ca p a c ita n ce /d isp la c em en t r e la t io n s h ip  can on ly  be 

approached a t th e  expense o f s e n s i t iv i t y *  The c lea ra n ce  to

p reven t ea r th in g  o f th e  in su la te d  p la te  and th e  v a lv e  reed  in  th e

c lo se d  p o s i t io n  was s e t  a t 0*010 in* p ro v id in g  rea so n a b ly  l in e a r  

c a p a c ity /d isp la ce m en t excep t c lo s e  to  v a lv e  c lo s in g  and opening  

(F ig* ?3)* Due to  t h i s  bedding o f  th e in s u la te d  p la te  in  th e  

v a lv e  p la te  and s in c e  th e  r a t io  o f  e le c tr o d e  p er ip h ery  to  gap was a 

r e la t i v e l y  low  v a lu e  o f  350, fr in g e  e f f e c t s  were not n e c e s s a r i ly  

n e g l ig ib l e ,  so  th e  c a l ib r a t io n  was made ex p er im en ta lly*  The 

ca p a c ita n ce  o f  th e  a c tu a l u n it  was so  sm all th a t  a g e o m e tr ic a lly  

s im ila r  model fou r tim es la r g e r  was co n stru cted  and th e  

c a l ib r a t io n  curve obtained  u s in g  a Marconi C ir c u it  M a g n ifica tio n  

Meter* The ca p a c ita n ce  o f  th e a c tu a l u n it  was th e r e fo r e  1 /1 6  

o f th e  measured v a lu es*  The corresponding t h e o r e t ic a l  curve  

assumed Kp fo r  a space as 8*855 F ara d s/n etre  and th e  corresponding  

f ig u r e s  fo r  a i r  and Freon 12 both approxim ate c lo s e ly  to  th is *

(b) D i f f e r e n t ia l  P ressu re  E ick-up D n lt* Due to  th e  d e l ic a t e  

nature o f  t h i s  u n it ,  and to  th e d r i f t  p o s s ib le  w ith  e le c tr o n ic  

reco rd in g  ap paratu s, th e  arrangement was c a lib r a te d  In  s i t u ,  w ith  

the gas com pressor stop p ed , b e fo r e  and a f t e r  each t e s t *  The 

com pressor i n l e t  v a lv e  was c lo s e d , the su c t io n  v a lv e  l i f t  reduced

to  zero by the e x te r n a l v a lv e  l i f t  d e v ic e , and th e  sm all n eed le
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atop v a lv e  B (F ig# 13) opened. The p resstire  tap p in gs A and B, 

connected: to  th e  s u c t io n  head and c y lin d e r  r e s p e c t iv e ly ,  le d  to  

a  v e r t i c a l  w ater manometer* Compressed a i r  was t h r o t t le d  and 

su p p lied  to  th e  s u c t io n  head through C, th u s d is p la c in g  th e  

diaphragm o f  th e  p ich-up* The Y o s c i l lo s c o p e  d e f le c t io n s  were 

recorded  a g a in s t  the corresponding manometer rea d in g  fo r  both  

ascen d in g  and d escen d in g  p ressu res*  B efore r e s t a r t in g  th e  

com pressor c a l ib r a t io n  l i n e s  were imposed on th e  f i lm  by 

a d ju s t in g  th e Y s h if t , on th e graduated o s c i l lo s c o p e  screen  

(P ig* 2 1 ) » The zero p o s it io n  o f  the o s c i l lo s c o p e  tr a c e  was 

checked aga in  a t  th e  c o n c lu s io n  of th e t e s t  and th e  c a l ib r a t io n  

repeated *  The g a in  x  10 c a l ib r a t io n ,  i f  r e q u ired , was ob ta in ed  

from th e  mean g a in  x  3» A specim en c a l ib r a t io n  curve i s  shown 

in  Pig* 54*

The re d u c tio n  in  diaphragm th ic k n e ss  and in c r e a se  in  

diam eter p r o g r e s s iv e ly  made during developm ent to  in c r e a s e  

s e n s i t i v i t y  req u ired  th a t a check be made th a t  th e  n a tu r a l  

frequency o f  th é  diaphragm was s u f f i c i e n t ly  h igh* The 

fundam ental frequency o f a c ir c u la r  p la te  clamped a t th e boundary 

i s  g iv e n  by Tim oshenko.* The c a lc u la te d  fundam ental frequency  

was thus 8 ,0 0 0  c y c le s /s e c *  Account may be tak en  o f  th e mass o f  

f lu id  in  which th e  p la t e  v ib r a te s ,  (Lamb*). T his reduced th e  

c a lc u la te d  freq uency  by Vfo in  a ir  and 8^ in  Preon 12 , but t h i s  

r e d u c tio n  would be o f f s e t  by an in c r e a se  due to  th e  s tr e tc h in g  o f  

the m iddle su r fa ce  o f  th e  p la te *  The n a tu ra l freq uency o f  th e  

assem bled u n it  was measured by e lec tro m a g n etic  o s c i l l a t o r  and

* Timoshenko, S — V ib ra tio n  Problems in  E n g in eerin g , p *314#

*  Lamb, H -  Proc* Roy. Sooy* V o l. 98 (1 9 2 1 ), p*205* -
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found to  be co n sid e ra b ly  l e s s  than th e  c a lc u la te d  va lu er  th e  

d iscrep an cy  was probably p a r t ly  due to  th e  im p erfec t clam ping o f  

th e  diaphragm and th e  • l im ite d  r i g i d i t y  o f th e  v a lv e  p la te »

(c )  Water Pump V slve D isp lacem ent P ick-up  U n it# For con ven ien t  

c a l ib r a t io n  o f  the s u c t io n  v a lv e  p ick -up  u n it  a 6 BA screw  w ith  

d ia l  attachm ent was f i t t e d  as shown in  F ig . 34 . The c a l ib r a t io n  

curve was obta ined  during pump o p era tio n  by changing th e  p erm itted  

v a lv e  l i f t  and n o tin g  th e  corresponding beam d e f l e c t io n .  To 

c a l ib r a te  th e d isch a rg e  p ick-up  u n it  the v a lv e  l i f t  was r e s t r ic t e d  

by in s e r t in g  f i v e  r in g s  o f  vary in g  th ic k n e ss  between th e v a lv e  

d is c  and s to p . With s t i f f  v a lv e  sp r in g s  th e  beam d e f le c t io n  

fo r  th e  d isch arge  v a lv e  was r e la t iv e ly  sm a ll. For t h i s  case  

the c o i l  was moved n earer th e v a lv e  to  o b ta in  in c r e a se d  

s e n s i t i v i t y  and c a l ib r a t io n  was ca r r ied  out as b e fo re  (F ig . 5 5 ) .

In la te r  t e s t s  more p rec ise  determ ination of su ction  valve  

l i f t  was obtained by a p rec is io n  device which included an 

e le c t r ic a l  make and break arrangement s im ila r  to  that used with  

the gas compressor valves* The micrometer head was clamped

in  a bridge and a probe y which passed through a gland in to  the 

valve chamber, attached to  i t .  When the probe was screwed down 

by a large nut u n t i l  contact was Just made with the valve at 

r e s t ,  a zero reading was provided. Screwing back the la rg e  nut 

provided a perm itted valve l i f t  for  ca lib ra tio n  purposes, or 

the maximum l i f t  atta ined  during operation could be measured.
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A NOIE ON GAS OOMPHEggQR VAIVE' PAILURE',

The ca iises o f f a i lu r e  are u s u a l l y  d i f f i o u l t  to  d iagnose#

The eom p lex ity  o f t h i s  im portant problem^ to g e th e r  w ith  th e  f a c t  

th a t  th o se  w ith  most exp er ien ce  o f  i t  have l i t t l e  op p ortu n ity  

fo r  in v e s t ig a t io n ,  perhaps accounts fo r  th e  d earth  o f  p u b lish ed  

know ledge. A paper by H oerbiger (12) has been th e  o n ly  attem pt 

to  e x p la in  f a i lu r e s  and not m erely a t t r ib u te  them to  f a u l t y  

m a te r ia l, f in i s h  or h ea t treatm ent# I n t e r - c r y s t a l l in e  s t r e s s in g  

due to  l o c a l  v a r ia t io n  in  tem perature w ith in  th e  v a lv e  during  

th e  c y c le ,  was sa id  t o  appear as "̂ an in f e c t io u s  d isease" ' in  th e  

m e ta l, which m ight even spread to  th e  backing p l a t e .  I t  i s  

su r p r is in g  th a t th ere  was no subsequent d is c u s s io n  to  t h i s  paper 

to  th e 7 th  In te r n a t io n a l Congress o f R e fr ig e r a tio n #  I t  i s  

p o s s ib le  to  support th e th eory  by ev id en ce not advanced by 

H oerbiger; fo r  exam ple, th ere  appears to  be an in c r e a se d  tendency  

to  f a i lu r e  when pumping wet vapour, when therm al shook due to  

l o c a l  ev a p ora tion  i s  probably in t e n s i f ie d #  On th e  o th er hand, 

th e  remedy which i s  most o fte n  e f f e c t iv e  i s  a r e d u c tio n  in  l i f t  

which in c r e a se s  th e se  lo c a l  tem perature v a r ia t io n s #  Our 

exam ination  o f th e su r fa c e s  o f se v e r a l r in g  v a lv e s  which had 

f a i l e d  in  a la r g e  ammonia com pressor did not show any p i t t i n g ,  

and th e  D.P* h ardness of th e  m a ter ia l remained uniform  c lo s e  to  

th e fra c tu re#

Because m etal becomes b r i t t l e  a t low tan p eratu re i t  i s  o f te n  

assumed th a t  th er e  w i l l  be an in creased  tendency to  fa t ig u e  

f a i lu r e  where th ere  i s  im pact load in g#  I t  i s  o f  in t e r e s t  to  

n ote  th e r e fo r e , th a t r e c e n t work by K udravtsav (72) showed th a t

fa t ig u e  s tr e n g th  m a te r ia l ly  in crea sed  as b r i t t l e n e s s  in crea sed  a t
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low tem peratures#

In most forms o f autom atic v a lv e s  fo r  sm all gas com pressors, 

where fo r  s im p l ic i t y  the v a lv e  sp rin g  i s  provided  by the  

e l a s t i c i t y  of the v a lv e  reed  m a te r ia l, the v a lv e  i s  su b jec t to  

s t r e s s in g  due to  ( i )  f l e x in g ,  ( i i )  punching in to  th e v a lv e  p o r t , 

( i i i )  im pact on (a) th e  s to p , (b) th e v a lv e  se a t#

The maximum s t r e s s  due to  l i f t  w i l l  depend on th e  form o f th e  

v a lv e  reed* The b r i t t l e  la cq u er  tech n iq ue was used by H étényi 

and Young (70) to  o b ta in  peak s t r e s s  v a lu e s , s t r e s s  c o n ce n tra tio n  

fa c to r s  and th e  r e la t iv e  s tr e n g th  o f d if f e r e n t  v a lv e  reed  d esign s#  

No quant a t iv e  in fo rm a tio n  was g iven  and th e  a u th o rs , ex p er ts  in  

t h i s  te ch n iq u e , s ta te d  th a t t h i s  was th e ir  most d i f f i c u l t  

a p p lic a t io n  o f  i t #

To determ ine th e  fa t ig u e  l im it  o f th e  v a lv e  s t e e l ,  te n  v a lv e s  

were f le x e d  by p o in t lo a d in g  by a s u ita b ly  m od ified  Wohler fa t ig u e  

t e s t in g  machine:* The r e s u l t s  obtained  are g iv e n  in  f ig #  56#

To o b ta in  th e s t r e s s  in  th e  m a ter ia l to  cause fr a c tu r e  th e sim ple 

bending theory was not adequate, s in c e  the d e f le c t io n  was 0#75 in#  

over a  specim en le n g th  1*5 in #  A r e cen t m athem atical th eory  o f  

beam d e f le c t io n  by freeman (69) was m od ified  t o  f i t  t h i s  ca se
pe x a c t ly ,  and th e  fa t ig u e  s t r e s s  was c a lc u la te d  as 53 T ons/in#

( f ig #  57)* S ince th e  v a lv e  l i f t s  used  (0 -0#08  in # ) were so much 

l e s s  th er e  was l i t t l e  chance o f  f a i lu r e  due to  primary f le x in g #  

When th e v a lv e  m otion was d ir e c t ly  observed by strob oscop e  

(Chapter 4* 5) i t  was noted th a t  on ly  prim ary f l e x in g  o f  th e  reed  

oocured# No secondary f l e x in g  was ev id en t even a t  3000 r#p#m#, 

nor was i t  exp ected  s in c e  a t t h i s  h igh  com pressor speed the v a lv e

was s t i l l  o p era tin g  below i t s  n a tu ra l frequency#
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The e t r e s s  due to  punching o f th e  v a lv e  in to  th e  p ort  

during com pression  and d e liv e r y  may he estim a ted  by assum ing  

th e  v a lv e  reed  to  be a c ir c u la r  p la te  sim ply  supported a t  th e  

edge and u n iform ly  loaded  & I f  th e f r i c t i o n  a t th e  v a lv e  s e a t  

was very g rea t so th a t  th e  v a lv e  could be con sid ered  clamped th e  

s t r e s s  would be reduced 40^; in e r t ia  e f f e c t s  would tend  to  

in c r e a se  th e stress;*

The more sev ere  im pact s t r e s s  may be e i th e r  a t  th e  stop or' 

th e se a t  depending on the sp r in g  s t i f f n e s s ,  v a lv e  l i f t ,  p ressu re  

r a t io  and com pressor speed* I f  th e v a lv e  sp r in g  i s  s t i f f  th e  

v a lv e  may not rea ch  th e  stop* This im pact in c r e a s e s  w ith  

com pressor sp eed , p ressu re  r a t io ,  and r e d u c t io n  in  v a lv e  w eight*  

The p r in c ip a l  cau se o f a h igh  term in a l v e lo c i t y  a t im pact on th e  

s e a t  w i l l  probably  be sp r in g  s t i f f n e s s ,  s in c e  th e p is to n  v e lo c i t y  

i s  low  over B*D*C*

The s t r e s s e s  due to  th e se  e f f e c t s  have been estim a ted  fo r  

t h i s  com pressor, fo r  th e  w orst com bination o f  c o n d it io n s  and a ls o  

fo r  the b est*

Type of S tre ss in g * C on d ition s fo r  Large Stress;*
ivtax.
S tress*
Ton/in.2

gin*
S tr e s s .
Ton/ih .2

F lex in g Large L if t ,  Heavy Valve Heed 8^5 1*5
P ressu re  Load 
Bending*

L ight Valve Reed 
Large p ressu re  R atio

36
60 6

Impact

At
Stop

L ight Valve Reed 
Large P ressu re  R atio  
High Compressor Speed

30 0

At
Beat

Large Valve L i f t  
Heavy Valve Reed 
High Compressor Speed

5 1 .5
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Xt was considered that the estim ate of s tr e s s  due to  impact 

on the stop was too high* By ca lcu la tio n  t h is  was g rea te st  with  

the l ig h t  v a lv e . However, due to  i t s  f l e x i b i l i t y  i t  rea d ily  

bent a fte r  contact with the stop at i t s  t ip *  The damping due 

to  the presence o f o i l  would a lso  be most e f fe c t iv e  with the 

l ig h t  valve *

I t  i s  apparent th at fa ilu r e  was most l ik e ly  to  occur with  

the l ig h t  valve due to  pressure load bending* S tresses were 

sm all due to  f le x in g , at any p ra ctica l l i f t ,  the e f fe c t  again st  

which the stop i s  u su a lly  provided*

The combination of best conditions co n s is ten t with no 

d eter io ra tio n  of the compressor performance showed that fa ilu r e  

was un likely*

A compressor, pumping a ir , in  a water cooled c ir c u it ,  

c losed  to  conserve the o i l ,  was run at 2000 r.p.m* at a high  

pressure r a t io  with a valve l i f t  of 0*105 in* fo r  over 300 hours* 

Valve fa ilu r e  did not occur* The valve surface was examined 

at in te r v a ls  by T alysurf recorder* While the usual coppering 

of the valve reed sea t occurred, no measurable indentation  due 

to  impact was observed*

The fa ilu r e s  which occur in  general are probably due to 

s u f f ic ie n t ly  d iverse reasons that no panacea., can be o ffered .

The quant at iv e  a n a ly sis  of s tr e sse s  in  the va lves of a p a rticu la r  

machine, consideration  of corrosion , thermal shook e t c . ,  may poin t 

to the e f fe c t  causing the fa ilu re*  The com plexity and importance 

of the matter warrant a major in v e s t ig a t io n , i f  there, i s  access  

to  compressors where valve fa ilu r e s  have occurred*
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