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GENERAL DESCRIPTION OF MODE OF ACTION.

— -------------------------

In  o r d e r  t o  a p p r e c i a t e  the  advan tages  o f f e r e d  by the  

Humphrey I n t e r n a l  Combustion Pump over o th e r  types  o f  pumps,

I t  w i l l  be e s s e n t i a l  to  b e g i n  w i th  a t h e o r e t i c a l  d i s c u s s io n  on 

I n t e r n a l  combustion c y c le s  i n  g e n e ra l .

The reo u l rem en ts  o f  a p e r f e c t  cyc le  a r e  a s  fo l low s

1 .  The s u c t i o n  s t r o k e ,  d u r in g  which a f r e s h  cha rge  of  

com bust ib le  m ix tu re  i s  i n t ro d u c e d  i n t o  the  working c y l i n d e r .

2. The compression s t r o k e ,  the l e n g th  o f  which i s  

dependent upon th e  compression  p r e s s u r e  r e q u i r e d .

3 . The working or  expans ion  s t r o k e .  This should  be of  

s u f f i c i e n t  l e n g t h  to  a l low  o f  the  gases  expanding down to  

a tm ospher ic  p r e s s u r e  in  o rd e r  to  f u l l y  u t i l i s e  the  work of  

expans ion .  I n  o r d e r  to  a c h iev e  t h i s  o b j e c t , th e  l e n g t h  of  

t h i s  s t r o k e  must be c o n s id e r a b ly  g r e a t e r  than  t h a t  o f  the  

s u c t io n  s t r o k e . In  the  O tto  cy c le  where th e s e  2 s t r o k e s  a r e  

o f  equal l e n g t h ,  exhaus t  occurs  a t  a p r e s s u r e  c o n s id e r a b ly  

g r e a t e r  th a n  a tm ospher ic  and the  work r e p r e s e n t e d  by th e  toe  

of the  i n d i c a t o r  diagram i s  l o s t .  (F ig .  l ) .

li. The exhaus t  s t r o k e . This i s  a n o t h e r  lo n g  s t r o k e  

comparable with  the  expans ion  s t rok  . b u t  i t s  exac t  l e n g t h  

depends on th e  c l e a r a n c e  r e q u i r e d .

Thus the  p e r f e c t  gas engine must be cap ab le  o f  

m eeting  th e  above c o n d i t i o n s ,  i . e .  4 s t r o k e s  o f  uneoua l  l e n g t h .

L e t  us now c o n s id e r  the  a c t u a l  c o n s t r u c t i o n  o f  a 

gas engine a s  i t  e x i s t s  t o - d a y .  We have a. s o l i d  p i s t o n  w i th  

i t s  w a te r - c o o l in g  a r rangem en ts  and p i s t o n  r i n g s ; th e  c o n n e c t in g  

rod ,  cranks  and c r a n k s h a f t ;  the  f lyw heel  w i th  i t s  b e a r i n g s  and 

l u b r i c a t i n g  d e v i c e s .  In  a d d i t i o n  in  th e  4 - s t r o k e  e n g i n e , we 

have the  2 t o  1 g e a r in g  o p e r a t i n g  the  c a m -s h a f t ,  which a c t u a t e s  

the  va lves  i n  t h e i r  c o r r e c t  sequence .

How/.....................





How much of  t h i s  i s  r e a l l y  necessa ry ?  The a c t u a l  

e s s e n t i a l s  r e o u i r e d  by a gas engine  a r e : -

:i. A working c y l i n d e r .

2 . i\n i n l e t  va lv e  f o r  m ix tu re .

3 .  An exhaus t  v la v e  f o r  b u r n t  p r o d u c t s .

V. An i g n i t i o n  d e v ic e .

5 . A f ly w h ee l .

L e t  us f o r  a moment c o n s id e r  a  g as -eng ine  c o n t a i n i n g  

only  the  a fo rem en t ioned  e s s e n t i a l s .  We should  th e n  a r r i v e  a t  

a g a s -en g in e  i n  which the  energy was d e l i v e r e d  d i r e c t  to  th e  

f lyw heel  w i thou t  any in te rm e d ia te  g e a r in g .  In  o rd e r  to  a c h ie v e  

t h i s , the  p i s t o n  i t s e l f  would have to  be p a r t  and p a r c e l  o f  the  

f lywheel  and a l s o  f u l f i l  i t s  f u n c t io n  o f  drawing in  a f r e s h  

charge and compressing  i t .

We s h a l l  now enumerate the p r o p e r t i e s  and component 

p a r t s  o f  our i d e a l  gas engine i n  which e v e ry th in g  i s  d i s c a r d e d  

which f i r s t  p r i n c i p l e s  do no t  demand a s  e s s e n t i a l .

1 .  I t  must be capab le  of  g iv in g  4 uneoual  s t r o k e s  p e r  

c y c l e .

2. I t  must u t i l i s e  the  whole range of  expans ion  down to  

a tm o s p h e r i c .

3 . The energy must be d e l i v e r e d  d i r e c t  to  th e  f ly w h e e l  

w ith o u t  any in t e rm e d ia te  g e a r in g .

k .  There must be i n t e r n a l  c o o l in g  a r rangem en ts .

5 . The s u c t io n  and exhaus t  v a lv e s  must be o p e r a t e d  by 

p r e s s u r e  c o n d i t io n s  in  the  c y l i n d e r .

6 . There must be an au to m at ic  i g n i t i o n  d ev ice  which 

s h a l l  only  a l low  i g n i t i o n  to  occur  when maximum com press ion  

p r e s s u r e  has  been a t t a i n e d .

7 . When o p e r a t i n g  under  reduced lo a d ,  a l l  4 s t r o k e s  

must be capab le  o f  b e in g  s h o r te n e d  up, a s  i t  i s  w a s t e f u l  to  

draw in  a  f u l l  charge of  f u e l  u nder  such c o n d i t i o n s .

The problem t h a t  now c o n f r o n t s  i s :  "To what e x t e n t

can such an  id e a l  arrangem ent  be r e a l i s e d  in  p r a c t i c e ? "

Granted/.............
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Granted  t h a t  w a te r  i s  s u i t a b l e  f o r  i n t e r n a l  c o o l in g ,  

then  s u r e l y  the  id ea  o f  u s i n g  a w a te r  p i s t o n  a s s e r t s  i t s e l f .

I f  t h i s  w a te r  p i s t o n  i s  made heavy enough, i t  may w e l l  se rve  

a s  a f lyw hee l  b u t  the  i n e r t i a  e f f e c t  would be r e c i p r o c a t i n g  

i n s t e a d  o f  r o t a r y .  C o n s id e r in g  th e  o s c i l l a t i o n s  o f  t h i s  

f ly w h ee l ,  i t  i s  seen  t h a t  on the  working s t r o k e  a c e r t a i n  

q u a n t i t y  o f  w a te r  i s  r a i s e d  to  a h ig h e r  l e v e l  o r  p r e s s u r e .

Our i d e a l  gas engine becomes a pump and our  gas power ap p e a rs  

a s  w a te r  power. In  a d d i t i o n  the r e c i p r o c a t i n g  motion o f  the  

w a te r  column w i l l  s e rv e  to  draw in  f r e s h  m ix t u r e , compress i t ,  

and a f t e r  th e  working s t r o k e ,  expel the  b u r n t  p r o d u c t s .

This id e a l  gas engine has  be an r e a l i s e d  i n  p r a c t i c e

by the  Humphrey In te rn a l .  Combustion Pump whose mode of  a c t i o n

c l o s e l y  conforms w i th  the  i d e a l  s e t  o f  c o n d i t i o n s  enumerated .

This remarkable  p ie c e  of  a p p a ra tu s  i s  the  i n v e n t io n  

o f  Mr. H e rb e r t  A. Humphrey and b e a r s  h i s  name. I t  was th e  

outcome of  y e a r s  o f  r e s e a r c h  and expe r im en ta l  work on I n t e r n a l  

Combustion Engine problems.

A d e s c r i p t i o n  of th e  component p a r t s  and an  e x p lan a ­

t i o n  o f  the  mode of  a c t i o n  o f  a 4—s t r o k e  Humphrey Pump w i l l

now be g iven  (F ig .  2 ) .  The diagram shows th e  arrangem ent  in  

mere o u t l i n e  and i s  accompanied by an i n d i c a t o r  d iagram, 

showing the  c o n d i t i o n s  of  p r e s s u r e  e x i s t i n g  i n  the  pump th ro u g h ­

ou t  a complete c y c l e .

The pump c o n s i s t s  e s s e n t i a l l y  o f  a  combustion chamber 

A, f i t t e d  w i th  an i n l e t  va lve  B f o r  adm iss ion  of  com bus t ib le  

m ix ture  and an  exhaus t  va lve  0 f o r  b u r n t  p r o d u c t s ; a w a te r  

va lve -box  D f o r  adm iss ion  o f  w a te r ;  a supply  rank  E and a 

p la y -p ip e  F l e a d i n g  t c  the  r e s e r v l o u r  0 .

The a c t i o n  o f  the  pump i s  a s  f o l l o w s : -  C ons ider  a 

charge of  m ix tu re  compressed in  the  combustion chamber. I t s  

s t a t e  p o in t  i s  r e p r e s e n te d  by 11C1' on the  P.V. d iagram. The 

m ix tu re  i s  f i r e d  by a  s p a rk in g  p lug  and the gases  r i s e  i n

p r e s s u r e / ............
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p r e s s u r e  from M0M t o  " I " . The gases th en  expend d r i v i n g  a lo n g  

th e  w a te r  column and d i s c h a r g i n g  w a te r  i n to  the  r e s e r v o i r .  When 

the  p r e s s u r e  has  f a l l e n  t o  a tm ospher ic  a s  r e p r e s e n t e d  by "E" , 

the  ex h a u s t  and w a te r  v a lv e s  open. Atmosoheric c o n d i t i o n s  now 

e x i s t  i n  the  combustion chamber. Water flows i n t o  the  chamber, 

some o f  i t  f o l lo w in g  up th e  o ld  w a te r  column, and as  th e  motion 

of  the  o r i g i n a l  w a te r  column slows down, a l s o  f i l l i n g  th e  com­

b u s t i o n  chamber and d r i v i n g  ou t  some of  the  exhaus t  p ro d u c t s .

At the  p o in t  E , th e  momentum of  the  o r i g i n a l  column has  been  

sp en t  and i t  comes to  r e s t ,  th e  w a te r  i n  th e  combustion chamber 

hav ing  i n  the  meanwhile r i s e n  t o  a l e v e l  r e p r e s e n te d  by "B".

On the r e t u r n  swing, the  p r e s s u r e  tends  to  r i s e  and th e  w a te r  

s u c t io n  v a lv e s  s h u t .  The r i s i n g  column d r iv e s  cu t  the  r e s i d u a l  

exhaus t  p ro d u c ts  u n t i l  a l e v e l  r e p r e s e n te d  by p o in t  *3 " i s  

reached ,  which co r responds  to  the  l e v e l  of  th e  exhaus t  v a l v e , 

and a c e r t a i n  amount o f  gas i s  t r ap p ed  in  the  combustion h ead .  

The cush ioned  gas i s  compressed by the  momentum of  the column 

u n t i l  a t  a l e v e l  r e p r e s e n te d  by p o in t  the  compression  

p r e s s u r e  i s  s u f f i c i e n t  to  b r i n g  the column to  r e s t .  The gases  

now expand u n t i l  a p r e s s u r e  s l i g h t l y  below a tm ospher ic  i s  

reached .  (R epresen ted  by p o in t  M5 " ) .  The adm iss ion  v a lv e  now 

opens and a f r e s h  charge o f  m ix tu re  i s  now drawn in .  At a 

l e v e l  r e p r e s e n te d  by p o in t  "C" the  column has a g a in  come to  

r e s t ,  and on the  r e t u r n  swing, the  r i s e  in  p r e s s u r e  c a u se s  th e

in ta k e  va lve  t o  s h u t .  The m ix tu re  i s  then  compressed to  a

p r e s s u r e  r e p r e s e n t e d  by "0 " and a f r e s h  c y c le  commenced. 

Scavenging:

The pump i s  f i t t e d  w i th  a s im ple  scaveng ing  d e v ic e ,  

so t h a t  p r a c t i c a l l y  pure a i r  i s  l e f t  i n  th e  cu sh ion  sp ace ,  

e n a b l in g  a r i c h e r  m ix tu re  to  be drawn i n .  The exhaus t  i s  

f i t t e d  w i th  2 b ra n c h e s .  One s h o r t  b ranch  i s  p ro v id ed  w i th  a 

l i g  e tu rn  va lve  opening inwards f o r  a d m iss io n  o f  sc av en ­

g ing  a i r .  The o t h e r  b ranch  i s  the  exhaus t  o ip e  p ro p e r  and  i s

p r o v i d e d / .................



pro v id ed  w i th  a  l i g h t  n o n - r e t u r n  va lv e  opening outwards f o r  

ex p u l s io n  of  exhaus t  p ro d u c t s .  The mode o f  a c t i o n  i s  as  

f o l l o w s : -  On the exhaus t  and  w a te r  v a lv e s  opening  s im ul­

ta n eo u s ly  the  v e l o c i t y  o f  the  w a te r  column i s  such t h a t  th e  

l e v e l  o f  t h e  w a te r  i n  the  combustion chamber f a l l s  a t  f i r s t ,  

r e d u c in g  the  p r e s s u r e  s l i g h t l y  below a tm o sp h e r ic .  The non­

r e t u r n  v a lv e  i n  the  sh o r t  b ran ch  o f  the exhaus t  opens ,  a d ­

m i t t i n g  scaveng ing  a i r ,  w h i le  the  n o n - i e t u m  va lve  i n  th e  

exhaus t  p ipe  p ro p e r  c l o s e s ,  p r e v e n t in g  any ou tf low  of  a i r  

o r  b u r n t  p ro d u c ts  o f  combustion .  A f t e r  a  w h i l e ,  th e  w a te r  

l e v e l  i n  the chamber r i s e s , i n c r e a s i n g  th e  p r e s s u r e .  This 

i n c r e a s e  o f  p r e s s u r e  c l o s e s  the  s c a v e n g i n g -a i r  v a lv e  and opens 

the  va lv e  i n  the  ex h au s t  p ipe  p ro p e r ,  th u s  a l lo w in g  of  ex p u l ­

s io n  of  scavenged exhaus t  p r o d u c t s .  The r e s i d u a l  gases  a r e  

n e a r ly  a l l  pure  a i r .

I n t e r l o ck in g  G ear :

The exhaus t  and in ta k e  va lves  a r e  p ro v id ed  w ith  an 

i n t e r l o c k i n g  dev ice  which en su re s  t h a t  a t  any i n s t a n t  only  one 

va lve  can open. One such d ev ice  which does no t  Impede easy 

movement o f  the  v a lv e s  w i l l  now be d e s c r ib e d .

The diagram (F ig .  3) shows a s e c t i o n  through th e  

g ea r  employed by Humphrey d u r in g  the  O f f i c i a l  T r i a l s  o f  h i s  

i n v e n t io n .  The exhaus t  va lv e  i s  s i t u a t e d  bekwthe l e v e l  o f  

the  i n l e t  v a l v e .  The va lve  stems each c a r r y  top  and  bo t tom  

c i r c u l a r  n u t s  a ,  b ,  c and d. The l a t t e r  s e rv e  t o  l i m i t  the  

opening of  t h e  v a lv e s  by coming in  c o n ta c t  w i th  th e  rubber  

b u f f e r s ,  and the  to p  n u ts  s e rv e  t o  lock  the  v a lv e s  i n  t h e i r  

c lo s e d  p o s i t i o n  when the  b o l t  e s l i d e s  between the  u n d e r - s i d e  

o f  the  nu t  and  the  top  o f  the  b r a c k e t s .  The rem ain ing  gea r  

w i l l  be s u f f i c i e n t l y  u n d e rs to o d  i f  i t s  o p e r a t i o n  i s  d e s c r ib e d .  

S t a r t i n g  w i th  a l l  v a lv e s  s h u t ,  i g n i t i o n  o ccu rs  fo l lo w ed  by 

expans ion .  The lo c k in g  b o l t s  a r e  a t  t h i s  t im e i n  such a 

p o s i t i o n  t h a t  the a d n i s u io n - v a lv e  i s  lo c k ed  and th e  ex h au s t

v a l v e / .................



p ro v id ed  w i th  a  l i g h t  n o n - r e t u r n  va lv e  opening outwards f o r  

ex p u l s io n  of  exhaus t  p r o d u c t s .  The mode o f  a c t i o n  i s  as  

f o l l o w s : -  On the  exhaus t  and w a te r  v a lv e s  opening  s im ul­

ta n e o u s ly  the  v e l o c i t y  of  the w a te r  column i s  such t h a t  th e  

l e v e l  o f  t h e  w a te r  i n  th e  combustion chamber f a l l s  a t  f i r s t ,  

r ed u c in g  the  p r e s s u r e  s l i g h t l y  below a t m o s p h e r i c . The non­

r e t u r n  va lve  i n  the  s h o r t  b ran ch  of  the  exhaus t  opens,  a d ­

m i t t i n g  scaveng ing  a i r ,  while  the  n o n - r e tu r n  va lv e  i n  the  

exhaus t  p ipe  p ro p e r  c l o s e s ,  p r e v e n t in g  any ou tf low  o f  a i r  

o r  b u r n t  p ro d u c ts  of  combustion .  A f t e r  a w h i l e , the  w a te r  

l e v e l  i n  the chamber r i s e s , i n c r e a s i n g  th e  p r e s s u r e .  This 

in c r e a s e  o f  p r e s s u r e  c l o s e s  th e  s c a v e n g in g -a i r  v a lv e  and opens 

the  va lve  i n  the  ex h au s t  p ipe  p ro p e r ,  thus  a l lo w in g  o f  ex p u l ­

s io n  of  scavenged exhaus t  p ro d u c t s .  The r e s i d u a l  gases  a r e  

n e a r ly  a l l  pure a i r .

I n t e r l ocking  G ear :

The exhaus t  and in ta k e  v a lv e s  a r e  p ro v id e d  w ith  an 

i n t e r l o c k i n g  dev ice  which en s u re s  t h a t  a t  any i n s t a n t  only  one 

va lve  can open. One such d ev ice  which does n o t  impede easy 

movement o f  the v a lv e s  w i l l  now be d e s c r ib e d .

The diagram ( f i g .  3) shows a  s e c t i o n  through th e  

g ea r  employed by Humphrey d u r in g  the O f f i c i a l  T r i a l s  o f  h i s  

i n v e n t io n .  The exhaus t  va lve  i s  s i t u a t e d  bekwthe l e v e l  o f  

the  i n l e t  v a l v e .  The va lve  stems each c a r ry  to p  and bottom 

c i r c u l a r  n u t s  a ,  b ,  c and d. The l a t t e r  s e rv e  t o  l i m i t  the  

opening of  th e  v a lv e s  by coming in  c o n t a c t  w i th  the  ru b b e r  

b u f f e r s ,  and th e  to p  n u ts  s e rv e  to  lo c k  the v a lv e s  i n  t h e i r  

c lo s e d  p e t i t i o n  when the  b o l t  e s l i d e s  between the  u n d e r - s i d e  

o f  the  n u t  and the  to p  of  the  b r a c k e t s .  The rem ain ing  gea r  

w i l l  be s u f f i c i e n t l y  u n d e r s to o d  i f  i t s  o p e r a t i o n  i s  d e s c r i b e d .  

S t a r t i n g  w ith  a l l  v a lv e s  s h u t ,  i g n i t i o n  occurs  fo l lo w ed  by 

expans ion .  The lo c k in g  b o l t s  a r e  a t  t h i s  t im e in  such a 

p o s i t i o n  t h a t  the  a d m is s io n -v a lv e  i s  lo c k ed  and  th e  ex h au s t

v a l v e / .................
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f r e e  t o  open. The expans ion  i s  r a p i d ,  and as  the  p o in t  o f  

a tm ospher ic  p r e s s u r e  i s  p as sed ,  s u c t i o n  causes  the  exhaus t  

va lv e  to  open. On th e  r e t u r n  swing of  the w a te r  column the  

e x h a u s - v a l v e  i s  shu'. by impact and the  cush ion  and the  

cush ion  expansion  s t r o k e ,  fo l low ed  by the  s u c t io n  s t r o k e ,  

r e s u l t s .  I t  w i l l ,  however,  be n o t i c e d  t h a t  when the  exhaus t  

va lve  s h u t s ,  th e  e n la rg e d  p o r t i o n  o f  i t s  low er  n u t ,  h e a r i n g  

a g a i n s t  the  curved  l e v e r ,  f ,  which i s  h inged  a t  g, f o rc e s  t h i s  

l e v e r  to  the  l e f t .  As a n o t h e r  curved  l e v e r ,  h ,  i s  h inged  to 

the  f i r s t  l e v e r  by means o f  the  l i n k  J ,  t h i s  o th e r  l e v e r  has  

a l s o  to  p a r ta k e  o f  the  motion and move to  the l e f t ,  thus s e t ­

t i n g  i t  in  p o s i t i o n  to  be a c t e d  upon by the  low er  nu t  on the  

i n l e t - v a l v e .  Link J c a r r i e s  a p in ,  k ,  which engages a g a i n s t  

a l e v e r ,  1 , h inged  a t  m in  such a manner t h a t  when l i n k  j 

moves to une l e f t  th e  top  o f  l e v e r  1 moves to the  r i g h t .  Two 

s p r in g s  a r e  shown a t t a c h e d  to  l e v e f l , t h a t  on the  l e f t  b e in g  

s t r e t c h e d ,  ana  t h a t  on the  r i g h t  b e in g  c l o s e d ,  and a s  th e s e  

two sp r in g s  a c t  upon the  b o l t  e, i n  the  p o s i t i o n  shown, the  

e f f e c t  i s  to  u rge  th e  b o l t  to  the  r i g h t .  This b o l t  can n o t ,  

however, move u n t i l  the  top  n u t ,  c ,  has r i s e n  to  i t s  f u l l  

h e i g h t ,  which occurs  when the  exhaust  va lve  s h u t s .  The move­

ment o f  the  b o l t  then  ta k e s  p lace  and lo c k s  the  ex h au s t  s h u t ,  

a t  the  same time r e l e a s i n g  the  adm iss ion  v a lv e .  During the  

adm iss ion  s t r o k e  the  opening  and s h u t t i n g  o f  the  ad m is s io n -  

va lve  r e v e r s e s  the a c t i o n  o f  the  g e a r ,  l o c k s  the  admission and 

un locks  the  exhaust  ready f o r  the  nex t  c y c l e .

Water Val v e s :

I n s t e a d  o f  u s i n g  a s i n g l e  w a te r - s u c t i o n  va lv e  which 

must needs be r a t h e r  l a r g e  and heavy in  o rd e r  to  cope w i th  the  

l a r g e  volume of  w a te r  drawn in ,  a number of  s m a l l e r  v a lv e s  

in c o rp o ra te d  in  a va lv e  box i s  u s u a l ly  employed. The v a lv e  

box i s  u s u a l l y  a c o n t i n u a t i o n  of  th e  combustion chamber and

I s / ...................
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i s  o f  app ro x im a te ly  the  same s e c t i o n .  Ont a r rangem ent  i s  to  

dr .  a  number o f  h o le s  in  th e  v a lv e  box and screw in  gun-m eta l-  

v a lv e s  h e l d  on t h e i r  s e a t s  by small  s p r i n g s .  Another  ar rangem ent 

i s  to  have a  l a r g e  number o f  f l a p  v a lv e s  i n  th e  va lv e  box a s  in  

the  case  o f  th e  pumps a t  O hingford .

I g n i t i o n:

A d e s c r i p t i o n  w i l l  now fo l low  of  an  i g n i t i o n  dev ice  

inven ted  by Mr. Humphrey. I t  works on the  h ig h  t e n s i o n  system 

w ith  the  use  o f  an i n d u c t io n  c o i l .  (F ig .  4 ) .

The low t e n s io n  c i r c u i t  su p p ly in g  the  c o i l  i s  capab le  

o f  b e in g  b roken  a t  t h r e e  p o in t s  by the  sw i tches  a , b and c .

When a l l  t h r e e  sw itches  a r e  c l o s e d  s im u l ta n e o u s ly ,  sp a rk in g  

o c c u r s . The p i s t o n  "d" i s  a c t e d  upon by the  w a te r  in  the  

chamber g iv in g  compression o f  s p r in g  "e" .  The p i s t o n  rod has  

a t t a c h e d  to  i t  one end of  a band "f"  which p a s se s  over  a p u l l e y  

11 g* c a r r y i n g  a sw itch  arm "j"  which has i t s  movement l i m i t e d  by 

two s t o p s , "o" and "p" .  When p a s s in g  between th e se  s t o p s , i t  

r i d e s  over  c o n t a c t  "k” and c lo s e s  sw itch  " c " . On the  p i s t o n  

rod i s  a  c o l l a r  "I" which a t  p r e s s u r e s  below the d e s i r e d  range 

o f  compression moves sw itch  l e v e r  "m" and b re a k s  the  c i r c u i t  

a t  Hb " ,  and a t  p r e s s u r e s  above the  range of  com press ion ,  moves 

sw itch  l e v e r  "n" and b reak s  the c i r c u i t  a t  “a " .  Switch l e v e r s  

"n" and "n M a r e  connec ted  by a s p r in g  so t h a t  when c o l l a r  "1 H 

i s  between "m" and " n " , sw i tches  "a" and ”b" a r e  b o th  c l o s e d .

The a c t i o n  o f  the a p p a ra tu s  i s  a s  f o l l o w s : -  At 

a tm ospher ic  p r e s s u r e  sw itch  arm "J" i s  a g a i n s t  th e  s to p  " p " , 

sw i tc  h "b" i s  open and Ma" i s  c l o s e d .  On f u r t h e r  i n c r e a s e  o f  

p r e s s u r e , c o l l a r  "1 " r i d e s  c l e a r  o f  sw i tch  l e v e r  "m", th u s  a l s o  

c l o s i n g  sw itch  " b " . Before sw itch  "b" c l o s e s ,  however, sw itch  

arm "J" moves over  to  s to p  "o" ,  the  band " f " s l i p p i n g  round 

p u l le y  "g" a s  the p r e s s u r e  i n c r e a s e s .  When the  com press ion  

p r e s s u re  has reached  i t s  m ax im a  and b e g in s  to  d e c l i n e  s l i g h t l y ,  

t h i s  s l i g h t  r e d u c t io n  i n  p r e s s u r e  causes  the  band ”f" t o  r e v e r s e

i t s  former d i r e c t i o n  o f  motion and sw itch  arm " j"  moves ove r

f ro m / ..........
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from s to p  "o“ t o  s to p  "pM r i d i n g  over  c o n ta c t  "k" ,  thus  c l o s in g  

sw itch  " c ” . A l l  t h r e e  sw i tch es  " a " ,  "b" and "c" b e in g  now 

c lo s e d ,  i g n i t i o n  o c c u rs .  The sudden in c r e a s e  i n  p r e s s u r e  due 

to  the  e x p lo s io n  causes  th e  sw itch  arm 11J 11 to  move over  to  

s to p  "o".  The c o l l a r  "1" a l s o  b e a r s  a g a i n s t  sw itch  l e v e r  "n" 

and opens sw itch  " a n . Expansion now occurs  and th e  sw itch  

arm "J" p a s se s  over  from s to p  "o" to  s to p  "p" a s  the  p r e s s u r e  

d im in ish e s .  Switch "a" th e n  c l o s e s  and on f u r t h e r  r e d u c t io n  

of  p r e s s u r e , sw i tch  "b" i s  opened, so that we a r r i v e  a t  a tmos­

p h e r ic  p r e s s u r e  w i th  e v e ry th in g  in  r e a d in e s s  f o r  a f r e s h  c y c l e .  

The cush ion  p r e s s u r e  a l s o  g iv e s  r i s e  to a maximum, b u t  b e i n g  

above the  range of  compression  p r e s s u r e s , sw i tch  "a" i s  open 

and th e  passage  of  th e  sw itch  arm "J" over  th e  c o n t a c t  "k" does 

no t  produce a sp a rk .  This type o f  ap p a ra tu s  e n t i r e l y  s a fe g u a rd s  

a g a i n s t  p r e - i g n i t i o n ,  s in c e  sp a rk in g  can only  occur  J u s t  a f t e r  

the  compression p r e s s u re  has  reached  i t s  maximum.

Supply Tank:

The l e v e l  o f  the w a te r  in  the  combustion chamber 

co r re sp o n d in g  to  (F ig .  2) tends  t o  approach t h a t  o f  the  

w a te r  in  the  supply  tank .  I t  w i l l  be shown l a t e r  t h a t  

i s  vefy  n e a r ly  equal to  Vc the  charge volume. Thus by v a r y in g  

t h i s  l e v e l  we a r e  a b l e  to  va ry  7% and thus  Vc , th e re b y  v a ry ­

ing  the  amount o f  energy deve loped  p e r  c y c l e .  A f l o a t  con­

t r o l l i n g  the  i n l e t  to  the  supply  tank  i s  u sed  to  r e g u l a t e  the  

in p u t  and thus  the  power of  the pump.

The J jush ion  Spa c e :

The volume of the  top  o f  the  combustion chamber, 

above the l e v e l  of  the  e x h a u s t -v a lv e  forms a  c l e a r a n c e  space  

comparable w i th  the  c l e a r a n c e  space of  an  o r d in a r y  O tto  c y c l e ,  

and th e  scavenged p roduc ts  o f  combustion which remain i n  t h i s  

space a r e  mixed o f f  w i th  th e  f r e s h  com bust ib le  charge  and  se rv e  

d i l u t e  i t .  This i a c t  l i m i t s  the  amount o f  c l e a r a n c e  space 

in  r e l a t i o n  to  a g iven  charge  volume and i f  t h i s  p r o p o r t i o n  i s  

kept a t  about  20% a s  i n  th e  gas en g in e ,  i t  m ight  happen t h a t  i f

t h e / ..........
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th e  puaip i s  u s in g  l a r g e r  cha rges  o f  m ix tu re  p e r  cyc le  than  

d es ig n ed  f o r ,  th e n  the  cush ion  p r e s s u r e  may w e l l  r i s e  in  excess  

o f  the  maximum p r e s s u r e  f o r  which the  combustion head has been 

d es ig n ed .  To o b v ia te  t h i s  l i m i t a t i o n  on the f l e x i b i l i t y  of  

o p e r a t io n  of  th e  pump, the  c l e a r a n c e  space i s  made much l a r g e r  

than  the  customary 20% in  gas eng ines  and owing to  the  f a c t  t h a t  

th e  exhaus t  gases  a r e  w el l  scavenged, a p r o p o r t i o n a l l y  r i c h e r  

m ix tu re  drawn i n .

Compre s s i o n  R a t io :

I t  w i l l  be shown l a t e r  t h a t  the  compression r a t i o  of  

the  Humphrey Pump Cycle depends only on the head  pumped a g a i n s - .  

In  o rd e r  to  pump a g a i n s t  h igh  h e a d s , ve ry  l a r g e  compression 

r a t i o s  a r e  r e q u i r e d .  Although l a r g e  com press ion  r a t i o s  a r e  con­

ducive to  h igh  thermal e f f i c i e n c y ,  they  l e a d  t o  t r o u b le  a s  f a r  

a s  p r e - i g n i t i o n  i s  concerned .  The Humphrey Pump, working on the  

c o n s ta n t  volume combustion c y c l e , i s  thus  only  capab le  of  w ork ing  

a g a i n s t  low and medium l i f t s .  I f  s o l i d  fu e l  i n j e c t i o n  were em­

ployed,  however, w i th  combustion a t  c o n s ta n t  p r e s s u r e , much 

h ig h e r  compression  r a t i o s  could  be u t i l i s e d  and the  pump enab led  

to  d e l i v e r  a g a i n s t  h igh  heads a s  w e l l .

Play-Pipe:

The l e n g th  and c r o s s - s e c t i o n a l  a r e a  o f  the p l a y - p ip e  

p lay  an im por tan t  p a r t  i n  f i x i n g  th e  performance o f  th e  pump as  

w i l l  be i n d i c a t e d  l a t e r .  The c r o s s - s e c t i o n a l  a r e a  o f  the  p l a y -  

p ipe  i s  u s u a l l y  made the  same a s  the  combustion chamber. Some­

times the  v e r t i c a l  p o r t i o n  o r  s t a n d -p ip e  i s  made t a p e r i n g ,  the  

a r e a  i n c r e a s i n g  with  h e i g h t ,  a s  in  the  pumps a t  Ohingford .  This  

i s  done to  reduce the  v i o l e n t  f l u c t u a t i o n s  o f  th e  column which 

would o the rw ise  occur  a t  the  d i s c h a rg e  end o f  the  p l a y - p i p e .

F u e l :

Gaseous fu e l  i s  u s u a l l y  employed i n  Humphrey Pumps.

The i n s t a l l a t i o n  u s u a l l y  in c lu d e s  gas p ro d u c e r s ,  s u p p ly in g  the  

n ec e s s a ry  f u e l .  With the  use  o f  a s u i t a b l e  c a r b u r e t t o r ,  p e t r o l

c a n / . . . . . .



can be e f f i c i e n t l y  n eed .  As mentioned p r e v i o u s l y ,  a pump 

employing s o l i d  f u e l  has  p o t e n t i a l i t i e s  a s  f a r  a s  h ig h  heads 

a r e  concerned .

I t  was found t h a t  a t  the  O f f i c i a l  T r i a l s  of the  

i n v e n t io n ,  the  co n tam in a t io n  of  the  w a te r  due to  coming i n  

c o n ta c t  w i th  the  gaseous f u e l  and the  exhaus t  p ro d u c ts  was 

a b s o l u t e l y  n e g l i g i b l e .

With r e f e r e n c e  to  s p a rk in g  p lu g s ,  Mr. Humphrey em­

p loyed  a  p lug  which was n o t  a f f e c t e d  by immersion in  w a te r  f o r  

a s h o r t  space o f  time d u r in g  each c y c l e .  Of c o u r s e ,  an o rd in a ry  

p lu g  co u ld  be u sed ,  s i t u a t e d  a t  the  top  of  the  combustion head ,  

th e  h igh  cush ion  p r e s s u r e  b e in g  an  e f f e c t i v e  s a fe g u a rd  a g a i n s t  

s p l a s h in g .



HUMPHREY PUMP INSTALLATIONS.

The Ohlnpford P lan t .

When Mr. Humphrey d e l i v e r e d  h i s  o r i g i n a l  paper  b e fo r e  

the  I n s t i t u t i o n  of  E ng inee rs  in  the  Autumn of  1909, the Metro­

p o l i t a n  Water Board had in  o ro g re s s  a t  Ohingford,  the  con­

s t r u c t i o n  o f  a  l a r g e  r e s e r v o i r  f o r  the  purpose of  impounding 

the f lo o d  w a te rs  of  t h e  Lea. These f lo o d s  came down w ith  g r e a t  

r a p i d i t y  and a very  powerful pumping p l a n t  was n e c e s s a ry  to  cope 

w i th  the  l a r g e  q u a n t i t y  of w a te r .  The l i f t  b e in g  low and the  

q u a n t i t y  g r e a t ,  the u se  of o rd in a ry  c e n t r i f u g a l  pumps was b a r r e d  

by c o n s i d e r a t i o n  of c a p i t a l  c o s t ,  whioh would be i n  no way com­

pensa ted  f o r  by a low o p e r a t in g  c o s t ,  s in c e  low l i f t  r e c i p r o c a ­

t i n g  pumps have by no means a  h igh  e f f i c i e n c y .  C e n t r i f u g a l  

pumps a l s o  have a low e f f i c i e n c y  when working u n d e r  low h e a d s .

S truck  by the  remarkable r e s u l t s  r e c o rd e d  in  Mr. 

Humphrey*s p ap e r ,  Mr. W.3, Bryan, th e  C h ief  Eng inee r  of  the  

M e t ro p o l i ta n  Water Board, dec ided  to  i n v i t e  a t e n d e r  from the  

Pump and Power Co.,  L t d . , th e  f irm  m an u fac tu r in g  Humphrey Pumps, 

i n  c o m p e t i t io n  w ith  t e n d e r s  from c e n t r i f u g a l  pump m a n u fa c tu r e r s .  

The c o n d i t i o n s  r e o u i r e d  the s e t  of  pumps t o  have an  a g g re g a te  

c a p a c i ty  of  180 X 10 g a l lo n s  p e r  diem a g a i n s t  a head  o f  30 f e e t .

The t e n d e r s , when opened, showed t h a t  t h e  p l a n t  sub­

m i t t e d  by Mr. Humphrey would c o s t  £19,000 l e s s  th a n  the  nex t  

lo w es t  t e n d e r  and t h a t  th e re  was, moreover,  an enormous d i f f e r ­

ence i n  the  gua ran teed  fu e l  c o s t s .  Mr. Humphrey g u a ra n t e e d  a 

f i g u r e  not  exceed ing  1 .1  l b .  of a n t h r a c i t e  p e r  pump h o r s e —power 

hour ,  a p e n a l ty  o f  £1,000 b e i n g  a t t a c h e d  to  every  l b .  con­

sumption in  excess  o f  t h i s  f i g u r e .  This  f u e l  f i g u r e  was from 

2 to  3 t im es  below t h a t  of the  n e x t  t e n d e r .  A nother  c l a u s e  i n

the  c o n t r a c t  imposed a  p e n a l ty  of  £20,000 sh o u ld  th e  p l a n t  prove 

a f a i l u r e .

I t  was a somewhat bold  s te p  on Mr. Humphrey.B m r t



to  a c c e p t  a  c o n t r a c t  under  such heavy p e n a l t i e s  f o r  pumps each 

d ev e lo p in g  between 200 and 300 H.P. on the b a s i s  o f  an  e x p e r i ­

mental  pump d e l i v e r i n g  only  35 H . P . , b u t  the  r e s u l t s  have 

th o rough ly  J u s t i f i e d  h i s  co n f id e n ce  in  the c a p a b i l i t i e s  o f  h i s  

i n v e n t io n .  As a  m a t t e r  o f  f a c t ,  th e  pumps s u b s t a n t i a l l y  exceed­

ed t h e i r  g u a ra n te e d  o u tp u t  when put  i n t o  o p e r a t io n .

The ifcint c o n s i s t s  o f  f o u r  40 X 1 0 J gallon p e r  day u n i t s  

and one o f  20 X 1 0 ' ' g a l lo n s  c a p a c i t y .  The diagram (F ig .  5) 

shows a p la n  of  the l a y o u t .  The l a r g e r  u n i t s  have pump c y l i n d e r s  

7 f e e t  in  d ia m e te r  w hi le  the  s m a l l e r  u n i t  has a boro o f  5 f e e t .  

F ig .  6 shows f s e c t i o n  through one o f  the  40 X 1 0 '  g a l lo n  u n i t s .  

Each pump c o n s i s t s  of  a c a s t  s t e e l  combustion head A, a w a te r  

va lve  box B from which the  p la y -p ip e  C le a d s  to  the  base  of  a 

t a p e r in g  w a te r - to w e r  D, b u i l t  up  of  r i v e t t e d  p l a t e s . From each 

o f  these  towers  k f e e t  d iam e te r  p ip e s  l e a d  over  the  top  of  the  

r e s e r v o i r  embankment and d i s c h a rg e  i n to  the  uppermost of  a 

s e r i e s  of  w a te r  cush ions  e x te n d in g  to  the  bottom o f  the r e s e r v o i r .  

The supply  o f  w a te r  i s  l e d  a lo n g  the  back of  the pump house 

through a c o n d u i t  formed in  the  c o n c re te  as  shown in  th e  f i g u r e .  

From t h i s , a c a s t  i r o n  p i p e , embedded in  c o n c re te  i s  l e d  in to  

each o f  the  f i v e  pump p i t s .  S lu ic e  v a lv e s  a r e  p ro v id ed ,b y  

means o f  which each p i t  may be i s o l a t e d  when so d e s i r e d .  A 

working p la t fo rm  i s  f i x e d  round the  pump head ,  g iv in g  a c c e s s  

to  the v a lv e s  and o th e r  o p e r a t in g  g e a r .  The a i r - d u c t  f o r  th e  

pump i s  a r r a n g e d  below the  f l o o r  l e v e l  on the  r i g h t  o f  the  

b u i l d i n g ,  and the exhaus t  duc t  i s  on the  l e f t .  The p la y -p ip e  

C i s  6 f e e t  in  d iam e te r  and i s  embedded in  c o n c r e t e .  The bend 

which connec ts  the  bottom of  th e  w a te r  v lave  box t o  th e  p l a y -  

pipe i s  a  s t e e l  c a s t i n g  and s e rv e s  t o  anchor  the  pump chamber,  

s e c u r e ly  to  the  fo u n d a t io n s  a g a i n s t  th e  u p l i f t  caused  by th e  

f a c t  t h a t  the  f u l l  p r e s s u r e  of  the  e x p lo s io n  i s  n o t  a l l  u se d  

in  the mass a c c e l e r a t i o n  of  the w a te r  column. Owing to  the

g a s e s / ............
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gases  b e i n g  exhaus ted  a t  a tm osphere  and the  ample p r e c a u t i o n s  

ta&en in  d e s ig n ,  the  pump works p r a c t i c a l l y  w i th o u t  n o i s e ,  and 

th e  smooth ru n n in g ,  absence  o f  shock and freedom from v i b r a ­

t i o n  a r e  t r u l y  rem arkab le .

The mode o f  o p e r a t i o n  o f  the  pumps i s  th e  same a s  

t h a t  o f  th e  sim ple  4 - s t r o k e  pump d e s c r ib e d  p r e v i o u s l y .  Sepa­

r a t e  scaveng ing  v a lv e s  i n t e r l i n k e d  w i th  the exhaus t  v a lv e s  a r e  

employed. In p la ce  o f  s i n g l e  l a r g e  v a lv e s  f o r  a d m i t t i n g  

e x h a u s t in g  and scaveng ing ,  a  number o f  s m a l l e r  v a lv e s  a r e  p r o ­

v id e d .  The i n t e r l o c k i n g  g ea r  between the adm iss ion  and ex h au s t  

v a lv e s  c o n s i s t s  o f  an o s c i l l a t i n g  r i n g  o p e ra t e d  by a  r e l a y  

connec ted  up to the  w a te r  i n  the pump chamber. Each p a i r  o f  

v a lv e s  i s  p rov ided  w i th  an  i n t e r l o c k i n g  d e v ic e ,  each of which 

i s  connec ted  by a rod to  a lu g  on the  o s c i l l a t i n g  r i n g .

The w a te r - v a lv e  box c o n s i s t s  o f  2 c a s t - i r o n  c a s t i n g s  

b o l t e d  t o g e t h e r .  A l a r g e  number o f  simple f l a p  v a lv e s  a r e u s e d .  

Both v a lv e s  and s e a t s  a r e  o f  manganese bronze  and a r e  b o l t e d  

to  the  va lv e  box c a s t i n g .  These v a lv e s  o p e ra te  most e f f i c i e n t l y  

and a r e  remakably t i g h t ,  the  w a te r  b e in g  cap ab le  o f  b e in g  h e l d  

up f o r  a f u l l  24 h o u r s .

F ig .  7 i s  a photograph o f  th e  combustion head  f o r  one 

o f  the  40 X 10 g a l lo n  u n i t s ,  f i t t e d  w ith  g a s - b e l t  and exhaus t  

b e l t .

F ig .  8 shows a h a l f  s e c t i o n  and p la n  o f  the  va lve  

arrangem ents  f o r  one of  the l a r g e r  pumps. The i n t e r l o c k i n g  

ar rangem ent  may be d i m l y  u n d e r s to o d  from the  d iagram .

F ig .  9 shows the  w a te r -v a lv e  box f o r  the  20 X 10°  

g a l lo n  pump. Some of  the  f l a p  v a lv e s  may be seen b o l t e d  in  

p l a c e .

F ig .  10 i s  a photograph o f  the I n t e r i o r  o f  the  pump 

house .  The f i v e  pumps a r e  d e a r l y  seen  in  t h e i r  p i t s .  The 

pumps a r e  remarkably s i l e n t  i n  o p e r a t i o n .  A 11 one h e a r s  i s  

the  c l i c k - c l i c k  of  th e  v a l v e s .

F i g . / ..............
I
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Fig .  11 i s  a photograph showing th e  r e s e r v o i r  embank­

ment.  Two pumps a r e  work ing .  The w a te r  cu sh io n s  may be 

c l e a r l y  seen .

The f u e l  r e q u i r e d  f o r  o p e r a t i n g  th e  pumps i s  s u p p l i e d  

by a  Dowson Gas P l a n t .  This c o n s i s t s  o f  4 p r o d u c e r s ,  t h r e e  

r a t e d  t o  co n v e r t  370 l b s .  o f  a n t h r a c i t e  p e r  hou r  i n t o  gas and 

xhe o t h e r  hav in g  a r a t i n g  of  138 l b s .  A c o o l in g  p ip e  l e a d s  

from the  top  o f  each p roducer  to  coke s c ru b b e r s .  A f t e r  p a s s in g  

th e  coke s c ru b b e r s ,  the  gas i s  s e n t  through a sawdust s c ru b b e r  

and i s  th en  l e d  through an underground co n d u i t  to  a  g a s -h o ld e r ,

24 f e e t  i n  d ia m e te r  and 12 f e e t  h ig h .  The steam r e q u i r e d  i s  

s u p p l i e d  by 2 v e r t i c a l  b o i l e r s .  A governor g ea r  i s  f i t t e d  by 

which the  r i s e  o f  the g a s -h o ld e r  a u t o m a t i c a l l y  r e g u l a t e s  the  

steam supply  to  the p ro d u ce rs ,  th u s  keep ing  the  gas p ro d u c t io n  

a consumption in  b a l a n c e .  F ig s .  12 and 13 show v a r io u s  views of  

the  a r rangem en t .

To s t a r t  the pumps, a charge  of  gas and a i r  i s  d e l i ­

v e red  from a compressor  to  the  combustion chamber and fo rc e s  

down the  l e v e l  o f  the  w a te r  u n t i l  the  r e q u i r e d  charge  volume i s  

r each ed .  A h and -sw itch  i s  then  o p e ra te d  ca u s in g  spa rks  to  pass  

and the  f i r s t  o u t s t ro k e  i s  made. From t h i s  moment the  a c t i o n  

o f  the  pump i s  e n t i r e l y  au tom at ic  and i t  p ic k s  up i t s  l o a d  and 

soon a t t a i n s  t o  i t s  normal o u tp u t .

The fo l lo w in g  i s  a summary of  r e s u l t s  o b ta in e d  a t  the  

o f f i c i a l  t e s t s  o f  the  p l a n t : -

No. o f  Pump G a l s . / 24 h r s . Thermal 
e f f  i c i e n c y .

l b s .  o f  coa l  
^ e r  P .H .P .h r .

1 48 X 10° 22.39 0 .946

2 47 X 1 0 6 22.19 0.957

3 4 7 .6  x  lO6 22.33 0.949

4 47 X 1 0 6 24.07 0.881

l ^
26 X 106 25.63 0.796

The f i g u r e s  show t h a t  the  g u a ra n teed  o u tp u t  o f  the

pumps/. . .

M
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pumps i s  s u b s t a n t i a l l y  exceeded,  and th e  f u e l  consumption w e l l  

below the  g u a ran tee  f i g u r e  o f  1 .1  l b s .  p e r  P.H.P.  h r .  The 

f i g u r e s  f o r  therm al e f f i c i e n c y  may no t  a t  f i r s t  s i g h t  appear  

o u t s t a n d in g ,  b u t  c o n s id e r in g  the  f a c t  t h a t  a compression r a t i o  

o f  3 was employed, and t h a t  th e  t h e o r e t i c a l  thermal e f f i c i e n c y  

in c r e a s e s  w i th  in c re a s e  of  compression  r a t i o ,  the f i g u r e s  a r e  

much b e t t e r  than  f o r  any i n t e r n a l  combustion engine u s in g  th e  

same f u e l  and compression  r a t i o .

Although pu t  i n t o  o p e r a t io n  over  20 y e a rs  ago, the  

Ohingford p l a n t  i s  s t i l l  working and, we a r e  t o l l ,  even b e t t e r  

than when f i r s t  i n s t a l l e d  owing, in  l a r g e  measure,  t o  the 

e f f o r t s  and s k i l l  o f  the  e n g in e e r ,  Kr. Wood, and h i s  a s s i s t a n t s  

who have g iven  c lo s e  s tudy  to  the pumps under  t h e i r  c a r e . The 

Ohingford p l a n t  i n s p i r e s  a l l  who v i s i t  i t  w i th  awe, and i s  a 

mighty t r i b u t e  to  the  gen ius  of  t h a t  g r e a t  en g in ee r  and in v e n to r ,  

Mr. Humphrey.

I n s t a l l a t i o n  a t  O ordob la . South A u s t r a l i a .

In  1924-, William Beardmore and Co.,  L t d . , s u p p l i e d  

a l a r g e  Humphrey Pump p l a n t  to  the  South A u s t r a l i a n  Government. 

The i n s t a l l a t i o n  c o n s i s t s  o f  2 i d e n t i c a l  pumps w ith  a  combined 

ou tpu t  o f  2 ,875,000 g a l lo n s  pe r  hour .  They a r e  somewhat s m a l l e r  

than  the  l a r g e  Ohingford u n i t s .

The pumps a r e  u sed  f o r  i r r i g a t i o n  purposes a t  Cardob la ,  

which i s  s i t u a t e d  abou t  150 m iles  up the R iver  Murray. Owing 

to  the  f a c t  t h a t  the r i v e r  l e v e l  r i s e s  and f a l l s  a m a t te r  o f  

20 f e e t  a c c o rd in g  to  the  season ,  the  combustion chambers a r e  

p la c e d  in  a c i r c u l a r  c o n c re te  c a i s s o n , 36 f e e t  i n t e r n a l  d ia m e te r ,  

in  the  bottom o f  which a r e  formed c i r c u l a r  sumps.

F ig .  14 shows the  l a y - o u t  o f  the i n s t a l l a t i o n .  The 

w a te r  i s  l e d  through the  c o n c re te  duc ts  A from the  r i v e r  to  the 

pump sumps, pens tock  v a lv e s  b e in g  p ro v id ed  a t  B, to  i s o l a t e  the 

sumps from the r i v e r .  The w a t e r - l e v e l  i n  the  sumps i s  a u t o ­

m a t i c a l l y  c o n t r o l l e d  by f l o a t s ,  shown a t  0 , which o p e ra te  th e

b u t t e r f l y / , . . .
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b u t t e r f l y  v a lv e s  D, and a d a s h - p o t  i s  in c o rp o r a te d  i n  each 

f l o a t  governed va lv e  t o  p re v e n t  sudden movements which m ight  

g ive  r i s e  to  sev e re  w a te r  shock in  the  co n c re te  d u c t s .  The 

w a te r  i s  f i n a l l y  d e l i v e r e d  from the  w a te r  towers  through 

syphons to  the i r r i g a t i o n  c a n a l  E. By opening the  a i r  v a lv e s  

a t  F, shown on to p  of  the  syphons,  a i r  i s  p e r m i t t e d  to  e n t e r ,  

thus  d e s t r o y i n g  the  syphon a c t i o n  and com plete ly  i s o l a t i n g  th e  

pumps from the  d e l i v e r y  cana l  w i th o u t  the n e c e s s i t y  o f  employ­

in g  s l u i c e  v a l v e s .

The pumps them selves  a r e  o f  the ^ - s t r o k e  type  and the  

p r o p o r t i o n s  a r e  kep t  very much the  same as those  a t  Chingford .

A few d e p a r t u r e s  in  d e t a i l  a r e  made, however. Since no 

e x c e s s iv e  p r e s s u r e s  have eve r  been recorded  w ith  th e  Chingford 

pumps, c a s t - i r o n  i s  employed in  the  combustion head .  Owing 

to  the low te m p e ra tu re s  which p r e v a i l  and the f a c t  t h a t  the  

chamber i s  f lu s h e d  w i th  w a te r ,  a l l  the  va lves  in  the  combustion 

chamber a r e  p rovided  w ith  rubber  f a c in g s .  The v a lv e s  a r e  th u s  

ren d e red  ex trem ely  t i g h t  and a l l  shock is  e l im in a t e d .  I n s t e a d  

o f  hav ing  to r e g r i n d  the  v a lv e s  and s e a t s ,  a l l  t h a t  i s  n e c e s s ­

a ry  i s  t o  renew the rubber  f a c e s .  F ig .  15 i s  a  photograph of  

a combustion chamber b o l t e d  on a w a te r - s u c t io n  box. The 

enormous s iz e  o f  th e se  pumps may be gauged by the s i z e  o f  the 

nan .

The Chingford  p l a n t  and the  p la n t  a t  Cardobla a r e  

the  only  2 l a r g e  Humphrey Pump i n s t a l l ;  t ions  in  e x i s t e n c e .

I t  i s  r a t h e r  s u r p r i s i n g  t h a t  Mr. Humphrey's I n v e n t io n  has no t  

found more a p p l i c a t i o n  than  i t  h a s ,  e s p e c i a l l y  a f t e r  hav ing  so 

co n v in c in g ly  proved i t s  worth  in  p r a c t i c e .  N e v e r th e le s s ,  the  

a u th o r  i s  q u i t e  convinced t h a t  in  the  course  o f  t im e,  Mr. 

Humphrey's remarkable c o n t r i b u t i o n  to  the p ro g re s s  of Mechanical 

Eng ineer ing  w i l l  be u n i v e r s a l l y  r ecogn ised  and a p p r e c i a t e d .
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INTERNAL COMBUSTION EKQINE DEaiCM CHART (Q).

From the l i t e r a t u r e  on the  Humphrey Pump i t  would 

seem t h a t  i n  th e  p a s t  each pw.p was des igned  from f i r s t  

p r i n c i p l e s .  The l a b o u r  involved  in  the  d e te rm in a t io n  o f  the  

p e r i o d i c  r a t e  of  a c t i o n  o f  the  pump i s  very  heavy , and the  

com puta t ion  o f  the v a r io u s  q u a n t i t i e s  r e q u i r e d  in  the d es ig n  

o f  the  pump i s  a m a t te r  o f  g re a t  d i f f i c u l t y . The a u th o r  has 

deve loped  an a n a l y s i s ,  employing s i m i l a r i t y  p r i n c i p l e s  whereby 

th e  main q u a n t i t i e s  r e q u i r e d  in  d es ign  may be very  e a s i l y  

deduced from c h a r t s .  The c h a r t s  may be a p p l ie d  to  a l l  Humphrey 

pumps d es igned  to  work w i th in  compression r a t i o s  rang ing  from 

2 to  6 and employing f u e l s  whose m ix tu re  s t r e n g t h s  vary i n  

c a l o r i f i c  v a lu e  from 40 X 10^ fo o t  l b s .  pe r  l b .  to  80 X 10^ 

f o o t  l b s .  p e r  l b .  The a n a l y l s  employs t r u e  v a r i a b l e  s p e c i f i c  

h e a t s  and in  o rd e r  to  determine the  v a r io u s  thermodynamic 

q u a n t i t i e s  r e q u i r e d ,  the  c h a r t  which w i l l  now be d e s c r ib e d ,  

was d e v i se d .

In  the  fo l lo w in g  a n a l y s i s  a l i n e a r  r e l a t i o n s h i p  between 

S p e c i f i c  Heat and Temperature w i l l  be assumed.

Kp = A+-ST 

= B-f-ST

where K ) and Ky a r c  the  s p e c i f i c  h e a t s  of  a gas a t  c o n s ta n t  

p r e s s u r e  and c o n s ta n t  volume r e s p e c t i v e l y ,  the u n i t s  b e in g  

f o o t  l b 8 . / l b . / ° 0 ;  T i s  the  tem pera tu re  expressed  in  °C ( a b s . ) ;  

and  A, B and 8 a r e  c o n s t a n t s  of  any p a r t i c u l a r  gas .

pu t  A a m
5*

and 8 = X
E

Then fo r  a d i a b a t i c  ( i s e n t r o p i c )  c o n d i t io n s  o f  the  

gas th e  fo l lo w in g  r t h t i o n s h i p  between tem perature  and volume

h o l d s / ..............
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h o i  d e : -

T Vm 1 e T = c o n s t a n t .

The p roof  may be found In any modern book on Heat
Engines .

I f  s u f f . x  " i M r e f e r s  to  I n i t i a l  c o n d i t io n s  of  the
gas t h e n : -

T1 V1m-1e X 11 .  T T ° - l e AT

and  p u t t i n g  R. « y

Rm = T
X

the  above ex p re s s io n  becomes

- ( m - l ) l o g e Ry = l o g e Rj f  A T L (Rp - l )  ..................... ( l )

F u r th e r  p u t t i n g  Rp = P
" ^ i  *

i t  fo l low s from the gas law, PV = RT

t h a t  R, = Rj

X ”

Adding (m-l)  l o g e t o  bo th  s id e s  o f  equa t ion  ( l )  and 

p u t t i n g  Rt. p  we o b t a i n : -

H T "  '  ^  ’

(m-l) l o g e Rp =»m  l o g e Rj + A Ti (Rj - l )  ................ (2 )

L e t  us f i r s t  c o n s id e r  the case  of a d i a b a t i c  com­

p r e s s i o n .  In  t h i s  case  Rm i s  ^  1 and 1 >  R  ̂> 0 ;  Rn > 1 .

Ry"*1 i s  c l e a r l y  the compression r a t i o  r .

From ( l )

(m-l) l o g e Rv" 1 = l o g e Rp X ^  (Rj, - 1 ) ................( 3 )

and from (2 )

(m-l) l o g e Rp = m l o g e Rp ■+■ A (Rj, - l ) ....................(4)

C ons ide r ing  the r i g h t  hand s id e  of (3) we may e a s i l y  

p l o t  l o g e Rp to  a base  o f  R? . The ex p res s io n  A T1(Rr - l )  

on b e in g  p l o t t e d  to a  base  of  R  ̂ w i l l  y i e l d  a fam ily  o f  s t r a i g h t  

l i n e s  p a s s in g  through the p o in t  ( l , 0 ) ,  the s lopes  a l l  b e in g  

p o s i t i ,  and p r o p o r t i o n a l  to  the  param eter  Tj_ .

B y / ..................

I

%  J
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B.. au iru tne  o r d in a te s  of the se  2 curves fo r  any value  o f  the  

a b s c i s s a  %  and the  param ete r  we can o b ta in  the  va lue  o f  

t h e  r i g h t - h a n d  s ide  o f  eq u a t io n  ( l ) . We s h a l l  c a l l  t h i s  

q u a n t i t y  .

i . e .  Yx = l o g e Rp t A  (Rr - 1 ,   (5 ) .

S im i l a r ly  we may p l o t  m lo g e Rp to  a base  of  Rp.

Tne term A T^ (Rp - l )  in  (4) i s  i d e n t i c a l  with  the  term

A Ti (Rp - 1 ) in  (3 ) .

Hence by adding  the o r d in a te s  of  the  curves of  

m l o g e Rr and A T* (Rr - l )  we may o b ta in  the value  of  the
c*> 1

r i g h t - h a n d  o f  f o r  any va lue  of Rp and . We s h a l l  

c a l l  t h i s  q u a n t i t y  Y-

i . e .  Yo -  m l o g e Rp -r A (Rp - 1 ) ............................. ( 6) .

Let us now c o n s id e r  the case of  a d i a b a t i c  expansion.

H e r e : -

1 7- Rp > 0  ; 1 7  Rp > 0 ; and Ry >  1

From ( l )

(m-l) l o g e Ry r  - l o g e Rp + A (1 -  Rp ) .............(?)»

and from (2 )

( m - l ) l o g e Rp 1 -  m  l o g e Rp-rAT^ ( l -  Rp ................... (S ) .

As b e fo re  we may e a s i l y  p l o t  curves  o f  -  l o g e R<p
and  -m l o g e R% k . .

/ t o  a  base  of Rp . The ex p re s s io n  A T^ (1 -  Rf ) which occurs

on the r i g h t - h a n d  s ide  o f  ( 5 ) and ( 6 ) on b e in g  p l o t t e d  to  a

b a s e  of  Rp w i l l  y i e l d  a family  of s t r a i g h t  l i n e s  p a s s in g

through the p o in t  (1 , 0 ) and having n eg a t iv e  s lo p es  p r o p o r t i o n a l

to  the  pa ram ete r  1 l  . Thus by add ing  the  o r d in a t e s  of  the

-  log,. Rp and A Tj (1 -  Rp ) curves  in  the  case of  (5) and by

ad d in g  th e  o r d in a te s  of  the -  m lo g e Rp and A Tt  (1 -  Rp )

cu rves  i n  the case of  (b) we can o b ta in  the v a lu es  o f  the

r ig h t - h a n d  s id e s  of  en u a t io n s  ( 5) and (>0 f o r  any value  of

Rp and th e  param eter  Tp . We s h a l l  pu t

Y3
i -  loge Rp + A T̂  (1 -  Rp ) ............................. t9).

and Y4 = m  loge RpfATp (l -  Rp ) .................................. (10).
I t / ................



I t  i s  a l s i  c l e a r  from (3 ) ,  (4 ) ,  ( 5 ) ,  (6 ) ,  ( 7 ) ,  (8 ) ,
. ( 9 ) a&d. (1 0 ) t h a t

-% = (m-l)  l o g e Ry-1

Yg = (m-l)  l o g e r p

= (m-l)  l o g e Ry

Y}| = (m-l)  l o g e Rp-1 .

Thus i f  we p lo t  a curve of  

=» (m-l)  l o g e x

'-'■■id of  x where the  s c a le  of Y i s  the same a s  the s c a l e  

lo g e  v. Rip e t c . cu rves ,  then the a b s c i s s a e  of  t h i s  

f o r  v a lu e s  o f  Y -  Ŷ  , Yn , Y  ̂ and Y^ r e s p e c t i v e l y  

1 y i e l d  th e  co r respond ing  va lues  of  Ry"^ Rp , Ry and Rp- ^

3ponding to  any va lues  given to  Rp and in  en u a t io n s

( 3 ) ,  ( 4 ) ,  (7) and (8 ) .

In  c h a r t  0 the fo l lo w in g  co n s ta n t s  were adopted  on

jonuaen&ation of P ro fe s s o r  ffalker,  as  good average  f i g u r e s

1 -.s engine m ix tu r e .

K = 320 +-O.O67 T f t .  l b s . / l b . / ° C .

>; r 224 f  0 . 0 6 7  T f t .  l b s  . / l b  . / ' o .

m = A = 1*43 
GT 

X = 8 r 0.0003  
W

Chart  Q i s  d iv id e d  in to  2 p a r t s ;  the  r i g h t - h a n d  p a r t  

e in  evo ted  to  compression and the  l e f t  to  expans ion .  The 

, 0 ; , %  and m l o g e R% v .  R% curves  f o r  compression a r e  

r  •>.' on Hk r ip - i t  f o r  a range o f  Rp from 1 to  6 . The s c a l e  

bet 1 ri no t  marked b u t  i s :  1 u n i t  i s  r e p r e s e n te d  by

. .5  d e c im e t re s .

In  orch to  p l o t  the  fam ily  A T^ (RT - l )  v .  Rj ,

(Hr - l )  was taken  1 one ti Then fo r  T^ ■ 1000°C ( a b s . ) ,

4 he ' i: . i tL i r e s s i o n  p S w iw  co n s id e red

v ...........................
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Rm 33 1 -h<-m-------  n 1 4. 1
0.0003X 1000

»  ^ .333-

At Up » 4.333 a v e r t i c a l  l i n e  (Tc ) i s  e r e c t e d  1 u n i t  

(2 .n  d e c i m e t r e s ) in  l e n g th  and d iv id e d  up i n t o  a s c a le  of  Tc . 

i n t i a l  com press ion  t e m p e r a tu r e s , as shown. A new o r ig i : .

0 C (1 ,  l )  i s  chosen .  Then f o r  any va lue  o f  Tc , i f  0t if 

Jo ined  t o  t l i a t  va lue  o f  Tc on the v e r t i c a l  l i n e  Tc , the 

Jo in in g  l i n e  i s  c l e a r l y  a m i r ro r  image of the l i n e

X Tc (R/p - l )  v . Rm . Hence i f  we draw a p a r a l l e l  t c  o h 11 .

through any p o in t  on the  l o g e Rip or  m l o g e R  ̂ v. R? ;an.: ■ < :

ah>' va lue  o f  Rip , then  the  i n t e r c e p t  of t h i s  l i n e  o;. tli-

v e r t i c a l  a x i s  w i l l  g ive the  d u e  of  l o g e RT + ATc (Rp -1 / ' Y-_ i

i s  m l o g e Rip +ATc (Rip - 1 ) ( / f o r  th e  p a r t i c u l a r  v r lv .

Tc and Rip c o n s id e re d .  This c l e a r l y  fo l low s frovt h 

th e  s lope  of  t  he H i  , Tc (Rip - l )  v. R<p i s  p r o p o r t i  .n  l  " 

th e  in i t i a l  compression temperature  T0 .

The l e f t - h a n d  s id e  of  t h e  c h a r t  i s  devotee, t  expan­

s i o n .  The cu rves  of  - l o g e Rp and -m l o g e Rip a re  p l o t t e d  t< 

b ase  o f  Rip f o r  v a lu es  o f  Rp rang ing  from 1 to  0 .1 .  Th: l e

o f  o r d i n a t e s  which i s  a g a in  not  marked i s  a l s o  e q u d  t  :

1 u n i t  i s  r e p r e s e n te d  by 2 .5  dec im e treE .

In o rd e r  to  p l o t  the  family A T - ; - -  Et v  . R,-.

\  T1 (1 -  Rr.) was taken  as  equal to  0 ,5  u n i t e .  The ; 1 r

T̂  r  3000°C ( a b s . ) which i s  the  h i g h e s t  i n i t i a l  exp . i v d n  

t e m p t r a tu r e  c o n s id e re d  Rip * 1 “ ~ ~

r  0.333

At Rip = 0.333 a v e r t i c a l  l i n e  (T-p) le  e r e c t e d  and.

marked o f f  in to  a s c a le  o f  Tp , i n i t i a l  expansion tem pera tu re

as  shown. A new o r i g i n  Op , (1 ,  0 .6 )  i s  chosen on the  v e r t i c a l  

a x i s .  Then f o r  any va lue  of  Tx , i f  0 1 i s  Jo ined  to  t h a t

va lu e  on the  Tx l i n e ,  the  J o in in g  l i n e  i s  the m i r ro r  image

o f / ................
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° f  th e  l i n e  XT1 (1 -  RT) v. RT. Hence i f  we drew a p a r a l l e l  

to  t h i s  l i n e  th rough  any p o in t  on the -  l o g e RT and -m lo g e 

Rip curves co r respond ing  to any value of R/p uhen the I n t e r c e p t  

on the  v e r t i c a l  ax le  w i l l  g ive  the valuee of -  lo g e Rf >

M l  "  rt ) (%)) and -  m loge RT ^ XTx (1 -  RT ) (YfJ f o r  the 

v a lu e s  ol and Rip cons ide red .  As In the  case of compres­

s io n  t h i s  c l e a r l y  fo l lows from the  f a c t  t h a t  the s lope of the 

M p  (1 - Rt ) v . R<p l i n e s  are  p ro p o r t i o n a l  to Tp.

In o rd e r  to o b ta in  the values  of Rv , Ry- ^ » Rp and

Rp~l once Yp, Yp, Yj and Y^ have been a s c e r t a in e d ,  the whole 

h o r i z o n t a l  a x i s  i s  o lv ia e a  up Into a s c a le  of x. Curves of

Y = (m -  1) l o g e x are  drawn on t h i s  b a s e . The sc a le  of o r ­

d i n a t e s  which i s  no t  marked is  the same f o r  a l l  the curves 

( t h r e e  i n  number) ana i s  the same as the  l o g e R«p v. Rf e t c .  

c u rv e s ,  i . e .  1 u n i t  of Y i s  r e p re se n te d  by 2 .5  dec im e tre s .

Curve x (1} has a range of x from 0 .1  to 20. The h o r i z o n t a l  

s c a l e  of x( 2 ) i s  2£ times as g r e a t  and t h a t  of x(j5) i s  10 

times as g r e a t , g iv in g  a t o t a l  range of x from 1 .0  to  200.

Nomographic s c a l e s  TC1 and Tp1 are p rovided  so as 

to  g ive the va lue  of tem pera ture  T corresponding  to any i n i ­

t i a l  tem pera tu re  and value of t-T. The v e r t i c a l  ax is  i s  

f i r s t  a l v l a e a  up in to  a s c a le  of ab s o lu te  tem p era tu re s .  Con­

s i d e r i n g  compression,  we choose any value or Hip, sa} < l o r  

convenience .  Then f o r  an i n i t i a l  temperature  of 1C . '°C  (aba) 

the  co r respond ing  f i n a l  tem pera ture  f o r  RT = 2*5 i s  2^00° C abs .  

We p l o t  t h i s  p o i n t ,  ana mark i t  1000°C ( a b s . )  on the T„1 s c a l e .  

The o r d in a te  i s  then d iv id e d  up In to  a sc a le  ol I n i t i a l  tem­

p e r a t u r e s  as shown. I f  we jo in  up any value of Tc on the 

c e n t r e  and T01 s c a l e s  then i t  i s  c l e a r  t h a t  the o r d in a te  under 

t h i s  l i n e ,  corresponding  to any value of RT, read  o f f  on the 

c e n t r e  s c a l e  w i l l  g ive the temperature  corresponding  to the 

v a lu e s  of Tc and RT co n s id e red .  This c l e a r l y  fo l low s from 

the  f a c t  t h a t  th e r e  i s  obv ious ly  a l i n e a r  law between the f i n a l  

tem pera tu re  and RT f o r  any value of Tc .
I  I f !  • e e • #
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In "L.e case 01 expansion  we choose f o r  convenience 

a va lue  o: T% = 3000OC ( a b e . )  and Rx = 0 . 5  g iv in g  a f i n a l  

tem p era tu re  01 I 5OC0 C (a b s . ) We p l o t  t h i s  value and l e t t e r

i t  3000 C on the  s c a l e .  The o rd in a te  i s  then d lv iaed

up i n t o  a s c a le  of i n i t i a l  tem pera tu res  as shown. As b e fo r e ,  

i i  we Jo in  up any value of Ti on the c e n t r e  and s c a l e s ,  

then  the  o r d in a t e  read  o f f  on tne cen t re  sca le  w i l l  g ive the 

value of the  tem pera tu re  co r responc lng  to the value of anc 

chosen.

The h o r i z o n t a l  scaJ. e on the  top of the aiagram is  

d l v l d e c  up i n t o  a s c a le  of E and I .  E ana I a re  then p l o t ­

t e d  a g a i n s t  T°C ( a b e . )  (cen t re  s c a l e ) .

E, th e  i n t e r n a l  energy p e r  l b .  of gas ,  and I ,  tne 

t o t a l  energy,  a re  deauced f o r  various va lues  of T°C (a b e . )  

from the r e l a t i o n s

E = 1 KvdT = BT * j  ST2

ana I  = £ Kp dT = AT * j  ST2

The c o n s t r u c t io n  of the c h a r t  i s  now complete.  The 

ranges  employed a re  ample f o r  the m a jo r i ty  01 problems l i k e l y  

to be met w i th .  S im i la r  c h a r t s  employing d i f f e r e n t  co n s tan ts  

may be r a p i d ly  c o n s t ru c te d  on the l i n e s  p rev ious ly  i n d ic a t e d .

P re v io u s ly ,  i t  was i n d ic a t e d  how f o r  g iven  values 

of  Tc and Rx in  the case of compression, and 01 %! ana Rj in 

the  case of expansion  the corresponding  values  of Ry"1 , Rp 

anc P.v , Rp-1 r e s p e c t i v e l y  may be aecucec.  A l t e r n a t i v e l y  re  

may wish to f i n d  valuec of %  correeponolns  to v a r io u s  values  

of  R, ana v a r io u s  I n i t i a l  tem pera tu res  In  the cases  of com­

p r e s s i o n  ana expans ion .  T.. 's  may oe none by r e v e r s in g  the 

p ro c e s s  mentlonec p r e v io u s ly .  Having ob ta lneo  S r .  Rp may be 

founc from the r e l a t i o n  = j p  or may be found d i r e c t l y  from 

the  c h a r t  as e x p la in e d  p r e v io u s ly .  Having o b ta in ed  RI(  the

co r re sp o n c ln g  tem pera tu re  and I n t e r n a l  anc t o t a l  en e rg ie s  may
e a s i l y / .........
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In the case ol expansion we choose f o r  convenience 

a va lue  ol -  3000° C (abe.  } and Rf = 0 .5  g iv in g  a f i n a l  

t em p era tu re  of  150C°C (a b e . )  We p l o t  t h i s  value and l e t t e r  

i t  3000°C on the  s c a l e .  The o rd in a te  i s  then d iv ided  

up in to  a s c a le  of I n i t i a l  tem pera tures  as shown. As b e f o r e , 

i f  we j o i n  up any value of T% on the  ce n t r e  and s c a l e s , 

then  the  o r d i n a t e  read  o f f  on the cen t re  sca le  w i l l  g ive  the 

value of tn e  tem pera tu re  corresponding  to the value of anc 

fbp chosen.

The h o r i z o n t a l  s c a le  on tne  top of the  diagram is  

d iv ide  a up in to  a s c a le  of E anu I .  E ana I a re  then  p l o t ­

t e d  a g a i n s t  T°C ( a b e . )  ( c e n t re  s c a l e ) .

E, th e  I n t e r n a l  energy per  lb .  of g a s , and I , the 

t o t a l  energy ,  a re  deduced f o r  various values  of T°C ( a b s . ) 

from the r e l a t i o n s

Z = $  KvdT = BT + & ST2

0

anc I = T KpdT = AT * £ ST2

The c o n s t r u c t io n  of 1he c h a r t  i s  now complete ,  ihe 

ranges  employed are  ample fo r  Ihe m a jo r i ty  ol problems l i k e l y  

to  be met w i th .  S im i la r  c h a r t s  employing d i f i e r e n t  c o n s ta n t s  

may be r a p i d l y  c o n s t ru c te d  on the l i n e s  p rev io u s ly  i n d i c a t e d .

P re v io u s ly ,  i t  was In d ic a te d  how f o r  g iven  values  

of  Tc and R? in  the  case of compression, ana 01 T]_ and Rr in  

the  case of  expaneIon the corresponding  valuee of Rv"1 , Sp 

ana Rv , Rp' 1 r e e p e c t l v e l y  may be acQUced. A l t e r n a t i v e l y  we 

may wish to f i n d  va luee  of %  corresponding  to v a r io u s  values 

o f  Rv ana v a r io u s  I n i t i a l  tem pera tu res  m  the cases  of com­

p r e s s i o n  and expans ion .  This may be cone by r e v e r s i n g  the 

p ro c e s s  mentloneo p r e v io u s ly .  Having ob ta ln ec  H*, Rp may be

founc from the  r e l a t i o n  R p  > Hi or may be found d i r e c t l y  from

the c h a r t  as  e x p la in e d  p r e v io u s ly .  Having o b ta in ed  RI (  the

co r re sp o n d in g  tem pera tu re  and I n t e r n a l  ana t o t a l  e n e rg i e s  may
e a s i l y / .........



e a s i l y  be deduced. This f l e x i b i l i t y  of m an ipu la t ion  enables  

the  c h a r t  to be pu t  to a wide v a r i e ty  of u se s .  Once the  i n ­

t r i n s i c  theory  of the c h a r t  has been thoroughly  g rasped ,  i t s  

m a n ip u la t io n  should  p r e s e n t  no d i f f i c u l t y .  Also owing to 

the  f a c t  t h a t  the  va r ious  q u a n t i t i e s  r e q u i r e d  may be d e t e r ­

mined d i r e c t l y  w i th o u t  tne n e c e s s i ty  of c o n s t ru c t in g  s u b s i d i ­

ary cu rves  o r  i n t e r p o l a t i o n ,  a very h igh  degree of accuracy 

i s  a s su re d .

DATA SHEET FOR CHART G (GAS CHART,

Loge Rj v. Rp e t c .  cu rves .

Rp (com. ) Rj, (exp. ) 106e
*l°Se

Rp
Rp

( com. ) 
(exp. )

1 .05 
1.1 
1 . 2

i:5
1:1

1 .6
2 .0  
2 .2
2 . 4
2. 6  
2 .8
3 .0

3 .6

li
4.5
5 .0
5-5
6 .0
6.5
7 .0  

■
8 . 0
8 .5
9 . 0

1 0 . 0

1
0 . 95^
0.9530

0.7092
0.7143
0.6667 
O.025C

O.5OOO
O.4545
0.4167
0.3846
0.3571
0.3333
0.3125
0.2941
0.2776

.
O.25OO
0 . 2 2 2 2
0 . 2 0 0 0
0 . 1 8 1 6
0.1667
0.1S38

.
0.1333
0.1250
0.1176
0.1111
0 .1 0 0 0

0
0.0488
0.0953
0 .1 8 2 3
0.2624
0.3365
0.4055
0.4700
0.5678
0.6931

0.8755
0.9555
1.029c 
1 . 098c 
1.163 2 
1.2238 
1.2809 
1.3350 
1.3863 
1.5041 
1.6094 
1.7047 
1.7916 
1.8718  
1.9459 
2.0149 
2.0794 
2.1401 
2.1972 
2.3026

m lo g e Rp (com .) 
-m lo g e Rp (exp. )

0
0.0698
0.1363
0 .2 6 0 6
0.3765
0.4620
O.56OO
0.6725
0.8420
0.9920
1 .1 2 7 0
1.2520
I . 366O
1.4730
1.5700
1 . 665O
1.7500
1.8320
1 .9 1 0 0
1 .9 6 1 0
2.1500
2.3000 
2.4400 
2.5610  
2.6600 
2.7810 
2.8600 
2.9750 
3.0620 
3.1400
3.3000



Y =

I

- - 1 ) 1<J6e_ x cu rv e . (m -  1 .113 ).

_Z_

1.00 0
1.25 0.0961
1-50 0.1741
1.75  0 .2404
2 .00  0.2960
2 .50  0.3940
3 .0  0.4730

5 0.5380
.0  0.5960

^ .5  0.6470
5 . 0  0.6917
6 .0  0.7713
7 .0  0.8370
8 . 0  0.6940
9 .0  0.9450

10 .0  0.9920
11 .0  1.0400
1 2 . 0  1 .0 7 0 0
1 3 .0  1.1050
60 1.7600
70 1.8220
60 1.8860
90 1.9330

100 1.9600
110 2.0250
120 2.0600

_JL_

14 .0 1.1320
1 5 .O 1.1670
16 .0 1.1910
17.0 1.2170
18.0 1.2420
1 9 .0 1.2680
20.0 1.2860
22.5 1.3390
25 . G 1.3820
27.5 1.4260
3 0 .0 1.4620
32.5 1.4960
35 .0 1.5270
37.5 1.5580
4o.o 1.5890
42.5 1.6110
45 .0 1.6400
47.5 1.6600
5 0 .0 1.6820

130 2.0970
140 2.124c
150 2.1590
160 2.1830
170 2.2090
180 2.2340
190 2.2600
200 2.2300

E

I

E and. I  CURVES.

BT + ^ST2 = 224T + ^ x 0.067T2 
f t .  lb s  . / l b .

AT + >ST2 = 320T * > x 0.067T2 
f t .  l b s . / l b .

T°C ( a b e . )

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200
2400
2600
2800
3000

E x 10-4

4.6144 
9,4976 

14.6496 
20.0704 
25.7600 
31.7184 
37.9456 
44.4416 
51.2064 
58.9400 
65.5424 
73.0600 
80.9536 
89.0624 
97.4400

I x 10-4

0
6.5344

13-3376
20.4096
27.7504
35.3600
43.2384
51.3656
59.8016
68.4864
77.4400
86.6624
96.1000

IO5 . 93I 6
118.9424
126.2400



THEORETICAL COMPUTATION OF 
LESION DATA FOR HUMPHREY PUMPS.

In t h i s  a n a l y s i s , the  fo l lo w in g  l a e a l  s e t  of con­

d i t i o n s  w i l l  be assumea:

1* The head w i l l  be assumed to  remain c o n s tan t  th rough­

o u t  a c y c le .

2 . The pump admits  and exhaus ts  a t  atmosphere.

3. An In ta k e  tem pera tu re  Tc of 30C°C ( a b s . ) w i l l  be 

assumed.

4. The i n i t i a l  cush ion  compression temperature  T3 w i l l

Iso  be ta k en  as 300°C ( a b s . )

3 . The cush ion  volume Vj (Fig .  2) w i l l  be assumed as

4C$> of the  s t r o k e  volume Vc (per  l b .  of m ix tu re ) .

6. There a re  no mechanical or h y d ra u l ic  lo s s e s  i n  the

pump.

7. There a re  no thermal l o s s e s  due to r a d i a t i o n ,  e t c .

t h a t  the w ate r  horse-power  w i l l  be assumed equal to the  t h e r ­

mal i n d i c a t e d  horse-pow er .

Hence the i n d l c a t e r  diagram shown in  F ig .  15 w i l l

be assumed. Pc w i l l  be taken as a tmospher ic  p r e s s u r e .  From 

C to 0 we have a d i a b a t i c  compression of m ix tu re , the water  

column being  a t  r e s t  a t  C and 0; from 0 to 1, combustion a t  

c o n s ta n t  volume. (The column i s  a l so  a t  r e s t  a t  1 ) ,  from 

1 to E, we have a d i a b a t i c  expansion down to atmosphere.  At 

E, the w a te r -v a lv e s  open ano the water  column con t inues  on to 

E1# a tm ospher ic  c o n d i t io n s  e x i s t i n g  in  the pump chamber in  

the  meanwhile.  On the  o r i g i n a l  water  column reach ing  El f  

the  l e v e l  of the water  in  the pump b a r r e l  has r i s e n  to B. At 

B, the  augmented w ater  column i s  a t  r e s t .  The exhaus t  i s

From th ese  c o n s i d e r a t i o n s , i t  n a t u r a l l y  fo l low s

completed/
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completed a t  atmosphere from B to 3 when the exhaus t  valve 

sh u ts  by Impact.  From 3 to  4 we have a d i a b a t i c  compression 

oi the  cuj.tiii.on. At b , the  column I s  aga in  a t  r e s t .  From 

4 to  5, the  cush ion  expands to  atmosphere. At 5 , the ad­

m iss ion  valve opens and mixture  adm it ted  a t  a tm ospheric  un­

t i l  C i s  reached  when the column i s  a t  r e s t  once more ana a 

f r e s h  cyc le  commenced.

I t  i s  c l e a r  from the i n d l c a t e r  diagram t h a t  p o in t s  

3 and 5 w i l l  c o in c id e .  Also PE = = P., -  Pc . The p o in t

B has no t  so f a r  been determined, but  the fo l low ing  cons id ­

e r a t i o n s  w i l l  show t h a t ,  in  our id e a l  case ,  i t  co inc ides  

w i th  p o in t  C.

The a rea  under the curve B 3 4 (Fig. 1 5 ) r e p r e s e n t s  

the  work done by the  head on the  gases  in  exhaus t ing  and com­

p r e s s i n g  the cush ion ,  (per  l b .  i f  mixture ad m i t te d ) ,  while 

th e  a r e a  u n as r  the curve 4 5 C r e p re s e n t s  the W.D. by the 

g a se s  a g a i n s t  th e  head in  the cushion expansion and the ad­

m iss ion  of f r e s h  m ix tu re .  Since the column i s  a t  r e s t  a t  4,

B and C, i t  i s  c l e a r  t h a t  th e se  a reas  must be the same and

hence p o i n t s  B and C must c o i n c id e .

The volume of water  pumped p e r  cycle i s  c l e a r l y  

Vjp, -  Vc p e r  l b .  of mixture and the in d i c a t e d  work dene 

a g a i n s t  the head i s  *h(VEl -  Vc ) where h i s  the w ater  head 

in  f e e t  ana W the weight of a cubic f o o t  of water .  The i n ­

d ic a te d  work done by the gases  per  cycle i s  the a rea  I n C 0,

and hence i t  i s  c l e a r  t h a t  a rea  I E C 0 » Wh(VEl -  Vc ).

t /

Computat ion/.........
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COMPyTATIpiN_Of^ THE MAIN_ STATE P OINTS  
ON THE P . V .  PIAGRAe ".*'

In o r a e r  to compute the c o n d i t io n s  of p r e s s u r e , 

volume and tem pera tu re  e x i s t i n g  a t  the main s t a t e  p o in t s  C,

0, 1, E, E^j 3 and 4, i t  w i l l  be necessary  to c o n s id e r  the 

v a r i a t i o n  in  i n t e r n a l  energy of the working f l u i d  throughout 

a complete c y c l e .  I t  i s  well  known t h a t  the change in  i n ­

t e r n a l  energy of a gas unaer  a d i a b a t i c  cond i t ions  i s  a 

measure of the e x t e r n a l  work aone on o r  by the gas as the 

case  may be .  A lso , s in ce  we have assumed the head to r e ­

main c o n s t a n t  th roughout  a complete cyc le  i t  i s  c l e a r  t h a t  

the work done by o r  in  the  head f o r  any d isplacement of the 

column i s  d i r e c t l y  p r o p o r t i o n a l  to  the d isp lacem ent and 

hence the volume change of  the working f l u i d  (assuming the 

volume of  f l u i d  to  be of c o n s tan t  c r o s s - s e c t i o n ). Thus i f  

curves of  E and W.l.  by o r  on the t o t a l  head (per  l b .  of g a s ) 

a r e  drawn to  a base of r e l a t i v e  volumes, then the  o rd in a te s  

i n t e r c e p t e d  between the E and W.C. curves a r t  c l e a r l y  equal 

to  the  excess  energy which appears  in  the  form oi K.E. oi 

the  w ate r  column (per  l b .  of gas .  a t  the po in ts  cons idered .  

Thus f o r  our  p a r t i c u l a r  c y c le ,  energy v. volume r e l a t i o n ­

s h i p s ,  in  a d d i t i o n  to p r e s s u re  v. volume r e l a t i o n s h i p s ,  are

of g r e a t  u se .
F ig .  16 shows such an Energy v. r e l a t i v e  volume

diagram. The l i n e s  r e p r e s e n t in g  W.D. on or by the head are 

c l e a r l y  s t r a i g h t  l i n e s  s in ce  the W.D. on or  by the head Is 

p r o p o r t i o n a l  to  the  d isp lacem ent  of the column. Since the 

K.E. of th e  column Is  zero a t  0 and 0,  the  s t r a i g h t  l i n e  r e ­

p r e s e n t i n g  the  work done by the head c l e a r l y  p asses  through 

C and 0 .  But the  work done by the  head per  l b .  01 gas In 

com press ing  the  gases  from C to 0 I t  WH <Ve -  V„), where H 

l a  the  t o t a l  head In f e e t ,  I . e .  Wh = Mi .  Pc - Hence slope 

o f  l i n e  CO = = W-H.Vc. I t  I s  c l e a r  th e n ,  t h a t



COMPUTATION OF THE MAIN STATE POINTS 
ON THE_ P . V. plAGRAt.:.

In o rd e r  to compute the c o n d i t io n s  of p r e s s u r e , 

volume and tempers tu r e  e x i s t i n g  a t  tine main s t a t e  p o in t s  C,

0, 1, E, E]_, 3 and 4, I t  w i l l  be necessary  to co n s id e r  the 

v a r i a t i o n  In I n t e r n a l  energy of the working f lu lc .  th roughout 

a complete c y c l e .  I t  Is w el l  known t h a t  the change In In ­

t e r n a l  energy of a gas unaer  a d i a b a t i c  cond i t ions  Is a 

measure of the e x t e r n a l  work cone on or  by the gas as the 

case may b e .  Also, s in ce  we have assumed the head to r e ­

main c o n s t a n t  th roughout a complete cycle  i t  Is  c l e a r  t h a t  

the work done by or  In  the  head f o r  any disp lacement of the 

column i s  d i r e c t l y  p r o p o r t i o n a l  to the d isp lacement ano 

hence the volume change of  the working f l u i d  (assuming the 

volume of f l u i d  to  be of c o n s ta n t  c r o s s - s e c t i o n ) .  Thus i f  

curves of  E ana W.Iu by o r  on the t o t a l  head (per  l b .  of gas )  

a re  drawn to  a base of r e l a t i v e  volumes, then the o r d in a te s  

I n t e r c e p t e d  between the E and W.D. curves a re  c l e a r l y  equal 

to  th e  excess  energy which appears in  the form of K.E. of 

the w ate r  column (per  l b .  of gas )  a t  the p o in ts  cons ide red .  

Thus f o r  ou r  p a r t i c u l a r  c y c le ,  energy v. volume r e l a t i o n ­

s h i p s ,  in  a d d i t i o n  to p r e s s u re  v. volume r e l a t i o n s h i p s ,  a re

of g r e a t  u se .
Flfi. 16 enowe euch an Energy ». r e l a t i v e  volume

diagram. The l i n e ,  r e p re e e n t ln g  W.D. on or  by the  head ore 

c l e a r l y  s t r a i g h t  l i n e ,  e lnce  the W.D. on or  by the head 1, 

p r o p o r t i o n  d l . p l . c e n t  of the  column.

K.E. of the  column le zero a t  C and 0,  the s t r a i g h t  l i n e  r e ­

p r e e e n t ln g  the  work done by the head c l e a r l y  p a s s e ,  through 

C ano 0.  But the work done by the  head p e r  lb .  of gas In  

compressing the  gases  = to 0 I s  WH (V0 -  V0 ). where H

1,  the  t o t a l  head In f e e t .  I . e .  WH = Wh .  Pc . Hence slope
m ( 9. = w.H.Vo. I t  i s  c l e a r  th en ,  t h a t

of l i n e  CO = VG - Vti__

'  V= / t h e ..............
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t h e  t' opt: o f  : 1 .. &nv . ae.. t h e  t o t a l

head .

From 0 t o  1 t h e  I n t e r n a l  e n e r g y  oi tin- 46 ic I n ­

c r e a s e d  by the ad d ition  01 th< c a l o r i f i c  v a l u e  ji 1.. :r,l> tuz  ̂ .

From 0 to E the gas expand?- a d ia b a t ic a l ly  dowi. t .  i r

doing work, a g a i n s t  the head. The work don &g. >t • 1: h' a

from E to  E^ I s  c le a r ly  Pc (Vg -  Vg) s i n c e  a t m o s p h - u l  

t l o n s  e x i s t  i n  the pump cy lin d er . I t  then follow;, tha t

curve E E1 i s  a s tr a ig h t  l in e  o f  s l o p e  -  ? .Vc •
™  v c - “

At 1 and E]_ the column is  a t  r e s t .  Hence t h e  s t r .  i g i  ’ - in t

in d ic a t in g  the amount of work d o n t  a g a i n s t  t h e  h e a  ;>f

The slope oi 111 o i s  c l e a r l y

same as tnat of l in e  CO, I . e .  W.H.VC, s i n c e  the h e a d  1; b i -

sumec con stan t.

The water in t h e  pump cylinder has m e a n w h i le  risex

to C, ana the augmented column i s  at r e s t  at 0. Fro  : t o

there i s  expu lsion  of exhaust products at atmosphere. Hence 

curve C 3 la  a s tr a ig h t  l in e  of slope equal to that o: lin*.

E El , i . e .  PCVC. From 3 to 4, we have adiabatic c o m p r e s s i o n  

of cushion. S i n c e  the column is  at re s t  at C anc 1, thr

s tr a ig h t  l in e  in d ica t in g  the work done by the head must p a s s  

through C and 4 and have a slope WKVC since the head is  a s -  

sumed con stan t. From 4 to  3 to C, the gases retrace th e ir  

path C to 3 to  4. Hence the diagrams for  t h e s e  two s t r . , k e s

co in c id e .
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t h e  e l o p e  o f  t h i s  l i n e  f o r  any f u e l  a e p e n c s  o n l y  on t h e  t o t a l  

h e& a .

Irons 0 t o  1 t h e  i n t e r n a l  e n e r g y  of  t h e  g a s  i s  i n ­

c r e a s e  a  by t h e  a d d i t i o n  o f  t h e  c a l o r i f i c  v a l u e  o f  t h e  m i x t u r e .  

From 0 t o  L t h e  g a s  e x p a n d s  a d l a b a t l c a l l y  down t o  a t m o s p h e r e  

d o i n g  work a g a i n s t  t h e  h e a d .  The work done a g a i n s t  t h e  h e a d  

f r o m  E t o  E^ i s  c l e a r l y  P C(V£^ -  V g) s i n c e  a t m o s p h e r i c  c o n d i ­

t i o n s  e x i s t  i n  t h e  pump c y l i n d e r .  I t  t h e n  f o l l o w s  t h a t
Py(VEi -  Ve )

c u r v e  E E1 i s  a  s t r a i g h t  l i n e  o f  s l o p e  V V e ' ~  -  PCVC.

v c “
A t  1 a n d  t h e  co lum n  i s  a t  r e s t . Hence t h e  s t r a i g h t  l i n e  

i n d i c a t i n g  t h e  am ount  of  work aone  a g a i n s t  t h e  h e a d  must  p a s s  

t h r o u g h  1 a n d  E ^ . The s l o p e  o f  l i n e  1 E^ i s  c l e a r l y  th e

same a s  t h a t  o f  l i n e  CO, i . e .  W.H.Vc , s i n c e  t h e  h e a d  i s  a s ­

sumed c o n s t a n t .

The w a t e r  i n  t h e  pump c y l i n d e r  h a s  m e a n w h i le  r i s e n  

t o  C, a n a  t h e  a u g m e n te d  co lum n i s  a t  r e s t  a t  C. From C to 3 

t h e r e  i s  e x p u l s i o n  o f  e x h a u s t  p r o o u c t s  a t  a t m o s p h e r e .  Hence 

c u r v e  C 3 i s  a  s t r a i g h t  l i n e  of  s l o p e  equal t o  t h a t  of l i n e  

E E j , i . e .  P CVC. Fro i. 3 t o  k ,  we hav e  a d i a b a t i c  compression 

o f  c u s h i o n .  S i n c e  t h e  co lum n i s  a t  r e s t  a t  C and 4 ,  the 

s t r a i g h t  l i n e  i n d i c a t i n g  t h e  work aone by t h e  head must pass 

t h r o u g h  C a n d  4 a n d  h a v e  a  s l o p e  WHVC s i n c e  t h e  head i s  a s -

eumed c o n s t a n t .  From 4  t o  ? t o  C, t h e  gases r e t r a c e  t h e i r

p a t h  C t o  3 t o  4 .  Hence t h e  d i a g r a m s  f o r  these  two s t ro k es

c o i n c i d e .

Computet ion/.........
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COMPUTATION OF STATE POINT, 0 ,  AND 
RELATION BETWEEN HEAD 

AND, COMPRESSION RATI O ( r ) .

C o n s i d e r i n g  t h e  c o m p r e s s i o n  s t r o k e  CO, t h e  v a l u e s

o f  R? / 12.) foi* v a r i o u s  v a l u e s  of  r  /  ) a r e  o b t a i n e d  f rom

c h a r t  G , by c o n s i d e r i n g  a d i a b a t i c  c o m p r e s s i o n  o f  a  g a s  w i t h

an  i n i t i a l  c o m p r e s s i o n  t e m p e r a t u r e  (Tc ) o f  300°C ( a b e . ) .

Knowing t h e  v a r i o u s  v a l u e s  o f  r ( R v ~1 ) a n d  R^, R ^ ,? o  j i s  e a s i -
G — C

l y  d e d u c e d  f ro m  t h e  r e l a t i o n s h i p : Rp = f i i .  S in c e  Tc i s
P.y

300° C ( a b e . ) ,  T0 i s  e a s i l y  c a l c u l a t e d  a n a  E0 f o u n d  f ro m  c h a r t  

G-. Now, s i n c e  t h e  co lumn i s  i t  r e s t  a t  C a n a  0 ( F i g .  1 6 )  

t h e  work  done  by t h e  h e a a  p e r  l b .  o f  m i x t u r e , W'HtVc -  Vo) i s  

e q u a l  t o  t h e  a d i a b a t i c  work o f  c o m p r e s s i o n ,  Ec -  E0 .

L e t  u s  d e n o t e  t h e  s l o p e  o f  t h e  l i n e  CO by mr , r  

t a k i n g  t h e  v a l u e s  1, 2 , 3 ,  e t c .

H e n c e :

WH(VC -  Vo) = E0 -  Ec

-  mr(Yg )
Vc

-  mr ( 1 -  p ).

Knowing E0 -  Ec a n d  r ,  mr  may be e a s i l y  d e d u c e d  f o r

v a r i o u s  v a l u e s  o f  r .

From t h e  ab o v e  i t  i s  a l s o  c l e a r  t h a t  mr  = W.H.VC.

Hence f o r  any  f u e l  t h e  t o t a l  h e a d  pumped a g a i n s t  i s  

t h e  o n l y  f a c t o r  g o v e r n i n g  t h e  c o m p r e s s i o n  r a t i o  o f  any pump.

I n  t h i s  n o t a t i o n  i t  i s  c l e a r  t h a t  ( c o r r e s p o n d i n g  

t o  u n i t y  c o m p r e s s i o n  r a t i o ,  I . e .  no c o m p r e s s i o n )  t h e  s l o p e  o f

l i n e s  E E]_ an d  C 3

=  Pcv c = R T C 

= 96 x  300
,  2.88  x 10^  f t .  l b s . / l b .

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

may be  e x p r e s s e d  i n  a t m o s p h e r e  a s  f o l l o w s :

mr = •
m% ^ V c

H o n n e / _____



Hence W.H. = a t m o s p h e r e s  a n d  Wh, t h e  r a t e r  head 
ml

-  mj. -  1 a t m o s p h e r e s  

c ' -ice W.H. = Wh + p c .

D e s ig n  C i ia r t  1 ( D . C . ( l ) )  shows t h e  r e l a t i o n s h i p  b e ­

tw e e n  h e a d  01 w a t e r  i n  a t m o s p h e r e s  and  c o m p r e s s i o n  r a t i o .

An e x a m i n a t i o n  o f  t h i s  c h a r t  w i l l  show t h a t  t h e  

maximum w a t e r  h e a d  pumped a g a i n s t  w i t h  g a s  a s  a  f u e l  i e  l i m ­

i t e d  t o  a b o u t  2.5  a t m o s p h e r e s .  H i g h e r  h e a d s  are bound  t o  

l e a d  t o  t r o u b l e  a s  f a r  a s  p r e - l g n i t l o n  I s  c o n c e r n e d .

COMPUTED VALUES HOE POINT 0 .

r 1 2
"T— " -----

3 4 5 6

0̂

1 0 .5 0.333 0.25 0.2 0.167

To 1 1.315 1.526 1.710 1.854 1.982

To 300 395 458 513 558 595

EqXIO-^ 7 .05 9.35 11.00 12.35 13.52 14.50

?o
Pc 1 2.630 4.578 6.840 9.270 11.892

mr x ]0 - ^ 2 .8 8 4.60 5.93 7.07 8 .10 8.90

WH
Pc

1 1.60 2.06 2.45 2.81 3.09

Wh
Pc

0 0.60 1.06 1.45 1.81 2.09 
------------

Com putation/
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n e n c e  A *H• 3 Elt a t m o s p h e r e s  a n d  WL, t h e  w a t e r  h e a d  
ml

* my -  1 atmospheres
mi

s in c e  W.H. = Wh ♦ p c .

Design Chart 1 ( D . C . ( l ) )  shows t h e  r e l a t i o n s h i p  b e ­

tween head of w a te r  In atmospheres ana compression r a t i o .

Ari exam inat ion  of t h i s  c h a r t  w i l l  show t h a t  t h e  

maximum w ate r  head pumpea a g a in s t  with gas as a f u e l  i s  l im­

i t e d  to about  2 . 5  atmospheres .  Higher heads a r e  bouna to  

l e a d  to t r o u b le  as f a r  as p r e - l g n l t l o n  i s  concernea.

COMPUTED VALUES FOR POI NT 0 .

r

---- — -.  ̂-

1 2
! "
! 3 4

T— ■ --- 1
6

- - --I ■ !- ■_ ?

... k
1 0.5 0.333 0 .25 0.2 0.167

ol 0 
H 

|E- 1 1.315 1.526 1.710 1.854 1.982

To 300 395 458 513 558 595

E0xlO-^ 7.05 9.35 11.00 12.35 13.52 14.50

Po
Pc 1 2.630 4.578 6.840 9.270 11.892

mr xlO" 4 '2 .8 8 4.60 5-93 7-07 8 .10 8.90

•VH
Pc

1 1.60 2.06 2.45 2.81 3.09

Wh
p c

0
— . ---------

0.60 1.06 1.45 1.81 2.09

C om putation /.........
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COMPUTATION OF STA | [NT 3 

0 t j  1 r e p r e s e n t s  the a d d i t io n  of h ea t  to  the gas 

a t  c o n s ta n t  volume. s ince  th e re  i s  no e x te rn a l  work aone, 

th e  amount oi h e a t  added (which i s  equal to the c a l o r i f i c  

va lue  oi the m ix t u r e ) is  e n t i r e l y  used in  in c re a s in g  the

s t o r e  of i n t e r n a l  energy of the gas .

Hence i f  C.V. i s  the  c a l o r i f i c  value of the mixture 

i n  f t .  l b s . / l b . , t h e n :

C.V, — — £q .

£]_ i s  hence e a s i l y  deduced f o r  various va lues  of

C.V. and E0 . Knowing E]_, T% may be fouiio from c h a r t  G and

hence Z l .  Knowing T l  and Zl (= l £ ) ,  may be c a l c u l a t e d
Tc Vc ?c Pc

from the r e l a t i o n s h i p :

Tl

f t  - f

These q u a n t i t i e s  were deduced fo r  va lues  of r

ran g in g  from 2 to 6, and va lues  of C.V. ranging from 40x 104

f t .  l b s . / l b .  to 8 0 x 104 f t .  l b s . / l b .

Design Chart 2 (D.C. (2 ) )  was then drawn showing

th e  r e l a t i o n s h i p  between Tx , the  maximum explos ion  tempera-

t,ure ana the  w a te r  head In  atmospheres.

Design Chart 3 (D.C. (3 ) )  shows the r e l a t i o n s h i p

between p ! ,  the  maximum exp lo s io n  p re s su re  expressed  In a t -  
*c

m ospheres , and the  w ate r  heao.
I t  shou ld  be no ted  t h a t  owing to the  coo l ing  e f f e c t

of the  w ate r  In  the combustion chamber, the maximum tempera­

t u r e  w i l l  be co n s id e ra b ly  l e e s  In p r a c t i c e .

Computed/



COMPUTATION OF STATE PQXK1 l .

0 t.i 1 r ep re se n to  the a d d i t io n  of hea t  to  the gas

a t  c o n s ta n t  volume. s ince  the re  Is  no e x te rn a l  work aone,

the  amount ol h e a t  addea (which Is  equal uo the c a l o r i f i c

value oi the  m ix tu re )  Is e n t i r e l y  use a In in c re a s in g  the

s t o r e  of I n t e r n a l  energy of the gas .

Hence I f  C.V. I s  the  c a l o r i f i c  value of the mixture

In  f t .  l b s . / l b . , t h e n :

C.V. = -  Eq .

Is  hence e a s i l y  aeducea f o r  var ious  va lues  of

C.V. and E0 . Knowing Ej_, T% may be found from c h a r t  G and

hence 2 l .  Knowing "1 and Yi (= Xo), may be c a l c u l a t e d
Tc Tq Vq Vq P c

from the  r e l a t i o n s h i p :

Tl

These q u a n t i t i e s  were deducea f o r  values  of r  

rang ing  from 2 to 6, and va lues  of C.V. ranging from 4 0 x 104

f t .  l b s . / l b .  to 8 0 x 10^ I t .  l b s . / l b .

Design Chart  2 (D.C. (2 ))  was then drawn showing

the  r e l a t i o n s h i p  between T1? the  maximum exp los ion  tempera­

tu r e  ana the w a te r  head in  atmospheres.

Design Chart  3 (D.C. (3 ) )  shows the r e l a t i o n s h i p

between PA, the maximum exp los ion  p re s su re  expressed In a t -
r C

m ospheres , and the  water  heaa.
I t  shou ld  be n o ted  t h a t  owing to  the coo l ing  e f f e c t

of the  w ate r  In  the combustion chamber, the  maximum tempera­

t u r e  w i l l  be co n s id e ra b ly  l e s s  In p r a c t i c e .

Computed/. . .
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com puted v a lu es fq i

r! -=*_2 * E0 = 9 .35  x 10^- f t . l b s . / l b .

C.V.X 1 0 -4 {
--- - ----------
Ej. x 10-4 Tl %  1

40 49.35 1745 11.62

50 59.35 2030 13.53
60 69.35 2300 15.33
70 79.35 256O 17.07

80 89.35 2805 18.70

r  -  5 . Eg = 11.00 f t . / l b s . / l b .
r~ |

C.V.X 10-4 Ex x 10-4 Tl
R

40 51 1795 17.95

50 61 2075 20.75

60 71 2)40 23.40

70 81 2600 26.00

80 91 2845 28.45

r  a 4. Eg = 12.35 f t .  Ibo . / l b .

-  —  - 
C .V .x  10- 4 E^x 10-4 Tl £

liO 52.35 1835 24.50

50 62.35 2110 28.15

60 72.35 2)80 31.75

70 82.35 26)5 35-20

80 92.35 2880 38.40

r  -  5/ • • • • •
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• '?• &o = 1 ) .5 2 x 104 f t . l b s . / l b .

x  1 0 ~ 4 E i x 10-4 Tl

HI O
(u 

K

4 0 5 3 . 5 2 1865 31.1

5 0 6 3 . 5 2 2140 35.7

6 0 73.52 2410 40.2

? 0 8 3 . 5 2 2660 44.3

9 3 . 5 2 2905 48.4

= 6 . E 0  »  1 4 . 5 0 x 104 f t . l b s . / l b .

r Pi
x  1 0 - 4 E i  x 1 0 - 4 Tl

4 0 5 4 . 5 0 1895 37.9

5 0 6 4 . 5 0 2170 43.4

6 0 7 4 . 5 0 2435 48.7

70 8 4 . 5 0 2685 53.7

6 0 94.50 2930 56.6

Computation/



-  35 -

COMPU TA TIO N OF S T i = - N; .

From 1 t o  E, t h e  g a s e s  expmic, down to  a t m o s p h e r e .

Hence f o r  t h e  e x p e n s  I o n  1 to  E, Rp- ^ a w h ich  we hav e
?E F c

a l r e e c y  d e d u c e s .  The i n i t i a l  t e m p e r a t u r e s .  , h a v e  a l s o

b e e n  r e d u c e d .  From t h e  c h a r t  0 ,  t h e  c o r r e s p o n d i n g  v a l u e s  o f
TvR-p = a r e  f o u n d .  Knowing Rt , Tg a n a  Eg a r e  e a s i l y  f o u n d .

Rv = Vz i s  f o u n d  f rom  t h e  r e l a t i o n s h i p ; Rp =
7% Rv

Vg may be  e x p r e s s e d  i n  t e r m s  o f  Vc i -
VE

ve = ve . Vi  = v r  . 
v i  v ;  - -T -

A l l  t l ie  a b o v e - m e n t i o n e d  q u a n t i t i e s  were com puted  

f o r  t h e  v a l u e s  o f  r  a n d  C.V. c o n s i d e r e d .

COMPUTED 7. , UES FOR POINT E .

r  = 2.
-------------------- — v"e------

C .V . X 1 0 - 4 te Eg x  10-4

4 0 9 8 1 2 5 . 1 3 . 2 7

5° 1 1 2 5 2 9 . 3 3 . 7 5

6 0 1 2 4 9 3 3 . 1 4 . 1 6

7 0 1 ) 9 5 3 7 . 9 4 . 6 5

8 0 151c 4 1 . 4 5 . 0 3

.............

r _ = ] . — v r ----—
ve

C.V.X 1 0 - 4 te
E g x 1 0 - 4

Vc_

4 0  9 0 3 22.9 3 .0 1

50 1032 2 6 . 5 3 . 4 4

6 0 1161 30.lt 3.87

7 0 1 2 6 4 34.2 4.28

8 0 1410 3 8 . 3 4.70

. -- -----------
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r  = 4.

C .v .X  10-4 TE
T---

EEX IQ -k vE

40 852
- ------------------

21.5 2.84
50 961 25.1 3.27
60 1098 28.5 3.66
70 1224 32.4 4.08
80 1335 35.8 4.115

r  z_5.
r — • —-i------— ■ , *• — ' "' ■ ■

40 828 20.8 2.76
50 942 24 3-14

60 1056 27.2 3.52

70 1164 3 0 .V 3.88

80 1275 34.0 4.25

r  = 6 .

40
T

810 20.3 2.70

50 930 23.5 3.10

60 1025 26.3 3.41

70 1128 29.4 3-76

80 1236 32.5
_ 1  .

4.12

Computation/,
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COMPUTATION OF STATE P O I N T  ^

In  w.:&i iOliowE, we s h a l l  denote the I n t e r c e p t  be­

tween the  curve shewing the change of I n t e r n a l  energy of the 

gas (E ) ana the s t r a i g h t  l i n e  r e p r e s e n t in g  the work done by 

o r  on the  t o t a l  head,  by c> (Fig .  16). I t  was shown p r e v i ­

ous ly  t h a t  E1 is  a measure of the K.E. of the water  column 

p e r  l b .  of m i x t u r e .

At E, a tm ospher ic  condi t ions  e x i s t  In the  pump 

c y l i n a e r .  Hence s lope  of l i n e  ££]_, as mentioned p rev io u s ly ,

I s  equa l  to  , and s lope of l in e  1E^ = a r .

From F ig .  16 i t  I s  c l e a r  t h a t :

E1E = VEi_ -  Vg (mr  -  mx)
_ _  —

and = (Ex -  Eg) -  v2 ** V1 mr
VC

ax.'.d s in c e  V% = 1
Vc r

Vf, = VE + (Ex -  E£ ) - [V~q V  mr  .
i f  T c   f i r " - T 7
Since we have a e c e r t a l n e a  a l l  the q u a n t i t i e s  on the

r i g h t - h a n d  s id e  of the above equa t ion  i t  i s  a simple m a t te r

to  c a l c u l a t e  the co r respond ing  values  c:
Vc

Design Chart  4 (D.C. (%)) shows the r e l a t i o n s h i p  

between VEl and head f o r  va r ious  values of C.V.

I f  L ,  i s  the  l e n g t h  of the charg ing  s t ro k e  c o r r e s -

poncing to  volume Vc , then LEl> the maximum a le t a n c e  t r a v e l l e d

by u .e  w a te r  column l e  g iven  by n0 •

Hence D.C. (b)  y i e l d s  va lues  of ^  1" “ rms of Le . 

Which se rve  as In d ica t io n s  of where to  p lace  the  water  v a lv e s .

I t  shou ld  be no ted  t h a t  the  l e n g th  of the va r ious  

s t r o k e s  e x p re s s e d  In  terms of Lc depend only on the  head and 

the m ix ture  s t r e n g t h  used.
Computed/. . .
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COMPUTED values for point El -
Values of 1S1^ x 10-4 •

C .V .x  10-4  
r

40

—  ------------

50 60 70 03 O

2 11.50 15.1 19 .4 22.4 27.1

3 12 .4 16.0 19.6 23.4 26.2

k 12 .6 15.9 19.8 22.9 26.9

5 12.0 15.7 19 .4 23.1 26.7

6 11.7 14.9 19.4 23.2 26.8

Values of
VEi
■?£ '

C.V.x  10-4 
r

40 50 60 70 80

2 9.91 12.56 15.02 17.75 20.43

I 3 7 .00 6.59 10.25 11.98 13.43

4 5.96 7 .20 8.46 9.80 10.97

1 5 5 .10 6.16 7.19 8.26 9.32

6 4.64 5.63 6.59 7.54 8 . 5O

Computation/



COMPUTATION OF STATE POINT 3 .

From C to 3 we have expu ls ion  of exhaust products  

a tm ospher ic  p r e s s u r e .  We have assume a Xi = 0,14 .

From F ig .  16, i t  i s  c l e a r  t h a t

Vc  V3 
= ( v ;  ” v^ )^mr  “ ml )

-  0 .6  ( -  ni-j_).

2

3

4

5

6

E1-;)x lO"^

1.032

1.830

2.514

3.132

3 .0 1 2

Computation/
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,*71.; .  :y oTxTt p o ix i  3 .

From C to  3 we have expu ls ion  of exhaust products
Vi 
r0

From F ig .  16, i t  i s  c l e a r  t h a t

a t  a tm o sp h e r ic  p r e s s u r e .  We have assumed Y3 = q .U

Vc V3
* ( v  "" v ) (mr  -  ml )  vc c

-  0 . 6  (mr -  m1 ).

COMPUTED VALUr,3 OF E1-̂ .

r E ^ x  lO-4

2 1.032

3 1 .8 3 0

4 2 .514

5 3 .1 3 2

6 3.612

Computation/ •
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COMPUTATION OF STaT£ POINT 4.

From 3 to  4 we have a d i a b a t i c  compression of 0 .4  

Lbs. of gas  s i n c e  0 .6  l b s .  have been e x p e l le d  to  exhaust  fo r  

every l b .  of g as  ad m it ted .  As s t a t e a  p rev io u s ly ,  we s h a l l  

assume T-x , the  i n i t i a l  cush ion  compression tem pera tu re , as 

300°C (a b s .  ), s in c e  the exhaus t  gases  have been well  scav-

sngea
Vh f o r  v a r io u s  va lues  of r  cannot be ob ta ined  ana-
V?

v t l c a l l y  ang. hence r eco u rse  w i l l  be hau to  g rap h ica l  methods.

R e fe r r in g  to Chart© curve E was drawn to a base 

i f  ^4 . This curve corresponds  to curve 3^ tn r i g .  16, ana 

?hows th e  v a r i a t i o n  in  i n t e r n a l  energy of 6.4 lb s .  ol gas witn

change of r e l a t i v e  volume.
Owing to  the sm all  range in  the value of the i n t e r -

aa l  enersy, the  accuracy  a f f a r c e c  by Chart 0 . a s  not s u f f i ­

c i e n t  and the  v a r io u s  p o in t s  on t h i s  curve were c a l c u l a t e d

from f i r s t  p r i n c i p l e s .
Various tem pera tu res  were cons idered  and the c o r r e s ­

p o n d ^  v a lu e s  of E (p e r  l b . )  and ^  c a l c u l a t e d .  The values

of V c o r r e s p o n d in g  to  R ^ )  are  deduced from the r e l a t i o n -  
V r*

hip Y>c-
Hence V .  0 >  .

The va lues  of E (per  l b . )  were m u l t ip l i e d  by 0 .4  to

i v e l  . t e r n a l  e n e r g i e s  o f  0 .4  l b s .  o f  gas .  and reuuced to  a

. Vx , P a t  300°C. ( a b s . )  
a turn of the  energy a t

5 4 :
the  c o r r e s p o n d i n g  v a lues  o f  ^  and f r o m  C a r t  0,

♦ K

re s s

uce
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COMPUTATION OF STATE POINT 4.w -  ■■ m mm m m ™ ■■ • •  ■ ■■ - —

From 3 to  4 we have a d i a b a t i c  compression of 0 .4  

l b s .  of gr.s s i n c e  0 .6  I d s .  have been ex p e l le d  to  exhaust  for  

e t e r y  l b .  of gas  admitted.. As s t a t e c  p re v io u s ly ,  we s h a l l  

assume Tx , the  I n i t i a l  cush ion  compression tem perature ,  as 

300°C ( a b s . ), s i n c e  the ex h au s t  gases have been well scav­

enged.
Vjj, f o r  v a r io u s  va lues  of r  cannot be ob ta ined  ana­

l y t i c a l  1 an e r e c o u r s e  w i l l  be ha a to  g rap h ica l  methods.

R e f e r r i n g  to Chart© 3^, curve E was arawn to a base 

0r V. # This curve corresponds  to curve 34 In "lg« I t ,  ana 

ab.ow8 the  v a r i a t i o n  In i n t e r n a l  energy of 0 .4  lb s .  of gas wltn

change of r e l a t i v e  volume.
Owing to  the sm all  range in  the value of the i n t e r -

nal  ene rgy ,  the  accuracy  a f f o rd e c  by Chart 0 was not s u f f i ­

c i e n t  and the  v a r io u s  p o i n t s  on t n l s  curve . e r e  c a lc u l a t e d

from f i r s t  p r i n c i p l e s .
V ar ious  tem p era tu res  were cons idered  and the c o r r e s ­

ponding v a lu e s  of E (p e r  l b . )  and ^  c a l c u l a t e d .  The values 

o f  V c o r re sp o n d in g  to  R ^ )  are deduced from the r e l a t i o n -
*c 

s h i p : Y>c - > - 4 ) -

Hence V_ .  .

The values or E (p e r  l b . ) were m u l t ip l i e d  by 0.4  to

g iv e  i n t e r n a l  e n e r s l e s  of 0 .4  l b s .  of g a s  anc reduced to  a

datum of the  energy  a t  y i ,  °

then c l e a r  t h a t  the VA f o r  the v a r io u s  com-

. . .  • '  “ d z,

were

iy
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tno v a lu  3 ol Rp (^4) are  e a s i l y  found. ( p i  a ^ 4 ) i s

then  deduced from the r e l a t i o n s h i p  R _ .
^ “ Hy

Design Chart 5 ( L• C. (5 )) snows the v a r i a t i o n  In
p . •

value  01 p~-, the maximum cushion p re s su re  in  a tmospheres , 

w i th  head.  An examination of D.C. (S) w i l l  show t h a t  f o r  

s t r o n g  m ix ture  s t r e n g th s  ana heads up to about 1.5  atmos­

p h e r e s ,  the e x p lo s io n  p re ssu re  i s  g r e a t e r  than the maximum 

cu sh io n  p r e s s u r e , while fo r  heads g r e a t e r  than 1 .5  a tmospheres , 

the  maximum cushion  p re s su re  i s  in  excess of the exp los ion  

p r e s s u r e . For weak mixture s t r e n g t h s , the  cushion maximum 

i s  u s u a l l y  i n  excess  of the explosion  maximum.

e3 =
7 .O5C f t . l b s . / l b .

T°C ( a b s . ) E x 10-4 0 .4(E-E<)x  10-4

■ 1 ■■ ■ 1 ■ — - —
00r<"\ 7 .050 0

315 7.391 0.147

330 7.759 0.294

345 8.128 0.442

360 8 . 5OO 0.591

375 8 .874 0.740

390 9.248 0.890

405 9.624 1.040

420 10.002 1.191

435 10.382 1.343

450 10.762 1.495

465 11.143 1 . 6 4 8

480 1 1 . 5 2 8 1 . 8 0 2

495 11.914 1 . 9 5 6

510 1 2 . 2 9 8
2 . 1 1 0

525 1 2 . 6 8 8 2 . 2 7 6

540 13.077 2.421

1.000

1 .1 3 2

1 .2 7 5

1 .4 2 8

1 .593

1 .7 7 0

1.960

2 .1 6 0

2 .3 3 8

2.606

2.850

3.110

3 .3 8 0

3 .6 7 0

3 .9 8 0

4 .3 0

4 . 6 4

V

0 . 4 0 0

0.354

0 . 3 1 4

0 .2 8 1

O.252

0 . 2 2 7

0.205

0 . 1 8 6

0 .1 7 2

0 .1 5 3

0 . 1 4 1

0 . 1 2 9

0 . 1 1 9

0 . 1 0 9

0.101

0 . 0 9 3

0 . 0 8 6

00 lit/ • j  • • • • •
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( aba ) E x 10-4 0 / ! (E  1(T :

! 
y

I 
>

:.u
555 3 ,5  : 5 .00 0.080

■ .85 2 .734 5-36 0.075

■ 4 . 25: 2.891 5.76 0.070

4.650 3.051 6.17 O.C65

15.05 5.211 6.63 0.060

15.45 > 3.371 7.06 0.057

645 r . 0 4 3.525 7.54 0.053

6 # 3-691 8.00 0.050

3.78 6.41 0.475

17.69 4.26 10.00 0.040

19 .48 4.98 13.33 0.030

2.79 6.30 20.00 0.020

25.20 7.26 26.67 0.015

29 .80 9.10 40 0.01

v4 F4r
X " X

— • 11 —"

0.084 7.76

3 0.045 20.26

4 0.029 36.80

0.020 60.40

16 81.50

T h e r m a l / -
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IMgMAL EFFICIENnv of THE CYCLE. 

amount oi hea t  supp l ied  p e r  lb .  of gas per  

c jcxe  1 v l e a r l y  equal to C.V. The h ea t  expe l led  during 

ex h a u s t  o ccu rs  a t  cons tan t  p ressure  from E to C ( F l g . 1 5 ) 

and i s  c l e a r l y  equal to  ( Tg -  l c ) the l o s s  i n  t o t a l  energy 

from E to  C.

Hence the work, done per  l b .  of gas p e r  cyc le  = 

C.V. -  v • £ -  1q ) and tlie thermal e f f i c i e n c y  of the cy c le ,

= £ i.v.». 1 jjL JL .jn )
C.V.

Since Tg and Tc f o r  the var ious  values of r  and 

C.V. are  known, the corresponding values of I E and I c wuy 

be deduced from Chart Gr and c a lc u la te d .

Design Chart 6 (D.C. (6))  shows the r e l a t i o n s h i p  

between and head f o r  _the various va lues  of C.V. cons id ­

e r e d .  I t  i s  seen t h a t  i s  only a f f e c t e d  to a very small 

degree by the mixture s t r e n g t h ,  while the main l a c t o r ,  as 

one would e x p e c t ,  le  the  head. These f ig u re s  are h ig h e r  

than  f o r  en g in es  employing the sane f u e l  and compression

, b u t working on the Otto Cycle.

COMPUTED VALUES OF '7 4  (£)

-----------*~...............——

x i c r ^
r

40
-

50 60 70 80

2 3 8 -5 3 9 .4 46.6 41. 4 2 .5

3 4 5 . 7 4 6 .8 4 7 .1 4 7 .4 4 7 .6

4 p 0 . 8 5 0 .8 5 1 .2 5 1 . 4 5 1 .5

5 53
5 3 .6 ( ,4 .2 5 4 .5 5 4 .5

6 . 5 4 .5 5 4 .6
_1—

56. I 5 6 .6 5d .b

P e r i o d i c / .........
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PgRIOpig RATE OF ACTION OF PWJ>.

Ab m entioned p re v io u s ly ,  the In te r c e p ts  E1 (F ig .16) 

betweer. the  cu rves  of W.D. by or or. the gas , and W.D. by or 

a g a in s t  th e  h ea d , g ive  a measure of the K.E. of the column 

p e r  l b .  of m ix tu re .

In o r d e r  to  s im p lify  the a n a ly s is  In  the case where 

the c r o s s - s e c t i o n a l  a re a  of the p ip ing  I s  not co n s ta n t  from 

p o in t  to  p o i n t , we s h a l l  reauce the column to one having the 

same K.E. as th e  o r ig in a l  column a t  any I n s ta n t ,  bu t w ith  

u n i f o r m  c r o s s - s e c t i o n  throughout equal to th a t  of th e  pump 

b a r r e l .

I f  A I s  the c ro s s - s e c t io n a l  a rea  of pump b a r r e l  

and "a* the  c r o s s - s e c t io n  a t  any s e c t io n  of elementary le n g th  

dx, and i f  "v" i s  the v e lo c i ty  of flow of the water In  the 

b a r r e l  a t  any I n s t a n t ,  then the K.E. of the element ol the

column o f  l e n g th  dx:

d(K .S ) '  (Eng ineers ' u n i t s ) .

I f  th e  t o t a l  len g th  of p ip in g  i s  L?, then t o t a l  K.E,

of column ,
.2 . 2  L' T

K
w a2 xi, r £x

• E. = 2g *

the  I n t e g r a t i o n  being c a r r ie d  out from to  x ■ 1,T.

The above ex p ress io n  may be w ri t te n :

Hi1 ( dx
a

The express ion  -i

\ A f 1 a )

red . We s h a l l  caix 

s r t l a  length  of the  column.

T hus: -  K .E . / ..........
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P E R I O D IC  r a t e  OF  A C TIO N  OF PUMP.

Ar m entioned p re v io u s ly ,  the In te rc e p ts  £•*■ (F ig .16) 

between th e  cu rves  of W.D. by or on the gas , and W.D. by or 

a g a in s t  th e  h ea d , g iv e  a measure of the K.E. of the column 

per l b .  o f m ix tu re .

I n  o r d e r  to  s im p lify  the a n a ly s is  in  the case where 

the c r o s s - s e c t i o n a l  a r e a  of the  p ip ing  i s  not co n s tan t from 

p o in t  to p o i n t ,  we s h a l l  reuuce the column to one having the 

game K.E. as  th e  o r i g i n a l  column a t  any I n s ta n t ,  but w ith  

uniform  c r o s s - s e c t i o n  tn roughout equal to th a t  of the  pump 

b a r r e l .

I f  A i s  the c r o s s - s e c t io n a l  a rea  of pump b a r r e l  

and "a* th e  c r o s s - s e c t i o n  a t  any s e c t io n  of elementary le n g th  

dx, and i f  "v" i s  the  v e lo c i ty  of flow of the water in  the 

b a r r e l  a t  any i n s t a n t ,  then the K.E. ol the element of the 

column o f  l e n g th  d x :

d(K .E) = p )  (Engineers ' u n i t e ) .

I f  th e  t o t a l  le n g th  of p ip in g  le  L j ,  then t o t a l  K.E:.

of column .
W v !  r1 t e

K.E. = " "26 *

t h e  i n t e g r a t i o n  b e i n g  c a r r i e d  o u t  f rom  x = o t o  x .  LT .

The above e x p re s s io n  may be w r i t te n
f  bm

W A v£ A f M
26* [ J0 8 .

The e x p re s s io n  ^

"  f T
A

"o

i n e r t i a  length  of th e  column.

T h u s :-  K .E ./ . .*
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-  WAL^v^
20

F u r th e r

K«£» = gl x (number of I t s .  of m ixture In
c y l in d e r )

= El

( where- Lc ie  the lengtxi of the combustion chamber c o r r e s ­

ponding to  p o in t  c ) .

Hence

W A LE v2
 % -----

E1 A L,

Also

_ dx _ Lc d(v- )
a t

ana Vc Is more co n v en ien tly  expressed  a s : -

Hence from above:

26 Pc L,
v = ,

Lc
d t

d t  = ĵ W L,£ Lc mi

20 P,

i  d ( J : )

Hence T, the  p e r io d ic  r a te  of a c t io n  of the pump

T =
W Le Lc mi

26 P,
- x

° <v j )

where the I n te g r a t i o n  Is performed over a complete c y c le .  

The ex p re s s io n  d(vc )

T i “

w i l l  be denoted by© , the p e r io d  c o e f f i c i e n t  of the  pump

"  “ 1L “ C -JL 2
T = 26 P(

9

A ls o :
/
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c

In the  M(3” n o ta t io n

9  " 9  CO ♦ 6  IE ♦ B  EEi + 2 9 C3 * 2 0 ) 4 '

These in t e g r a l s  were computea f o r  the va lues  of

r  ana C.V. co n s id e red . In Design Chart 7 (D.C. (7 ) )  these  

v a lu e s  are  p l o t t e a  to a base of water head in  atm ospheres.

I t  sh o a la  be no tea  th a t  the ex p ress io n  f o r  the 

c y c l i c  p e r io d  T, c o n s is t s  of 2 f a c t o r s . The f i r s t ,

depends only on the dimensions ol the pump and the h e ig h t

the  head in  atmospheres and the 1uei m ixture s t r e n g th  usea . 

I t  sh o u la  a l s o  be noted tha t the  p e r io d  i s  indepenaent of 

the  c r o s s - s e c t io n a l  a rea  of the combustion chamber.

An exam ination of D.C. (7) w i l l  show t n a t  the  fu e l  

m ix ture  s t r e n g th  has only a sm all e f f e c t  on the p e r io a .

This might be expoctea  from the  f a c t  t h a t  the o s c i l l a t i o n s  

of th e  w ate r  column may be l ik e n e d  to t h a t  of a pendulum, 

th e  p e r io d  of which, f o r  sm all o s c i l l a t i o n s ,  i s  p r a c t i c a l l y

of the  barom ete r . The second f a c to r ,  t? > depends only on

The r i c h e r  fu e l  m ixture

of C.V.) b u t have only a 

c y c le .  The curves are

t h a t  f o r  u n i ty  compress! 

f i n i t e ,  an in d ic a t io n  wh

C.V.) b u t  have only a sm all e f f e c t  on the p e r io d  of the

s a re  h y p erb o lic  in  shape , I n a le a t in g

I t y  c o m p r e s s io n  r a t i o ,  the p e r io d  would be i n ­

in d ic a t io n  which i s  obvious, s ince  under these
c o n d i t io n s /
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c o n d i t i o n s ,  t h e  h e a d  o f  w a t e r  I s  z e r o  an d  t h e  pvttp does  n o t

f u n c t i o n .  F o r  I n f i n i t e  c o m p r e s s i o n ,  t h e  p e r i o d  would o b -  
v lo u s ly  be ze ro .

g ives  the f r a c t io n  of the p e r io d  de- 

v o ^ ' Q ' tKimlSoion of m ix tu re . This q u a n t i ty  i s  of use in  

i .a lcu lf  oJn,- the gas v e lo c i t i e s  during adm ission in  o rd e r  to  

c a l c u l a t e  s u i t a b l e  s iz e s  of admission p o r t s .

in  Design Chart 8 ( D.C. (8 ) )  t h i s  r a t i o  i s  p lo t t e d  

t j  a base ol w ater  head in  atmospheres. An exam ination of 

t h i s  c h a r t  shows th a t  v a r ie s  only through a s n a i l  range 

o f  v a l u e s . ®

COMPUTATION OF© c o ­

in  o ra e r  to compute th i s  q u a n t i ty ,  Chart 0 CO was 

arawn. Curve E i s  a curve of in te r n a l  energy (E ) p e r  l b .

c f  m ix tu re  drawn to  a base of r e l a t i v e  volumes The
c

i n t e r n a l  energy a t  C, Ec , was chosen as datum. The var io u s

p o i n t s  on t h i s  curve were ob ta ined  from the d a ta  shee t f o r

C h a r t  9 ^ .  (T^ -  T0 -  300°C (abe. ). Values of ^ L ( i )  f o r

the  v a lu es  of r  cons idered  were chosen and the corresponding 

p o i n t s  on curve E Joined by s t r a i g h t  l i n e s  Hg, e t c .  to the

p o i n t  (1, 0 ) .  These l i n e s  correspond to the l i n e  CO in  F ig .

16, and a re  c l e a r ly  of s lope m2, m3 , e t c .

The in t e r c e p t s  E1 between these  l in e s  were measured

f o r  v a r io u s  v a lu es  of j L  The vorreepondlne values  of 

were then  c a l c u l a t e d  and p lo t t e d  to  the  same base as the  I L*

E cu rv e .  The curves a re  c l e a r ly  asym pto tic  a t  ^  -  1 and 

V = 1 hence I t  I s  not p o s s ib le  to p lo t  p o in ts  In  the

Immediate neighbourhoods of these p o in t s .  In  o rd e r  to  over­

come t h i s  d i f f i c u l t y  the curve E was approximated to  a 

s t r a i g h t  l i n e  I n  the v i c i n i t y  of these  p o in ts .  The s lopes  

of th e se  l i n e s  were taken  as the slope of the curve E a t  the

p o i n t s  f -  = 1 , a n d  * r  '

Now/..........
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Nov,, s i n c e  E = ( P d V ,  t h e  s lo p e  of c u r v e  E a t
a n y  p o i n t  -

= P v c 

P vc
P c v c  * P<?Vc

p
p -  • m i  =  m ( s a y ) .  
r c

C o n s i d e r  f i r s t  t h e  n e i g h b o u r h o o d   ̂ *  1 .  H e r e
v c

P =  P c  a n d  m = m i ,  t h e  e l o p e  o f  t h e  a t m o s p h e r i c  l i n e .

H e n c e  we c a n  e x p r e s s

E1 = (mr  -  0 1 ) [ ^ v ^ - ]

I n  t h e  n e i g h b o u r h o o d  o f  rA- = 1 .
vc

I n  t h e  v i c i n i t y  o f  X. = i ,  m = P_o . m
Vc r Pc 1

ana E1 = (E° . -  mr ) ( - - ^ - V2 ) .
* c c

T h e  a r e a e  u n d e r  t h e  c u r v e s  — I—  v. X  w e r e  t h e n

a c c u r a t e l y  m e a s u r e d  b y  a  p l a n I m e t e r  a n a  y ie la e a  va lues  of 

0 c o  ( 6 c o l  e x c e p t  f o r  t h e  i n t e g r a l s  i n  t h e  v i c i n i t y  of ^  = 1

and v ■ -  .
Tc r

T h e s e  i n t e g r a l s  w e r e  o b t a i n e d  as fo l lo w s :

I f  th e  small range of cons idered , be denoted by

V- I n  th e  neighbourhood o f  ^  .  1 ana by A  0 l a  toe

nelghbourhooc o f  f  -  1  , t o e n A ,  Bco toe  value of the t o t e -
0 y ^

g r a l  i n  t h e  n e i g h b o u r h o o d  o f  y -  =  1



0 6 c o .  the  value of th e  I n te g r a l  In  the  neighbourhood

o (^ )

-a  o e CO - d ( ^ )

0

. 2[A 0 

1 Pc ml  ” mr j

'

(E -  Ec )x  10~4 _y. (E -  Ec ) x 10“^ JL
Vc *c

0 1.000 4.391 0.273

0.367 0.384 5.275 O.251

0.735 0 .734 5.665 0.233

1 .105 0 .700 6.054 0.216

1 .477 0.626 6.444 0.200

1.351 O.565 6.835 0.187

2.225 0.510 7.228 0.174

2.601 0.465 7.628 0.162

2.979 0.428 8.028 0.151

5 .359 0 .384 8.427 0.142

3.739 0.351 8.812 0.133

4.120 0.322 9.227 0.125

4.505 0.296

Curves/



- 50

Curvee IE. V.

_v_

0 . 9 9

0 . 9 8

0 . 9 6

0 . 9 4

0 . 9 2

0 . 9 0

0.85

0 . 3

0 . 7

0 .6

0 . 5 5

0 . 5 3

0 .52

0.51

0 .5

0.45

0 . 4

O.38

O.36

0 . 3 5

0 .3 4

0 .3

0 . 2 8

0 . 2 6

0.25

0 . 2 4

0 . 2 3

0.21

0 . 2 0

0 . 1 9

102

r z 2 3 4 5 6

5 .7 6 5 4.26

—

4.08 3.78

5 4.08 3.33 3.015 2.885

3 .65 2.885 2.425 2.18 2.04

3 .1 6 2.355 2 1.767 1.665

2.775 2.06 1.74 1.562 1.443

2 -5 1.375 I .58 1.40 1.308

2.135 1.561 1.29 1.156 1.066

1.925 1.386 1.14 1.04 0 .94

1.857 1.222 0.93 0.87 0.795

2.135 1.17 0.913 0.79 0.718

2.775 - - - -

3.535 - - - —

3 .92 - - - —

5 - - - —

- 1.26 0.705 0.767 0.683

— 1-373 - - -

— 1.666 0.966 0.773 0.676

— 1.89 - - —

- 2.39 - — —

mm 2.385 1.065 - —

4.47 - - —

— 1.375 0.905 0.738

- 1.74 - -

2.885
1 .16 2

1.27

1.415

2.293

0.847

1.207 

1.413 

1.825 
1.53
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c o m p u t e d  v a l u e s  o f  A  .

^  c W c '' "  O.Ol  In  each c a s e .

A  v
o v o = 0*01 In  each case .

r  2 3 4- 5 6

@^0 x 1C2 1 . 2 3 2 8 1 .0 8 4 5 0 .9 6 0 1  0 . 8 3 0 0 0 .8 0 9 2

A c B c o * ^  0.1525 0.114-1 0 . 0 9 8 0  0 .0 8 7 6 0 .0 8 1 6

A o O c o X  1 0 "  0 . 1 1 6 3 O.O858 0.0035 0 . 0 5 1 8 c.044-2

1 . 50IC 1 .2 8 4 4 1 . 1 2 1 6  0 .9 6 9 4 0.9350
—  — ,— .— —

COMPUTATION O F 0 1E 

0  was a] so  d e d u c e d  g r a p h i c a l l y .  F o r t h i s  p u r -

r  .  3 , e t c .  w ere  d raw n .  The c u r v e s  E # ,  E^q,  e t c .  c o r -

r e e p o n d  t o  t h e  c u r v e  IE  I n  F i g .  16 f o r  C.V. c o r r e s p o n d i n g  

t o  4 0  x 1 0 \  50  x  1 0 5 ,  e t c .  f t .  I h e . / l t *  The p o i n t s  o n ^

t h e e e  c u r v e s  w ere  o b t a i n e d  f ro m  C h a r t  0 .  The r a n g e  o f  j L

f r o n  \to Z s  . t o e  o r d i n a t e s  a r e  i n t e r n a l  e n e r g y  (E)  

p e r  l b .  I f  m i x t u r e  t h e  da tum  b e i n g  c h o s e n  a t  t ° C  ( a b s . ) .  

L i n e s  H8 . H j ,  e t c .  o r  s l o p e  ma, m? . e t c .  were t h e n  drawn

t h r o u g h  t h e  p o i n t s  ( % ,  E , ) .  These  l i n e s  c l e a r l y  c o r r e s -
r c e p t s  b e t w e e n  "H"

l i n e s  and the corresponding E c u r v e s  w ere  m e a s u re d  f o r  ^

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

1 1 _ _  e t c .  a re  then drawn to  a
deduced. Curves - T ^

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

o f ©  „ required. S i n c e  e {  = t l le  curvec' eLU ^  ‘“ W  
V .  Vi M aking t h e  same assum ptions as in  t h e  

t o t i c  a t  v ‘ -
.. 9  " t h e  v a l u e  o f  t h e  I n t e g r a l  o v e r  a r a n g e  o

case oi v  c0 ,
V A ,  V l n . t h i s  neighbourhood

A ‘ 6  ' a i t " a - ’1
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COiViPUTE D VALUES OF (9

^  c ) “  C .O i  I n  e a c h  c a a e .

A 0 V
VC = 0.01  I n  e a c h c a s e .

r
I

2 3 4 5 6

0To x l C : 1.2328 1 .0 8 4 5 0 .9 6 0 1 0.8300 0.8092

A c0co x lo: O . I 525 0 . 1 1 4 1 0.0980 0.0876 0 .0 6 1 6

61o9 c o x : l o 2 0.1163 O.O858 O.OO35 0.0518 0 .0 4 4 2

• 1.5016 1 .2 8 4 4 1 .1 2 1 6 0 .9 6 9 4 0 .9 3 5 0

COMPUTATION O F ^ i s

0  was a J p o  d e d u c e d  g r a p h i c a l l y .  F o r  t h i s  p u r ­

p o s e ,  t h e  C h a r t s 9 2 _ 1E , 0 3 _ i e »  e t c .  c o r r e s p o n d i n g  t o  

r  -  2 ,  3 ,  e t c .  were  d raw n .  The c u r v e s  E ^ ,  E^q,  e t c .  c o r ­

r e s p o n d  t o  t h e  c u r v e  IE  I n  F i g .  16 f o r  C.V. c o r r e s p o n d i n g  

t o  4 0  x 1 C \  50  x 1 0 5 ,  e t c .  f t .  l b s . / l b .  The p o i n t s  on ^

t h e s e  c u r v e b w e re  o b t a i n e d  f rom  C h a r t  0 .  The r a n g e  o f  ^

I -  f r o n  V1 t o  L  . The o r d i n a t e s  a r e  I n t e r n a l  e n e r g y  (E)  

p e r  l b .  I f  m i x t u r e  t h e  da tum  b e i n g  c h o s e n  a t  0°C ( a b s . ).  

L i n e s  Hg, H3 , e t c .  o f  e l o p e  mg, m j ,  e t c .  were  t h e n  drawn 

t h r o u g h  t h e  p o i n t s  1 % ,  E , ) .  These  l i n e s  c l e a r l y  o o r r e s -  

po n c  t o  l i n e  lE j .  I n  F i g .  1 6 .  The I n t e r c e p t s  b e t w e e n  *H« 

l l n e s  a n d  t h e  o o r r e s p o n o l n g  E c u r v e s  were  m e a s u re d  f o r  ^

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

' 1 -J-- __ e t c .  a r e  t h e n  drawn t o  a
d e d u c e d .  C u r v e s  > T ^ T

b a s e  o f  f  • The a r e a s  " h u e ^ t h e s e  c u r v e s  y l e l o  t h e  v a l u e s

o f 0 , . .  r e q u i r e d .  S i n c e  = 6 ,  t h e  c u r v e s  w i l l  be asymp-  

t o t l l '  a t  f  -  M a U h g  t h e  same a s s u m p t i o n s  a s  I n  t h e

c a s e  o f C  t h e  v a l u e  o f  t h e  l . t t e g r a l  o v e r  a  r a n g e  o f  

X  A n  v l n  t h i s  n e i g h b o u r h o o d

^  2 (4 i

^  1 ^ 1E ( m i - ^  -  mr ^



The a r e a s  u n a e r  t h e s e  c u r v e s  e x c e p t  i n  t h e  n e i g h ­

b o u r h o o d  o i yL- w e r e  c a r e f u l l y  m ea su red  by p l a n l m e t e r  and 

y i e l d e d  I n t e g r a l s u  t'̂ le t o t a l  I n t e g r a l  I s  e q u a l  t o

0 1 S

9 ; .

( r  = 2 ) .

V a l u e s  o f  E m u l t i p l i e d  by 1 0 " ^ .

V1
v -------
Vc E40 =50 E60 1 E70 E80

1 0 .5 49.3b 59.35 69.35 79.35 89.35

1 .2 0 . 6 46.3 55.9 6 5 .7 75.2 84.7

l A 0 .7 44.0 53 6 2 .3 71.4 80.6

1 .7 0 .85 41.1 49.6 58.4 67.2 75.7

2 1 38 .7 46.9 55-3 63.7 72.0

3 1 .5 3 3 . 6 40.9 48.45 55.9 63.8

4 2 3 0 .1 36.9 44 50.7 57.8

5 2 .5 27.8 34.1 40.6 47.0 53.8

6 3 26.0 31.9 38.1 44.0 50.4

6 .5 4 3 . 2 7 2.51 - —

7 3.5 - 3 0 .2 36 41.8 47.8

7 .5 3 .75 - 29.3

34.3 40 45 .6
8 4

33.8 -

3 .32 4 .1 6
43.6

9 4.5 —
37.8

9 .3 4.65 42
1 0 .C6 5.03

—-—— ' ”— —

Curves/. . •
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Curves 1 v v
i

x 1C2V
V 1

c c .v .  =
40 x  i c 4

! 
3

! 
x

1 
^

' 60 x  l o 4 70 x i c 4 80 x  104

0 . 6 0 . 6 3 3 0.577 O.546 0.513 0 . 4 7 7

0 . 7 0 . 4 7 2 0.430 0 .4 0 3 0.385 0 . 3 5 6

0 . 8 0 . 4 0 8 0.371 0 . 3 4 4 0 .3 2 6 0 . 3 0 4

0 . 9 O . 37C 0 . 3 3 9 0.312 0.295 0 .2 7 6

1 . 0 0 . 3 4 6 0.315 0 . 2 9 2 0.274 O.259

1 . 2 5 0 . 3 1 5 0 . 2 8 5 0 .2 6 3 0 . 2 4 6 0 . 2 3 3

1 . 5 0 . 2 9 9 0 . 2 6 9 0 . 2 4 9 0.231 0 . 2 1 7

1 . 7 5 0 . 2 9 1 O.258 0 . 2 3 9 0 .2 2 1 0.208

2 0 . 2 8 6 0 .2 5 3 0 .2 3 3 0.215 0 .2 0 2

2 . 5 0 . 2 8 6 0 . 2 4 9 0 . 2 2 7 0.208 0.195

3 0 . 2 9 2 O .25I 0.225 0 .2 0 6 0 . 1 9 1

3 . 2 7 0 . 2 9 6 - - - —

3-5 - 0.255 0 . 2 2 7 0.206 0 .1 9 0

3 . 7 5 - O.257 - - -

4 — - - 0 .2 0 7 0 .1 9 0

4 . 1 6 - - 0.231 - -

4 . 5 - - - 0 .21 1 0.191

4.65 - - -

5.03 - - - - 0.194

■

D fl t<61 •

.
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DATA SHEkT FOR CHART 0

( r  = 3 ).

Value of E m u l t ip l i e d  by IQ-11.
^

I<

V
_Vc _

e 40 E50 e 60 E?0 E80

1 0.333 51 61 71 81 91

1 .2 0 .4 47.9 57.7 67 76 .6 36.1

1 .5 0 .5 44.3 53.3 62.2 71.2 80.3

1 .6 0 .6 41.6 50 58.4 67.2 7 5 8

2 .1 0 .7 39.5 47.5 55.6 64 72.2

2 .4 0 .8 37.6 45.4 53.4 61.1 69.4

2 .7 0 .9 36.1 43-7 51.2 59.1 66.8

3 1 34.9 42 49.5 57 64.6

3 -6 1 .2 32 .6 39.4 46.4 53-6 61

4 .2 1 .4 30.7 37.4 44 30.9 58

5.4- 1 ,8 28 34.2 40.2 46.6 53-2

6 .6 2 .2 25.9 31.8 37.5 43.3 49.6

7 .8 2 .6 24.3 29.8 35-4 41 47

9 3 - 28.2 33-5 39 44.6

9 .0 4 3 .01 23.O - - - —

10.20 3-4 - - 32.1 37 .2 42.8

10 .32 3 .4 4 - 26.8 - —

11.4 3 .8 - - - J 5 . 8 C. 41.2

1 1 .6 3 .87 - - 30 .6 —

40
1 2 .6 4 .2 V —

12 .84 4.28 - - - 34.2

38.3
14 .1 4.70
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- J , . .  v %
C u rv e B  f E?  V

C

V 1
■̂ TT X 1C2 
E1

Vc C.V. = 
40 x 104 80 x 1C4 60 x 1C4 70 x 104 80 x 104

0 .4 0 .609 O.568 0.527 0.491 0.481

0 .45 0.485 0.445 0.410 0.392 0.569

0 .5 0.421 O.386 0.358 0.341 0.320

0 .6 O.36O 0.327 O.303 0.267 0.271

0 .6 O.3O8 0.260 0.259 0.244 0.229

1 0.287 0.258 O.239 0.224 0.212

1 .25 0.272 0.246 O.225 0.210 0.199

1-5 0.266 0.238 0.217 0.203 0.191

2 0.265 0.234 0.212 0.195 0.183

2 .5 0.272 0.236 0.212 0.194 0.131

3 0.287 0.243 0.215 0.195 0.181

3 .4 4 — 0.252 - - —

3-5 - — 0.221 0.198 0.183

3 .867 - - 0.2267 — •

4 — - - 0.204 0.187

4 .28 — - - 0.207

4 .7 — - - - 0.194

Data/ • •
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DAIA SHEET FOR CHART 94. IE'

Values of E m u l t ip l ie d  by 101*.
- 1 V

5 „ . _ e4o E50 E60 E70 E80

i 0 .2 5 52.35
- ' 1 '“r

62.35 72.35 82.35 92.35
1 . 2 0.3 49.4 5 6 .8 6 8 .5 78 87.6

1 . 6 0 .4 44.6 5 3 .2 62.2 70.9 79.9

2 0 .5 41.2 49.3 57 .7 6 6 .2 74.6

2 .4 0 .6 3 8 .8 46.4 54 .4 62.2 70.6

2 .8 0.7 36.7 44 5 1 .7 69.3 67.4

3 .2 0 .8 35 47 49-3 5 6 .6 64.6

3-6 0.9 33-6 40.4 47 .4 54.5 62.2

4 1 3 2 .2 38.9 45.7 5 2 .6 60

5 1 .2 5 2 9 .8 35.9 42.3 48.6 55-6

6 1.5 27.7 33.6 39 .6 45.6 5 2 .2

e 2 24.3 3 0 .1 35.8 41.2 47.4

10 2.5 2 2 .8 27.3 33 33.1 44

1 1 .5 2.875 21.7 - - — -

1 2 . 3 - 26 30.9 3 5 .8 41.2

1 3 .1 3.275 - 2 5 .2 - -
"

14 3.5 - - - 33.3 39

14.65 3 .6 6 - - 28.8 - —

16 4 - - - - 37.4

16.3 4.075 - - - 32 -

17.8 4.45 — 3 6 .1

/ C u r v e s . .



: urv£s - f L ,  v 1

V
V ,

x 102

40 x 10*' ; 60 x 10^ 70 x 104 80 x 1q4

0.35 0 . 4 5 ? 0 .413 0.408 0.365 0 .349

0 .4 0 .3 8 9 0 .3 5 6 0.338 0.311 0 .298

0.5 0 .3 2 9 0 .2 9 7 C. 282 0.261 O .25I

0.6 0 .3 9 8 0.271 O.254 0.237 0 .2 2 8

0 .3 0 .9 7 1 0 .2 4 ? 0.229 0.214 0.205

1.0 O.2 5 9 . 0 .215 0 .202 0.192

1.25 O.2 5 2 0 .2 2 6 0.208 0.193 0.132

1.5 O. 2 5 0 0.223 0 .203 0.188 0.173

2 0 .2 5 4 . . 0 .185 0.174

2.5 0 .2 6 4 0 .2 2 6 . 0.186 0.174

2.835 0 .2 7 7 - - » -

3 - . 0 .2 1 1 0 .190 0.176

3.27 - 0.247 - - -

3.5 - - 0.219 0.195 0 .18

3.66 - 0.223 -

0.185
4 — —

0.204 —
4.075 - —

_ 0.191
4.45 —

y Data*•••
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DATA SHEET FOR CHART0  

V£ l u e o l  «: m ult l p l l e  1 b„ 10^.

15-7

I t

17.6

16

1 9 . 4

20

21.23

- . 14

3 .?

3 .5 ?

3 . 6

.

4

4 . 2 p

24

23.5 33-1

3I .6

3 7 . 9

36.3

35 0 

34.2

1 V
Vc* e 40 0uf' E60 E70 E80

1 0 .2 53*52 63*52 73.52 83.52 93.52

1.5 0 .3 4o .5 55.3 64.6 73.5 82.6

2 0 .4 42 50.2 53.8 67.3 75.4

2.5 0-5 39 46.6 54.7 62.6 70.6

3 0 . 6 3 6 .5 43.6 5 1 .6 59.1 66.9

3*5 0 .7 34 .6 41.6 49 56.1 63-5

4 0 .6 3 3 .0 39.7 46.7 53.6 60.8

4.5 0 . 9 3 1 . 6 37 .9 44.8 51.5 58.3

3 1 . 0 3 0 .4 36.7 43.3 49.5 56.4

6 1 . 2 23 .3 34.2 40 .0 46.6 53.0

8 1 . 6 2 5 .4 30.3 36.7 42.2 48.1

1C 2 23 .3 28.3 33.9 39 44.6

12 2 .4 - 26.4 31.6 36.6 41.3

13.3 2 .7 6 20 .7 - - —

14 2 .6 — 2/ 30 34.6 39.6

Curves/-



' i~
 ̂ E'1

Vc

-----"

n r  - 10.

40 x 104 50  x lO^ 6C x 10^ 70 x 1q4 80 x 104

0.3 u 4 i ‘ 0 .374 0.352 0.332 O.3I 6

0.4 . i 21 0.29' ) . 276 0.267 0te0

0.3 0 .2 9 6 . 0.257 0.233 0.223

0.6 C.272 . 247 O.23; 0.216 0.206

0.6 0 .2 5 3 ■ . 2 )1 0.214 0.198 0.190

1 0 . 2 ^ :: .222 .206 0.192 0.181

1.25 0 .24; 0 .217 0 .2 0 1 0,166 0.175

1.5 . . 2 4 3 0 . 0.198 0.183 0.17?

? 0 .2 2 1 0.199 0.183 0.171

2.5 0 . - 7 2 . 0 .2 0 5 0.187 0.172

2.16 0.28? - -

3 — «• 0.214 0.193 0.177

3.14 0 , 2 5 2 - —

0.201 0.183
3.5

3.5% 0.235
0.209 —

3.86 0.194
4.25 -

D a t a / < • • •
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DATA SHEiT FOR CHART 9 6 . IE'

V a l u e s  of E m u l t ip l i e d  by 1CU.

1.2

1,8

3
.6

4.8

6

7.2 

9 

12

15

16.2

16 

16.65 

20.45 

21

22.57

24.7

0 .1 6 7

0 . 2

0 . 3

0 . 4

0 .5

0 . 6

0 . 8

1

1 . 2

1 .8

2 . 1

2.8

2 .7

3 .0

3 . 1 1

3 .4 1

3 . 8

3 .7 6

4 .1 2

5 4 .5

5 1 .4

44 .5  

40 .4

37 .3

3 8 .0

3 1 . 6

.

2 7 . .

24 .3

22 .0

20 .1

64.5  

61.0  

5 3 .0

48,4

44 .6

4 , :

v

33-0

3 2 .8

3 0 . 1

27.1  

2 5 .O

23.2

E60 e70 «
CD O

j
74.5 84.5 94.5

70.5 60.0 89.6

61.8 70.2 79.5

5 6 . 2 64.2 72.4

5 2 .0 59.8

5 6 . 2

67.5

49.0 63-7

44.3 81 57.3

41.1 47.3 53 .6

3 8 .6 44.4 50.9

35.3 41.1 46.6

3 2 .0 37.1 42.3

29 .4 34.3 39.2

27.6 32 .2 36.7

26.4 - -

40.4 34.

29-7 —

C urves/.........
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CURVES — -—  v - -

 IELa '

1    —    ----------

V
%

= %  x 10?
£ ____

. ' p
40 x 104 50 X 104 60 x 104 70 x 104 80 x 104

0 .25 0.401 0.386 0.386 0.331 O.3I 6

0.3 0 .337 0.320 O.305 0.276 0.268

0 .4 0.289 0.265 0.248 0.234 0.226

0 .5 0.267 0.244 0.226 0.214 0.206

0 .6 O.254 0.232 0.215 0.203 0.194

0 .8 0.241 0.220 C.203 0.196 0.180

1 .0 0.236 0.214 0.197 0.184 0.173

1.25 0.235 0.211 0.194 0.180 0.169

1 .5 0.238 0.212 0.193 0.179 0.167

2 0.254 0.219 0.196 0.180 0.167

2 .5 - 0.232 0.204 0.185 0.170

2 .7 0.293 -

3 — - 0.215 0.192 0.175

3-1 - 0.256 - — —

0.2293.41
0.203 0.153

3 .5 —

0.209 —

3 .76 -
0.195

4 .12
—— -------

Computed/
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C0L3UTED VALl , OF 9 IE'

A  z V ,
1 ; -  O.i in  each caae,

2.

C.V. X 10-4  0 ^ E x 102 A1^1,; x 102 0  IE x 10:
-------------------

40 0.8880 0.1180

50 O.9154  0.1077

60 0.9401 0 .1003

0.9714 0.0944

80 0.9829 0.0901

1.0060 

1 .02 31  

1 .0404 

1.0658 

1.0730

r j= _ l -

C.V. X 10-4 X 102 X 102

40 0.7775 0 .0921 0.5696

50  0 .80 27  0.0861 0.8888

60 0.3264 0.0806 0.9070

70 O.8525 0.0751 0.9276

80 0.8741 0.0724 0.9465

r 4*

C.V. x 1 0 - 4  9 ^ E x 102 X 1D‘: 9  1E x 102

40 0.6992 0.0794 0.7786

50  0.7322 0.0735 0.5057

60 0.7562 0.0682 0.8244

7 0 0.7794 O.O65O 0.8444

0O 0 .8 0 8 5  0 .0 7 0 2 0.9787

C.V. x 10 -4

40

5-0
60

70

80

0.6627

0.6917
0.7244

0.7387
0.7602

IE x 102 6  1E x 102

0.0700

0.0650

0.0610
O . O 58 O

0.0553

0.7327

0.7567
0.78536

0.7967

0.9155

A /
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r  = 6 .

C.V. x 1 0 -k ' I^IE x 102

40 0.6540 0.0632 0.7172
50 0.6816 0.0587 0.7403
60 0.6843 O.0552 0.7395
70 0.7041 O.O524 0.7565
80 0.7297 C.0500 0.7797

1-- ----

COMPUTATION .

T h l I n t e g r a l  Is  e a s i ly  obtalne-c a n a ly t i c a l ly ,  be­

cause E* f o r  t h i s  range may be expressed  as a fu n c tio n  of Jl
c

(F ig . 1 6 ) .

C.V. x IQ-4

40

50

60

70

80

COMPUTED VALUES of ^ E E ^ '

r  = 2 3_____ •f

3 .935  2.200
1.726

4 . 5OO 2.600 1.930

5 .0 3 0  2.895
2.140

5 .502  3 . 185
2.340

5 .9 8 0  3.305
2.500

1 .330

1 .520

1 .1 7 0

1.827

1.966

1.132

1.294

1.453

1.505

1.705

Computation/
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r s_ 6 .

X l v - U ' l^ L E  x  ^  i e  x  1 0 2

40 0.6540
■ —-- ---->

0.0632 0.7172
50 0.6816 0.0587 0.7403
60 0.6843 O.O552 0.7395

70 0.7041 O.O524 0.7565

60 0.7297 0.0500 0.7797

COMPUTATION OF0 ^  .

This I n te g r a l  le  e a s i ly  ob ta in ec  a n a ly t i c a l ly ,  be­

cause E1 f o r  t h i s  range may be exp resses  as a fu n c tio n  of ^

(F ig . 1 6 ) .

C.V. x 10-4

COMPUTED VALUEo O ^ ^ E E ] '

e Z  * i o 2

r  a 2 3

40 3.935
2.290

50 4.500 2.600

60 5 .0 3 0 2.895

70 5.502 3.185

80 5 . 980 3-385

1.728 1.338 1 .132

1.938 1 .5 20 1.294

2.140 1.170 1.453

2.3^0 1.827 1.585

2.500 1.966 1.705

___ _
Computation/.•
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COMPUTATION OF0 ry

Thir- i n t e g r a l  i s  a lso  e a s i ly  obta ined  a n a ly t i c a l ly  

(R ef. F ig .  I d ) .

0 . 6

d ( I -  J - )  
Y c

9  c - } ' -  1 7 ----------------------T n l
{ l(mr  -  m i) ( l  -

-  2 (0 .6 )*
(mr  -  rax)i

COMPUTED VALUES OF 0  g y

r 0C3 x iC

2 1.130

3 0.386

4 0.756

5 0.676

6 0.630

001ffUTATIOH_5.iB-

d e e c r lb e a  p r«v lou ( -7,  ̂ , ueB  ana the curve E were

The I n t e r c e p t s  h e  tv.-”  t n  y  i n i  t h e  c o r r e s p o n d i n g  v a l -

meaeured f o r  v a r io u s  va lues  c= J  ^  p lo t t , d  to a

U"a ^  ' T ?  ' ' ' %  , , ^ o  the area under these

-• l- ,cin:S.D- •• r  ‘1"
l ln g value# of ^ 34* 

curves «r e  Q '  r  the r a n e e A ( ^ )  10 W
The I n t e g r a l ^  U , Co mi t y / . . . .
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v i c i n i t y

(“ I 1 -  a r )

( R e fe r  to  computation o fA ^  6 ^  e t c . :(
V
V,.

iaTa SKj.LT F R CHART 9LB'

r - 2 4 5 6

0 . 4 0 .985 0.739 0 .630 C.570 0 .526

o .35 • 0.744 0.608 0.548 0 .506

0.3 0 .935 0.695 0.590 0.631 0.490

• 0 .948 0 .6 8 6 0.576 0.519 0.478

0 .2 0 .9 9 4 0.691 0.577 O.514 0.474

0 .1 5 1 .116 0 .7 2 O.586 O.5I 8 0.474

0 . 1 1.675 0.816 0 .630 0.543 0.490

0.095 2 .1 6 - -

0 .09 2 .6 8 5 - —

. 0.932 0.680 0.570 0 .51 0

. — 1.290 0.774 0.620 0.550

0 .0 5 5 - 1.542
1 .1 8 0.758 0.624

0 .04 —
1.458 —

c.035 0.960 0.736
0 .0 3 — 0.848
0 .0 2 5 -

Computed/.
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v i c i n i t y  o f  &  U  a p p r o x i m a t e l y  g i v e n  b y  t h e  e x p r e s s i o n :

A 4 e ) 4  = i A  ( ' :

, Ph t 2 (ai] . ~  -  mr )

( R e f e r  t o  c o m p u t a t i o n  o f A 1 d1E e t c . )  

I t  i e  c l e a r  t h a t  6 3 4  = 6

DATa SHKLT F iR CHART 0lRT C7B .

x  1 0 ? .

c
n . - 2 3 4 6

O.L 0.985 0.739 0 .6 30 O.570 0 .5 2 6

0 .35 0.953 0.744 0.608 0.548 C.5O6

0.3 0.935 0.695 0.590 0.631 0.490

G . 2 5 0.948 0 . 6 6 6 0.576 0.519 0.478

0 . 2 0.994 0.691 0.577 0.514 0.474

0 . 1 5 1.118 0.72 O.586 O.5I 8 0.474

0 . 1 1.875 0.918 0 . 6 3 0 0.543 0.M90

0.095 2 .1 8 -

0.09 2 .8 8 5 - «■

0 .0 8 0.932 0.680 0.570 0 .5 10

0 .0 6 — 1.290 0.774 0.620 0.550

1.542 -0.055
1.18 0.758 0.624

o .ck —
1.458 *■

. 0.980 0.738
0.03 — 0.848

0 . 0 2 5 -

Computed/,
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COMPUTED VALULo OF 6

A  u ( J  ) = ~4 / -  Yoo each case,

Te
2

3

4

3 4  *  102
A 4 9 34X 1C2 0 34 x 102

0 . 3 2 3 8 0 .0 4 7 4 0 .3 7 1 2

0.2625 0.0276 0 .2 9 0 1

0 . 2 2 9 6 0.0202 0 .2 4 9 8

0 . 2 0 7 9 O.C155 0 .2 2 3 4

0 . 1 9 1 4 0 .0 1 3 3 0 .2 0 4 7

COMPUTED VALUES OF 9 .

f ix  10'V

:

2

3

4

5

6

9 . 5 4 5 1 0 . 1 2 7 1 0 .6 7 4

6 . 7 9 6 7 . 1 2 5 7 . 4 3 9

5 . 6 4 0 5 . 8 7 7 6 .0 9 8

4 . 8 3 9 5 . 0 4 5 5 . 2 2 4

4 . 4 5 4 4 . 6 3 9 4 .7 9 7

1 1 .1 7 2

7.74?

6.318 

5 . 3 9 2  

4 .9 4 6

11.658

7 .9 6 8

6.512

5-560

5 .089

L
COMPUTED VALU:>- oF -gT

70  x  10 8 0  x  10
60 x 10

0.101
0 .1 1 0

0 .1110 . 1 2 4
0 .H 9

0.119
0 .1 2 2

0.129
0 . 1 4 0 0.127

0 . 1 4 1

Coniputatlo n / 1
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COr:PCTATlpM_OT_^TC_OF DISCHARrtk »  b,„ ^

T: q u a n t i ty  of w ater d e l iv e red  per  cycle

= '  Vc , a ,
 ̂ Vc ' A.Lc ou. f t .

The number of cycle

D (Discharge of

is per second 

V V ml e
pump In cusecs)

Vv. -  V,
- I X ?.g .P 5__

c 3 W.Lc .LE.mi 6 cusecs.

A2 .2- g Pe Lc 
W Lg m-̂

e reZ A  w i l l  be r e f e r r e d  to  as the d ischarge c o e f f ic ie n t .

C le a r ly

A =

'E l -  v=

e
The ex p re s s io n  f o r  D, as In  the case of T, the 

-loa o f  a  c y c le ,  c o n s i s t s  of 2 f a c t o r s .  The f i r s t

f  A f j S P f i - i s V[  W Lg nil J

jends o n ly  on th e  dimensions or the pump and the he igh t 

the  b a r o m e t e r .  The second,A  , depends only on the head

V

ir l a t i o n  In  th e  vel v -  Vc de„
e t c  th e  f a c t  t h a t  the p e r io d  as . e l l

ises  w ith  in c re a s e  of need.
Compute6/



k ::s:s«
a***

::::::
«:::::

:

: msmessm.m i n t

ussaueee**I*###**#*i warn*****"?*#**##*ie**.

illaee7

m m m8 8 S « r» 5 F B 5 ii»



; . v .

•

• ^

• i6t? 

.

\ > it

rO

fAD x 10^ 70 x 104 60 x 10^

1.315 U500 1.666
a . 064 1.243 1.420 1.560

.0- q ■ . a n - 3 9 0 1.532
i . i p / i.54$ 1.495

V 1.164 1.322 1.472

Coraputatlon/«



- Ll-P ' ?jyM OF THE MAXIMIlh ygi nrTg-v _

.

water column a t  any i n s t a n t :

E1 A LnW A Le V  
K.E. = ------—“—

2 6
- 1 -A. b J =

m-L

Hence

V = [ " T l e 2 ^ 8] *  x  [ e T 1 .

From an exam ination  of the 0 c h a r t s ,  the maximum 

values of E an hence | o re  seen to occur t o w a r d s  the 

en c  of th e  s t r o k e  1 E. These maximum values of E1 a r e  r e a d  

off the  Q i £ c h a r t s  am the corresponding v a l u e s  o f  |  E1 max. 

c a l c u l a te d .

D esign Chart 10 (D.C. (10)) g i v e s  t h e s e  v a l u e s  t o  

a b a e e  of w a te r  h e a d  in  atm ospheres.

COMPUTED VALUES OF _ I j? _ m a x .

^ C ^ Vio 5  RO x 104 60 x 104

( E1 max. x 10*"2T ^

2

3

4

5

6

3 .5 2

3 .7 3

4 .0 0

4.13

4 .25

4.01

4.27

4.51

4.62

4.73

4.4%

4.73

4.96

5.05

5.19

70 x 104

4.87

3.17

5.41

5.48

5 . 6O

80 x 104

5.27

5 .5 4

5-75

.

5.99
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.

*a t ' o^ lov . ln .  a n a l y s i s  i s  o n ly  a p p r o x im a te  a s  

th e  v e l o c i t i e s  e m p lo y e d  a r e  b a s e d  upon z e r o  l o s s e s  i n  t h e

pump

accoun t ,

a n d  a r e  t h u r  g r e a t e r  t h a n  i f  l o s s e s  were t a k e n  i n t o

C o n s i d e r  an  e l e m e n t  of  t h e  p l a y - p i p e  of  l e n g t h

L e t  b e  t h e  h y d r a u l i c  mean d e p t h  of t h e  s e c t i o n

t h e  pump b a r r e l ,

a n a  l e t  m b e  t h e  h y d r a u l i c  me an  d e p t h  oi t n e  s^ec-

on c o n s  l e e r e d .

L e t  H- be t h e  t o t a l  f r i c t i o n  h e a a .

T h e n

d ( H f ) -

. h e r e  V, a e  b e f o r e ,  l a  t h e  v e l o c i t y  o f  t h e  w a t e r  I n  t h e  

a r r e l )

a n d

4 _ f j r  f
Hf  = [■ “ I *

We a h a l l  d e n o t e  t h e  q u a n t i t y

LT

I r  dx 
M A? \ m “2 

o
. e .a  f r i c t i o n  le n s th  of P I P ^ -  ^ f  t h e

"

We have a lre ad y  eho .n  u ia t

mn a t  a n y  I n a t a n t t

.  l A F r - '
K e = e -

. E l l !" r* rp?„ „ ""
Suhatltutlng r i  Hf / .



In crem ent  of  work done a g a in e t  f r i c t i o n  p e r  l b .

of m ixture

d (A .: '. )  = W Hf d (volume)

= A - i t  v = a (< . ) .

t  f r i c t i o n  per l b .  of mixture per

cycle ,

Now, we have a lread y  shown t h a t  the work aone 

a g a in s t  th e  head p e r  l b .  of m ixture p e r  cycle

£ f r i c t i o n  lo s s e s  F:

F

r e f e r r e d  to  as the f r i c t i o n  c o e f f ic ie n t

x 100

w i l l  be

of the  pump.

C le a r ly

The e x p re s s io n

t o t a l  le n g th  of p ip in g ,  »m oe g  may 

d e p e n d in g  only on the p ro p o rtio n a l
I s  i n d e p e n d e n t  o? the to a

be e x p re s se d  as a nui.-t- 

c o n f ig u r a t io n  ol tm  ptp

number d e p e n d in g

Bagie m ixture a tre n g th s  and pumping

Hence the  f r i c t i o n  lo sses

f o r  pumps employ In, th  

a g a in s t  th e  same hear are

the  same mixture s

A a r e Independent off  the len g th  of the

p la y - p lp e / . .
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play-p ipe

The I n t e g r a l  ( )  E1 d ( J _ )
V r>

Ve
v;

VEl

( £L d ( 'fc ) * I El * j E1 a ( ^ )
Vl
V

I£
Vc

!3.

* 2 E1 d ( ^ )  
v o

v„

%
The I n t e j ^ r a l e

V0 v4

1 E1 <1(7 )» j ' * ana |
1 '  Vi '  V

E1 d ( J - )  
c

V7

are o b ta in e d  g r a p h ic a l ly  by m easurizv the  areas in te rc e p te d  

between th e  ' chartB ^  co*

IE a n d  P  7;. r e s p e c t i v e l y .

From F i g .  16  i t  I s  c l e a r

El
7 T

VE

E1 d ( y - )  = - f
c ^

vEl -  VE

a n d  |  E1 d ( ^ r )  = 4 "  ( 0 , 6 )  E3 '

C h a r t  11 (B.C. ( I D )  6lve= values of (f> to

1

Design
b a o t /
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a base of w a te r  head in  at.mouphQree•

S in ce  th e  v e l o c i t i e s  am'Utn- d ar* %r^ator than 

wou l c  occu r i n  p r a c t i c e ,  the  fl,v,ur :n f o r  f r i c t i o n  would be 

gomewhat on th e  l a r g e  s lo e ,  but although not exact they 

n e v e r t h e l e s s  a r e  of use in  comparing d i f f e r e n t  pun o b .

COMPUTED V,\LUE3 OF | E1 4 ( ^ )

El d ( ^ . ) l  * 1=""

0.614

COMPUTED VALUES Or |

E1 4(\rc )

4 0  x  I D 1 8 ) . 9 ? 961.287 116.492
121.626

116.043
123.447

44.109
2 8 . 6 3 4  

3 2 .7 ^ ?  
3 5 . 4 9 0  

3 7 . 2 4 4  

38 .252

4 8 . 7 1 2

33 .OIO
5J.819
55.916

97,183
95.974
97.228

Computed/• • • •



of w a te r  head in  a tm ospheres .

S in ce  the  v e l o c i t i e s  assumed are  g r e a te r  than 

vfoulo occu r  i n  p r a c t i c e , the  f ig u re s  f o r  f r i c t i o n  would be 

omewhat on t h e  l a r g e  s id e ,  b u t a lthough no* exact they 

n e v e r th e le s s  a r e  of use  in  comparing d i f f e r e n t  pumps.

COMPUTED VALUES OF | E1 d ( ^ )

1 .2 0 4

COMPUTED VAI.V-"' Cr I E U' v*c^

80 x 10
. 107.6b683-92901.287 116.49244.10928.634

121.626
97.18832 .752

116.043
3 5 .490

123.447
3 7 .2 4 4 74.927
38 .252 Computed/ . • • •



COMPUTED VALUE3 OF j E1 d (V_)

VE

1

I £ l  A{r J
VE

v V.

x 10 - 4

c .v .  -
4 0  X 1 0 ^ 50 X ic4 60 x  10% 70 x  10% 3 0  x  10

2 7,7.3 66.7 101 .5 1 4 6 . 8 2 0 4 . 0

7 24.2 4 0 . 4 62.1 9 0 . 4 1 1 6 . 3

4

oOJ 32.3 48.3 6 8 .6 8 9 . 1

5 14.3 2 3 .8 3 5 . c 5 0 .1 6 7 . 2

6 11.3 19.2 3 0 .4 4 3 . 1 5 7 . 6

VK

%

COMPUTED VAJ.UEE OF ( E1 snd i ^  d(^ ) '

r

-------- -—1

' ~ Tr-----

1 | £ l d ( f c )

2 o .?5 °

3 0.550

4 0.755

5
0.940

6
1.082

%
E1 d ( J - )

0 . 2 9 7

0.648

0.97?

1.260

1.5,17

Computed/ .



2

3

4

5

6

OMPUTED VALUES OF 6  E1 d (y -)

i f  =‘
d(^-) ! x 10-4.

c .v .  = 
40 x 104 50 x 10‘4 60 x 1Ĉ 70 x ic 4 80 x 10U

67.82 112.20 io4 .ie 232. l l 313.06

59.66 91.82 133.24 184.42 235.50

59.86 89.38 125.43 169.86 214.80

56 .90 82.93 113.46 151.43 188.60

55.91
JL—  —

81.52
1

111.73 146.73
.

187.45
-J—____ ——.

COMPUTED VALUES OF ;|)

c .v .  =
40 x 10 4 50 x 104 60 x 104 70 x 1C4 80 x 104

2 4 .30 5.70 6.73 8.10 9 .20

3 3 .2 6 3.92 4.52 5.55 6.35

4

5

6

2 .95

2.68

3.51

3.09

4.08

3.49

4.80

3.98

5.21

4.32

2 .56 2.99 3.32 3.70 4.15

S ection  V / . .



With th e  a id  of the design c h a r ts  drawn up, the 

main q u a n t i t i e s  r e q u i r e d  In the d e s ig n  of Humphrey Pumps 

may be very  e a s i l y  deduced.

Ae a  p re l im in a ry  to  design p roper , a p ropo rtiona l 

c o n f i g u r a t i o n  o f  the  p ip in g  ahovla  be a e c la e a  upon. I t  is  

( c v i e  A b l e  to  have  a t a p e r in g  st&nc pipe in  order to dampen 

o u t  the  v i o l e n t  f l u c t u a t i o n s  o f the column which would o th e r-  

wlse 0c cu r  a t  th e  d is c h a r g e  end i f  t h i s  p r o v is io n  were not 

mpde. From t h i s  c o n f ig u r a t io n  one should  determine the

ratios u . and
-T Lt *

lt lt ,  1
S£ ; Lr = U A£ j — 2
a ) ma

o

The c r o e e  s e c t i o n  o f  the  .y e t e n  U  mo.t c o n v e n ien t-  

chosen  as c i r c u l a r .  Hence K ,  and A '  ^  D . ^ c r e

is  the d ia m e te r  o f  th e  b a r r e l .
The d is c h a rg e  D. the  h e ig h t  of the  barometer and

u l  m ixture  s t r e n g t h ,  • *
i ta lle tloz i*

e l  a v a i l a b l e  a t  the r e -  be decided upon.

Th" P e : l ° n f ; L u n t Pl 2  to  a l i o ,  of proper 
ils Should  be Of eu- fo r  medium s ized

,  A (ZOOO f t g UI
m o tio n in g  of th e  v&x\Cc.

♦ x nr U secon d s,  
imps shou ld  be abou t shoUld next be decldeo

The > f r i c t i o n ,  ! lv ,  ^  ^  ^  ^  t h a t  the l a r g e r

e x p re s s io n  f o r  -
.  « n p r  th e  f r l c t l o h a l

rwiimx . VxrxWO tjh. f1



 ̂  ̂ ! 11 ' a e s lg n  c h e r ts  arewn up, the

fflflr. lur nt.' 1 < i>-' ■1 11 1 the design  o f Humphrey Pumps

may be ver; ' l y  deduced ,

A pr- l lm ln a r y  to  d es ign  proper, a p rop ortlo n r l

o o n flsu r  th- p ip  in#.; sh ou ia  be dec id ed  upon. I t  i s

edvlf able nnv c ta p e r in g  etanc p ipe  in  order to  dampen

.■ui; tb .  - l o l e n t  f l u c t u a t i o n s  o f the column which would o th er-  

g t e f  recur m. th e  d is c h a r g e  end i f  t h i s  p r o v is io n  were not 

: . , t h i s  c o n f ig u r a t io n  one should  determine the

«6ti( ^  'ind t £ .
LT

The erase s e c t io n  of the s y s t e m  i s  m ost  c o n v e n i e n t -  

choser as c i r c u l a r .  Hence M « - £ -  anc a  = I L  D , where

.6 thf i l a n e t e r  )? t: - o a r r e l .
The d is c h a rg e  D, the h e ig h t  of the ta rc m e te r  and

iu ah°uid be * •um<T
m e tIo n in  ot th e  v a lv e s .

t i  or 4 seconds. 
ampE nhoulo be a b o u t  8h0u ld  next be decided

The ■> f r i c t i o n a l  : * ' ■ * *  ^  ^  ^  th a t  the l a r g e r

.
. k. f r i c t i o n s

............



i mean g r e a t e r  c o s t  >  : , ?t o . Hence on

mue.t a r r i v e  a t  a compromise between e f f i c i e n c y  anu iu it iao . 

c o s t s  in  a e c ia ln g  upon F. I t  shoulc be no te a  t h a t  the  f r i c ­

t i o n a l  lo s s e s  In Humphrey Pumps are in v a r ia b ly  sm all and the  

maximum value  of F one need consider  i s  about 10%.

Now c o n s i d e r  t h e  e x p r e s s i o n s

n _ j c 6 Pc Lc
D '  [  ' * LE mi—

, w l E Lc “ i V  P  
T = [ - ^ T p p - ]  • C

(1 ).

( 2 ).

; hoc f  Lp Lc
7 = L iTI'E '

. d)

(Exnres Lg and Lp in  ler~ ; 0i “T -1 •

S ince  C.V. and Is known, A  , 9  , anc (f> '»<v

be f o u n d  from Charts (9 ) ,  (7) ar,o (11). Having decided 

on D, T and F, eq u a tio n s  ( 1 ) ,  ( 2 )  and (? )  enable us to  

so lv e  f o r  A, Lc and L i.  the  th ree  most Important q u a n t l -

t i e s  r e q u l r e a  in  d es ig n .
Having a s c e r t a i n e d  Lc , the c learance  space Is  do-

we have taken b  - ■

The necessary  s t r e n g th  of the  combustion chamber la 

and -he maximum p re ssu re  ^  p c

Ihe6e  " " Z Z f C Z Z Z I  Z Z  a s c e r ta in e d

.  &oi as mentioned p rev io u s ly .  the ex-
from a knowleoge - g  oame e ls e  as th e  maximum
h a u a t  p o s t s  should be mace

occur from C to  )•  
e x h a u s t  v e l o c i t i e s  deduced from Design Chart s

TW X r  l i e  enables us to  p lace the water

s in c e  LEl '  ^  e d i ta b le  p o s i t io n .
v a lv e s  in  the m . A kn0Wi e a g e / -----
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\  Kt;owleug,e of Lhe theriaal e f f i c ie n c y ,  ob ta ined  

from Design C h a rt  6, en a b les  us to  c a lc u la te  the gas input, 

in to  th e  pump and hence the  s iz e  of gas producers re q u ire d .

The d e s ig n  should  be checked from Design Chart 10 

to see w hether the  maximum v e l o c i t i e s  encountered are  not

e x c e s s iv e .

Owing to  i t s  s im p l ic i ty  of c o n s tru c t io n ,  low i n i ­

t i a l  c o s t s ,  econom ical running and low maintenance c o s ts ,  

the Humphrey Pump would be i a e a l  f o r  use on i r r i g a t i o n  

schemes and farm s in  g e n e ra l .  The au tho r  i s  q u ite  con­

v inced  t h a t  i t s  p o t e n t i a l i t i e s ,  which a t  p re se n t  seem to be 

m isu n d ers to o d , w i l l  be c l e a r ly  r e a l i s e d  and e x p lo i te d  to the

f u l l .



.. . t i ju ' , In sp ec tio n  methods nd t h e i r  a p p l ic a ­

t i o n s .  F. H. Colvin Am Meeh 69: 193 -  6, 229 -  33- 

Aug. 2 - 9 ,  *28.

A i r  r e q u i r e d  f o r  Gas Com bus t ion .  Da ta  Sheet. 

H eating  and  V e n t i l a t i o n  2 6 :  1029 A p r i l  ' 2 9 .

A i r  r e q u i r e d  f o r  Combustion o f  G as .  P .  K e t z l e r  

a l a g  An Gas J  123 “ ^6 .  Ju ly  1 . , '25*

A. Nagel.

d l a g s  E n g i n e e r  1 4 4 :  4 - 2 0 - 1 ,  4-39 -  60 .  O c t .  1 ^ - 2 1 ,

■

Engineering 17: -  7* Feo. - v

A p p l ic a t io n  of Kethoos of Kyc.-aullc Engineering to

the  i n t e r n a l  C o i t i o n  Engine. T. H. W lntringha,

'  y -  S e p t '

M achinery 3 5 : 5°' 1 A‘ r U

™ r-- ” '

2 8 ,  ' ) 0 .

  " — -  — *
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11. Do’ -n. i n e e r .  10 Dec. 1909. p.  61) ,

12. ' r.u.i.phre.v P iupe . V,'. (j. Noack. Der Z e l t -

s c h r l l  u t’H vere lnes  deutcher la g en leu re .  Jan . 1915•

Humphrey Pump fo r  Loudon Waterworks. P la n s .

Power 37: 602 -  k .  A pril 29, ‘ I ) .

14. Do. E n g inee ring . Feb. 14, ' I ) .

^  Do. I n s t i t u t e  of Engineers. Vol. CXV. p . 272

(1 913).

16. Do. I n s t i t u t e  of Engineers. Vol. GXXI. p. 
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