
MPEBXMMOrAL INVEST IGAEXOJff O F  

SOLID INJEGOTION EBOCESS IN A HIGH 

GOMEHESSION OIL ENGINE.

-oO o-

3y

A.Murray Burdon, B .S c .

- 0O0-

Z  6 Mi.. February 19^0.



ProQuest Number: 13905316

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 13905316

Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



X U 1 1 X .

Page
XNTRGDUCT I O N .................................................................................  |

DESCRIPTION OF ENGINE .......................................................... 5

DISCHARGE. OF LIQUIDS THROUGH FUEL VALVE NOZZLE.

Apparatus fo r  D ischarge E xperim ents . . . . .  2 £

D isch arge E xperim ents .  ........................................... 3 5

E f fe c t  o f  A ir  P ressu re  om J e t  Form . . . . . .  6 8

A p p lic a t io n  o f  D ischarge R e s u lts  t o  th e
D eterm in ation  o f  th e  Rate o f  I n j e c t io n
in to  th e  Combustion Chamber o f  th e  E n g in e   72

PROCESS OF INJECTION OF FUEL.

O il P ressu re  I n d i c a t o r ...................................... ....  7 7

M otion Recorder o f  F uel V alve S p in d le  . . . .  8 6

D isp lacem ent o f  In d ic a to r  D rum ................... ....  - 9 0

E f fe c t  o f  Jacket Temperature and Brake Load
on th e  Temperature o f  th e  O il a t  th e  F uel
V alve N ozzle   ........................................................   | 0 6

D isp lacem ent o f  Pump P lunger . . . . . . . . .  109

O il P re ssu re , Valve S p in d le  M otion and
Rate o f  I n j e c t io n .......................    110

FUEL INJECTION AND COMBUSTION.

Rate o f  I n je c t io n  and Combustion (In tro d u cto ry ) 132

Measurement o f  A ir Flow t o  th e  Engine . . . .  1 3 6

D e t a i l s  o f  Engine T est A .......................   1 4 0

Temperature Entropy Diagrams, Heat L o sses ,
A ctu a l Rate o f  Combustion, e t c . .  . . . . . . .  151

E f f e c t  o f  in e r t  Gases on I g n it io n  and
Combustion  .................................  !7 £



TffiFROBUCT IOIST



1

BHgBOPUgglOff *

fh e  o b je c t o f th e  ex p e rim en ta l work d e sc r ib e d  in  

t h e  fo llo w in g  paper was to  in v e s t ig a te  th e  p ro c e ss  o f  

in je c t io n  o f  f u e l  o i l  in to  th e  en g in e  com bustion chamber, 

and to  r e l a t e  i t  i f  p o s s ib le  t o  t h a t  o f  combustion*

She in je c t io n  p ro ce ss  was ta k e n  t o  c o n s is t  m ainly  o f

(a ) th e  m otion of th e  fu e l  pump p lu n g e r,

(b) th e  v a r ia t io n  in  th e  o i l  p re s su re  beh ind  th e
fu e l  v a lv e  n o z z le ,

(c) t h e  m otion o f th e  fu e l  v a lv e  s p in d le ,

(d) th e  tem p era tu re  o f th e  o i l  behind th e  n o zz le ,

(e) th e  r a te  o f in je c t io n  o f f u e l  in to  th e  com bustion
chamber, and

( f )  th e  p re ssu re  in  th e  com bustion chamber*

I t  was obvious t h a t  item s ( a ) ,  (b ) , ( c ) ,  and (d)

were d i r e c t ly  determ inab le from eng ine t e s t s  and th e  

n ecessa ry  ap p a ra tu s  was ac co rd in g ly  designed* f o r  item

(e) however, an in d i r e c t  method o f d e te rm in a tio n  was 

decided  upon* P re lim in a ry  engine t e s t s  were run  and 

measurements made o f item s ( a ) , ( b ) , ( c )  and (d)* W ith 

a  knowledge o f th e  working l im i t s  o f th e s e  item s an 

ap p ara tu s  was designed whereby th e  d isch arg e  th ro u g h  th e  

eng ine fu e l  va lve  a t  any s e t t in g  of sp in d le  l i f t  could  

be measured fo r  v a r io u s  c o n d itio n s  o f  p re s s u re , d e n s ity , 

v is c o s i ty  and tem peratu re  of th e  l iq u id  being  d isch arg ed , 

and o f p re ssu re , d e n s ity  and v is c o s i ty  o f th e  9mediumY 

in to  which th e  d isch arg e  to o k  place* Numerous e x p e ri

ments on d isch arg e  (form ing th e  f i r s t  p a r t  o f th e  th e s is )  

were c a r r ie d  ou t w ith  t h i s  ap p a ra tu s  and from th e  r e s u l t s  

o f  th e s e , cu rves were ob ta ined  which were used  in  

co n ju n c tio n  w ith  item s (b) (c) and (d ) , a s  w ell a s  w ith  

th e  c y lin d e r  o r com bustion chamber p re ssu re  ( f )  (Which 

d i r e c t ly /
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d i r e c t ly  a f f e c t s ,  bu t i s  h a rd ly  p a r t  o f th e  p ro c e ss  o f 

in j e c t io n ) ,  t o  determ ine item  ( e ) ,  th e  r a t e  o f  in je c t io n  

f o r  any in s t a n t  du ring  th e  in je c t io n  period*

Item  (d ) , th e  tem p era tu re  o f th e  o i l  behind th e  

n o zz le  was in v e s t ig a te d  in  & s e p a ra te  s e r i e s  o f  engine 

t e s t s  and th e  read in g s  th u s  o b ta in ed  f o r  f u l l  lo a d  

c o n d itio n s  and norm al ja c k e t tem p era tu re  determ ined 

roughly  th e  tem p era tu re  to  which th e  fu e l  o i l  was h ea ted  

du ring  th e  d isch a rg e  experim ents*

Item  (&), th e  s tro k e  o f th e  fh e l pump p lu n g er when 

once determ ined was k e p t c o n s ta n t th ro u g h o u t th e  rem aining 

t e s t s .

W ith th e  main o b je c t o f  o b ta in in g  reaso n ab ly  a c cu ra te  

in d ic a to r  diagram s o f  c y l in d e r  p re s s u re , th e  m otion o f 

th e  in d ic a to r  drum, which was found to  be co n s id e rab ly  

a f f e c te d  by engine speed, was in v e s tig a te d *

E aree s e r ie s  o f  eng ine  t e s t s  were th e n  ru n  f o r  

v a r io u s  c o n d itio n s  o f  brake lo ad  and fu e l  v a lv e  sp rin g  

lo a d . For th e  f i r s t  two s e r ie s  th e  in je c t io n  p ro cess  

was only in v e s t ig a te d  w ith  re s p e c t t o  item s (b) (c) and

(f)*  She t h i r d  s e r ie s  was scurried r a th e r  f u r th e r  in  

t h a t  no t only was item  (e) in v e s t ig a te d  b u t s u f f i c ie n t  

read in g s  were ta k e n  to  enab le  a  com pleteT  0  a n a ly s is  o f 

th e  In d ic a to r  c a rd s  to  be made* For t h i s  a n a ly s is ,  

re ad in g s  (a p a r t from th e  u su a l t e s t  re ad in g s)  were tak en  

o f a i r  consumption and by therm ocouple, exhaust tem perature*  

She a i r  flow  was measured by means o f  a i r  boxes and an 

o r i f i c e  o r  t h r o t t l e  p la te ,  and a s  a  check on th e  accuracy  

o f  t h i s  method o f measurement, a  s e r ie s  o f e a r l i e r  

experim ents a re  g iven  showing th e  r e s u l t s  ob ta in ed  by 

th e  a i r  boxes compared w ith  d i r e c t  measurement by means 

o f a  gasometer*

B y/
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By means o f  t  lie T<J> a n a ly s is  a lrea d y  m entioned and 

a  knowledge o f  th e  h eat l o s s  d u rin g  th e  w orking s tr o k e  

an attem p t was made t o  determ ine th e  tr u e  rate.: o f  

com bustion o f  th e  f u e l .  In t h i s  l a s t  d e term in a tio n  an 

approxim ate a llow an ce  was made fo r  th e  l a g  o f  th e  

c y lin d e r  p ressu re  in d ic a to r  and a f a i r l y  c lo s e  e s t im a te  

o f  th e  * i g n i t io n  l a g T th u s  o b ta in ed .

The f i n a l  p art o f  th e  t h e s i s  d e s c r ib e s  t e s t s  c a r r ie d  

out in  order t o  determ ine rou gh ly  to  what e x te n t  th e  

p resen ce  o f  in e r t  g a se s  w ith in  th e  com bustion chamber 

might be r e sp o n s ib le  fo r  th e  la g s  in  ig n i t io n  and 

dom bustion in d ic a te d  by th e  p reced in g  ex p er im en ts . As 

a  supplem ent to  t h i s  l a s t  s e c t io n  some r e s u l t s  are g iv e n  

o f  in c r e a se  o f  ig n i t io n  la g  produced by t h r o t t l i n g  th e  

a ir  f lo w  t o  th e  e n g in e .

I t  seems worthy o f  m ention h e r e , th a t  b e fo re  th e  

exp erim en ts d e sc r ib ed  in  th e  fo l lo w in g  pages were begun, 

numerous p re lim in a ry  t e s t s  were c a r r ie d  out on th e  en g in e  

w ith  th e  o b je c t  o f  o b ta in in g  a knowledge o f  th e  g e n e ra l  

c h a ra cter  o f  th e  h igh  com pression  o i l  en g in e  c y c l e .

From v a r io u s  approxim ate methods o f  in d ic a to r  

diagram a n a ly s is  i t  appeared th a t  the com bustion o f  the  

f j ie l  p r a c t ic a l ly  occu p ied  th e  t o t a l  p er iod  o f  th e  working  

s tr o k e , and th e  consum ption o f  f u e l  was e x c e s s iv e .  T h is

was thought to  be p o s s ib ly  due t o  an u n n e c e s s a r ily  lon g

p er iod  o f in j e c t io n .  At about f u l l  brake lo a d  tb e  

o v erflo w  through th e  byepass v a lv e  o f  th e  f u e l  pump was 

found t o  be $6% o f  th e  flo w  through  th e  f u e l  v a lv e

n o z z le , and fo r  t h i s  rea so n  a method o f  red u cin g  th e

in j e c t io n  p er iod  was employed f i r s t  by s te ep en in g  the  

fa c e  o f  th e  pump cam to e p ie c e  and th en  red u cin g  i t s  

e f f e c t i v e  h e ig h t .

T e s t s /
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T e s t s  v/ere run w ith  th e s e  v a r ia t io n s  o f  t o e p ie e e  

and as th e  e f f e c t i v e  h e ig h t  was d im in ish ed , improvement 

in  b oth  consum ption and ex h a u st tem p erature was ob served . 

W ith th e  lo w e st t o e p ie e e  th e  consum ption was most 

favou rab le  but th e  running ra th er  e r r a t i c  owing to  th e  

f lo w  throu gh  th e  byepass v a lv e  b e in g  to o  sm a ll fo r  good  

g o v ern in g .

With a v iew  to  ch eck in g  th e  a ir  fLow t o  th e  en g in e  

a s  measured by means o f  a ir  boxes and an o r i f i c e  or 

t h r o t t l e  p la t e ,  and a s c e r ta in in g  w hether com bustion  was 

com p lete , a  c o n s id er a b le  amount o f  ex h a u st sam pling was 

done. The sam ples were c o l l e c t e d  over a c id u la te d  w ater  

and a n a ly sed  e i t h e r  by means o f a b u r e t te ,  or o c c a s io n a lly  

by a Bone and W heeler ap p aratu s. C on sid erab le  e x p e r ie n c e  

o f  t h i s  apparatus was acq u ired  in  c o n n e c tio n  w ith  th e  

com plete a n a ly s is  o f  c o a l g a s , as i t  was th e n  th e  in t e n t io n  

t o  use  i t  l a t e r  for  sam ples ta k en  o f  c y lin d e r  c o n te n ts  

during com bustion . The a n a ly s is ,  by means o f  th e  b u r e tte ,  

o f  th e  g a s  c o l l e c t e d  over a c id u la te d  w ater showed p r in c i 

p a lly  t h a t ,  fo r  a sample a llow ed  to  stan d  f o r  some tim e  

b efo re  a n a ly s is ,  a lth ou gh  th e  oxygen and n itr o g e n  c o n te n ts  

remained c o n s ta n t , th e  carbon d io x id e  con ten t ra p id ly  

d im in ish ed . In  no sam ple, even when im m ediately a n a ly sed , 

was th e  CÔ  co n ten t found t o  be q u ite  as much a s  d e s ir e d .  

T h is  might have been due to  th e  p resen ce  o f  t r a c e s  o f  

CO, CH  ̂(Methane) and o th er  hydrocarbons, which th e  sim ple  

b u r e tte  method o f  a n a ly s is ,  u n lik e  th e  Bone and W heeler, 

was unable t o  d e t e c t .  Owing to  t h i s  u n c e r ta in ty  o f  th e  

GÔ  con ten t i t  was found th a t  much b e t te r  r e s u l t s ,  which  

checked very c lo s e l y  w ith  th e  a i r  box »a ir  consum ption 1 

r ea d in g s , were o b ta in a b le  by c a lc u la t in g  th e  Ta ir  t o  f u e l 1 

r a t io  on a  b a s is  o f  th e  0 £ co n ten t o f  th e  exhaust gas  

a n a ly s is  in s te a d  o f  th e  0 0 $) c o n te n t , a s  was f i r s t  a ttem pted .
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BSSCRIEEIOH OP EIGHffi.

She engine used in  th e  experim en ts was a  h o r iz o n ta l ,  

h ig h  com pression o i l  engine of th e  au tom atic  s o l id  

in je c t io n  type as m anufactured by M essrs R uston and 

Hornsby Ltd* Under f u l l  lo a d , and a t  a  normal speed 

o f  500 H.P.M. i t  developes about 14  B.H .P. I t  r e l i e s  

e n t i r e ly  on th e  hea t o f com pression fo r  i t s  ig n i t io n  and 

s t a r t s  r e a d i ly  from co ld  by means o f com pressed a i r .

She lo ad  i s  ap p lied  to  th e  engine by means o f an 

o rd in a ry  rope brake f i t t e d  on a s p e c ia l  w ater coo led  

drum on one end o f th e  c ra n k s h a f t .

P ig . 1, p . 6  g iv e s  a  g en e ra l view  of th e  eng ine w ith  

i t s  normal experim en ta l ap p a ra tu s . P ig .£ ,p .7  g iv e s  a  

view of th e  back of th e  engine showing p a r t i c u la r ly  th e  

p o s i t io n s  of the fu e l  valve (w ith  experim en ta l ap p a ra tu s) 

and th e  engine in d ic a to r .

Leading D im ensions o f  E n g in e: -

Uia* o f  C y linder » 74n

S troke = 14u

S troke Volume = 0*35795

C learance Volume = 0.02816 ft*

Length o f Connecting Hod s  31 • 5" •

C ylin d er  Head.

P ig s . 3  and p p .S  and S  , show th e  g en e ra l form 

of th e  C ylinder Head in c o rp o ra tin g  the  Combustion Chamber.

In  th e se  sk e tch es, fo r  s im p lic ity , only th e  e s s e n t i a l  

f e a tu re s  are g iven . P ig .3 (a )  i s  a s e c tio n  ta k e n  

v e r t i c a l l y  along th e  ce n tre  l in e  o f th e  en g in e . I t  shows 

th e  p is to n  a t th e  in n e r  c e n tre  p o s i t io n . Phe a i r  i n l e t  

valve above and th e  exhaust valve below a re  shown in  

t h e i r  c lo sed  p o s it ions,and  a lso  a t th e  op p o site  end of th e  

com bustion chamber from th e  p is to n  i s  in d ic a te d  th e  p o s i t io n  

o f /
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EWu. View o f  En&ine.

F l  G . 2 .
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(a)

TgAwNSVSlRSE. S e c t i o n .

I ndicator P a s s a g e .

I gnition assumed to
TAUlt PLACE HfcP-E.

[3 le. page.162 1
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o f  th e  f u e l  va lve*  B o lted  t o  th e  end o f  th e  c y l in d e r  

head, hut n ot shown in  th e  sk e tc h , i s  a c ir c u la r  end 

cover  form ing th e  ou ter  end w a ll  o f  th e  w ater ja c k e t .

P ig .3(b) d e p ic t s  an end v iew  o f  th e  c y lin d e r  head  

w ith  th e  end cover removed. The h ou sin gs fo r  th e  i n l e t ,  

exhaust and a i r - s t a r t in g  v a lv e s  are c le a r ly  shown in  

t h i s  view*

P ig .4(b) g iv e s  an im p ression  o f  th e  shape o f  th e  

com bustion chamber in to  which th e  fa n  shaped sp ray  o f  

fu e l  i s  p r o je c te d  from th e  r e c ta n g u la r  o r i f i c e  o f th e  

f u e l  v a lv e  n o z z le .  The p o s i t io n  a ls o  o f  th e  passage  

le a d in g  t o  th e  ord in ary  in d ic a to r  i s  shown d o tte d .

In  P ig .4 (a )  i s  a c r o s s  s e c t io n  o f  th e  head ta k en  

v e r t i c a l l y  through  th e  c e n tr e  l in e  o f  th e  i n l e t ,  exhaust 

and a ir  s t a r t in g  v a lv e s .  S in ce  t h i s  s t a r t in g  v a lv e  i s  

o f  no d ir e c t  in t e r e s t  to  th e  p resen t work, i t  was not 

withdrawn a t  any tim e  and has not th e r e fo r e  been shown 

in  s e c t io n  in  any o f  th e  f ig u r e s .

Fuel Bump.

S h e 'r e la t iv e  p o s i t io n s  o f  th e  fu e l  pump and i t s  

o p era tin g  cam are shown in  P ig . 5 ,  p.11 and a h o r iz o n ta l  

s e c t io n  o f  th e  pump i t s e l f  i s  shown in  P ig .  6 , p . 12 . The 

pump i s  brought in to  o p era tio n  by tu rn in g  th e  c o n tr o l  

handle in to  th e  p o s i t io n  shown in  P i g . 6 , th u s a llo w in g  

th e  r o l l e r  to  come in to  co n ta c t w ith  the fu e l  pump cam, 

( s e e  P i g .5  ) .  To cu t o f f  th e  f u e l  supp ly  t h i s  c o n tr o l  

handle must be turned  through approxim ately  1 8 0  d egrees  

in  th e  d ir e c t io n  o f  the arrow,and the cam-shaped p o r tio n  

o f  th e  c o n tr o l handle sp in d le  throw s th e  r o l l e r  c le a r  o f  

th e  f u e l  pump cam. The pump c y lin d e r  i s  in  d ir e c t  

com m unication, excep t fo r  a n on -retu rn  b a l l  v a lv e , w ith  

th e  a tcm iser  or fu e l  v a lv e  o f  th e  e n g in e , and th e  tim in g  

o f  th e  pump cam, o th er  th in g s  rem aining c o n sta n t, d ir e c t ly  

c o n t r o ls /
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c o n tro ls  th e  in s ta n t  when in je c t io n  o f  fu e l  in to  th e  

com bustion chamber commences.

She engine i s  governed by a  sp r in g  loaded  c e n t r i f u g a l  

governor which a c ts  on a  b ye-pass v a lv e , w ith in  th e  fu e l  

pump, th ro u g h  a system  o f le v e r s ,  th e  d e t a i l s  o f  which 

a re  shown in  P ig .7 , The governor d i r e c t ly  o p e ra te s

th e  cam 1 . A sm all s t e e l  beam 2 . i s  suppo rted  a t  one end 

by t h i s  cam, and a t  th e  o th e r  by a  c o n ic a l ly  p o in te d  

screw 3 . which can  be a d ju s te d  i f  d e s ire d  w h ile  th e  engine 

i s  runn ing . B e s tin g  on th e  beam a t  th e  c e n tre  i s  a  sm all 

push rod  4 * on th e  to p  o f which r e s t s  th e  b y e-p ass  b a l l  

v a lv e  5* T h is  b a l l  i s  h e ld  on to  th e  to p  o f th e  push rod  

by a  l i g h t  c o i l  sp rin g . The su c tio n  valve  6. i s  f r e e /b u t  th e  non

r e tu rn  v alve  7 # i s  ( l ik e  5 )  h e ld  downbya l i g h t  c o i l  

sp rin g  • The sm all c i r c l e  3* re p re s e n ts  th e  passage 

communicating w ith  th e  pump c y l in d e r . The co n n ec tio n  fo r  

th e  d e l iv e ry  p ip e  le a d in g  to  th e  fu e l  v a lv e  i s  s i tu a te d  

im m ediately above th e  bye-pass v a lv e .

While th e  engine i s  s ta r t in g  up, th e  cam 1. i s  in  such 

a  p o s i t io n  th a t  th e  push rod  i s  allow ed to  f a l l  c l e a r  o f  

th e  bye-pass b a l l  v a lv e , and th e  maximum volume o f  fu e l  o i l  

i s  in je c te d  d i r e c t ly  in to  th e  com bustion chamber. As th e  

speed o f th e  engine in c re a se s  th e  governor r o ta te s  th e  cam 

and a t  a  c e r ta in  speed th e  b a i l  valve i s  l i f t e d  from i t s  

s e a t  by th e  push ro d . The engine speed i s  k ep t co n s tan t 

by th e  s l ig h t  in flu en c e  o f th e  governor on th e  amount o f 

l i f t  g iven to  t h i s  b a l l  v a lv e , and can be v a r ie d  w ith in  a  

l im ite d  range by means o f th e  a d ju s ta b le  p o in t 3 * o r 

a l te r n a t iv e ly  by means o f a conven ien t adjustm ent o f th e  

le n g th  o f th e  rod  connecting  th e  governor t o  th e  arm a t  

th e  end o f th e  cam sp in d le  a s  shown in  P ig . (§) p . 11. The 

overflow  o f o i l  th rough  th e  bye-pass valve i s  fo rced  back 

to  th e  supply ta n k  o f th e  engine th rough  a  p ipe  le ad in g  

from /
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from th e  c o n n e c tio n  9 .

P u e l V a lv e .

A lo n g itu d in a l  s e c t io n  o f  th e  f u e l  v a lv e  or a to m iser  

i s  shown in  P i g .8 ,  p .I S  . Under c o r r e c t  w ording c o n d it io n s  

th e  e n t ir e  space w ith in  th e  f u e l  system , namely th e  f u e l  

v a lv e ,  f u e l  pump and th e  c o n n e c tin g  p ip e s  betw een t h e s e  

and from th e  su p p ly  ta n k ,sh o u ld  a lw ays he f u l l  o f  o i l .  

During th e  in j e c t io n  th e  f u e l  v a lv e  i s  in  d ir e c t  communi

c a t io n  w ith  th e  pump, t h i s  com m unication b e in g  cu t o f f  

during th e  rem aining p er iod  by th e  n o n -re tu rn  v a lv e .

( s e e  P i g .7, p . 14  ) .

On th e  forward stro k e  o f  th e  pump p lu n ger, th e  p r e ssu re  

in  th e  body o f  th e  v a lv e  r i s e s  r a p id ly , and a s  t h i s  

p r e ssu r e , a c t in g  on th e  area  o f  th e  v a lv e  sp in d le  (minus 

th e  area  o f  th e  v a lv e  s e a t )  overcom es th e  lo a d  due t o  th e  

v a lv e  sp r in g , th e  sp in d le  l i f t s  o f f  i t s  s e a t  and in j e c t io n  

o f  f u e l  in to  th e  com bustion chamber commences. As th e  

f u e l  p re ssu re  f a l l s ,  th e  sp r in g  fo r c e s  th e  sp in d le  back on 

t o  i t s  s e a t  and in j e c t io n  i s  cut o f f .  The sm a ll gap, 

shown on th e  drawing, betw een th e  back end o f  th e  sp in d le  

and th e  corresp on d in g  end o f  th e  sp in d le  b a r r e l ,r e p r e s e n t s  

f a i r l y  c lo s e ly  th e  t o t a l  l i f t  o f  the v a lv e . By a c tu a l  

m icrom eter measurement t h i s  l i f t  e q u a ls  .0 1 5 6 ” •

A therm ocouple and g land  arrangem ent, a s shown in  

P ig .!3,p .2 7 ,was a ls o  u sed  under running c o n d it io n s  on 

th e  normal f u e l  v a lv e  a s  d e p ic ted  in  P i g .8 ,  p . 16.

The e x te n s io n  t o  th e  v a lv e  sp in d le ,sh o w n  in  P i g . 8 , p .1 6 ,  

was u sed  a long  w ith  th e  sp in d le  m otion reco rd er  d e scr ib ed  

on pp.8G -89.
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FUEL VALVE H0Z2LE■

In  f ig s*  3  . and 10 9 (pp* 18 * 19 • ) a re  g iv en  th e  

r e s u l t s  o f  an in v e s t ig a t io n  made in  o rd e r to  determ ine 

w ith  reaso n ab le  accuracy th e  in te r n a l  fo rm ation  o f  th e  

fu e l  v a lv e  no s a le .  f o r  t h i s  purpose a  number o f  wax 

im pressions were ta&en o f  th e  i n t e r i o r  o f  th e  nozz le  

from th e  v a lv e  s e a t  to  th e  o r if ic e *  V arious p l a s t i c  

su b stan ces  were t r i e d  fo r  t h i s  purpose but common c a id le  

wax was found to  g iv e  th e  b e s t  r e s u lts *  A g lance a t  th e  

d im inu tive  o v e ra l l  dim ensions o f th e  n o zz le  and o r i f i c e  

w i l l  s u f f ic e  to  show t h a t  some c a re  and p r a c t ic e  were 

re q u ire d  b efo re  a  s a t i s f a c to r y  im pression  cou ld  be 

o b ta in ed . !£he im pression  having ap p a re n tly  th e  t r u e  

fo rm ation  o f th e  in s id e  o f th e  o r i f i c e  was used to  o b ta in  

th e  shape and dim ensions o f th e  o r i f i c e ,  and t h a t  w ith  

th e  ap p a ren tly  t r u e  fo rm ation  o f  th e  valve s e a t  was 

s im ila r ly  used in  r e l a t i o n  to  th e  v alve  sea t*  $he 

dim ensions o f th e s e  im pressions were ob ta ined  by a  s p e c ia l  

form o f m icroscope f o r  use on an index ing  machine. 'Phis 

m icroscope was moveable by means o f a c c u ra te ly  indexed 

m icrom eter screw s, in  two d ir e c t io n s  m u tua lly  a t  r ig h t  

an g le s . 3This enab led  th e  c o o rd in a te s  o f p o in ts  on th e  

con tour o f th e  wax im pressions, and r e l a t iv e  to  a  f ix e d  

p a i r  o f axes, to  be ob ta ined  and p lo t te d  g ra p h ic a lly  on a  

la rg e  s c a le .  With t h i s  in strum en t a lso  were ob ta in ed  th e  

dim ensions (le n g th  and w idth) o f th e  p ro je c te d  re c ta n g u la r  

£Lot o f th e  o r i f i c e  and th o se  o f th e  fa c e s  o f th e  o r ig in a l  

fu e l  v a lve  sp in d le  and o f th e  sp in d le  made s p e c ia l ly  fo r  

th e  d ischarge  experim ents d esc rib ed  l a t e r .

I t  was n o tic e d  th a t  under th e  m icroscope th e  o u ts id e  

edges o f th e  o r i f i c e  were not uniform ly sharp . Some p a r ts  

had th e  appearance of having been chipped o f f  during  th e  

p ro c e ss /
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p ro c e ss  o f m achining. I t  was found to  be p r a c t i c a l ly  

im p o ssib le  to  examine th e  s ta te  o f  th e  in s id e  edges.

$he 'leng th*  o f th e  o r i f i c e  in  th e  d i r e c t io n  o f flow  

was no t determ ined, but was though t to  be sm all a t  th e  

m iddle and to  in c re a se  tow ards each end of th e  re c ta n g u la r  

s l o t .  Except where o therw ise  s p e c if ie d , th e  word le n g th  

i s  used to  r e f e r  to  th e  la r g e r  dim ension o f th e  o r i f i c e  

a t  r ig h t  an g les  to  th e  flow , and th e  word w id th  t o  th e  

sm a lle r  dim ension a t  r ig h t  ang les to  th e  le n g th  a s  d efin ed .

During th e  course  o f  th e  experim ents on d isc h a rg e , a  

s te ad y  in c re a se  in  th e  read in g s  under any g iv en  s e t  o f  

c o n d itio n s  was observed. She in c re a se  must e i th e r  hare  

been caused by an enlargem ent of th e  o r i f i c e  o r a  rounding 

o f th e  in s id e  or o u ts id e  edges. P o ss ib le  a l te r n a t iv e  

ex p lan a tio n s  fo r  th e se  a re  s ta te d  below. F req u en tly  

du rin g  th e  experim ents th e  o r i f i c e  became p a r t i a l l y  choked, 

and i t  was n ecessa ry , in  o rder to  avoid d ism an tlin g  th e  

com plete fu e l v a lv e , to  d is lo d g e  th e  fo re ig n  p a r t i c l e  by 

means o f a  s p e c ia l ly  cu t p iece  o f s t e e l .  f h i s  o p e ra tio n  

rep ea ted  a  number o f  tim es, a lthough  c a r r ie d  out w ith  c a re , 

may p o ss ib ly  have s l ig h t ly  in c reased  th e  e f f e c t iv e  d isch arg e  

a re a . I t  i s  p o ss ib le  however t h a t  a  more p robab le  cause 

was th e  continuous ab ras iv e  a c tio n  o f minute p a r t i c l e s  o f 

dust e tc .  p resen t in  th e  o i l ,  e s p e c ia lly  as i t  i s  th e  

in s id e  edge and th e re fo re  th e  one l e a s t  l ik e ly  to  be so 

a f fe c te d  by th e  c lean in g  p ro cess which p r in c ip a l ly  

determ ines th e  flow through th e  o r i f i c e .  I t  must be 

c le a r ly  understood th a t  th e  flow o f  l iq u id  th rough th e  

n o sz le  in  th e se  d ischarge t e s t s  was abnormal, as  th e  

amount o f  o i l  passed through th e  o r i f i c e  in  a g iven  tin©  

was on th e  average about 30 tim es g re a te r  th a n  th a t  ta k in g  

p lace  on the  engine under f u l l  lo ad  c o n d itio n s .

F ig * /



21

F ig . 10 shows th e  t r u e  le n g th  o f th e  in n e r  edge 

o f th e  o r i f i c e .  t h i s  w i l l  ap p a re n tly  be th e  e f f e c t iv e  

le n g th  o f th e  l a t t e r ,  on which a c o e f f ic ie n t  of d isch arg e  

m ight be based# In  t h i s  case  c l e a r ly  a  d e te rm in a tio n  

o f th e  c o e f f ic ie n t  cannot be made w ith  any h igh  degree 

o f  accuracy  on account o f th e  d o ub tfu l s t a te  o f th e  

in s id e  o f  th e  o r i f i c e .  Of th e  two o th e r cu rves in  Fig.ID , 

th e  f u l l  l in e  re p re s e n ts  th e  a c tu a l  experim en ta l read in g s  

and the d o tte d  l in e  m erely a  c o n s tru c tio n  ta k in g  in to  

account th e  f a c t  th a t  th e  in n e r  edge d id  n o t l i e  e x a c tly  

a long  th e  c r e s t  o f th e  »dome1 shape but was d isp laced  

l a t e r a l l y  by h a l f  th e  w idth  o f th e  o r if ic e *  The t r u e  

le n g th  was ob ta ined  from t h i s  curve by redraw ing i t  to  

eq u a l v e r t i c a l  and h o r iz o n ta l  s c a le s . The boss-shaped 

p o r t io n  on th e  m iddle o f th e  fdomef of th e  o r ig in a l  curve 

was n eg lec ted .

P ig . 0 ? p . IS  shows d e f in i te ly  th e  e f f e c t  on th e  

v a lv e  face  o f  th e  o r ig in a l  sp in d le  o f  th e  con tinued  

hammering on th e  valve s e a t  . The fa c t  th a t  th e  * step* 

on th e  face  o f  th e  sp in d le  does no t mesh c lo s e ly  w ith  

th e  corresponding, p a r t  o f  th e  se a t might be due to  

v a r io u s  cau ses , such as  fo r  example th e  valve sp in d le  

and nozz le  ta h in g  up s l ig h t ly  a l te r e d  r e l a t iv e  p o s i t io n s  

on reassem bly; th e  w a r in g  e f f e c t  o f an i n f i n i t e  number 

o f  in je c t io n s  o r; .inaccuracy o f th e  wax Im pressions#

JTone of th e w  ex p lan a tio n s , however, account, fo r  th e  v ery  

decided  fstep» in  th e  valve s e a t  marled X i n  F ig , 3 ,

I t  seems”probable th a t  t h i s  's te p *  was formed in  th e

course o f manufacture*
© »  * s te p p in g 1 of th e  o r ig in a l  v a lve  face  m arls th e

only d i s t in c t  d iffe ren ce  between I t  and th e  face  of th e  

sp in d le  used in  th e  discharge experim ents which w i l l  now

be d escrib ed .
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ABPABAiPUS FOR BISGHARSE M P m C T P R .

V arious arrangem ents o f  ap p a ra tu s  were used during  

th e  co u rse  o f  work on th e  d isch arg e  o f l iq u id s  th ro u g h  

th e  fu e l  valve n o zz le . At f i r s t ,  only th e  d isch arg e  

o f w ater in to  a i r  was in v e s t ig a te d  f o r  v a r io u s  s e t t in g s  

o f  sp in d le  l i f t ,  and fo r  th e s e  experim ents th e  n ecessa ry  

ap p a ra tu s  used was o f a sim ple c h a ra c te r .

®he valve sp rin g  (see  P ig .8 ,p.l£>) was removed 

an ex ten s io n  p iece  ( s im ila r  to  th a t  shown in  P ig .8 , p J 6 ) 

f i t te d ,w h ic h  had i t s  o u te r  end c o n ic a l ly  p o in ted  to  bear 

on th e  end o f an a d ju s tin g  screw rece ssed  to  s u i t .  $ h is  

a d ju s t in g  screw (26 th d s . / in c h )  had f i t t e d  on th e  o th e r  

end a  c i r c u la r  indexed d isc  a g a in s t th e  sc a le  o f  which 

a  s ta t io n a ry  p o in te r  was f ix e d . 3The fu e l  value and 

sp in d le  a d ju s tin g  ap p ara tu s  were h e ld  v e r t i c a l l y  down

wards on a  pro je c tin g  b rack e t over a  r e c e p ta c le . A p ipe  

was le d  to  th e  fu e l  valve from a  convenient s to p  valve 

on a  main from a h y d rau lic  accum ulator norm ally used 

f o r  o p e ra tin g  c e r ta in  t e s t i n g  machines. A le n g th  of 

l i ^ a t  copper tu b e , to  th e  bottom o f which were so ld e red  

sh e e ts  o f w ire gauze, was f i t t e d  over th e  end o f  the  fu e l  

v a lve  in  o rder to  break th e  fo rce  o f th e  spray  and to  

d i r e c t  i t  in to  th e  co n ta in e r  below. The w ater d ischarged  

in  a  g iven  tim e was weighed by means o f a  c a l ib r a te d  

sp r in g  balance . p re ssu re s  were measured on a  c a l ib r a te d  

gauge s c r e w e d  in to  th e  to p  o f th e  fu e l  valve f i l t e r  body.

In order th a t  th e  d ischarge o f l iq u id s  o th e r th an  

w ate r might be in v e s tig a te d , two a d d itio n s  were made to  

th e  o r ig in a l  appara tus. One o f th e s e  c o n s is te d  of a  t a l l  

v e r t i c a l  c y lin d e r  (see I 'ig .H ,p .£ 5 )  made from a le n g th  o f 

steam p ip in g , to  each end o f which were screwed and welded 

heavy s t e e l  f lan g es . ®° th e se  f lan g es  were b o lte d

c i r c u l a r /
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c i r c u la r  covers f i t t e d  w ith  th e  n ecessary  v a lv es and 

p ipe co n n ec tio n s. The o th e r a d d i t io n  was. an e l e c t r i c  

h e a tin g  c o i l  which was wound round th e  pipe le a d in g  to  

th e  fu e l v a lv e . Both th e  c y l in d e r  and th e  h e a tin g  

c o i l  formed p a r t of th e  com plete ap p a ra tu s , by means 

o f which a l l  th e  r e s u l t s  were f i n a l l y  o b ta in ed , and a 

more d e ta i le d  d e s c r ip tio n  of them i s  g iven  in  ano ther 

s e c tio n . With the  ap p ara tu s  a t t h i s  s ta g e , read in g s  

o f  d ischarge  were ob ta ined  by m easuring th e  tim e ta k en  

fo r  th e  flow  o f a d e f in i te  weight of l iq u id .  Por t h i s  

purpose an o rd inary  beam balance , w ith  one s l ig h t  

m o d if ic a tio n , was found to  be s a t i s f a c to r y .  Ifhis 

m o d if ic a tio n  c o n s is te d  o f th e  a d d itio n  o f a p a i r  o f 

long  w ire  p o in te rs  a tta c h e d , one to  each t r a y  of th e  

ba lan ce , and formed so th a t  they  stood c lo se  to g e th e r  

in  a  v e r t i c a l  p o s i t io n . The w ires were ben t over fo r  

a sh o rt d is ta n c e  a t  th e  top  tow ards one a n o th e r , and 

in  such a manner t h a t ,  w ith  th e  beam of the  balance 

h o r iz o n ta l ,  th e se  ends were roughly  a t  th e  same le v e l .

®he o b jec t of th e s e  p o ih te rs  was merely to  in d ic a te  

o n e -d e f in ite  a t t i tu d e  of th e  beam. During each t e s t ,  

when steady co n d itio n s  o f d ischarge  in to  th e  r e c e p ta c le  

were a t ta in e d , as th e se  p o in te rs  passed  one an o th er th e  

s to p  watch was s ta r t e d ,  a  known w eight was added to  th e  

b a lan ce , and th e  tim e read in g  taken  t i l l  th e  in s ta n t  

when th e  p o in te rs  aga in  passed one an o th er. Bteasonably 

good r e s u l t s  were ob ta ined  w ith  t h i s  appara tus fo r  100% l i f t  

only o f th e  valve  sp in d le , and i t  was d iscovered  th a t  

th e  f lu id  p ressu re  a c tin g  on the  end of the  valve sp in d le  

(over th e  combined le n g th  of th e  valve sp ind le  and th e  

ex ten s io n  to  th e  nut o f th e  a d ju s tin g  screw) caused so 

much com pression on t h i s  t o t a l  le n g th  as to  upset a l l  th e  

o th e r read in g s ob ta ined . An attem pt was made to  allow  fo r  

t h i s /
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t h i s  e r r o r  by determ in ing  th e  c o r r e c t  aero  re ad in g  on 

tb e  a d ju s t in g  screw sc a le  fo r  each  h y d ra u lic  p re ssu re  

employed* But even w ith  t h i s  c o r r e c t io n  th e  r e s u l t s  

were no t s a t i s f a c to r y ,  and, as i t  was the  in te n t io n  to  

In v e s t ig a te  l a t e r  th e  su b je c t o f th e  d isch arg e  o f l iq u id s  

in to  com pressed a i r  (a  s te p  which would invo lve a 

co n s id e rab le  a l t e r a t i o n  o f the  e x is t in g  ap p a ra tu s) th e  

in v e s t ig a t io n  was te m p o ra rily  postponed*

!She com plete ap p ara tu s  a s  f in a l l y  u s e d ,is  shown 

d iag ram m atica lly  in  f i g .  I I ,  p* £ 5 .  By means o f t h i s  

arrangem ent a l l  th e  read ings th a t  had a lread y  been 

ob ta in ed  were re p ea ted  and an a d d it io n a l  s e r ie s  o f 

experim ents c a r r ie d  out on th e  d ischarge of l iq u id s  in to  

m edia, o th e r  th a n  a i r  a t atm ospheric p re ssu re . 3?he 

com plete ap p ara tu s  c o n s is te d  o f, fu e l v a lv e , sp ray  

chamber, o i l  c y l in d e r , h ea tin g  c o i l ,  a i r  com pressor and 

th e  v a r io u s  v a lv e s  e t c .  a s  d esc rib ed  in  d e t a i l  h e r e a f te r .

A  g en e ra l view of th e  appara tus (except fo r  th e  com pressor) 

i s  shown in  f i g . 12 p . £ £  . 

f u e l  V alve.

o r ig in a l  in te rn a l  p a r ts  o f the  fu e l valve shown 

com plete in  f i g *£> p . 16 were rep laced  by th o se  shown in  fig*  15  

p . 27. ^he form o f th e  valve  face on the  new sp in d le  was 

made, as  n e a r ly  as p o s s ib le , an exact copy o f th e  o r ig in a l .  

(See f i g .  0 ,  p J B  ) .  By means o f the  arrangem ent 

shown in  f i g .  IB , th e  p o s s i b i l i t y  o f e r ro r  due to  

e l a s t i c i t y  o f th e  a d ju s tin g  mechanism was reduced to  a  

n e g l ig ib le  amount. f i g .  0  shows th a t  th e  s ligh t, 

d if fe re n c e  in  th e  s e c tio n a l p r o f i l e s  o f the  valve face s  

may in tro d u ce  a  s l ig h t  e r r o r ,b u t  t h i s  a lso  has been 

assumed to  be n e g l ig ib le ,  fo rm ally  th e  fu e l  o i l  on i t s  

way to  th e  fu e l  valve passed  th rough  a  very f in e  mesh 

f i l t e r  screwed in to  th e  body o f th e  valve (see  f ig .S ,p . 16 )

On/
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On th e  supply  s id e  o f  t h i s  f i l t e r  was s i tu a te d  a  p re ssu re  

gauge fo r  m easuring th e  p re ssu re  in  th e  l iq u id  behind 

th e  n o zz le ; and in  o rder th a t  th e  p re ssu re  a t  th e  nozzle  

should  be w ith  c e r ta in ty  th e  same as  a t  th e  p re ssu re  

gauge, th e  gauzes were removed from t h i s  f i l t e r *  I t  

was a f te rw a rd s  found th a t  th e s e  gauzes had no ap p rec iab le  

e f f e c t  on th e  d isch arg e  and might p r o f i ta b ly  have been 

re ta in ed *  For th e  experim ents on th e  d isch a rg e  o f 

h ea ted  fu e l  o i l ,  a  therm ocouple was in s e r te d  as  shown in  

Fig* 15  , P*27*

Spray Chamber.

F ig . 14,p£9 shows a  s e c t io n  o f th e  ap p a ra tu s  by means 

of which th e  d ischarge  o f l iq u id s  in to  v a r io u s  media was 

in v e s t ig a te d . She p r in c ip a l  p a r t  o f t h i s  chamber, th e  

c y l in d r ic a l  w a ll, was made fo r  b o th  econom ical and 

p r a c t i c a l  reaso n s from a  le n g th  o f s o l id  s t e e l  sh a ftin g *  

Swo f l a t s  were machined on opposite  s id e s  o f th e  body 

t o  accommodate th e  four windows shown, and a  t h i r d  f l a t  

a t  r ig h t  an g les  to  th e s e  t o  accommodate two la rg e  

diam eter plugged h o le s . In  th e  rem aining and curved 

s id e  o f th e  body, a  ho le was d r i l l e d  and tapped  to  s u i t  

a  connection  fo r  th e  p ipe  le a d in g  from th e  a i r  com pressor. 

She end co v e rs  were o f e a s t  iro n  and were h e ld  down on 

th e  machined ends of th e  c y l in d r ic a l  body by s tu d s  and 

n u ts .  She two jo in ts  were each made by means o f a  r in g  

o f round co p p e r,so ften ed  and f i t t i n g  n e a tly  ju s t  in s id e  

th e  row of s tu d s . In to  th e  to p  cover was clamped th e  

fu e l  v a lv e . With th e  valve  in  p o s it io n , th e  arrangem ent 

was such th a t  th e  nozzle lay  on a  l in e  between th e  two 

o pposite  to p  windows and in  th e  same p lane as th e  to p  

p lu g . She id e a  here was, th a t  w ith  a  b r ig h t l ig h t  

p laced  ag a in s t one o f th e  windows, th e  j e t  is s u in g  from 

th e /
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th e  n o zz le  cou ld  "be examined through, th e  o th e r  window, 

and i f  any fo re ig n  p a r t i c l e  might become lodged in  

th e  o r i f i c e  t h i s  would be n o tic e d  and removed by means 

o f a  s p e c ia l ly  shaped implement in s e r te d  th ro u g h  th e  

ho le  a t  r ig h t  ang les when th e  p lug  had been removed.

The windows were f u r th e r  in ten d ed  to  serve a s  a  means 

o f examining th e  j e t  when d isc h a rg in g  in to  com pressed 

a i r .  Experience has suggested  th a t  i t  m ight have been 

p re fe ra b le  to  p la ce  th e  windows so t h a t  th e  l i g h t  was 

thrown on to  th e  j e t  a t  r ig h t  ang les to  th e  l in e  of 

v is io n  in s te a d  of d i r e c t ly  ag a in s t i t .

These windows, i f  kep t f irm ly  screwed up, were 

ap p a re n tly  p e r f e c t ly  secure  a t  1500 l b s / i n 2 . The 

rubber or f ib r e  packing,how ever, appeared to  be com pressed 

g ra d u a lly , and i f  th e  lo c k in g  r in g  was not o c c a s io n a lly  

tig h te n e d  u p ,th e  rubber packing blew out and th e  g la s s  

s p l i t .  Only tw ice  d id  t h i s  happen, and on n e i th e r  

occasion  d id  th e  window a c tu a l ly  blow o u t.

To provide a g a in s t such an occurrence a  sh ee t s t e e l  

guard was p laced  over th e  in sp e c tio n  windows during  work 

w ith  h igh  p re ssu re  a i r .  T h is  s h ie ld  had a narrow 

v e r t i c a l  s l o t  over which was b o lte d  a  p la te  w ith  a 

r e la t iv e ly  sm all hole in  th e  c e n tre  o f i t  and in  th e  

l in e  o f th e  s lo t .  On to  th e  o u ts id e  o f t h i s  sm alle r 

p la te  was dam ped a spare  window in  a machined b ra ss  

housing . In  th e  c e n tre  of th e  back o f t h i s  b ra ss  p iece  

was d r i l l e d  a ho le  ju s t  s u f f ic ie n t ly  la rg e  to  enab le  

a  c le a r  view o f th e  je t  t o  be ob ta ined . The p la te  

c a rry in g  th e se  f i t t i n g s  could  be moved up or down in  

th e  s l o t  in  th e  guard and clamped so th a t  th e  in sp e c tio n  

h o le  came in to  l in e  w ith  e i th e r  row of windows in  th e  

chamber. The bottom of th e  l a t t e r  was shaped in  th e  

form o f a hollow  cone and in  th e  c e n tre  of i t  was 

screwed/
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screwed th e  o u t le t  v a lv e . IBhis valve o r ig in a l ly  took  

th e  form o f a w eight—loaded  r e l i e f  v a lv e , "but i t  was 

found to  be u n s a tis fa c to ry  and was rep la ce d  by th e  

h and-opera ted  valve shown in  th e  sk e tch . A sh ee t t i n  

s h ie ld  was f i t t e d  round th e  body of t h i s  valve to  

d iv e r t  downwards th e  stream s of l iq u id  is s u in g  from 

th e  o u t le t  p assag es.

O il C y lin d e r .

The o b je c t of t h i s  c y lin d e r  (see P ig . II , p . 2 5 )  was 

to-make use of th e  w ater p ressu re  from th e  accum ulator 

a s  a means o f m a in ta in in g  s te a d ily  during  d ischarge  any 

d e s ire d  p re ssu re  in  th e  l iq u id  under in v e s t ig a t io n  

(w ith in  th e  p re ssu re  l im i t s  of the  accum ulato r). I t  

was made from a le n g th  of 4" bore steam pipe and c lo sed  

a t e i th e r  end by th ic k  c i r c u la r  p la te s  b o lte d  to  screwed 

and welded end f la n g e s . (See P ig . 12 ) .  3*he jo in t s  between 

th e  end p la te s  and th e  f lan g es  were made w ith  r in g s  of 

round so ften ed  copper. She c y lin d e r  was arranged  to  s i t  

v e r t i c a l l y  on a wooden s to o l ,  th rough  th e  ce n tre  o f each 

cover p la te  was screwed a p lug th read ed  a t  th e  o u te r  end 

to  tak e  a p ipe connection . !£o th e  lower o f th e se  was 

a tta c h e d  th e  pipe le ad in g  from th e  accum ulator v ia  the  

main stop  v a lv e . 1!o th e  upper plug was a tta c h e d  th e  p ipe 

le ad in g  to  th e  fu e l valve by way of a  second stop  v a lv e .

In  th e  upper cover were a lso  lo c a te d  a f i l l i n g  p lug  and a 

sm all screw-down v a lv e . A d ra in  valve was provided  a t  

th e  fo o t of th e  o i l  c y lin d e r .

O il was passed in to  th e  cy lin d e r  a t th e  top  by means 

of a  hand pump and a long rubber connection  w ith  a 

s p e c ia l ly  designed end-coupl'ing which could be screwed 

t ig h t ly  in to  th e  f i l l i n g  hole when th e  p lug  had been 

removed. With th e  d ra in  valve open,the o i l  could be 

fo rc ed /
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fo rced  in  a t  th e  to p  of th e  c y l in d e r , and th e  p rev io u s ly
*

used w ater fo rced  out a t  th e  bottom,. I f  th e  c y lin d e r  were 

i n i t i a l l y  empty th e  sm all valve on th e  to p  cover had to  

be opened du ring  f i l l i n g  to  a llow  th e  a i r  p re sen t to  

escape . !£he maximum u se fu l cap ac ity  of th e  c y lin d e r  

was obviously  a t ta in e d  when the  w ater su rface  was a t  th e  

le v e l  of th e  d ra in  v a lv e .

On th e  opening o f th e  main s to p  valve* th e  w ater 

under p re ssu re  from th e  accum ulator ac ted  on th e  o i l  above 

i t  in  th e  c y lin d e r  and fo rced  i t  out a t  th e  top  along  

th e  pipe to  th e  fu e l  va lv e . By th r o t t l i n g  th e  flow  of 

w ater p a s t th e  main stop  v a lv e , any p ressu re  from 

atm ospheric to  2240 lb s / in ?  could  be o b ta in ed .

During th e  f i r s t  a ttem p ts  to  use t h i s  system , th e  

o i l  was sometimes used up and w ater in a d v e rte n tly  allow ed 

to  pass th rough  th e  noz&le; t h i s  w ater not only sp o il in g  

th e  p a r t ic u la r  re ad in g ,b u t a lso  fo u lin g  th e  in s id e  of 

th e  fu e l va lve  and the  o i l  a lread y  d ischarged  in to  th e  

spray chamber. A th ic k  em ulsion of o i l  and w ater was 

l e f t  in  th e  co n ta in e r  along w ith  th e  pure o i l .  When th e  

l a t t e r  was re tu rn e d  fo r  use ag a in  to  th e  o i l  c y lin d e r  th e  

em ulsion c a r r ie d  w ith  i t  upset th e  read in g s of the  

fo llow ing  d isch arg es .

Several a ttem p ts  were made to  o b ta in  a  f lo a t  

arrangem ent which would in d ic a te  th e  com pletion of th e  

o i l  d isch arg e . JPloats of v a rio u s  m a te r ia ls  were t r i e d  but 

were a l l  found to  be d e fe c tiv e , due to  the  a c tio n  o f th e  

w ater or o i l  under h igh  p re ssu re . What might have been 

a p o ss ib le  s o lu t io n  to  t h i s  f lo a t  problem^but which was 

not tr ie d ,w o u ld  have been a  very l ig h t  hollow m etal f lo a t  

f i l l e d  w ith  a very l ig h t  f l u i d .

F in a lly  a f t e r  some p ra c t ic e  i t  was found p o ss ib le  to

judge from the  d u ra tio n  of th e  experim ent th e  probable

o i l  le v e l  in  th e  o i l  c y lin d e r , and tro u b le  from th e  foregoing  
cause/
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cause was p r a c t i c a l ly  e lim in a te d .

To th e  bottom  o f th e  p lug  in  th e  to p  cover of 

th e  o i l  c y l in d e r  and th e re fo re  over th e  mouth of th e  pipe 

le a d in g  to  th e  nozzle was f ix e d , in  p lace  of th e  above 

m entioned dev ice , a la rg e  c y l in d r ic a l  f i l t e r  made from 

200 mesh copper gauze. T h is  f in e  gauze was supported  

on th e  in s id e  by a gauze o f much c o a rse r  mesh. T h is 

was th e  only f i l t e r  in  th e  system du ring  th e  experim ents 

on d isch arg e .

H eatin g  C o i l .

In  order to  in v e s tig a te  th e  e f f e c t  o f tem pera tu re  on 

th e  ra te  of d isch arg e  o f fu e l o i l ,  a h e a tin g  c o i l  was 

f i t t e d  to  th e  p ipe le ad in g  from the  to p  of th e  o i l  

c y lin d e r  to  th e  fu e l va lv e . For t h i s  purpose two le n g th s  

(each 44  ft.) of n ic k e l chrome re s is ta n c e  w ire were 

employed. The whole le n g th  o f p ipe was f i r s t  wound ca re 

f u l ly  w ith  one ply  of a sb es to s  s t r in g .  The two le n g th s  

of re s is ta n c e  wire were th en  wound on in  th e  opposite  

d ir e c t io n  so th a t  each le n g th  covered approxim ately h a l f  

th e  t o t a l  le n g th  of th e  p ip e . The ends were clamped by 

sm all b ra ss  c l ip s  round the  covered p ip e . The whole le n g th  

was f in a l ly  wound w ith  ano ther la y e r  o f a sb e s to s . The 

b ra ss  c l ip s  were a lso  used as te rm in a ls , and th e  two c o i l s  

wdre connected in  p a r a l l e l  to  a sw itch  on th e  2^0 v o lt  main. 

With the  o b jec t of keeping th e  tem peratu re  c o n s ta n t, a 

v a r ia b le  r e s is ta n c e  was added to  the c i r c u i t .  T h is l a t t e r  

however, was found to  be of no advantage, as i t s  e f f e c t  

took  too  long to  make any ap p rec iab le  d iffe re n ce  in  th e  

tem perature of the  o i l ,  and i t  was d ispensed  w ith .

The tem peratu re o f the  o i l  caused by th e  h ea tin g  c o i l  

was measured by means of a eureka—copper therm ocouple 

p laced  c lo se  up to  the  valve sea t as shown in  F ig . 13 ,p .2 7.

On th e  whole, t h i s  h ea tin g  system did not prove to  be 

s a t i s f a c to r y /
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s a t i s f a c to r y  s in ce  during  any s in g le  t e s t  th e  o i l  

tem pera tu re  value a t  th e  nozzle v a r ie d  c o n s id e rab ly .

^he average tem peratu re  however was found to  he s im ila r  

to  th e  a c tu a l working o i l  tem p era tu re  reco rded  on th e  

eng ine . (See ta b le s  I and 8  p .5 £ a n d  p. 1 07 ).

A ir Com pressor. f

Ehe compressed a i r  necessary  fo r th e  'experiments, was 

ob ta ined  from a sm all Ke&vell tw o-stage  com pressor 

designed fo r  p re ssu re s  of from 600 to  700 l b s . / i n  . I t  

was found to  work s a t i s f a c to r i ly  a t  900 l b s / in ?  o r  even 

more. I t  was d riv en  by b e l t  o f f  th e  main l in e  o f sh a f tin g  

in  th e  la b o ra to ry . iPor t h i s  purpose i t  had to  be f i t t e d  

w ith  a s p e c ia lly  heavy flyw heel. In  order to  s im p lify  

th e  working of the  complete ap p a ra tu s  and make i t  

c o n tro l la b le  by one person , th e  com pressor was prov ided  

w ith  a sm all s a fe ty  valve  loaded w ith  an ord inary  

in d ic a to r  sp rin g  which was re a d ily  a d ju s ta b le  to  any 

d e s ire d  p re ssu re . When the a i r  was compressed to  th e  

req u ired  amount, th e  spray chamber could be cu t o f f  by 

means of th e  a i r  valve (I’ig .l  I,p .2 5  ) and th e  sa fe ty  valve 

p reven ted  th e  p re ssu re  in  th e  com pressor and in  th e  pipe 

le ad in g  to  th e  chamber, from r i s in g  unduly. As soon a s  

was p o ss ib le  a f t e r  th e  valve a t th e  Qhamber was c lo se d , 

th e  load  was tak en  o f f  th e  com pressor by r e le a s in g  the 

sa fe ty  valve com pletely u n t i l  p ressu re  was again  req u ired . 

3Ehe c y lin d e r  of th e  compressor was water cooled from a 

sm all c i r c u la t in g  tank s i tu a te d  immediately above. She 

le n g th  of copper p ipe between th e  com pressor and th e  

spray chamber provided ample coo ling  fo r th e  hea ted  a i r .  

f ig - l  l}p.£5 shows th e  arrangement of th e  compressor in  

r e la t io n  to  the  spray chamber and a u x il ia ry  u n i ts .
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DISCHARGE gffiBBIMBHBS.

P a r t ic u la r ly  e s s e n t ia l  t o  an in v e s t ig a t io n  o f th e  

r a t e  o f fu e l  in je c t io n  in to  th e  engine com bustion 

chamber by means o f p r a c t ic a l  cu rv es  o f  p re s su re  v a r ia 

t i o n  and fu e l  va lve  sp in d le  m otion, a re  p r a c t i c a l  

experim ents on th e  r a te  o f  d isch arg e  o f t h i s  fu e l  th rough  

th e  p a r t i c u la r  n o zz le  w ith  which th e  form er cu rves were 

ob ta in ed  -  u n le s s  the r e s u l t s  o f p rev io u s in v e s t ig a t io n  

a re  com plete enough to  a llow  t h i s  p a r t  o f th e  work to  be 

d ispensed  w ith . In  o rd er to  a t t a i n  a  reaso n ab le  degree 

o f accu racy ,th e  range o f c e r ta in  c o n d itio n s  in  th e  

d isch arg e  experim ents must agree  as n e a r ly  a s  p o s s ib le  

w ith  th e  a c tu a l  running c o n d itio n s .

®he p o ss ib le  c o n d itio n s  a f f e c t in g  d isch arg e  appear 

to  be,

(a) The p re ssu re  in  th e  o i l  behind th e  n o zz le .
(b) The d e n s ity  and v is c o s i ty  o f th e  o i l  a t  th e  n o zz le .
(o) Phe amount o f  l i f t  o f th e  valve sp in d le .
(d) She p re s su re , d e n s ity  and v is c o s i ty  o f th e  medium

in to  which th e  o i l  d isc h a rg es .

In  o rd er to  b rin g  out more c l e a r ly  th e  r e la t io n s h ip  

e x is t in g  between th e se  above c o n d itio n s , v a rio u s  l iq u id s  

were used in  th e  fo llow ing  experim ents, and fo r  t h i s  

reaso n  th e  r e s u l t s  may p o ss ib ly  be, a p a rt from t h e i r  

immediate value in  t h i s  work, o f more g en era l i n t e r e s t .

On t h i s  score however, i t  i s  perhaps u n fo rtu n a te  th a t  th e  

o r i f i c e  should have been o f th e  •s lo t*  form in s te a d  o f 

being  c i r c u la r .

She experim ental de te rm ination  of curves o f d isch arg e  

In to  th e  atmosphere proved to  be a  more d i f f i c u l t  ta s k  

th a n  was a t f i r s t  a n t ic ip a te d . As a lread y  p o in ted  o u t, 

du ring  th e  course  o f th e se  experim ents th e  r a te  o f d ischarge 

under any g iven  s e t  o f  c o n d itio n s  was found to  in c rease  

s te a d i ly  (as  in d ic a te d  on f ig s # ) 5  and )6  , p .3 9  ) •

The/
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The read in g s  ta k en  during  th e  e a r l i e r  s e t  o f 

experim ents which gave in c re a s in g  d isch arg e  were 

d isca rd ed  and an o th e r s e r ie s  o f  a  com para tive ly  sm all 

number o f in d iv id u a l read in g s , each occupying about 

th e  same p erio d  as  b e fo re , was c a r r ie d  out* Over th e  

d u ra tio n  of t h i s  s e r i e s  a  r e l a t iv e l y  sm all d isch a rg e  

in c re a se  to o k  place*

The d isch arg e  re a d in g s  determ ined by t h i s  s e r ie s  

o f  experim ents a re  r a th e r  u n s a t is f a c to ry ,  in  th e  m a tte r  

o f consistency*  One ex p la n a tio n  o f t h i s  c o n d itio n  may 

be th a t  advanced by Dr* T e lfo rd  P e t r ie  in  nAn In v e s t i 

g a t io n  in to  th e  Phenomena o f D ischarge th rough  sh o r t 

le n g th s  o f  sm all d iam eter 3Sozzles*n p u b lish ed  in  Vol 15  

o f th e  Jo u rn a l o f th e  M unicipal C ollege o f Technology, 

M anchester. The re  s u i t  s g iven  th e re in  show th a t  fo r  a  

sm all c i r c u la r  o r i f i c e  th e re  a re  two c r i t i c a l  r a t i o s  of 

le n g th  to  d iam eter, in  th e  ca se  c i te d  between Z and 4 

and between 0 and 1 , a t  which u n s ta b le  co n d itio n s  of 

flow  e x is t*  Under th e s e  u n s ta b le  co n d itio n s  th e  j e t  

was found to  vary  co n s id e rab ly  in  i t s  fo rm ation  and th e  

r a t e  o f  d isch arg e  to  vary by as much as  ^6% from th e  mean 

value* These t e s t s ,  i t  appears , were c a r r ie d  out w ith  

w ate r, bu t th e  same phenomenon i s  l i k e ly  to  occur w ith  

low v is c o s i ty  o i l s  such a s  have been m ainly used in  

th e  p re se n t experim ents. I t  seems reasonab le  to  suppose 

th e re fo r e ,  t h a t  due ca re  should  be ex e rc ise d  in  f ix in g  

th e  dim ensions o f th e  o r i f i c e ,  o r o r i f i c e s ,  fo r  an 

engine in je c t io n  no s a le  so th a t  under running co n d itio n s  

i t  does no t re q u ire  to  o p era te  w ith in  e i th e r  of th e se  

c r i t i c a l  zones* I t  would be in te r e s t in g  to  study th e  

a c tu a l  e f f e c t  o f t h i s  phenomenon on an engine under such 

conditions*

The p a r t i a l  choking o f th e  o r i f i c e  encountered in  

th e s e /



37

th e s e  experim ents would seem to  be a  p a r t i c u la r  

d isadvan tage  o f  th e  h igh  p re ssu re  in f e c t io n  ty p e  o f 

m oderately  low-powered o i l  en g in e . A p a r t i c l e  o f 

fo re ig n  m a tte r  need not be very  la rg e  to  l i e  a c ro ss  

an o r i f i c e  m easuring say . 004" , and more e s p e c ia l ly  

i f  th e  a x is  o f  th e  fu e l  valve be v e r t i c a l .  A p a r t i c l e  

may be only s u f f i c ie n t  to  a l t e r  s l i g h t ly  th e  a c tu a l 

d isch arg e  th ro u g h  th e  o r i f i c e ,  and y e t may c o n s id e rab ly  

im p a ir th e  fo rm ation  o f th e  spray* In  o rd e r to  

m inim ise th e  p o s s ib i l i ty  o f t h i s  t r o u b le  i t  i s  suggested  

t h a t ,  w hatever shape of o r i f i c e  i s  used , th e  edges 

should be k ep t sh a rp , th u s  reducing  th e  c o e f f ic ie n t  o f 

d isch arg e  and a llow ing  o f th e  use  of a  l a r g e r  opening.

if h is  tro u b le  o f chohing c l e a r ly  can only be p a r t i a l l y  

e lim in a te d  by v ery  e f f i c i e n t  f i l t e r i n g ,  s in c e  even w ith  

a  g re a t  amount o f c a r e , t r a c e s  o f g r i t  may be allow ed to  

rem ain in  th e  a c tu a l  body o f th e  fu e l  v a lv e  a f t e r  i t  has 

been d ism antled  f o r  any reaso n .

A nother in te r e s t in g  s e r ie s  o f experim ents b ea rin g  

on t h i s  su b jec t o f d isch arg e  has been p u b lish ed  under th e  

t i t l e  o f  ®An In v e s tig a tio n  o f th e  C o e ff ic ie n t o f  D ischarge 

o f L iq u id s th rough  sm all round O rifices®  by W.P. Joachim, 

in  th e  E leven th  Annual B eport o f  th e  n a t io n a l  A dvisory 

Committee fo r  A eronautics 19£5» America. Owing

however, to  th e  much w ider range o f O il P re ssu re s  

employed in  th e  above in v e s tig a tio n , th e  d i f f e r e n t  ty p es  

o f o r i f i c e s  and d if fe re n c e s  in  th e  methods o f s ta t in g  

th e  r e s u l t s ,  a  com parison, o th e r th an  in  a  very  g en e ra l 

sense , i s  alm ost im possib le .

D ischarge o f l iq u id s  th rough  Fuel Valve B ozsle in to  A ir 
at^A t mo ankeric  tre a s u re  (w ith  Valve S pindle a t  Ito 'im tSP

In  th e  fo llow ing  s e r ie s  o f experim ents th e  valve  

sp in d le  was m aintained  a t  i t s  maximum l i f t  and th e re fo re ,

a s /
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as i s  shown in  th e  n ex t s e c t io n  o f  th e  pap er, had no 

a p p re c ia b le  t h r o t t l i n g  e f f e c t  on th e  d isc h a r g e . H eadings 

were tak en  o f  th e  d isch a rg e  in to  atm osphere o f  w ater, 

p a r a f f in , fu e l  o i l  a t ordinary tem p eratu re, f u e l  o i l  

h ea ted  to  approxim ately  th e  tem perature p r e v a il in g  under 

running c o n d it io n s ,a n d  lu b r ic a t in g  o i l  (M oM lo il BB) a t  

ordinary tem p erature. 3?he maximum range o f p r e ssu r e s
g

o b ta in ab le  was from atm ospheric to  2240 l b s / i n .  gauge, 

a range o f 2240 l b s / i n .  At f i r s t ,  read in g s  were tak en  

a t  p re s su re s  below 500 lb s / in ?  but as  d i f f i c u l t y  was 

experienced  in  keeping a steady read ing  on th e  p re ssu re  

gauge a t  low er p re s su re s , and a lso  as i t  was d e s ira b le  

to  reduce th e  t o t a l  number of read in g s as much as 

p o s s ib le , 500 l b s / i n .  o i l  p re ssu re  was f in a l ly  tak en  as 

th e  low er l im i t  of th e  range.

Ih e  d ischarge r e s u l t s  o f th e se  t e s t s  a re  shown in  

F ig .16 ,p .39  in  Ib s /m in .p lo tte d  to  a base of ’p re ssu re s  

behind the nozs.le1 and in  F ig J7 ,p .4 0 in  in s /s e c .  p lo t te d  

to  a  base of ’inches head of l i q u i d ’ . F ig .17 , p.4*0 re p re s e n ts  

th e  c o r r e c t  b a s is  fo r  com parison between th e  d ischarge 

c o e f f ic ie n ts  fo r  the  v a rio u s  l iq u id s ,  th e  stan d ard  form ula 

fo r  d isch arg e  being Volume d ischarged  /  u n it  tim e =Cd%kxJZcjn 

where Gd = d ischarge c o e f f ic ie n t ,  A = o r i f i c e  a rea , and

h = head of l iq u id .  The average curve drawn in  F ig . 17, p . ^ 0 ,
a » ,i s  o f th e  p a ra b o lic  form y = ax, where y = in . /s e c .  and

x = head of l iq u id  in  inches.

In  tablel,p5£are g iven  th e  p h y sica l c h a r a c te r i s t ic s  of

th e  l iq u id s .  On th e  assum ption th a t  th e  s in g le  curve (F ig . 17^.40.)

re p re se n ts  w ith  reasonab le  accuracy th e  d ischarge o f  th e

v a rio u s  liqj$3.ds, i t  appears e s ta b lis h e d  th a t ,  over a f a i r ly

wide range, the  v is c o s ity  of th e  l iq u id  has very l i t t l e

e f f e c t  on the  c o e f f ic ie n t  of d isch arg e .

!Fhe w r i te r  has been unable to  a s c e r ta in  whether or

not t h i s  r e s u l t  has a lready  been e s ta b lis h e d . I t  i s

p o ss ib le  th a t  th e  range may p r a c t ic a l ly  com prise a l l  the

v a lu es  of v is c o s ity  met w ith  in  o i l  engine fu e ls .  Ehe 
c o e f f ic ie n t /



p

±t:
d±j_u

— I— i .

ditlddt::
ta ~

±

r
ffifikt::!:1

m ±

J..IXJ.-U-
— j_j.j

Ef m ~ n ~-i u ._h  
L ILLjI

j  .._ i . . j .  J . - 4— i- -4— i - n —  $.4—| !—i—1—i—̂SC
mfii_L4J_44J3S

±
LJ—i-

I j j j j .4—i—i—J—i—j—j.

1

!—i i i I i
——i——l—L.L 
1.11. .  ' '-+-H-+tin;..

li-L L Imujot'* mm inn n 4  w

□

ZEE ± U..J_U

!~l—M-4 - ±m±fc: 
s i g t i i j

4—i I i._T+4+ t r
J J -J J J ljU JJ

j—j—{—t—i—|—L. l
U m J

MUj= d : t r n

' L U 1 i I
U ~U _i_U

e:r
.. j _ l j .  j_L jZlj JJ.tjJ.. 

UJ.JJ.



m i i m i
i l  i i : I !



41
c o e f f ic ie n t  o f d isch arg e  i s  (except fo r  M o b ilo il BB) 

p r a c t i c a l ly  th e  same fo r  a l l  l iq u id s  t e s t e d  and i s  a lso  

p r a c t ic a l ly  co n s tan t over th e  range from 500 lb s /in ?u p w ard s . 

W ith in  th e  range of th e  experim ents th e  d e v ia tio n  from th e  

above ’law* can be b e s t  seen in  P ig . 1 6 ,p. 3 9 , - by ta k in g  

th e  d isch arg e  v a lu es  a t 500 and 2000 l b s / i n .  gauge p re ssu re  

in  th e  l iq u id .  For co n s ta n t c o e f f ic ie n t  o f d ischarge  th e  

d isch arg e  a t  2000 lb s / in ?  should c le a r ly  be tw ice  th a t  a t

500 l b s / i n .  For example, th e  w ater cu rve g iv e s  2 .27  Ib s/m in .
2 2a t  500 I b a / in .  and 4 .4 3  Ibs/m in . a t  2000 l b s / i n .  2*his l a s t

value should  be 2 .2 7  x 2 = 4*54 lb s /m in . and th e  d e v ia tio n

from th e  ’law* i s  th e re fo re  ~ or p r a c t i c a l ly  2-#5/S.
4 # 5*r

P a ra f f in  g iv e s  a d e v ia tio n  o f a  sm a lle r degree in  th e  same 

d ir e c t io n  but f o r  th e  co ld  fu e l  o i l  i t  i s  2 . 5$  in  "khe o p p o site  

d ir e c t io n , th a t  i s  th e  d isch arg e  a t  2000 lb s / in ?  i s  g r e a te r  

th an  i t  should be fo r  co n s tan t d isch arg e  c o e f f ic ie n t .  Por 

M ob ilo il BB t h i s  i s  obviously  the  case a lso  to  a  much 

g re a te r  e x te n t.  S t r i c t l y  speaking th e re fo re  i t  appears th a t  

fo r  low v i s c o s i t i e s  th e  c o e f f ic ie n t  d ecreases  s l ig h t ly  a s  th e  

p ressu re  in c re a se s , but as  th e  v is c o s i ty  approaches th a t  of 

fu e l  o i l  t h i s  d ecrease  changes to  a s l ig h t  in c re a se . When 

th e  v is c o s ity  becomes th a t  of M ob ilo il BB t h i s  in c re a se  

becomes co n sid erab le  (Pig.16,p .3 9 ) . More in te rm ed ia te

v i s c o s i t i e s  would have been n ecessary  to  enab le  one to  determ ine 

any d e f in i te  r e la t io n s h ip s  h e re .

F u rth e r  i t  appears to  be c le a r  from P ig J Z p .^ O ,th a t  

n e i th e r  i s  density  a determ ining fa c to r  on d isch arg e . ( I t  

must of course be borne in  mind th a t  by d ischarge  in  th e se  

l a s t  remarks i s  e s s e n t ia l ly  meant r a te  of vo lum etric  

d ischarge  as p lo tte d  a g a in s t a  base of head which, s t r i c t l y  

speaking i s  th e  only manner in  which a tru e  com parison 

can be made when d ea lin g  w ith v a rio u s  l iq u id s ) .  She 

ju s t i f i c a t i o n  fo r  t h i s  sta tem ent regard ing  d en sity  i s  

co n s id e rab le  on account o f th e  s im ila r i ty  between th e  

v i s c o s i t i e s  of w ater and p a ra f f in ,  th e  marked d if fe re n c e  

between/
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between t h e i r  re sp e c tiv e  d e n s i t ie s  and th e  f a c t  th a t  

t h e i r  r a te s  o f d ischarge  agree so c lo s e ly .

Regarding tem p era tu re , except th a t  i t  reduces 

v is c o s i ty ,  i t  seems reaso n ab le  to  assume th a t  i t  a ls o  

has no e f f e c t  on d isch arg e .

As th e  p o ss ib le  degree of accuracy of th e  work d id  

n o t appear to  ju s t i f y  th e  a d d i t io n a l co m p lica tio n , no 

account has been tak en  o f th e  c o m p re s s ib il i ty  o f th e  

l iq u id s .  C o n sid era tio n  o f th e  curve fo r  M ob ilo il BB 

seems to  in d ic a te  th a t  a t  th e  h ig h e r ranges o f v is c o s i ty  

t h i s  p ro p e rty  does very d e f in i t e ly  reduce th e  c o e f f ic ie n t  

o f  d isch a rg e , and e s p e c ia l ly  so a t  th e lo w er v a lu e s  o f  

head. Here aga in  v a r io u s  in te rm ed ia te  v a lu e s  o f 

v is c o s i ty  would be n ecessary  to  enab le  one to  determ ine 

a  r e la t io n s h ip .

E ffe c t o f Fuel Value S pindle L i f t  on D ischarge th ro u g h  
ih e  ffuel Valve Nozzle in to  A ir a t  Atmospheric P re s s u re .

A ll fu e l  v a lv es whose sp in d le s  open e i t h e r  au tom ati

c a l ly  by o i l  p re ssu re  or m echanically  by a  cam o r some 

s im ila r  g ea r have th e  in h e re n t f a u l t  t h a t ,  no m a tte r  

what th e  diam eter o f th e  v a lv e  se a t may be, a t  th e  

beginning o f  an in je c t io n  in to  th e  com bustion chamber th e  

o i l  sp ray  mnst grow from zero in to  a  f u l l  spray  and th e n , 

a t  th e  end o f th e  in je c t io n ,  sh rin k  from t h i s  back to  

zero  ag a in . E h is  of course i s  q.uite a p a r t  from th e  id e a  

o f  r a te  o f spray growth as  determ ined by th e  a c tu a l 

v e lo c ity  o f  th e  j e t  fro n t,w h ich  has been in v e s tig a te d  

and d escrib ed  in  th e  Report on “Spray P e n e tra tio n  w ith  a 

sim ple Puel In je c t io n  Nozzle** in  th e  E leven th  Annual Report 

o f  th e  N atio n a l Advisory Committee fo r  A eronau tics 19^5 

in  Am erica,and a lso  in  v a rio u s  o th e r r e p o r ts  o f th e  same 

comm ittee. S h is  growth or shrinkage under p re sen t 

d iscu ss io n  i s  due to  th e  r e s t r i c t i n g  in f lu en c e  on th e  flow 

o f /
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o f  fu e l  o i l  o f  th e  v a lv e  and v a lv e  s e a t .  At normal 

speeds, w ith  a  w ell designed  v a lv e  o f  which th e  

opening and c lo s in g  p e rio d s  a re  ex trem ely  s h o r t , th e  

e f f e c t  may he h a rd ly  a p p re c ia b le , b u t n e v e r th e le s s  i t  

must e x i s t  and a t  h ig h e r  speeds w i l l  become o f 

In c re a s in g  im portance.

G enera lly  speaking , excep t as  reg a rd s  s im p lic i ty  

no advantage i s  d e riv ed , bu t r a th e r  th e  re v e rse , by 

th e  e lim in a tio n  o f th e  valve  sp in d le . She p e rio d s  th e n  

r a fu ir e d  fo r  th e  growth and c u t o f f  o f  th e  sp ray  w i l l  

be g r e a t ly  in c re a se d , depending a s  th e y  do on th e  

r e l a t iv e l y  slow r i s e  and f a l l  in  p re ssu re  in s te a d  o f th e  

much more ra p id  opening and c lo s in g  o f th e  v alve  by th e  

spindle*  S h is  w i l l  be r e a d i ly  seen  from I*igs.4 8 - 5 ^ ,ppl 13-120, 

which show th e  d if fe re n c e  between a  r i s e  and f a l l  o f  o i l  

p re s su re , and th e  correspond ing  opening and c lo s in g  o f 

th e  v a lv e .

When a  f u e l  pump has been dev ised  which w i l l  r a i s e  

th e  p re ssu re  to  i t s  maximum and th e n  re le a s e  i t  more 

ra p id ly  th a n  a  w ell designed  valve  sp in d le  cou ld  c o r re s 

pondingly open and sh u t, th en  c le a r ly  th e  e l im in a tio n  o f 

th e  l a t t e r  would be a  d i s t in c t  g a in , bo th  in  s im p lic ity  

and economy. In  f a c t ,  such a  number o f fu e l  pumps and 

v a lv es  o f every d e s c r ip tio n  have been re c e n tly  put 

forw ard th a t  i t  i s  p o s s ib le  th a t  th e  d es ig n  o f  such a  

pump may have been a lre ad y  accom plished.

She fo llow ing  experim ents were c a r r ie d  out w ith  th e  

o b je c t o f in v e s t ig a t in g  th e  e f f e c t  o f va lve  sp in d le  l i f t  

on th e  d isch arg e  o f v a rio u s  l iq u id s  in to  a i r  a t  atm ospheric 

p re s su re . fh e  e f f e c t  on d ischarge  in to  a i r  a t  h ig h e r  

p re s su re s  i s  t r e a te d  in  th e  next s e c tio n .

During th e  d ischarge  experim ents on valve sp in d le  

l i f t  i t  was found, fo r  a l l  th e  l iq u id s  th a t  du ring  any 

s in g le /



s in g le  t e s t  a t  com parative ly  sm all sp in d le  l i f t  th e  

p re ssu re  behind  th e  n ozz le  tended  to  r i s e  and th e  r a t e  

o f  d ischarge  to  decrease  s im u ltan eo u sly . A sharp 

movement o f th e  sp in d le  in  e i th e r  th e  c lo s in g  or opening9
d ir e c t io n s  brought th e  p re ssu re  and d isc h a rg e  back ag a in  

to  t h e i r  o r ig in a l  s t a t e s .  I f  th e  sp in d le  was l e f t  

s ta t io n a ry  th e  same aga in  to o k  p la c e . B e fe rr in g  to  the  

ad justm ent in  Jig .1 3,p .2 7 ,th e  b e s t way to  overcome t h i s  

d i f f i c u l t y  was to  keep th e  sp in d le  in  a  c o n tin u a l bu t 

very  s l i g h t  s ta te  o f o s c i l l a t io n  th roughou t each t e s t .

A fte r  th e  phenomenon had been d iscovered  th e  l i f t  

experim ents were c a r r ie d  out w ith  th e  sp in d le  in  c o n tin u a l 

m otion, th o se  p rev io u s ly  c a r r ie d  out being  re p ea ted .

As has a lre ad y  been mentioned on page 2 co n s id e rab le  

d i f f i c u l t y  was encountered  in  o b ta in in g  a  s a t is f a c to ry  l i f t  

ad ju stm en t. With th e  arrangem ent in  which th e  a d ju s t in g  

screw was s e t  to  bear on th e  end o f  th e  ex ten s io n  to  th e  

valve  sp in d le , on account o f  th e  com pressive e f f e c t  o f 

th e  l iq u id  p re ssu re  th e  read in g s o b ta in ed  were p r a c t i c a l ly  

v a lu e le s s .  A s e t  o f cu rves o f  d isch arg e  f o r  h ea ted  o i l  

ob ta ined  w ith  t h i s  arrangem ent a re  g iven  in  F ig s . (18) and 

0 9 )  pp. ^ 5  and^ 8  . These curves were b u i l t  up from 

about h a l f  a  dozen cu rv es ex p erim en ta lly  o b ta in ed . The 

e f f e c t  o f th e  p re ssu re  on th e  valve l i f t  i s  very ev id en t 

from th e se  cu rves, th e  d isch arg e  being  unduly h igh  a t  th e  

h ig h e r  p re ssu re s  and low a t th e  low er p re s su re s . In  

F ig s . a re  th e  l a t e r  cu rves o f d ischarge

a t  th e  v a rio u s  s e t t in g s  o f th e  l i f t  f o r  th e  re sp e c tiv e  

l iq u id s ,  These r e s u l t s  were ob ta ined  by th e  means o f  

ad justm ent shown in  F ig . J p .2 7  and may be tak en  to  be 

f a i r l y  r e l i a b le .  Here a ls o ,  as  in  th e  case  o f  d ischarge 

under f u l l  l i f t ,  th e  e f f e c t  o f  v is c o s i ty  of th e  order met 

w ith  in  fu e l o i l s  i s  c le a r ly  not o f g re a t im portance and 

th e /
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th e  behav iour o f  th e  Mobil o i l  BB ag a in  proves th a t  

a  r e l a t iv e l y  h igh  o rd er o f  v is c o s i ty  has on th e  o th e r  

hand a  co n s id erab le  e f f e c t .  The v is c o s i ty  e f f e c t  i s  

much more c le a r ly  brought out by th e  cu rv e s  in  P i g . (25), 

p* 51 which were ob ta ined  by p lo t t in g  mean v a lu e s  o f 

d isch arg e  on a  base of valve l i f t .  The v a lu es  of 

d isch arg e  averaged, were no t ab so lu te , b u t were tak en  a s  

a  percen tage o f th e  d isch a rg e  a t  th e  maximum l i f t  fo r  

g iven  co n d itio n s  o f p re ssu re  e t c . ,  o r  what i s  th e  same 

th in g  -  a percen tage of th e  maximum d isch arg e  w ith in  

th e s e  c o n d itio n s . The r e s u l t s  necessary  fo r  th e s e  

cu rves a re  g iv en  in  ta b le s  2 - 6 , p .5 2  . The f in a l  column 

o f  each ta b le  g iv e s  th e  mean o f th e  fo u r  p reced ing  columns 

and th e s e  mean v a lu es  have been used to  p lo t  th e  curves 

in  P ig . £ 5 ,  p . 51 • Although h a rd ly  p e rm iss ib le , on 

c o n s id e ra tio n  of th e  wide v a r ia t io n  in  th e  in d iv id u a l 

re ad in g s , averages were ta k e n  fo r  th e  M obilo il BB a ls o , 

in  o rder t h a t  an approxim ate means o f com parison might 

be o b ta in ed .

As reg ard s th e  in je c t io n  of fu e l in to  th e  eng ine, i t  

may be concluded from th e se  r e s u l t s  th a t  a  v is c o s i ty  o f th e  

o rd er o f t h a t  o f fu e l o i l  has only a  s l ig h t  e f f e c t  on th e  

d ischarge  under any c o n d itio n  o f r e s t r i c t i o n  between th e  

valve  sp in d le  face  and th e  v a lv e  s e a t ;  but th e  g re a te r  th e  

v is c o s i ty  th e  g re a te r  w i l l  be th e  red u c tio n  in  d isch arg e . 

Probably th e  curve fo r  co ld  fu e l  o i l  g iv es  a  f a i r  concep tion  

o f th e  worst c a se , on account o f th e  h e a tin g  e f f e c t  o f  th e  

nozzle  on th e  o i l  in  a c tu a l p ra c t ic e .

The r e s u l t s  of th e se  experim ents a lso  show th e  

probab le  e f f e c t  o f th e  r e s t r i c t i n g  in f lu en c e  o f th e  valve 

du ring  th e  opening and c lo s in g  p e r io d s . I f  th e  

p e n e tra tio n  and a to m isa tio n  be c o r re c t  when th e  valve sp in d le  

i s  a t  i t s  maximum l i f t  v a lu e , th e n  a t  any low er l i f t  th e se  

q u a l i t i e s /
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TABLE. 1. P a r t i c u l a r s  of L i a U I D S  DlSCHARGE.0.
PRESSURE H ead  in XfNICHES .
LBS./lN? W*T£R. 23°C. PARAFFIN.22°c. Fuel Oil.5G*C. Fuel 0iL.22-5aCMo3iloilBBlI7-5*C

5 2  0 1 4 4 - 0 0 178 0 0 1 69 0 0 1 6 7 0 0 1 5 8 0 0
^  SO ___2 C3 00 32 S O O 3 0 3 0 0 3 0 4 0 0 2  8 3 0 0

1 4 3 0 4 0 3 0 0 5 0 6 0 0 4 8 2 0 0 4 7 4 0 0 4 4 3 0 0
2 0 9 0 - - — — 6 3 S 0 0
2 2 4  0 62  OOO 76 6 OO 7 2 8 0 0 7 1 7 0 0 —

S pecific Gravity * 9 9 0 • 8 0 6 • 8 4 6 • 8 6 3 •310
Density Lbs/ iN* • 0 3 6  1 • 0 2 3 2 • 0 3 0 7 • 0 3  ! 2 • 0 3 2 3
Viscosity C.Q.S. • 0 0 3 •33 • 8 4 n - o o

T A B L L  2 , W a t l r .  i n t o  A t m o s p h e r e .  D i s c h a r g e  f o r  100% Lif t=  Unity.
P lRCENTAGL

L ift
Wydrau lic  P r e s s u r e .. Lb s . / in? G # AvERAGrL.

5 2 0 0 5 0 1 4 8 0 2 2 4 0
100 1*000 1*000 1-000 /•OOO 1-000
3 0 • 9 9 5 * 9 8 4 1*000 • 3 8 0 • 9 9 0
2 0 • 9 6 0 * 9 4 8 • 3 7 2 • 9 5 0 ■ 9 5 8
15 • 9 0 9 • 9 4 8 3 2 3 •9 2 7 • 9 2 7
10 •797 ■524 •5 12 • 8 3  1 •8 1 6
7-5 • 6 7 3 • 7 3 0 72 5 • 7 3 5 •716
5 0 4 7 5 • 52 5 • 5 6 3 • 5 7  3 • 5 3 4
2-5 •219 2 6 3 -310 • 3 2 3 • 2 7 9

T A B L L  3 .  P a r a f f i n  i n t o  A t m o s p h e r e . .  D i s c h a r g e  f o r  1 0 0 % L i f t = U n i t y .

P e r c e n t a g e .
L i ft

Hydraulic  Pr e s s u r e -. Lb s . / in? G. A v e r a g e .
5  2 0 3 5 0 1 4 3 0 2 2 4 0

1 o  o  
s o  
1 5  
7 -5  
5 -0
2.-5..........

1 0 0 °
....... 3 8 0 ______

• 8 8  1
• 6 7 5  '
• 3 8 7
•1 70

1*000
• 9 8 6
-321
•6 7 8 ____

• 4 3 2  
• 1 9 4

1-000
•9 7  5 ______
• 9 0 5  

• 6 5 7  
• 4 3 5  
•21 3

1 0 0 0
• 9 8 0
• 9 1 5
• 6 0 3
•4.6*1.
• 2 10

1 -000  
•9  8 0  _ 
• 3  0 5  
• 6 7 G

■ 4 3 4
• 2 0 1

TABLE 4 . Fu l l O/l (Heatld) into A t m o s .  Discharge f o r  100% Ljft=Unity.

Percentage
Lift.

Hy draulic  Pr e s s u r e ; . Lb s . / in.2 Gr. Av e r a g e .
5 2 0 9 5 0 14&0 2 2 4 0

100 1*000 /•OOO j. 000 !• 0 0 0 /OOO
20 •94-5 • 320 • 94-6 •3 6 7 • 9 4 4

1 5 8 3 5 — • 8 3 0 8 0 8 •8 7 4
12 — •7 9 6 ■SS2 • 8 S I • 8 3 3
10 •7X2 • 6 8 6 • 7 7 3 • 77 5 *739
7-5 •563 • S6 3 — • 6 4 3 • S 3  1
S O • 3 5 4 3 4 3 •39  8 ■437 • 3 8  3

T A B L L  5 .  F u e x  O i U ( C o l d )  i n t o  A t m o s -  PiscHftgGit:  f o e  IOO%LiFT=UNirr .
Per c e n t a g e Hy d r a u l i c  Pr e s s u r e . L&s . / in.2 G. Av e r a g e .

L i f t . 520 9  5 0 1 4 8 0 2 2 4 0

100 l*o 00 1 000 1 OOO IOOO 1-000

20 •9SO 9 16 • 9 3 5 • 9 3 5 •934

1 s •S 9 2 • 8 0 8 • 8 6 2 • 8 7 7 • 3 5 2

1 2 •770 - 7 8 8 •7 9 5 • 8 2 S • 7 0 S

1 0 • 6 9  S • 7 1 5 •7 11 •72  3 •7) J

7*5 •4 8 7 • 5 9 7 •5  9 3 - S S 9

5 0 3 0 0 - • 3  5  1 3 8  1 • 3 3 4

TABLE. 6 . V lO B I L O I L B B  i n t o  A t m o s .  D i s c h a r g e  f o r  100/£ L i f t = U n i t y .

Percentage

L i f t .

H vnBA U Ll C P relss. ur.e - Lb s . / in? Gl A v e r a g e*.
5 2 0 0 5 0 1 4 8 0 2 0 0 0 - 2 2 0 0

100 /•OOO 1000 ) O o O /■OOO i-o o o

3 0
2 0

• 9 0 2 • 7 1 4 - 8 2  S • 9 0 4 * 8 3 6

• 7 c>6 • S M • C 3 9 • 7 9 0 • 6 6 a
I O • 3 17 •2 1 l • £ 6 0 • 4 1 0 •302

SO • 0 9 7 0 6 0 - - • 0 7 9
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q u a l i t i e s  are  l i k e l y  to  be im paired in  a manner and 

p ro p o rtio n  s im ila r  roughly to  t h a t  shown in  Kg* (25) p*5 1 . 

Q o e ffio ien t o f D ischarge o f O rifice*

In  c a lc u la t in g  th e  c o e f f i c i e n t  o f  d ischargeC d. in to  

atm osphere fo r  the o r i f i c e ,  {100% sp in d le  l i f t )  i t  i s  

c le a r  from P i g .  1 7 , p*40> th a t  any one p o in t on t h i s  curve  

s h o u ld  g i v e  t h e  app rox im a te  r e s u l t  f o r  any o f  t h e  low- 

v i s c o s i t y  l i q u i d s  used  i n  th e  t e s t s  -  t h e  c o e f f i c i e n t  

b e in g  p r a c t i c a l l y  c o n s t a n t  under  a l l  c o n d i t i o n s  o f  d i s c h a r g e  

i n t o  a tm o sp h e re ,  w i t h i n  t h e  l i m i t s  o f  t h e  e x p e r im e n t s  

( s e e  p . 4 1 ) .

t a k i n g  t h e r e f o r e  t h e  case  o f  water  a t  2240 l b s / i n !  

gauge p r e s s u r e  d i s c h a r g i n g  i n t o  a tm osphere ,

Volume d i s c h a r g e  = Cd A Jc*cjh [ k *  6 2 0 0 0 ms. From Fable I.

= Cdx-O0 0 3 2 8  * 6 9 2 0  ms?/sec. [ A= -0OO3 e 8  in5 Fig. 10.] 

—  £ ’£ 7  C d . m s ? / 4 e c .

Prom P i g .  17, p . 40 A c tu a l  volume d i s c h a r g e  = 2 .15  ins . /sec*

T h i s  r e s u l t  can  only be approximate  on account  of  th e  

d i f f i c u l t y  o f  m easur ing  t h e  d im in u t ive  w id th  o f  t h e  o r i f i c e  

v i x .  . 0049" w i t h  accu racy .  I n  th e  case  o f  d i s c h a r g e  i n t o  

a fmedium* at  h ig h  p r e s s u r e ,  as  shown l a t e r ,  a f u r t h e r  

i n c r e a s e  o f  25/k or more in  t h e  v a lu e  o f  C d can  be o b t a i n e d  

g i v i n g  i t  t h e n  a v a lu e  of  1 .2  ( a p p r o x . ) .

E f f e c t i v e  Area a t  ValvQ Seat, . (Ai )

I t  can  be shown f o r  a c o n i c a l  v a lv e  s p i n d l e  and s e a t

t h a t  the  a r e a  A (see  P ig .  9 , P* l8)  f o r  an? v a lu e  l i f t  L

i s  g iv e n  by ,
TtL.smG C g R - ’e •sin.eOj

where 0  = h a l f  t h e  cone apex a n g le  and R = h a l f  t h e  

d ia m e te r  o f  t h e  c i r c l e  o f  c o n ta c t  o f  t h e  v a lv e  s p i n d l e  and

v a lv e  s e a t .

I n  t h i s  case  0 = 6 0 ° ,  and R = -9 mm.

P i g - /
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F i g .  25 , p . 51, shows t h a t  f o r  l o w - v i s c o s i t y  l i q u i d s  t h e  

r e s t r i c t i n g  i n f l u e n c e  (on t h e  f low) o f  t h e  v a lv e  s e a t  

p r a c t i c a l l y  d i s a p p e a r s  beyond a l i f t  v a lu e  o f

From t h e  above fo rm u la ,
A ah 100 /© Liph — '00416 in.e 
A ah 3 0  % Li ph =* ‘00 )41 m.a 

a l s o  from F i g . 9 Area o f  c o n n e c t i n g  p assageP be tw een

v a lv e  s e a t  and o r i f i c e  = . 0 0 JL5 i n f  and a r e a  o f  o r i f i c e

==.000328 i n 2 .

I t  a p p e a r s  t h e n ,  t h a t  f o r  maximum d i s c h a r g e  u n de r  

g iv e n  p r e s s u r e  c o n d i t i o n s  t h e  rat.-i n J-f area gY valve -seah
Epfechve area  ah or i f i c e

sho u ld  n o t  be l e s s  t h a n  - :Q-0>4>1 p r a c t  i c a l l y  4 .5 .  The
• 0 0 0 3 2 8

e f f e c t i v e  a r e a  o f  t h e  o r i f i c e  has h e re  been t a h e n  a s  t h e  

a c t u a l  a r e a ,  s i n c e  t h e  c o e f f i c i e n t  Cd a p p e a r s  t o  be 

p r a c t i c a l l y  u n i t y ,  but  where t h e  o r i f i c e  h a s  a c o e f f i c i e n t  

much l e s s  t h a n  t h i s  the  e f f e c t i v e  a r e a  w i l l  t h e n  be t h a t  

o f  t h e  Tvena c o n t r a c t a T.

I n  t h e  p r e s e n t  e ase  the  v e l o c i t y  p a s t  t h e  v a lv e  

s e a t  ( a t  100$ l i f t )  w i l l  be rough ly  — of t h e  v e l o c i t y  

t h r o u g h  t h e  o r i f i c e .  The r e s u l t s  show t h a t  when t h e  

v e l o c i t y  a t  t h e  va lve  s e a t  exceeds-L-  o f  t h e  v e l o c i t y  a t  

t h e  o r i f i c e  (o r  ZZ of t h a t  th ro u g h  t h e  c o n n e c t in g  p a s sa g e )  

t h e  l o s s  i n  head caused  by t h e  r e s t r i c t i n g  ten d en cy  o f  

t h e  v a l v e  s e a t  becomes n o t i c e a b l e .

E f f e c t  o f  p r e s s u r e  and D ens i ty  o f  Medium on D i s c h a r g e .

I n  t h e  D ie s e l  engi ne  t h e  f u e l  has t o  be i n j e c t e d  

a g a i n s t  a c o n s i d e r a b l e  d e c r e e  o f  bach p r e s s u r e  due t o  the  

h ig h ly  compressed a i r ,  and p ro d u c t s  o f  com bus t ion .  As 

t h e  i n j e c t i o n  p ro c e e d s ,  t h e  p r e s s u r e  i n  t h e  com bus t ion  

chamber may i n c r e a s e  c o n s i d e r a b l y , and t h e  d e n s i ty  a l s o  

t o  a  c e r t a i n  e x t e n t .  The t e m p e ra tu re  o f  t h e g  a s e s  i s  

h ig h  when th e  i n j e c t i o n  b e g in s  and r i s e s  as  t h i s  p r o c e s s  

c o n t i n u e s /
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co n tin u es , t u t  i t  i s  p robab le t h a t ,  as  s ta te d  reg a rd in g  

fu e l  o i l  tem p era tu res  on p a g e 4 £ , tem p era tu re  can only  

a f f e c t  th e  ra te  o f in je c t io n  in d i r e c t ly ,  th a t  i s  in  so 

f a r  as i t  may cause a change in  v is c o s i ty ,  p re s su re , or 

d e n s ity . I t s  e f f e c t  th e re fo re  i s  ta k en  in to  account by 

th o se  o th e r c o n d itio n s , bo th  fo r  the l iq u id  being  in je c te d  

and f o r  th e  medium in to  which th e  in je c t io n  i s  ta k in g  p la ce .

The fo llow ing  experim ents were c a r r ie d  out in  o rder 

th a t  some knowledge might be ob ta ined  of th e  behaviour of 

the  d ischarge th rough  th e  fu e l  valve nozz le  in to  media 

su b je c ted  to  v a rio u s  c o n d itio n s  of bo th  p re ssu re  and 

d e n s ity . In  a d d it io n , during  th e se  experim ents read in g s 

were tak en  fo r  v a rio u s  s e t t in g s  o f fu e l  valve sp in d le  l i f t .

The l iq u id s  employed were th e  same as in  th e  p rev ious 

d ischarge  t e s t s ,  namely w ater, p a ra f f in ,  fu e l o i l ,  and 

M obilo il BB. The medium in to  which th e se  l iq u id s  were 

f i r s t  d isch arg ed  was a i r  a t  p re ssu re s  vary ing  from atm ospheric 

to  1500 l b s / i n f  gauge. Such p re ssu re s  a re  not norm ally 

p re se n t in  th e  o i l  engine cy c le , b u t, as i t  was found p o ss ib le  

to  a t t a i n  t h i s  l im i t ,  i t  seemed worth w hile to  in v e s tig a te  

t h e i r  e f f e c t s .  In  o rder to  f in d , th e n , th e  e f f e c t  of the 

d en s ity  and v is c o s ity  of the  m edium,these l iq u id s  were 

them selves used as media. That i s ,  th e  w ater was 

d ischarged  in to  w ater a t  p re ssu re s  vary ing  from atm ospheric 

to  1500 l b s / i n . , the p a ra f f in  in to  p a r a f f in  and so on.

The e f f e c t  o f  valve sp in d le  l i f t  was only in v e s tig a te d  

fo r d ischarge  in to  compressed a i r .

l o r  th e se  experim ents a i r  p ressu res up to  900 l b s / in .  

were ob tained  d i r e c t ly  by means o f the a i r  com pressor.

Under th e se  circum stances th e  method of procedure was 

as  fo llow s, assuming a l l  v a lves i n i t i a l l y  c lo sed  and the  

fu e l  valve sp ind le  p ro p erly  ad ju s ted . The a i r  valve 

(see f ig .IU  p .2 5  ) was opened and th e  compressor sa fe ty  

valve screwed down. (The com pressor was kept running

co n tin u o u sly /
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co n tin u o u sly  darin g  th e  ex p e rim en ts .)  When the t e s t  

p re ssu re  was ob ta ined  w ith in  th e  sp ray  chamber th e  a i r  

valve was shu t and the  s a fe ty  valve com plete ly  re leased*

The a u x i l ia ry  stop  valve was th en  opened and im m ediately 

a ftd rw ard s  th e  main stop  v a lv e . A f te r  a  w ait p erio d  o f 

perhaps a  second or tw o ,th e  o i l  gauge p o in te r  je rk ed  up 

to  about the  d e s ire d  d isch arg e  p re ssu re  and th e  d ischarge  

Jim e read ing  was tak en  from t h i s  in s ta n t .  S im ultaneously  

th e  o u t le t  valve of th e  chamber was opened and th roughout 

th e  d isch arg e  t h i s  v a lv e  to g e th e r  w ith  th e  main stop  valve 

(and o cc a s io n a lly  the a u x i l ia ry  v a lv e) were opera ted  in  

such a  manner as to  m a in ta in  th e  p re ssu re s  w ith in  th e  

chamber and behind th e  nozz le  re s p e c tiv e ly  a t  t h e i r  re q u ire d  

amounts, a. con tinuous e f f lu x  of d ischarged  l iq u id  ta k in g  

p lace  from the  o u t le t  v a lv e . When th e  p erio d  fo r  th e  

d ischarge  had e la p se d ,th e  a u x i l ia ry  valve was sm artly  

c lo sed  (by a  h a l f  tu rn )  and th e  watch stopped sim u ltan eo u sly . 

She main valve was th e n  c lo sed  but the chamber o u t le t  valve 

l e f t  open u n t i l  a l l  th e  co n ta in ed  l iq u id  had been blown out 

in to  th e  re c e p ta c le . She t o t a l  l iq u id  c o l le c te d  was 

weighed. The main valve was not used fo r  th e  c u t - o f f  o f 

th e  d isch a rg e , as i t s  use gave r i s e  to  co n s id e rab le  * a f te r  

flow* th rough  th e  nozzle  on account o f the e l a s t i c i t y  of 

th e  whole system . Considerable p ra c t ic e  was necessary  

fo r  th e  m anipulation  o f a l l  th e  v a lv es  befo re  s a t i s f a c to r y  

o p e ra tio n  could be ob ta ined .

To o b ta in  fo r  th e  experim ents a i r  p re ssu re s  beyond
2 e

900 l b s / i n .  ( v i z . 1200 and 1 5 0 O l b s / i n . )  an in d ir e c t  method

was adopted, fo r  which p re lim inary  d isch arg es were n ecessary .

ffor the  low er p ressu re  th e  spray  chamber was f i r s t  f i l l e d

w ith  a i r  in  th e  usual manner to  600 lb s / in *  and th e  a i r

valve  c lo sed . ©he a u x i l ia ry  valve was opened and th e  main

valve ad ju s ted  to  cause d ischarge in to  the  chamber a t  an

a r b i t r a r i l y  chosen l iq u id  p ressu re  of 2000 lb s /in *  When
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th e  chamber p re ssu re  had r i s e n  to  120b lb s / in #  th e  

a u x i l ia ry  and th e n  th e  main v a lv es  were c lo se d . ©aa 

l iq u id  w ith in  the chamber was d ra in ed  o f f  and weighed. 

s e v e ra l such read in g s  were ta k e n  and a mean value 

o b ta in ed . (Ihe  in d iv id u a l re ad in g s  agreed c lo s e ly ) .

She above p rocedure was rep ea ted  commencing a t  a
s achamber p re ssu re  o f J00 l b s / i n .  and r i s i n g  to  1500 l b s / i n .

Etie d isch arge exp erim en ts proper, in to  a i r  a t  1 2 0 0  l b s / i n .

and 1500 l b s / i n .  were c a r r ie d  out by f i r s t  o b ta in in g  the

a i r  p re s su re s  in  th e  above manner and th en  fo llow ing  th e
j>

method d esc rib ed  fo r  t e s t  a i r  p re s s u re s  o f 900  l b s / i n .  

downwards, except t h a t  when th e  chamber was d ra in e d  a t  th e  

end o f  a  t e s t  and th e  t o t a l  l iq u id  weighed, th e  weight 

o f  l iq u id  ob ta ined  by th e  p re lim in ary  d ischarge had to  be 

s u b tra c te d  to  o b ta in  th e  ne t d ischarge  over th e  g iven  

p e rio d .

H igher a i r  p re s su re s  cou ld  c l e a r ly  have been o b ta in ed  

in  th e  above manner, but i t  was co n sid ered  t h a t  1500i b s / i n .  

was about th e  sa fe  l im it  fo r  th e  packing r in g s  o f th e  

windows, and in  any case the maximum h y d rau lic  p re ssu re  

p o s s ib le  was 2240 l b s / i r u ,  th u s  allow ing  a s  i t  was, a  

p re ssu re  d if fe re n c e  o f only 700 l b s / i i f .  a t  th e  above l im i t .

I t  was a t  f i r s t  in tended  to  use th e  w eighing method 

d escribed  on page 2 5 , i n  which steady  co n d itio n s  of How, 

h y d rau lic  p ressu re  and a i r  p re ssu re  were f i r s t  t o  be 

ob ta ined . I t  was soon found, however, th a t  t h i s  method 

was im p rac tic ab le . Whether in  th e  a c tu a l p ro cess of 

sp ray ing  o r in  th e  tu rb u len ce  caused by th e  j e t  im pinging 

on the w a lls  and bottom of th e  chamber, the l iq u id s  

d isso lv e d , or abso rbed ,considerab le  q u a n t i t ie s  o f a i r .

She e f f e c t  was not l a s t in g  in  th e  ca se  of p a ra f f in  

and alm ost n e g l ig ib le  in  the  case  o f  w ater; but th e  fuel 

o i l  and even more e s p e c ia lly  th e  M obilo il BB were q u ite

u n su ita b le /
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u n su ita b le  fo r f u r t i ie r  use f o r  some tim e a f t e r  being  

d isch arg ed  in to  com pressed a i r .  The a b so rp tio n  became 

more pronounced a t h ig h e r p re s su re s  bo th  o f  l iq u id  and 

a ir*  Even when ap p a re n tly  badk to  a  normal s t a t e  ag a in , 

u n le s s  a  co n s id e rab le  p e rio d  o f tim e was allow ed to  

e la p se , th e  fu e l  o i l  was found to  g iv e  u n s a t is f a c to ry  

r e s u l t s ,  and acco rd in g ly  only a v ery  few read in g s  were 

ta k e n , w ith  co n s id e rab le  in te r v a ls  in te rv e n in g , which 

could  be checked a g a in s t th o se  o b ta in ed  fo r  th e  d ischarge  

o f fh e l  o i l  in to  fu e l o i l . For th e  same reaso n  a l s o , 

only a very  few read in g s  fo r  M obilo il BB in to  com pressed 

a i r  were ta k e n . With th e  l a t t e r  o i l  a  lo n g e r in te r v a l  

had to  be allow ed fo r  th e  recovery  o f i t s  normal s t a t e .  

Owing to  tu rb u le n c e  caused by th e  J e t ,  a i r  was f re q u e n tly  

blown out th rough  th e  o u t le t  valve o f th e  chamber in s te a d

o f th e  l iq u id .

On account o f  th e  ab so rp tio n  and tu rb u le n c e , th e  

le v e l  o f  th e  l iq u id  in  th e  chamber did n o t rem ain  steady  

and th e  method d escrib ed  on page2 5 was th e re fo re  

in a p p lic a b le »

For th e  experim ents on d ischarge in to  l iq u id  media, 

th e  spray  chamber was removed from i t s  s tan d  and p laced  

in  a  h o r iz o n ta l p o s i t io n . T h is  was done to  ensure  t h a t ,  

even w ith  a s l ig h t  amount o f a i r  rem aining in  th e  chamber, 

th e  nozz le  would be com pletely  immersed. Readings in  

t h i s  case  however were tak en  by th e  a l te r n a t iv e  method

described  on page 2 3 .

F ig s .2 7 -3 2  p p .5 9 - 6 1 , show th e  s e r ie s  o f  cu rves of 

d isch arg e  of w ater fo r v a rio u s  p re ssu re s  of a i r ,  and l i f t s  

o f the  valve  sp in d le . S im ila r  s e t s  o f cu rves have been 

ob ta ined  fo r  th e  d ischarge  of p a r a f f in  and fu e l o i l ,  but 

th e se  have not been added s in c e  th ey  a re  p r a c t ic a l ly  the  

same/



Dl.ii.fi.R6.NCt: ;;l : ;  . 1 *
D»*char̂ r at Atmospheric Pressure..

::;:::;.::r;:;;:;: itt;;;:. ; 105.0 . eoo:o r r r  OQ
PitSSURE. DlFr&RtMCL. L b 5: P £ .r1n2. r I U .S o .

PibCH k rq i of Water ir>TQ A ir  at 50 3 Lb5.jpvtlhL  P rL^M M :



4
. j

i
~t~i
!1 i

! 1
:
I
j

1 i
"1

; ! !
4 -
i
i

rr
1
i
ii
1. i

! !
I I

I 1
1 1

- ii I

rm-rrrhr 
Trh;:rrr± 44-r-

m ± f:
-t~r h r r
m ± r

j f f i
rn 'T irrrri

j4

rr r
p r a ifR - .
i~I i I™n i

H
rJ  • 

rrr~rTt 
htmrr

£

TUT r
TTT! H T Tr rr r

t f f T  
hrTTTTTTT'T

rr*n r rn r : r-r-r-m
fT j - r t - hi  H  I i * L .

t t +O
h h m

H £ E S
r m

nr n TTTf

-F

P ° j T

;3

r r r  r rr r : rTTTTTT ’ rf-T-T
m -f-rh n

•H- .rT
TTTttrr “hrhrrrr

! I I I ‘—I—r-r-r-j“-tlTm t f m t  
rrrrr
r  r r r  i

T1TTTT"r r rTrnT“r"rTt■ L-j_L

-T-rF+-
TT

TT iT rH*™r T t r i
TTTT . T’T'T tT V T itT T

ti!i5Cha^g

T j T  
^  ri-t-rt-T aR£KC.£X4t
T tT T rlri
ator/MR-At

inirr; ...JQC

AfEJC





62

same as  th e  s e r ie s  shown fo r  w a te r, and a lso , on 

account o f th e  n e c e s s a r i ly  la rg e  number o f  re a d in g s  

f o r  th e se  t e s t s ,  an in c re a se  in  d isch arg e  was observed 

over t h e i r  d u ra tio n  whioh was o f s u f f i c i e n t  magnitude 

to  mafce any com parison between th e  l iq u id s  doubtfu l*

IThe cu rves shown in  F ig . 2 7 -3 2 , pp* 5 9 - Gl, suggest t h a t  

th e  e f f e c t  o f valve l i f t  on d isch arg e  i s  s im ila r  fo r 

a l l  a i r  p re s su re s  but f o r  low v a lu es  of l i f t  th e  

d isch arg e  seems to  in c re a se  s l ig h t ly  w ith in c re a s in g  

a i r  p re s su re . Some o f th e  l i f t  cu rves a re  r a th e r  

confused by what appears to  be an in s ta b i l i ty - o f - f lo w  

e f f e c t  causing  them to  overlap .

5The rem aining t e s t s  were c a r r ie d  out a t  100^ l i f t  

and a s  a lre ad y  s ta te d  c o n s is te d  o f th e  d isch arg e  of 

w ate r, p a r a f f in ,  fu e l o i l  and M obilo il BB in to  a i r  a t  

v a rio u s  p re s su re s , and th en  th e  d ischarge o f th e  same 

l iq u id s  (excep ting  th e  M obilo il BB) in to  media th e  

same a s  th e  l iq u id  being  d ischarged . The r e s u l t s  o f 

th e s e  t e s t s  a re  p lo t te d  in  P ig s .3 3 -3 8 ?, pp.G3*^G5.

Owing to  th e  e r r a t i c  n a tu re  of th e  read in g s of 

d isch arg e , i t  has been found im possib le to  p lace  them on 

any m athem atical b a s is  as  was hoped fo r a t  one tim e , and 

i t  i s  only p o ss ib le  to  remarfc on th e  g en era l ten d en c ie s  

t h a t  a re  apparent*

In  the  experim ents by Mr. W*]?* Joachim a lre a d y  r e f e r re d  

to  on page37, t h i s  su b je c t o f  d ischarge  o f fu e l  o i l  in to

compressed a i r  has been in v e s tig a te d . H ydraulic p re ssu re s
2 2up to  8000 l b s / i n .  and a i r  p re ssu re s  up to  1000 lb s / in *

were used in  th e se  t e s t s .  One conc lusion  a r r iv e d  a t  was 

t h a t  th e  c o e f f ic ie n t  o f d ischarge  of fu e l o i l  Min c re a se s  

in  th e  case  of d ischarge  in to  compressed a i r  u n t i l  th e  

compressed a i r  p ressu re  eq u a ls  approx im ately*^  o f th e  

h y d rau lic  p re ssu re , beyond which p re ssu re  r a t i o  i t  rem ains 

p rac t i c a l l y /
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p r a c t ic a l ly  c o n s ta n t0 . The p reced in g  cu rv es o f  d isch a rg e  

are ra ttier  vague t o  a llo w  a d e f i n i t e  com parison but th ey  

appear t o  agree rou gh ly  w ith  th e  fo r e g o in g  th e o ry ;  

e x c e p tin g  perhaps th e  v a lu e  rj£r. In  v iew  o f  some o f  

th e  r e s u l t s  how ever, an a l t e r n a t iv e  th eory  might be 

advanced, namely th a t  fo r  any l iq u id  d is c h a r g in g ,th e r e  

i s  a  d e f in i t e  l im i t in g  p ressu re  in  th e  medium beyond 

which th e  c o e f f i c i e n t  o f  d isch a rg e  rem ains c o n s ta n t . To 

a r r iv e  a t  any r e a l ly  d e f in i t e  c o n c lu s io n s  i t  i s  obvious 

th a t  th e  ex trem ely  e r r a t ic  nature o f  th e  ex p erim en ta l 

p o in ts  would n e c e s s i t a t e  a g r e a t  number o f  rea d in g s b ein g  

ta k en  and r ep ea ted .

I t  w i l l  be observed from th e  d isch arge  c u r v es  

(3 ? ig s .3 3 -3 8 p p .& 3 -£ 5  ) th a t  th e  in c r e a se  o f  d isch a rg e  

c o e f f i c i e n t  fo r  in c r e a se  o f  p ressu re  o f  th e  medium i s  

much g r e a te r  fo r  w ater and p a r a f f in  th an  fo r  f u e l  o i l  

and l e a s t  fo r  lu b r ic a t in g  o i l .  In  fa c t  fo r  the l a t t e r  

i t  i s  a lm ost im p o ss ib le  under th e  c ircu m sta n ces to  s t a t e  

whether or not th ere  i s  any in c r e a se . The above su g g e s ts  

th a t  v i s c o s i t y  has some b earin g  on t h i s  d isch a rg e  

phenomenon.

The s im ila r i ty  to  be observed between th e  d isch arge  

in to  com pressed a ir  and in to  com pressed l iq u id s  would 

appear t o  j u s t i f y  th e  c o n c lu s io n  th a t  the c o e f f i c i e n t  o f  

d isch arge  o f  a l iq u id  in to  a medium i s  a f f e c t e d  by th e  

p ressu re  o f  th e  medium but not by e i th e r  th e  d e n s ity  or 

th e  v i s c o s i t y  o f  th e  medium. I t  w i l l  be e v id en t th a t  

such an assum ption s im p l i f ie s  g r e a t ly  th e  a p p lic a t io n  o f  

th e s e  r e s u l t s  to  th e  a c tu a l in j e c t io n  o f  ffciel in to  th e  

e n g in e . I f  t h i s  assum ption to g e th e r  w ith  th e  p rev iou s  

one regard in g  th e  v i s c o s i t y  o f  the d isch a rg in g  l iq u id  be 

c o r r e c t ,  th ey  rni^ht p o s s ib ly  a s s i s t  in  th e  d eterm in ation  

o f /
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o f  th e  th e o ry  o f  t h i s  d isch a rg e  phenomenon. Such a 

th e o r y  o f  co u rse  may have te e n  develop ed , a lth ou gh  th e  

w r ite r  i s  unaware o f  i t .

She shape o f  th e  o r i f i c e  might be an oth er  

d eterm in in g  fa c to r ;  and so a ls o  might be i t s  d im ensions.

A f i t t i n g  was made s im ila r  in  o u ts id e  appearance t o  the  

en g in e  fu e l  v a lv e , and d esig n ed  t o  ho ld  d is c s  in  which  

v a r io u s  form s o f o r i f i c e s  cou ld  be p ie rc ed . She 

p r in c ip a l  in te n t io n  was t o  study th e  e f f e c t  o f  th e  

le n g th  o f  a c ir c u la t  o r i f i c e  having a diam eter s u ita b le  

t o  th e  r eso u rc es  o f  th e  p ressu re  supply, on th e  c o e f f i c i e n t  

o f  d isch a rg e  in to  com pressed a ir ,  but u n fo r tu n a te ly  tim e  

d id  n ot perm it th e  ca rry in g  out o f  th e s e  t e s t s .  W ith a 

knowledge o f  th e  v a r io u s p o s s ib le  ty p e s  o f f lo w  a t the  

!ven a  c o n tra c ts*  a s  d escr ib ed  in  the paper r e fe r r e d  to  

on page 3 6  , th e  r e s u l t s  i f  reason ab ly  c o n s is t e n t ,  might 

have been o f  in t e r e s t .
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On account o f  th e  poor v i s i b i l i t y  ob ta in ed  through  

th e  in s p e c t io n  windows o f  th e  spray chamber, on ly  a few  

rough o b se r v a tio n s  have been p o s s ib le  on th e  change o f  

j e t  form caused  by & change o f  a ir  pressu re*  fh e  a ir  

p r e ssu re  may in  t h i s  c a se  have been on ly  an in d ir e c t  

f a c t o r  and a i r  d e n s ity  th e  r e a l  cause o f  th e  change in  

j e t  form* F urther e la b o r a t io n  o f  th e  experim ents would 

have been n e c essa ry  t o  sep ara te  th e  e f f e c t s  o f  th e s e  

two p r o p e r t ie s  o f  th e  a i r  in  th e  spray chamber*

fh e  j e t  b e in g  o f  a  sim ple fan  shape, th e  rea d in g s  

were ta k e n  m ainly o f  th e  angle con ta in ed  by th e  two 

bounding ed ges o f  th e  p lan e o f  th e  j e t .  f h i s  fo r  

co n v en ien ce  h as been term ed th e  rfa ee  a n g le 1 and the  

c o n ta in e d  a n g le  o f  th e  j e t  p erp en d icu lar  to  th e  plane o f  

th e  j e t  h as been term ed th e  Tedge a n g le 1* fh e s e  a n g le s  

were measured by means o f  a sim ple instrum ent c o n s is t in g  

o f  two square p ie c e s  o f  c e l lu lo id  p laced  a g a in s t  each  

o th e r , and pinned to g e th e r  c lo s e  to  one edge in  such a  

manner a s  t o  a llo w  them to  sw iv e l about t h i s  point* A 

s t r a ig h t  l i n e  was engraved on each p ie c e  and th e s e  l i n e s  

co u ld  be ad ju sted  to  c o n ta in  any angle  between them. By 

p la c in g  th e  instrum ent a g a in s t  th e  o u ts id e  o f  th e  window 

th e s e  two l i n e s  were s e t  p a r a l le l  t o  th e  ed ges o f  the  

j e t  and th e  j e t  an g le  was th en  obtained  from them by

means o f  a  protractor*

Fig.SSiP*6^ 8*10̂  'fciie obtained by p lo tt in g

th e  angles determined on a base o f a ir  p ressures. Ihese  

angles were measured for 10<$ valve l i f t ,  and at the most 

convenient hydraulic pressure from the point of view o f  

v i s i b i l i t y .  Over a wide range, neither the valve l i f t  

nor the hydraulic pressure appeared to  have any appreciable

in flu en ce /
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In flu en ce  on th e  j e t  an g le s  f o r  e i th e r  w ater o r 

p a r a f f in .  I t  can he seen from th e  cu rv es , t h a t  fo r  

p a r a f f in  th e  face  angle decreased  g ra d u a lly  a s  th e  a i r  

p re ssu re  increased^  whereas th e  w ater h e ld  lo n g e r to  th e  

o r ig in a l  angle and th e n  dropped ra p id ly  to  about 6j% o f 

t h i s .  W ithin  t h i s  reg io n  of r a p id  drop, in sp e c tio n  

suggested  an u n s ta b le  c o n d itio n  o f  flow . From what 

cou ld  be seen  o f th e  j e t  o f  fu e l o i l  th rough  th e  windows* 

i t  appeared as  though th e  ang le  v a r ie d  only s l i g h t ly ,  

j u s t  a s  in  th e  case  of the  p a r a f f in .

!fhe *edge a n g le 1 o f th e  j e t  was measured only fo r  

p a r a f f in ,  i t  b e in g  th e  only l iq u id  th a t  could  be seen 

reasonab ly  w ell w ith  th e  j e t  tu rn e d  a t  r ig h t  an g les to  

th e  windows. U nlihe th e  ffaee  angle* , th e  *edge a n g le 1 

was found to  in c re a se  w ith  a i r  p re ssu re . fh e  values 

ob ta ined  were a lso  p lo t te d  in  F ig .3 9 ,  on in sp e c tio n  

however, whereas the  d e c re a se  in  rfaee  angle* had th e  

appearance o f an a c tu a l change o f flow of th e  l iq u id s  

th rough  th e  n o zz le , th e  in c rease  in  *edge angle* had 

th a t  o f a  sp read ing  of th e  j e t  a f t e r  i t  was c l e a r  o f th e  

o r i f i c e ,  due to  th e  re s is ta n c e  o f th e  h ig h ly  compressed 

a i r .  A gainst t h i s  however, i s  th e  f a c t  t h a t ,  as i s  

apparent from th e  cu rv es , th e re  i s  evidence of some . 

r e la t io n s h ip  e x is t in g  between th e  change of *face a i^ le*  

and th e  change o f *edge angle* . F u rth e r, th e re  would 

alm ost appear to  be a  r e la t io n s h ip  between th e s e  an g les , 

and th e  c o e f f ic ie n t  o f  d isch arg e , except th a t  th e  ang les 

a t t a i n  a  co n s tan t value a t  about 600 lb s / in *  a i r  p re ssu re  

whereas th e  c o e f f ic ie n t  in c re a se s  to  a  value somewhat 

above t h i s .  More worfc would re q u ire  to  be c a r r ie d  out 

on t h i s  su b je c t in  con junction  w ith  r e s u l t s  o f  d ischarge 

b efo re  any d e f in i te  conc lusions could  p o ss ib ly  be a r r iv e d  

a t .  For t h i s  purpose a  much la rg e r  spray chamber would 

be /



be d e s ira b le .

Regarding th e  p e n e tra t io n  o f th e  J e t  in to  h ig h ly  

com pressed a i r ,  i t  was r a th e r  in te r e s t in g  to  f in d , 

during  th e  experim ents a t  an a i r  p re ssu re  o f  1500  l b s / i n f  

t h a t  th e  energy w ith  which th e  J e t s tru c k  th e  surrounding 

v e s s e l  appeared to  be very  c o n s id e ra b le , Judging from 

th e  commotion observed w ith in , and th e  tendency  on 

numerous occasions fo r  th e  a i r  to  blow out o f th e  valve 

a t  th e  bottom  in s te a d  of th e  l iq u id  being  in je c te d ,  even 

in  th e  ca se  of w ater which showed p r a c t ic a l ly  no tendency 

to  absorb a i r  under p re s su re .
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APPLIC&fglON OP DISCHARGE HKSUITS TO 

THE BITERMINATION OP THE HATS Off 

INJECTION INTO THE COMBUSTION CHAMBER 

OP THE ENGINE.

To s im p lify  th e  a p p l ic a t io n  of th e  r e s u l t s  o f th e  

fo reg o in g  experim ents on d isch arg e , c e r t a in  assum ptions 

were made*

The f i r s t  assum ption was t h a t  P ig .5 7 ,p . 6 5 ,  (showing 

d isch arg e  o f co ld  fu e l  o i l  in to  fu e l  o i l  a t  v a rio u s  

p re s su re s )  g iv e s  a  c o r re c t  com parison o f th e  v a r ia t io n  

i n  d isch arg e  o f h ea ted  fu e l o i l  in to  compressed a i r  or 

p ro d u c ts  o f com bustion. On c o n s id e ra tio n  o f  the. p o in ts  

t h a t  were a c tu a l ly  ta&en o f co ld  fu e l  o i l  in to  compressed 

a i r  (P ig .37, p .6 5 ,) and th e  resem blance between P ig s .3 3 and34> 

and between P ig s . 35  and 3  6 , p ♦ 64*, th e  p a r t  o f th e  

assum ption d ea lin g  w ith  th e  medium appears to  be ju s t if ie d *  

The p a r t  d ea lin g  w ith  th e  fu e l  o i l  tem peratu re  was 

u n lik e ly  to  invo lve  more th a n  a  vdry s l ig h t  e r r o r  (caused, 

i f  any, by th e  e f f e c t  o f  th e  d if fe re n c e  in  v i s c o s i t i e s  

between h ea ted  and co ld  o i l  on th e  phenomenon o f in c re a se  

in  d isch arg e  c o e f f ic ie n t  d iscu ssed  on p .6 6 ) .

The second assum ption was, t h a t  a t  every  v alue  of

p re ssu re  d if fe re n c e  in  P ig .37, p . 6 5 , th e  r a t io

d isch arg e  in to  a  medium a t  any g iven  p ressu re  — 
D ischarge inuo th e  same medium a t  atm ospheric p re ssu re

was a c o n s ta n t. T h is  could  obviously only be th e  case 

i f  a l l  th e  curves were o f th e  same m athem atical fo ra  

excep t fo r  th e  co n s tan t f a c to r s .  That i s ,  i f  th e  

eq u a tio n  fo r  the  d ischarge  curve in to  atmosphere were 

y£= ax ,th e n  th e  o th e r cu rves in  P ig * 3 7 ,p .6 5 , would be 

correspond ing ly  y2= a, x ;y2 a  a2x ;e tc .  Judging from th e  

shape o f th e  experim enta l cu rves t h i s  i s  probably no t 

$ u ite  /
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<iuite th e  ca se , but th e  e r r o r  so invo lved  i s  u n lik e ly

to  be ap p rec iab le  compared w ith  th e  p o s s ib le  e r r o r  due

to  th e  experim enta l p o in ts  them selves..

!Phe t h i r d  assum ption was t h a t  th e  v a r ia t io n  o f

d isch arg e  w ith  valve sp in d le  l i f t  as shown in  F ig .2 2 ,p /V 8 ,

was th e  same f o r  d ischarge  in to  any p re ssu re  of th e  medium*

A g lan ce  a t  th e  diagrams fo r  w ate r in to  a i r  p re s su re s

from atm ospheric to  1500 lb s / in !o n  F ig s .2 7 -3 2 ,p p .5 9 -6 l,

show t h a t  t h i s  i s  not s t r i c t l y  c o r r e c t .

th e  fo u r th  assum ption was ( r e f e r r in g  to  P ig .2 2 ,p .^ 8 ,

aga in ) t h a t  fo r  every value o f o i l  p re s su re , th e  r a t i o  o f

D ischarge a t  any g iven  v alue  o f sp in d le  l i f t  
D ischarge a t  100^ l i f t

was a c o n s ta n t. I t  was on t h i s  assum ption th a t  th e

curve o f h ea ted  o i l  in  F ig .2 5 ,p .5 I , was ob ta ined  from

ta b le  4 ,  p .5 2  v  Any e r ro r s  involved by th e se  l a s t  two

assum ptions should be n e g lig ib le  as  th e y  only r e f e r  to  a

sm a ll f r a c t io n  o f  th e  t o t a l  o i l  in je c te d ;  namely th e

q u a n tity  in je c te d  while th e  valve was opening and ag a in

w h ile  th e  v a lv e  was c lo s in g .

For a p p lic a t io n  o f  th e  d isch arge  r e s u l t s ,  based on

th e  fo reg o in g  assum ptions, to  determ ine th e  r a te  o f

in j e c t io n  o f  fu e l in to  th e  com bustion chamber, th e  s ix

fo llo w in g  curves were used .

Curves obtained from engine t e s t  ( s e e  F ig s .4 8 -5 2 ,p p .H 3 -ieo )

(a ) V a r ia tio n  o f  fu e l  o i l  p ressu re  behind th e  n o z z le  on a  

base o f  crank a n g le .

(b) V a ria tio n  o f  com bustion chamber or c y lin d e r  p ressu re  

on a  base o f  crank angle*

(c) V a ria tio n  of v a lve  sp in d le  l i f t  on a base o f  crank  

angle*
f

Curves obtained from d isch arge experim ents

(d) D ischarge o f  heated  fu e l  o i l  in to  atmosphere on a base

o f /
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o f gauge p re ssu re  behind n o zz le . (F ig .^* 0 ,p .7 3 ,) . The 

base s c a le  o f t h i s  curve was term ed ’p re ssu re  d iffe ren ce*  

as th e  curve was only in ten d ed  fo r  th e  p re se n t purpose 

o f determ in ing  th e  r a te  o f in f e c t io n .  The curve (d) 

(parabo lic  in  form) formed th e  b a s ic  curve fo r  t h i s  

d e te rm in a tio n ,an d  cu rv es (e) and ( f )  (below) th e  

a u x i l ia ry  cu rves g iv in g  th e  c o r re c t io n  f a c to r s  fo r  th e  

m o d ific a tio n  of th e  b as ic  value o f ’r a t e  of in je c tio n *  

ob ta ined  from curve (d) by a llow ing  fo r the vary ing  

c o n d itio n s  of p re ssu re  w ith in  th e  c y lin d e r  and l i f t  o f 

th e  valve sp in d le .

(e) D ischarge o f co ld  fu e l o i l  fo r any c o n d itio n  of 

’p re ssu re  d iffe ren ce*  on a base of p re ssu re  o f  ’medium*- 

o i l  (d isch arg e  in to  atm ospheric p re ssu re  fo r  th e  same 

p re ssu re  d if fe re n c e  being tak en  as u n ity )  (F ig .2 6 ,p . 5 1 ,) . 

Curve (e) was b u i l t  up from th e  cu rves in  F ig * 3 7 ,p .G 5 , 

by ta k in g , a t  v a rio u s  v a lu es o f p re ssu re  d if fe re n c e , the  

r a t i o  o f d isch arg e  in to  each ’medium’ p re ssu re  to  th e  

d isch arg e  in to  atm ospheric p re ssu re  and averag ing  th e se  

r a t i o s  corresponding  to  each p re ssu re  of the medium.

By th e  s ta te d  assum ptions, curve (e) a p p lie s  to  th e  

in je c t io n  o f hea ted  fu e l o i l  in to  th e  com bustion chamber 

fo r  any c o n d itio n s  o f p re ssu re  and ’sp in d le  l i f t * .

( f )  Curve ( f)  (see F ig .2 5 ,p .5 l , ) was ob ta ined  in  th e  

same manner from th e  cu rves in  F ig .2 2 ,(s e e  t a b l e d ,  p*52) 

a s  th a t  in  which curve (e) (above) was ob ta ined  from th e  

cu rves in  Fig* 37* p . The fo rm ation  o f  curve (f)  has 

been d iscu ssed  e a r l i e r  on p .50. By th e  assum ptions, 

curve ( f )  in  F ig .25 ,p . 5 1, re p re se n ts  th e  v a r ia t io n  w ith  

valve sp in d le  l i f t ,  of d ischarge in to  th e  combustion 

chamber, under any p ressu re  c o n d itio n s  ( tak in g  th e  

d ischarge  a t  100$ l i f t  under th e  same p ressu re  co n d itio n s  

as  u n ity ) .

The/
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3Ehe p r a c t ic a l  a p p l ic a t io n  (based on th e  fo rego ing  

assum ptions and experim en ta lly  d eriv ed  cu rves) to  

determ ine th e  r a te  o f in je c t io n  o f fu e l  o i l  a t  any 

g iven  value o f crank  angle du ring  a p a r t i c u la r  t e s t  i s  

a s  follow s*

from th e  p a r t ic u la r  s e t  o f engine t e s t  cu rves 

(see  f ig s * 4 8 - 5 S p p J I3 -I2 0  ) determ ine (1) O il p re ssu re  

(2) Valve sp in d le  l i f t ,  and (J) C y lin d er or eom bustion 

chamber pressure*

S u b tra c tin g  th e  value o f c y lin d e r  p re ssu re  from o i l  

p re ssu re  g iv e s  th e  p re ssu re  d if fe re n c e , and w ith  t h i s  

va lu e  th e  b as ic  value o f d ischarge  R lb s /m in . i s  ob ta in ed  

from curve (d) in  f ig * 4 0 ,p 673  (see ta b le  13, p . 143).

Hext apply  th e  v alue  (2) of sp in d le  l i f t  to  curve

(f)  in  f ig * 2 5 ,p * 5 l, and o b ta in  th e  l i f t  f a c to r  f , (see  

ta b le  ) 3 ,  p* 143).

Ehen apply  th e  c y lin d e r  p re ssu re  value (3) to

curve (e) in  f ig * £ 6 ,p .5 |,  and o b ta in  th e  c y lin d e r  p re ssu re

f a c to r  f 2 (see  ta b le  13, p*!43).
dw$he r a te  o f in je c t io n  —  a t  any in s ta n t  i s  th en  

g iven  in  lb s/m in . by

—  = R x f , x  f g (see babia l 3 ,p J 4 3 ) , 
d t

During th e  p e rio d  when the valve  l i f t  exceeds about 

30% th e  f a c to r  f ,  becomes p r a c t ic a l ly  u n ity  and th e  

ex p ress io n  becomes

dw _ -o _ -
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o n  PRESSURE irorC-CTOB.

In d ica to r*

®he com plete in d ic a to r  o u t f i t  w ith  which th e  

v a r ia t io n  o f  p ressu re  in  th e  o i l  behind  th e  n o z z le  

was o b ta in e d ,c o n s is te d  e s s e n t i a l l y  o f  two p a r ts ;  v i z .

(1 ) th e  in d ic a to r  prop er, a sp r in g  load ed  p is to n  w ith  

an e l e c t r i c a l  c o n ta c t  d e v i c e , (2 ) a r o ta r y  e l e c t r i c a l  

c o n ta c t  on th e  en g in e  cam sh aft.

P ig* 4 1, p . 7 8 ,  shows th a t  p art o f  th e  arrangement 

in c o r p o r a tin g  th e  sp r in g  lo a d ed  p is to n  and c o n ta c t  

g e a r . I t  was d esign ed  t o  be screw ed v e r t i c a l l y  in to  

th e  f i l t e r ' a t  th e  en tran ce  to  th e  f u e l  v a lv e  { see  Fig* 2 ,  

p . 7  )* but o b v io u sly  co u ld  fu n c t io n  eq.ual l y  w e ll  in  

any o th er  p o s i t io n .  Ehe body o f  th e  instrum ent i s  

made up o f  two p a r ts , th e  low er c o n ta in in g  th e  

c y lin d e r  and p is to n  and t h e  upper, th e  sp r in g  a d ju st in g  

screw , c o n ta c t e t c .  £he a c t io n  fo r  Tfihich th e  in d ic a to r  

was d esign ed  was a s  fo l lo w s .

A  p is to n  o f  about .145611 d i a . , whose a x ia l  m otion  

was r e s t r i c t e d  t o  between 1 .5  and Z th ou san d th s o f  an 

in c h  by an upper and a  low er s to p , was h e ld  down 

a g a in s t  the l a t t e r  by a c o i l  sp r in g . 3?he sp r in g  lo a d  

cou ld  be a d ju sted  to  any d e s ir e d  amount by means o f  an 

a d ju st in g  screw  (b efore  u se  th e  instrum ent had t o  be 

c a lib r a te d )  • Assuming th a t  th e  sp r in g  load , was 

a d ju ste d  somewhat below  the maximum lo a d  e x e r te d  by th e  

o i l ,  th en  a t a c e r ta in  in s ta n t  during a  r i s e  in  o i l  p r e s 

sure th e  p is to n  would r i s e  a g a in s t  th e  upper s to p .

During a f a l l  in  o i l  p ressu re  th e  rev erse  would ta k e  

p la c e . E le c t r ic a l  c o n ta c ts  were so arranged th a t  at  

th e  low er and upper p o s i t io n s  o f  th e  p is to n  a  c i r c u i t  

was c lo s e d , but w ith  th e  p is to n  in  any in term ed ia te

p o s i t io n  th e  c i r c u i t  was broken. A ro ta ry  c o n ta c t on 
t h e /
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th e  cam shaft (se e  3P ig .4£  p #8 4 -) which, co u ld  be a d ju ste d  

t o  a c t  a t any p o in t during th e  com p lete  en g in e  c y c le ,  

was u sed  t o  1 search* fo r  th e s e  two break s in  th e  c i r c u i t .  

I t  was o r ig in a l ly  in ten d ed  to  u se  a  mi l i e  v o ltm eter  fo r  

th e  purpose o f  in d ic a t in g  th e  e x is t e n c e ,  or o th e rw ise , 

o f  a cu rren t in  th e  c i r c u i t ,  but i t  was found on t r i a l  

th a t  w ir e le s s  earphones were more s u ita b le  and t h i s  

method was a c c o r d in g ly  adop ted . By adjustm ents o f  th e  

sp r in g  lo a d  on th e  p is to n , any number o f  v a lu e s  c o u ld  

be ob ta in ed  w hich, when p lo t t e d ,  would g iv e  th e  d e s ir e d  

curve o f  o i l  p r e ssu r e .

2*he p is to n , c y lin d e r , and sp r in g  were stan dard  

p a r ts  fo r  a fMaihakf eng in e  in d ic a to r .  fh e  c y lin d e r  

was screw ed in to  th e  low er h a l f  o f  th e  body a g a in s t  an 

o i l  t i g h t  fa c e , and to  a s s i s t  th e  th rea d  t o  w ith sta n d  

th e  h ig h  p r e ssu r e s  p o s s ib ly  e x e r te d ,a  sp ig o t  on th e  

upper h a l f  was bound down on th e  to p  o f  th e  c y lin d e r  by 

th e  main f la n g e  b o l t s .  H eld between th e  s p ig o t  and 

th e  to p  o f  th e  c y lin d e r  was a sm all cup-sbaped component 

which a c te d  as th e  low er sto p  fo r  th e  p is to n . A 

p r o je c t io n  on th e  u n d ersid e  o f  th e  upper h a l f  o f  th e  

body a c te d  a s th e  upper s to p . By a c a r e fu l  adjustm ent 

o f  th e  t h in  packing between th e  sp ig o t  o f  th e  upper 

h a l f ,  and th e  cup-shaped p a r t , th e  a x ia l  movement o f  

th e  p is to n  was l im ite d  t o  between 1 . 5  and 2L thou san dth s  

o f  an in c h .

!fhe sp rin g  was hooked to  th e  upper end o f  th e  p is t e n  

rod in  th e  u su a l manner, and th e  low er end was h e ld  by a 

p in  screw ed in to  th e  low er end o f  th e  a d ju s t in g  screw . 

C learance was a llow ed  between t h i s  p in  and th e  l a t t e r ,  

s u f f i c i e n t  t o  a llo w  th e  sp r in g  t o  rem ain s ta t io n a r y ,  

i f  n e c e ssa r y , w h ile  th e  l a t t e r  was b e in g  tu rn ed , fh e  

a d ju s t in g /
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a d ju s t in g  sorew was p rov id ed  w ith  a k n urled  lo c k in g  

r in g . The head o f  th e  screw  was marked o f f  a t  

in t e r v a l s  o f  5 d eg rees  round th e  o u ter  to p  ed ge , and 

t h i s  s c a le  was read in  c o n ju n c tio n  w ith  a "brass s c a le  

f ix e d  on th e  arm h o ld in g  th e  c o n ta c t s .  T h is  "brass S ca le  

was c a lib r a te d  t o  com plete tu r n s  o f  th e  a d ju s t in g  

screw .

The f ix e d  e lem en ts o f  th e  e l e c t r i c a l  co n ta c t were 

co m p lete ly  in s u la te d  from th e  r e s t  o f  th e  in stru m en t.

A sm a ll standard sp r in g  cap which screwed on t o  th e  end  

o f  th e  p is to n  rod formed th e  moving elem ent (or Te a r t h T) 

o f  th e  c o n ta c t .  Some d i f f i c u l t y  was ex p er ien ced  in  

t r u ih g  up th e  rim o f  t h i s  cap s u f f i c i e n t l y ,  and in  

f a c t  i t  was th e  in accu racy  o f  t h i s  rim which determ ined  

th e  1 . 5  t o  2 th ou san d th s o f  an in ch  movement o f  th e  

p is to n .

In  order t o  o b v ia te  th e  form ation  o f  a ir  lo c k s  on 

th e  u n d ersid e  o f  th e  p is to n , a sm all h o le  was d r i l l e d  

through th e  c y lin d e r  w a ll  ju s t  below  th e  p is to n  and 

an oth er through th e  body o f th e  in stru m en t. T h is  second  

h o le  was stopped  by means o f  a sm a ll screw  which co u ld  

be r e a d ily  slack en ed  back to  a llb w  any trapped a ir  to  

e sc a p e .

Any o i l  le a k in g  up p a st th e  p is to n  was drained  o f f  

a u to m a tic a lly  through th e  upper sm a ll h o le  in  th e  s id e  

o f  th e  body, a f t e r  f lo w in g  through a s n a i l  h o le  out o f  

th e  cup-shaped p o r tio n . T h is o i l  was th u s p reven ted  

from r i s in g  s u f f i c i e n t ly  t o  fo u l th e  su r fa c e s  o f th e  

p is to n  * s t o p s 1 im m ediately above. Indeed t h i s  was th e  

reason  fo r  having t h i s  sep a ra te  p ie c e  a s  th e  low er s to p ,  

r a th e r  th an  m erely th e  to p  o f  th e  c y lin d e r . I t  w$s 

thought th a t  w ith  such a sm a ll movement, th e  presence  

o f  a  v is c o u s  o i l  between th e se  fa c e s  might to  some 

e x te n t  low er th e  e f f i c i e n c y  o f th e  in stru m en t.
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S in ce  t h i s  in d ic a to r  h as been made, i t  was found  

t h a t  in d ic a to r s ,  working on s im ila r  l i n e s ,  and in ten d ed  

fo r  h ig h  speed  en g in e  work, have been m anufactured fo r  

some c o n s id e r a b le  tim e* fh o s e  r e fe r r e d  t o  are  o f  th e  

diaphragm ty p e , th e  m otion o f  th e  l a t t e r  b e in g  r e s t r i c t e d  

by s to p s  -  one on each  s id e  o f  th e  diaphragm. In ste a d  

o f  th e  sp r in g  u sed  in  th e  p resen t in d ic a to r , th e  lo a d  

t o  b a lan ce  th e  p ressu re  b e in g  measured i s  o b ta in ed  by  

a v a r ia b le  a ir  p r e ssu re . B efore t h i s  p is to n  typ e  

a lrea d y  d e sc r ib ed  had bden d ec id ed  upon, th e  p r a c t ic a 

b i l i t y  o f  th e  diaphragm was c o n sid er ed , but owing t o  

th e  p o s s i b i l i t y  o f  tr o u b le  due to  th e  presence o f  o i l  

between th e  la r g e  su r fa c e s  o f  th e  s to p s  and o f  th e  

diaphragm (a tr o u b le  which* o f  c o u r se , would n ot e x i s t  

in  th e  c a se  o f  g a se s  fo r  which th e s e  in d ic a to r s  were 

in ten d ed ) th a t  ty p e  was co n sid ered  u n s u ita b le . IT he

id e a  was t o  have a diaphragm r e in fo r c e d  in  some manner 

by an a d d it io n a l a d ju sta b le  sp r in g .

As th e  w r ite r  had no id e a  o f  th e  r a p id ity  o f  th e  

p ressu re  r i s e  in  th e  o i l  during in j e c t io n  i t  was thought 

th a t  an ordinary typ e  o f  en g in e  in d ic a to r  would probab ly  

be out o f  th e  q u es tio n . n e v e r th e le s s ,  i t  appears th a t  

th e  l a t t e r  h as been used fo r  t h i s  purpose. An example 

i s  t o  be found in  an a r t i c l e  d e sc r ib in g  a  B ich ard son , 

W estgarth o i l  en g in e  in  "E ngineering1* March 8 ,1 9 2 9 o 

The diagram s o f  o i l  p ressu re  g iv en  th e r e in  show tih&t 

m ight be taken  to  be a s l i g h t  in d ic a to r  v ib r a t io n  a t  

th e  end o f  th e  sudden p ressu re  r i s e ,  but fo r  an in d ic a to r  

o f  t h i s  ty p e  (under such working c o n d it io n s )  th e  

diagram s appear t o  be remarkably good.

I t  i s  c le a r  however, th a t  a diagram w ith  a very  

rap id  r i s e ,  even i f  fr e e  from v ib r a t io n s ,  might e a s i ly  

be in a ccu ra te  i f  taken  by an in d ic a to r  having moving 
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p a r ts  o f  c o n s id e r a b le  i n e r t i a ,  such a s  th e  common 

p is to n  ty p e , or perhaps to  a much m o d ified  e x te n t ,  

th e  u su a l o p t ic a l  t y p e s , ( p is to n  or diaphragm)* Apart 

from th e  v ib r a t io n s  and i n e r t i a  o f  th e  p is to n  ty p e  

how ever, in  order th a t  a diagram o f  rea so n a b le  d im ensions  

might be o b ta in ed , th e  d isp lacem en t o f  th e  p is to n  

should  probably be such a s to  a f f e c t  a p p rec ia b ly  th e  

e l a s t i c i t y  o f  th e  h igh  p ressu re  system .

The instrum ent a s shown in  3? ig .4 l, p . 7 8 ,  worked 

s a t i s f a c t o r i l y  excep t in  one r e sp e c t;  namely th a t  o f  

s t a t i c  f r i c t io n  o f  th e  p is to n . The a d ju s t in g  spring, 

sh ou ld  not have been hooked on t o  th e  to p  end o f  th e  

p is to n  rod but by some means should  have been a tta ch ed  

t o  th e  l a t t e r  a s  c lo s e  to  th e  p is to n  a s  p o s s ib le .  The 

f r i c t i o n  was c le a r ly  caused  by th e  p is to n  rod being  

p r e sse d  la t e r a l l y  a t th e  top  by a fo rc e  e x er te d  by th e  

sp r in g  and caused  by a la c k  o f  c o n c e n tr ic ity  in  th e  

l a t t e r  at th e  upper end. T h is  appears t o  rep resen t  

a  s im ila r  fa u lt  in  any in d ic a to r  w ith  th e  sp rin g  and 

p is to n  so arranged. T h e o r e t ic a l ly  th e  p is to n  o f  

th e  p resen t in d ic a to r  should  have l e f t  th e  low er sto p  

a t a low er p ressu re  than  th a t  at which i t  l e f t  th e  

upper, owing to  th e  d if fe r e n c e  in  t e n s io n s  o f  th e  

paring  a t th e s e  p o s i t io n s  o f  th e  p is to n  rod . The 

f r i c t i o n  on th e  average, was found to  be such th a t  

th e  p is to n  l e f t  th e  low er stop  a t an o i l  p ressu re  

p r a c t ic a l ly  th e  same a s  th a t  a t which i t  l e f t  th e  upper 

s to p . A lthough th e  f r i c t io n  fo rc e  was apparently  not 

q u ite  a  co n sta n t q u a n tity , th e  in d ic a to r  was c a lib r a te d  

on th e  assum ption o f  equal p r e ssu r e s , w ith  what was 

thought to  be s u f f ic i e n t  accu racy .

•E le c tr ic a l C ontact on Cam shaft.

As has a lrea d y  been in d ic a te d , th e  in s ta n t s  a t  
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which th e  c i r c u i t  was broken a t  th e  c o n ta c ts  o f  th e  

in d ic a to r  p is to n  had to  be found by means o f  a  c o n ta c t  

on th e  cam shaft* I t  was n e c e ssa r y  fo r  t h i s  purpose to  

have a means o f  o b ta in in g  a very  sh o r t  c o n ta c t , and 

more e s p e c ia l ly  one w ith  a d e f in i t e  in s ta n t  o f  commence

ment, fo r  any p o in t in  th e  en g in e c y c le .  A sp rin g  

brush rubbing on a r o ta t in g  d is c  w ith  a m etal in s e t  

was f i r s t  t r i e d  but i t  was found th a t  th e  le n g th  o f  th e  

arc o f  th e  in s e t  had to  be c o n s id e r a b le  b e fo re  a proper  

c o n ta c t was o b ta in ed , S h is  th e r e fo r e ,  d id  not g iv e  

th e  d e s ir e d  d e f in i t e n e s s  t o  th e  c o n ta c t . W ith th e  

form o f  co n ta c t th en  d e v ise d  to  s u i t  th e  req u irem en ts, 

th e  le n g th  o f  th e  p eriod  o f  c o n ta c t cou ld  be reduced  

to  alm ost zero w ithou t red u cin g  i t s  a c tu a l e f f i c i e n c y .  

And t h i s  was because th e  most d e f in i t e  part o f  th e  

c o n ta c t  was at i t s  p o in t o f  comma n e e n m t.

3?his c o n ta c t i s  shown in  f i g * 4 2 p . &4*„

I t  c o n s is t e d  m ainly o f  (a) a fram e, or bracket made 

in  two p ie c e s ,  and b o lte d  to  the bed p la te  o f  the  

e n g in e , and in s u la te d  from th e  l a t t e r  by s t r ip s  o f  

in s u la t in g  f ib r e ,  and v u lc a n ite  b u sh es, (b) a  s o l id  

b r a ss  r in g  clamped between th e s e  two b r a c k e ts .

!2 h i s  r in g  was marked o f f  round th e  edge o f  one fa c e  

in  degrees o f  crank angle and cou ld  be r o ta te d  t o ,  

and clamped in , any p o s i t io n  (the p o s i t io n  b eing  

i d e n t i f i e d  by th e  read in g  o f  a f ix e d  p o in ter  on th e  

s c a l e ) ,  (c ) a hardened s t e e l  rocker p iv o te d  on a 

hardened s t e e l  p in  on th e  b ra ss  r in g , and an a d ju sta b le  

sto p  for  t h i s  rocker a ls o  mounted on th e  b ra ss r in g , 

and (d) a s p l i t  s t e e l  r in g  clamped t o  th e  cam shaft 

and ca rry in g  two s t e e l  hammers. The la r g e r  o f  

th e s e  hammers was co m p lete ly  in s u la te d  from th e  r in g ,  

w h ereas/
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where aw th e  sm a ller  was n ot and formed th e  c o n ta c t  t o  

*e a r th 1.

!Hhe s t e e l  roch er c a r r ie d  on th e  b r a ss  r in g  was 

h e ld  f ir m ly  a g a in s t  th e  a d ju s ta b le  stop  by a lo n g  c o i l  

sp r in g . Ifhe two hammers and th e  ro ck er  were so a d ju sted  

th a t  a s th e  form er r o ta te d  w ith  th e  cam shaft th e  sm a ller  

f i r s t  tou ch ed  th e  fa ce  o f  th e  rock er  and made th e  co n ta c t  

and t h e  la r g e r  im m ediately fo llo w e d  and sh a rp ly  broke i t .  

(fhe p er iod  o f  c o n ta c t  th e r e fo r e  cou ld  be r e a d i ly  a d ju sted  

t o  any amount, no m atter how sm a ll. The r ig i d i t y  o f  

th e  app aratu s guaranteed  a d e f in i t e  commencement o f  tb e  

c ont a c t  pe r i  o d .

A p a ir  o f w ir e le s s  earphones and some pocket lamp 

b a t t e r ie s  com pleted  th e  p re ssu re  in d ic a t in g  ap p aratu s.

J*or a p re lim in ary  adjustm ent o f  th e  c o n ta c ts  wban th e  

en g in e  was n o t in  m otion, a r e s i s ta n c e ,  fo r  th e  b e n e f it  

o f  th e  earphones was a ls o  d e s ir a b le , but cou ld  a fterw a rd s  

be d isp en sed  w ith .

Owing perhaps to  a s l i g h t  e c c e n t r ic i t y  o f  th e  frame 

o f  th e  above app aratu s in  r e la t io n  t o  th e  cam shaft or to  

a  la c k  o f  u n ifo rm ity  o f  r o ta t io n  o f  th e  cam shaft r e l a t iv e  

t o  th e  engine c ra n k sh a ft, i t  was found th a t th e  s c a le  o f  

th e  b r a ss  r in g  d id  not q u ite  correspond w ith  th e  e x i s t in g  

s c a le  o f  crank an g le  marked on th e  p er ip h ery  o f  the  

f ly w h e e l. In  order t o  e lim in a te  t h i s  sou rce o f  err o r  

th e  apparatus was c a lib r a te d  w ith  r e sp ec t to  th e  s c a le  

on th e  f ly w h e e l.
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MoarioH HBacmsEt o f  m im  v a l v e  s p i i p e e *

In  order t o  o b ta in  com plete record s o f  th e  

movement o f  th e  f u e l  v a lv e  sp in d le  during th e  p e r io d  

o f  f u e l  in j e c t io n ,  th e  fo llo w in g  apparatus in  th e  

form o f  another e l e c t r i c a l  c o n ta c t  d e v ic e  was d esig n ed  

t o  operate  in  c o n ju n c tio n  w ith  th e  cam shaft c o n ta c t  

ju s t  d e sc r ib e d . F ig .4 3 ,p . 2>7, shows th e  arrangem ent

o f  t h i s  p ie c e  o f  app aratu s. (See a ls o  Fljg.2, P * 7 .)

A s to u t  brack et made from f l a t  s t e e l  bar was b o lte d  

by means o f  a  p r o je c t in g  lu g , t o  th e  end o f  a  e a s t  ir o n  

tr a y  p ro tru d in g  from underneath th e  fu e l  v a lv e . For 

a d d it io n a l r i g i d i t y  a second p ie c e  o f  f l a t  bar was used  

t o  con n ect th e  above b rack et d ir e c t ly  t o  th e  back o f  

th e  f u e l  v a lv e  i t s e l f .  One end o f  th e  b racket was 

s lo t t e d  t o  accommodate a r ec ta n g u la r  p ie c e  o f  s t e e l  

which c a r r ie d  th e  c o n ta c ts .  T h is  s t e e l  p la t e  was 

r ig id ly  supported a t one end in  an a d ju sta b le  b ea r in g .

By means o f  t h i s  bearin g  th e  p la te  cou ld  be sw iv e lle d ;  

and co u ld  a ls o  be moved endways i f  d e s ir e d , by an 

a d ju s t in g  screw  and n u t. The o th er  end o f  t h i s  p la te  

was clamped betw een two screw s. One o f  th e s e  a c ted  a s  

a  lo c k in g  screw  and th e  o th er  was f i t t e d  w ith  an indexed  

d is c  a g a in s t  which was p la ced  a p o in te r , screwed t o  th e  

main b ra c k e t. Adjustment o f  th e  p o s i t io n  o f  th e  s t e e l  

p la t e ,  in  th e  d ir e c t io n  o f  th e  a x is  o f  th e  v a lv e  sp in d le  

was ob ta in ed  by means o f  t h i s  indexed  screw . A sm all 

s t e e l  c o n ta c t p ie c e  was clamped t o  th e  end o f  th e  

e x te n s io n  o f  th e  v a lv e  sp in d le  and a  square h o le  cu t  

in  th e  s t e e l  p la te  s u f f ic i e n t  to  c le a r  t h i s .  B o lted  to  

and in s u la te d  from th e  s t e e l  p la te  on one s id e  o f  t h i s  

h o le  was a sm all b rass p l a t e . B rid gin g  th e  h o le  was a  

s t r ip  o f  sp r in g  b r a ss , b o lte d  t o  and in s u la te d  from th e  
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s t e e l  p la t e  a t one end and r e s t in g  l i g h t l y  a g a in s t  th e  

b r a ss  p la t e  a t  th e  o th e r . Sm all b lo c k s  and bu sh es o f  

v u lc a n ite  were used  a s  in s u la t io n .  The b r a ss  s t r ip  

and th e  b r a ss  p la te  were each  f i t t e d  w ith  a ter m in a l  

screw .

She a n t ic ip a te d  a c t io n  o f  th e  apparatus was a s  

fo l lo w s .  As th e  sp in d le  l i f t s ,  assum ing e v e r y th in g  

properly  a d ju s te d , th e  c o n ta c t  p ie c e  s t r ik e s  th e  b r a ss  

s t r i p ,  and a s  t h i s  i s  r e s t in g  on th e  b r a ss  p la t e ,  an 

in s ta n ta n e o u s  e l e c t r i c a l  c o n n e c tio n  i s  formed betw een  

th e  l a t t e r  and th e  1 e a r th 1 ( i . e *  th e  v a lv e  sp in d le )*

The same ta k e s  p la ce  on th e  r e tu r n  str o k e  o f  th e  sp in d le .  

I f  th e r e fo r e , th e  b ra ss  p la te  be connected  through th e  

earphones and b a t t e r ie s  to  th e  cam shaft c o n ta c t , th e  

in s ta n t s  o f  th e se  two c o n ta c ts  w ith  r e sp e c t  to  crank  

an g le  should be obtained* By a d ju s t in g  th e  p o s i t io n  

o f  th e  p la te  h o ld in g  th e  c o n ta c t  s t r ip ,  a lo n g  th e  a x is  

o f  th e  sp in d le  be means o f  th e  in d exed  screw , i t  should  

be p o s s ib le  t o  o b ta in  a record  o f  th e  com plete movement 

o f  th e  sp in d le  from th e  moment o f  opening to  th a t  o f  

c lo s in g *

U n fortu n ate ly  th e  d e s ir e d  a c t io n , a s  d escr ib ed  above, 

d id  not tak e p la c e  in  p r a c t ic e .  No su g g e s t io n  o f  a 

c o n ta c t cou ld  be heard in  th e  phones, even  w ith  seven  

or e ig h t  b a t t e r ie s  in  th e  c i r c u i t .  The reason  fo r  t h i s  

must have been th a t  th e  paeriod o f  c o n ta c t , w hich was 

probably alm ost in s ta n ta n e o u s  (and t h i s  i f  anyth ing  was 

th e  s p e c ia l  fea tu re  o f  th e  apparatus) was r e a l ly  to o  

sh o rt t o  a llo w  th e  passage o f  s u f f i c i e n t  cu rren t even  

t o  a f f e c t  th e  earphones. V a r ia t io n s  due to  govern ing  

a ls o  may have had some in f lu e n c e . Two a l t e r n a t iv e  

s im p l i f ic a t io n s  were th e r e fo r e  adopted -  (a ) by 

co n n ectin g  th e  b rass s t r ip  t o  the c i r c u i t  and d e te c t in g  

th e  p er io d  o f  c o n ta c t between i t  and the end o f  th e  
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sp in d le  and (b) by co n n ec tin g  th e  b ra s s  p la te  to  th e  

c i r c u i t  and th e  b ra s s  s t r i p  to  ’e a r t h 1 on th e  engine 

fram e, and d e te c t in g  th e  p e rio d  when th e  c i r c u i t  so 

formed was broken by th e  in te rv e n tio n  o f th e  v alve  

sp in d le . I t  w i l l  be c le a r  th a t  th e se  two methods 

used in  co n ju n c tio n , and check ing  w ith  one an o th e r , 

a re  p r a c t ic a l ly  e q u iv a le n t to  th e  f i r s t  method. Efoey 

were found to  check e x a c tly  and t h i s  f a c t  in d ic a te s  

t h a t  th e  b ra s s  s t r i p  rem ained in  c o n ta c t w ith  th e  end 

of th e  valve  sp in d le  over th e  re q u ire d  p e rio d .



s o

D isgM om sm  o f im iam oB . m m .

An o rd inary  ,M aihakt p is to n  in d ic a to r ,  a s  designed  

to  s u i t  th e  requ irem en ts o f th e  medium speed D iese l 

eng ine, was used fo r  a l l  c y l in d e r  p re ssu re  measurements 

n ecessa ry  during  t h i s  ex perim en ta l work* t h i s  was 

done mainly to  avoid  a d d i t io n a l  co m p lica tio n  of 

ap p a ra tu s  hut fo r  a c cu ra te  work t h i s  form was found to  

be. u n s u i ta b le . th e  in d ic a to r  i s  shown in  F ig . 2, ijp.7.
th e  in d ic a to r  was operated  w ith  th e  d r iv in g  

e c c e n tr ic  d isp lace d  out of phase,and  in  advance,by 

about 60 degrees of c ran k  an g le . I t  i s  g e n e ra lly  

agreed  t h a t  t h i s  form of in d ic a to r  i s  su b jec t to  e r r o r s  

caused by sp rin g  and p is to n  v ib r a t io n ,  (and a l s e  in e r t i a )  

e f f e c t s  a t  speeds probably much l e s s  th an  300 R .P.M ., 

which was th e  normal speed o f th e  engine under t e s t .

On t h i s  occasion  however, a lthough  v ib ra t io n s  were 

g e n e ra lly  ap p a ren t, t h i s  was not th e  p r in c ip a l  source 

o f  t r o u b le .

th e o r e t i c a l ly ,  th e  obvious method o f o b ta in in g  

p re ssu re  read in g s  on a base o f c ran k  angle from a 

d isp laced  diagram,would be to  tu r n  th e  engine slow ly 

round so many degrees a t  a  tim e , and by means of th e  

in d ic a to r  p e n c il  mark th e  in te r v a ls  in  th e  form o f a  

sc a le  on a  ca rd  f ix e d  to  th e  drum. t h i s  method was 

found, d i r e c t ly  a t  l e a s t ,  to  be in a p p lic a b le  on 

account o f th e  fa c t th a t  th e  le n g th  of t r a v e l  o f th e  

p e n c il on the  ca rd  w hile th e  engine was running  a t  

300 R.P.M. exceeded th e  le n g th  o f t r a v e l  when th e  

engine was slowly tu rn ed  over, by about *088u . t h i s  

la ck  of agreement obviously could not be ig n o red . A 

good enough approxim ation to  the  s o lu tio n  o f t h i s  

problem might have been ob ta ined  by f i r s t  drawing th e  

le n g th /
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le n g th  of t r a v e l  on th e  c a rd  w ith  th e  ezg ine being  

tu rn e d  over by hand, and th e n  on th e  same ca rd  th e

le n g th  o f  t r a v e l  w ith  th e  engine running a t  ^00 B .P .E .

Such a procedure would have g iven  th e  c o r re c t  a l lo c a t io n  

o f th e  t o t a l  e r r o r  to  each end o f the  diagram , and th e  

d i s t r ib u t io n  o f th e  e r r o r  over th e  le n g th  o f  th e  

diagram  could  have been ob ta ined  by assuming an 

’a c c e le ra t io n  c u rv e ' law of v a r ia t io n  from one end  to  

th e  o th e r. Phe reason  fo r  t h i s  w i l l  be c le a r  on 

exam ination  of P ig  .4*6#. 3 8  . As t h i s  was not known a t  

th e  tim e i t  was decided to  in v e s t ig a te  th e  a c tu a l  

m otion o f th e  drum a t  300 B .P .E . and a s c e r ta in  i f

p o ss ib le  th e  cause o f th e  e r r o r .

Phe a d d i t io n a l  appara tu s re q u ired  f o r  t h i s  i s  

shown in  F ig .4 4 ,p .3 l  . The two h a lv es  of a  l ig h t  

m etal c l ip  were fa s te n ed  round th e  drum by two sm all 

n u ts  and b o l ts .  Between one of th e se  ju n c tio n s  was 

clamped a sm all p ie ce  o f s t i f f  s t e e l .  At th e  end o f 

a. r i g id  b rack e t b o lte d  to  a f ix ed  p a r t  of th e  in d ic a to r , 

were clamped two s t r i p s  o f ex trem ely  l ig h t  sp rin g  

s te e l , i n s u la te d  from each o th e r, and from th e  b rack e t 

by s t r i p s  o f red  f ib r e .  P h is  was done fo r  convenience 

s in c e  although th e  s t r i p  A bent sh arp ly  a t  th e  e n d  and 

a c tin g  as  a stop  was in s u la te d , th e  s t r a ig h t  s t r i p  B 

was connected th rough  to  th e  b racke t by means of th e  

clamping, nut and b o l t .  S tr ip  A was connected to  th e  

cam shaft c o n ta c t(F ig .4 2 ,p .8 4 ,)a s  used in  th e  appara tus 

a lread y  d escrib ed  and to  a b a t te ry  of about 24 v o l ts  

and earphones. Phe a c tio n  of th e  arrangem ent was as 

fo llo w s.

fo rm ally  a continuous co n tac t was formed between 

th e  two s t r i p s  A and B, but th e  in s ta n t  th a t  th e  sm all 

p iece  of s te e l  f ix e d  to  th e  drum ( ro ta t in g  fo r example 

i n /
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in  th e  p lan  view in  F ig .4 4 ,p .9 l ,  in  an a n tic lo c k w ise  

d ir e c t io n )  s tru c k  th e  p ro je c t in g  s t r i p  B, th e  e l e c t r i c a l  

connection  was broken fo r  an in s ta n t*  On th e  r e tu rn  

s tro k e  o f th e  drum th e  c o n ta c t b reak e r m erely grazed 

th e  s t r i p s  in  p ass in g .

C e rta in  p re ca u tio n s  had to  be tak en  to  make t h i s  

p iece  of ap p ara tu s capable o f  ra p id  a c tio n .

(1) Ih e  s t e e l  s t r i p s  had to  be as l ig h t  a s  p o ss ib le  in  

o rd er not to  a f f e c t  th e  motion o f th e  drum.

( 2) fhey  had to  be so p ro p o rtio n ed  th a t  when k i c k e d 1 

by th e  co n tac t b reaker they  showed no tendency  to  

v ib r a te ,

$he d e s ire d  th ic k n e s s  and b read th  were f i r s t  decided 

upon and th e n  some tim e was speirfc in  o b ta in in g  th e  

c o r re c t  p ro p o rtio n  of le n g th  to  s a t i s f y  bo th  th e  above 

c o n d itio n s .

(3 ) As a lre a d y  m entioned,the b ea rin g  p re ssu re  between 

th e  ex tre ra e tie s  of th e  s t r i p s  was only s u f f ic ie n t

to  allow  o f a good e l e c t r i c a l  c o n ta c t . One reason  fo r  

t h i s  was th a t  c o n s id e rab le  bearing  p re ssu re  would 

cause f r i c t i o n  between th e  co n tac t su rfa c e s  and 

p o ss ib ly  a l t e r  s l i g h t ly  ( in  an e r r a t i c  manner) th e  

r e l a t iv e  p o s it io n s  of th e  s t r i p s  when in  c o n ta c t . 

Another reason  was th a t  th e  success or o therw ise of 

th e  experim ent depended on th e  in s ta n t  when th e  s t r i p  

B l e f t  th e  s t r i p  A -  not when th e  co n tac t b reaker 

touched  th e  s t r i p  B. I f  th e re fo re  th e  s t r i p  A 

were in  a s t a te  of e l a s t i c  s t r e s s  due to  th e  p ressu re  

o f s t r i p  B th e n , when t h i s  lo ad  was suddenly 

removed by th e  c o n ta c t b reak er on th e  drum, s t r i p  A 

would on account o f i t s  e l a s t i c i t y ,  tend  p o ss ib ly  

to  fo llow  th e  s t r i p  B fo r  a  g re a te r  d is tan ce  th an  i f  

th e  co n tac t had been broken very  slow ly.

(4 ) /
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(4 ) TIclq s t r i p s  were not s e t  r a d ia l ly  to  th e  drum but 

a f t e r  th e  manner shown in  th e  sketch* f h i s  was 

done in  o rd er to  o b ta in  a. d e f in i t e  b reak  in  th e  

c o n ta c t and a t  th e  same tim e a minimum impact on th e  

r e tu rn  stroke* An ap p rec iab le  break  was th u s  

o b ta in ed , and y e t i t  alm ost appeared a s  though, on 

th e  r e tu rn  s tro k e , th e  c o n ta c t b reak e r d id  not 

to u ch  th e  s t r i p s  a t  a l l .  fh e  so le  reaso n  fo r  t h i s  

ty p e  o f sp r in g  c o n ta c t was th e  n e c e s s ity  to  allow  

fo r  th e  r e tu r n  s tro k e  of th e  drum.

( 5 ) Ehe drum c l ip  had to  be very  l i g h t ,  in  o rder not to  

a l t e r  ap p rec iab ly  th e  i n e r t i a  o f th e  moving p a r t s .

I t  was found to  be r a th e r  h ea v ie r  (3 .3  gma) th a n  an 

in d ic a to r  ca rd  (1 .7  gmsj but t h i s  d if fe re n c e  was so 

s l ig h t  in  com parison w ith  th e  w eights o f th e  o th e r  

moving p a r ts  as  to  be  n e g l ig ib le .

*£he method o f o b ta in in g  read in g s  fo r  t h i s  experim ent 

was somewhat te d io u s , in  th a t  each read in g  involved  

s t a r t i n g  and stopp ing  th e  eng ine. With fu r th e r  

e la b o ra tio n  of th e  appara tu s t h i s  could  p o ss ib ly  have 

been o bv ia ted . In  each case th e  engine was s t a r t e d  up 

and allow ed to  run  fo r  a  few m inutes u n t i l  i t  had 

s e t t l e d  down to  a  s tead y  speed on no lo ad . By means of 

th e  earphones and cam shaft c o n ta c t , th e  in s ta n t  when 

th e  c o n ta c t a t  th e  in d ic a to r  was broken was determ ined. 

$fhe fu e l was th en  cu t o f f ,  and as th e  engine stopped 

th e  in s ta n t  o f b reak ing  was aga in  a s c e r ta in e d . Ih e  c l ip  

on th e  drum ho ld ing  th e  co n tac t b reaker was th e n  tu rn ed  

th rough  a  sm all angle and the same procedure rep ea ted .

One com plete s tro k e  of th e  drum was in v e s tig a te d  in  

t h i s  manner and th en  an a d d i t io n a l b racke t was f i t t e d  

so as  to  hold  th e  o r ig in a l  b rack e t and c o n ta c t s t r i p s  in  

e x a c tly  th e  rev e rse  p o s i t io n . £he re tu rn  s tro k e  of the 

drum/
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drum was th en  s im ila r ly  in v e s tig a ted *

!Phe diagram  le n g th  a t  300 R.P.M. and zero  R*P.M* 

( th a t  i s  when tu rn in g  th e  engine by hand o r slow ly  on 

com pressed a i r )  were ta k en  on th e  same c a rd , and a  

s c a le  o f in te r v a ls  of 10 degrees o f  crank: ang le marked 

o f f  fo r  one com plete re v o lu tio n  a t  zero R.P.M. As in  

a l l  o th e r  ca ses  in v o lv in g  th e  use of th e  cam shaft 

c o n ta c t , th e  read in g s  had to  he c o r re c te d  as ex p la in ed  

on page

A ll th e  read in g s  ( a f te r  c o r re c t io n )  o f t h i s  

experim ent, and th e  consequent la g s , e i th e r  p o s i t iv e  or 

n e g a tiv e , a re  g iven  in  ta b le  7, p * ^ 6 * I f  a t  a  c e r ta in  

in s ta n t  o f crank angle du ring  e i th e r  s tro k e ,th e  p o s i t io n  

o f th e  drum a t 300 B.P.M* i s  behind i t s  p o s i t io n  fo r  tbe  

same in s ta n t  o f crank angle a t zero B .P .M ., th e  d isp la c e 

ment has been c a l le d  a p o s i t iv e  la g ; and i f  in  f ro n t ,  a  

n e g a tiv e  lag* In  Pig* ̂ 6 , p*9S , however, t h i s  r u le  

had to  be a l te r e d  in  order to  o b ta in  an unbroken curve 

th roughout th e  com plete cycle* QThe ru le  h o ld s fo r  the 

clockw ise s tro k e  (see p lan  view in  Pig**^Kp*9l ) bu t 

ham to  be rev e rse d  fo r  the an tic lo ck w ise  stroke*

In  ta b le  7, p * 9 6  ta k in g  column 11X” as an example,

58 degrees (measured from th e  engine I .D .C .)  i s  th e  

read ing  a t  300 B*P*M. and 60*5 degrees th e  read in g  a t  

zero  B.P*M* I t  i s  c le a r ,  th e re fo re ,  th a t  a t  300 R.P.M. 

th e  drum has passed  th e  p a r t ic u la r  p o s i t io n  2*5 degrees 

b efo re  i t  would have a t  zero M.P.M., and th e re fo re  th e  

la g  w i l l  be n eg a tiv e . In  o th e r words, ( fo r  300 B.P.M*) 

a t  58 degrees crank angle th e  drum i s  in  th e  p o s i t io n  

which i t  would occupy a t  6 0 .5  degrees crank angle (fo r 

zero  B.P.IC.)* Prom th e  curve o f displacem ent fo r 

zero R.P.M. in  Pig*^«5p*37, th e  p o s it io n  o f th e  drum a t 

6 0 .5  degrees can be a s c e r ta in e d . f h i s  th e n  i s  th e  

p o s i t io n /
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p o s i t io n  o f the drum a t  58 degrees fo r  300 B.P.M. 

from t h i s  curve of displacem ent can a lso  be a s c e r ta in e d  

th e  p o s i t io n  o f the drum a t  58 degrees fo r  zero B.P.M. 

and obviously the  d iffe re n c e  between th e s e  two read in g s 

w i l l  g ive th e  la g  (negative  in  t h i s  ease) a t  58 degrees 

under running  c o n d itio n s .

A ll th e  p a i r s  of read in g s  were t r e a te d  in  t h i s  

manner and th e  la g s  p lo t te d  (w ith  the  a l t e r a t i o n  in  

s ig n  where n ecessary ) in  f i g . 4 6 ,p . 9 8 ,  th e  base 

re p re se n tin g  th e  m otion of th e  drum a t zero B.P.M*

Owing to  th e  n a tu re  o f th e  ap p ara tu s  and th e  methods 

employed, p o in ts  in  th e  v ic in i ty  o f th e  dead c e n tre s  

o f th e  drum s tro k e  could not be o b ta in ed . f o r  example, 

i f  th e  c l ip  on th e  drum were arranged  so t h a t  co n tac t 

was ju s t  broken c lo se  to  th e  dead c e n tre  p o s i t io n , and 

in  t h a t  d ir e c t io n , fo r  300 R .P .M .,then  th e  c o n tac t 

would not n e c e s s a r i ly  be broken a t  a l l  w ith  th e  drum 

o s c i l l a t in g  very  slow ly.

I t  cannot he claim ed th a t  th e  la g s  p lo t te d  in

F«g . 4  6,p. axe en t i r e  ly  s a t  i s  f a c t  o ry , but a f te  r  a l  1, a

few thousand ths o f an inch  i s  a r e la t iv e ly  sm all
1 "q u a n tity  when d ea lin g  w ith  a cord  about in  d iam eter 

running over two l ,f d iam eter p u lle y s  and then  round a 

drum about l4 n in  d iam eter. When some o f th e  read ings 

a t  300 B.P.M. were being tak en , i t  was found th a t  th e  

read in g  sometimes a l te r e d  q u ite  considerab ly  during th e  

space o f a minute or so, showing p o ss ib ly  th a t  th e  

cord took  some tim e to  s e t t l e  down to  a f in a l  working 

s t a t e ;  w hile a t  o th e r tim es the  read in g  was observed to  

vary  slow ly backwards and forw ards. I t  was fo r  th i s  

reason  found ad v isab le  to  allow  tim e fo r  co n d itio n s  to  

s e t t l e  down a t  30° B .P.M ., tak e  th e  read in g , and th en  

shut down and take th e  corresponding read ing  a t  zero 

K .P.M ./
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zero R*P.M* V a r ia tio n s  how ever, sdch a s  m entioned  

above, would be u n l ik e ly  to  have any a p p re c ia b le  e f f e c t  

during th e  tim e e la p s in g  in  th e  normal ta k in g  o f  an 

in d ic a to r  diagram*

OIhe form ation  o f  th e  curve in  f i g . 4 6 ,p* 9 8  in  t t e  

r e g io n  o f  th e  dead c e n tr e s  o f  th e  drum str o k e  was 

d e f i n i t e l y  f ix e d  by th e  v a lu e s  o b ta in ed  from th e  

d if f e r e n c e s  in  th e  le n g th s  o f  th e  3 0 0  R*P*M* diagram  

and th e  zero R.P.M. diagram. Ifhese d i f f e r e n c e s  d id  

not d ir e c t ly  g iv e  th e  la g  a t th e  dead c e n tr e s  ( t h i s  

would be th e  c a se  onl^ i f  a maximum or minimum va lu e  

o f  th e  v ib r a t io n  c o in c id e d  w ith  th e  dead c e n tr e  

p o s i t io n )  and th e  cu rv es  in  f i g s * 4 5 ,p .9 7 ,  and 4 6 ,p * 9 8 ,  

had t o  be experim ented w ith  around th e s e  p o in ts  u n t i l  

th e  d e s ir e d  d if fe r e n c e  in  le n g th s  between th e  300 R.P.M 

diagram and th e  zero E .P .E . diagram were ob ta in ed  fo r  

both  ends* 5*he curve o f  a c tu a l drum d isp la cem en ts a t  

300 R.P.M . was r e a d ily  ob ta in ed  from a com bination  o f  

th e  curve o f  d isp lacem en ts at zero R.P.M* and th e  

v ib r a t io n  curve in  f i g .4 6 ,p « 9 8  .

The mean curve in  F ig . 4 6 ,p . 3  8 , was f ix e d  by eye to  

r ep resen t approxim ately th e  ' fo r c e d 1 elem ent p f the  

v ib r a t io n . 5*he a c tu a l v ib r a t io n  curve tak en  w ith  

^respect to  t h i s  mean curve r e p r e se n ts  th e  'n atu ra l*  

elem ent o f  the v ib r a t io n  o f  th e  system . An in s p e c t io n  

o f  th e  curve makes i t  apparent th a t  t h i s  mean curve i s  

n o t a sim ple fu n c tio n  o f  th e  a c c e le r a t io n ;  in  o th er  

words, o f  th e  two maximum tu rn in g  v a lu e s  o f  a c c e le r a t io n  

th e  g r e a te r  i s  a t th e  in n er  dead c e n tr e  o f  th e  drum s tr o k e , 

w h ile  o f  th e  two maximum tu rn in g  v a lu e s  o f  th e  mean 

curve th e  g r e a te r  i s  a t th e  ou ter  dead c e n tr e  p o s i t io n  

o f  th e  drum. A p o s s ib le  e x p la n a tio n  fo r  t h i s  might

lie/
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l i e  in  th e  f a c t  th a t  th e  modulus o f e l a s t i c i t y  o f th e  

in d ic a to r  cord (as ob ta ined  by d i r e c t  lo ad in g  and 

measurement o f ex ten s io n s) was not a co n s tan t w ith in  

th e  e l a s t i c  l im i t ,  but in c reased  co n s id e rab ly  w ith  

lo ad .

A con tinuous diagram o f h o r iz o n ta l  l in e s  was tak en  

w ith  th e  engine slowing down from 300 B.P.M* to  s to p .

This  diagram showed, as might now be expected , th e  

g en era l tendency of th e  diagram le n g th  to  decrease  

more or l e s s  uniform ly  from i t s  300 B.P.M. value to  

i t s  zero B.P.M. v a lu e . In  a d d itio n  to  t h i s  g en e ra l 

tendency however, th e  e x tre m itie s  o f tb e  h o r iz o n ta l 

l i n e s  d id  not appear to  form a smooth curve. IP or 

agreement w ith  th e  v ib ra tio n  r e s u l t s  a lread y  g iven , 

th e se  e x te rm itie s  should have conformed roughly  to  a 

p e r io d ic  curve, but t h e i r  r a th e r  vague n a tu re  d id  no t 

a llow  such a d e ta i le d  exam ination to  be made. The fac t 

th a t  th e  e x te rm itie s  did not form a smooth curve suggests 

a t  l e a s t  t h a t  th e  v ib ra tio n  may p o ss ib ly  e x i s t  a t  speeds 

much lower th an  300 B.P.M. -  perhaps w ith  a reduced 

am plitude. At low er ranges of speed i t  may d isappear 

e n t i r e ly ,  le av in g  only the  1 fo rc e d 1 element of th e  

v ib ra t io n , th a t  i s ,  th e  v ib ra tio n  in  synchronism w ith  th e  

a c c e le ra tio n  fo rces  of the  system. In  t h i s  reg io n  

th e re fo re ,  th e  e x tre m itie s  of th e  h o r iz o n ta l l i n e s  o f th e  

l a s t  mentioned diagram should form a smooth curve i f  

drawn w ith  th e  c o rre c t spacing  between them. 0?o accom plish 

t h i s  s a t i s f a c to r i ly  however, some m echanical con triv an ce  

would be req u ire d  to  operate th e  Tfe e d f ( p a r a l le l  to  th e  

drum a x is )  o f th e  in d ic a to r  pencil*

In  order to  in v e s tig a te  th e  p o s s ib i l i ty  o f e r ro r s  

caused by p e n c il f r i c t io n ,  a ca rd  was f ix ed  to  th e  drum 

ana th e  in s ta n ts  o f b reaking  co n tac t examined fo r two 

a r b i t r a r i l y /
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a r b i t r a r i l y  chosen p o s i t io n s  o f the; drum, f i r s t  w ith  

th e  p e n c il b ea rin g  s u f f i c ie n t ly  h ea v ily  on th e  ca rd  

to  o b ta in  a good diagram, and second w ith  th e  p e n c il  

c le a r  o f  th e  ca rd . Uo change o f p o s i t io n  o f th e  

drum a t  e i th e r  o f th e se  in s ta n ts  could  be d e te c te d , 

in d ic a t in g  th a t  in  t h i s  case p e n c il f r i c t i o n  was of a 

n e g l ig ib le  o rd er.

!£he mean le n g th  of th e  in d ic a to r  cord  was about 

20 . 5” • ^he d r iv in g  gear and e c c e n tr ic  were a l l  o f a 

reasonably  r ig id  n a tu re  and u n lik e ly  to  be th e  cause 

o f any v ib ra t io n s  such as have been d iscu ssed . 2 he 

in d ic a to r  hook used was not of th e  type su p p lied  fo r  

th e  purpose, but was made as l ig h t  as p o ss ib le  from 

a sh o rt le n g th  o f com paratively th in  w ire .

The r e s u l t s  o f th e  experim ents show t h a t ,  w ith  a 

cord  a c tu a te d  in d ic a to r ,  i t  cannot be assumed th a t  th e  

d if fe re n c e s  between th e  diagram tak en  a t speed and 

tak en  a t zero R.P.M. as' shown a t e i th e r  end o f th e  

diagram  rep resen t th e  maximum p o ss ib le  h o r iz o n ta l 

e r r o r  o f th e  diagram. P ig .4 6 ,p . 3 B, shows an e r r o r ,

alm ost tw ice th e  g re a te r  rend e r ro r* , a t JO degrees 

crank  an g le . n eg le c tin g  t h i s  p o s s ib i l i t y ,  an 

approxim ate s o lu tio n  to  th e  problem of th e  d is t r ib u t io n  

o f e r ro r  over the diagram would be to  assume a curve 

of a c c e le ra tio n ,d is p la c e d  i f  necessary  to  s u i t  th e  

in e q u a lity  o f th e  e r ro r s  a t th e  ends of th e  diagram. 

P ig .4 6 ,p . 9 S , in d ic a te s  th a t  fo r  th e  p resen t in v e s tig a tio n  

and a lso  in  fa c t fo r  a  normal *in phase * diagram, i t  

would have been more s a t is f a c to ry ,  on account of i t s  

sm all am plitude o f 'n a tu ra l*  v ib ra t io n , to  have used 

th e  an tic lo ck w ise  stro k e  fo r th e  combustion diagram of 

th e  engine, th a t  i s  the  s tro k e  during  which th e  drum 

sp rin g , r a th e r  th an  th e  e c c e n tr ic , i s  doing th e  d ire c t

p u l l in g /
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p u l l in g .  P o ss ib ly  th e  am plitude o f  "both th e  1 forced*  

and th e  Tn a tu r a l1 v ib r a t io n  cou ld  have been somewhat 

reduced by in c r e a s in g  th e  t e n s io n  o f  th e  drum sp r in g  and 

so  in c r e a s in g  th e  average Tmodulus o f  e l a s t i c i t y 1 o f  

th e  cord .

P r a c t ic a l ly  a l l  th e  diagram s th a t  have been tak en  

w ith  t h i s  in d ic a to r  (se e  com pression  card , I*ig. 5 4 ,p J 4 i .)  

show an ir r e g u la r ity  which has been found to  correspond  

f a i r l y  c lo s e ly  w ith  th e  wave c r e s t . shown a t about 

95 d eg rees  crank angle in  Pig* 4 6 ,p . 0 S ,  (th e  e f f e c t  o f  

t h i s  wave b e in g  brought out c le a r ly  in  F ig .4 5 ,p .9 7  ) .

I t  i s  im probable th a t  t h i s  ir r e g u la r i ty  was due t o  

p is to n  v ib r a t io n  a s  i t  was p resen t on th e  com pression  

ca rd s which otherw ise  showed no ev id en ce  o f  p is to n  

v ib r a t io n s .

A fu r th e r  co m p lica tio n  in  t h i s  problem was due to  

th e  fa c t  th a t w ith  a  s im ila r  in d ic a to r  on a g a s  engine  

running norm ally a t about 200 B.P.M . th e  diagrams 

ob ta in ed  were sh o r te r  than th o se  at zero R.P.M. Here 

th e  case  was s l i g h t l y  d if f e r e n t  because th e  le n g th  o f  

th e  cord  was l e s s  th an  on th e  o i l  en g in e , but o th erw ise  

th e  e n t ir e  gears were p r a c t ic a l ly  id e n t i c a l .  I t  i s  

p o s s ib le  th a t  a t a  c e r ta in  speed the ‘n a tu r a l* 

v ib r a t io n s ,  i f  any, would be so  p la ced  a s  to  cau se  a  

c o n tr a c t io n  o f  th e  diagram. I f  tim e had p erm itted  t h i s  

Would have been p o s s ib ly  another in t e r e s t in g  ca se  to  

in v e s t ig a t e .  I t  w i l l  be ev id en t from P ig .4 5 ,p .9 7 ,  

th a t  fo r  a  normal *in p h a se 1 diagram tak en  on th e  o i l  

eh g ih e , th e  period  o f  maximum p ressu re  w i l l  appear more 

prbidngedi ahd g iv e  th e  diagram th e  appearance o f  

g r e a te r  con stan t p ressu re  com bustion th an  a c tu a l ly  i s  

th e  e a i i i  ■
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The o b jec t o f th e se  t e s t s  was e s s e n t i a l l y  to  

o b ta in  a means o f a c cu ra te  c a l ib r a t io n  o f th e  h o r iz o n ta l  

a x is  o f th e  in d ic a to r  c a rd s , but the^  a lso  serve as an 

example o f th e  p o ss ib le  i n e r t i a  e f f e c t  on th e  behaviour 

o f ana? in d ic a to r  drum running a t speeds of the o rder o f 

300 B.P.M.

S hortly  a f t e r  th e se  t e s t s  had been com pleted the  

r e s u l t s  o f p rev ious experim ental work were examined 

and showed th a t  in d ic a to r  drums do not always behave 

in  th e  above manner. Dr. Brown o f th e  Boyal T ech incal 

C o lleg e , Glasgow, in  a  paper e n t i t l e d  ”Measurement o f 

Power*1 and pub lished  in  th e  P ran s. o f th e  H .E.Goast 

I n s t ,  o f E ngineers and S h ip b u ild e rs  (1927-28) p re se n ts  

a  d i f f e r e n t  aspec t of the  su b je c t. He shows t h a t ,  in  

th e  case  o f  ano ther Maihak in d ic a to r  drum th e  predominant 

f a c to r  was sp in d le  f r i c t io n ,  and th a t  t h i s  l a t t e r  caused 

a  d e f in i te  c o n tra c tio n  in  th e  le n g th  of th e  diagrams 

ob ta in ed , owing to  th e  ca rd , a t  each r e v e r s a l  of m otion, 

having to  be s tre tc h e d  s u f f i c ie n t ly  to  overcome th e  s t a t i c  

f r i c t i o n  o f the drum. . He fu r th e r  shows th a t  up to  a  

speed eq u iv a len t to  §0 R.P.M. th e  diagram le n g th  i s  not 

a l te r e d .  Phese r e s u l t s  o f fe r  a  p o ss ib le  ex p lan a tio n  

fo r  th e  case  of th e  gas engine which has been a lread y  

mentioned, i f  i t  were not f o r  th e  f a c t  th a t  i t s  speed 

was considerab ly  g re a te r .  Regarding t h i s  q u es tio n  of 

drum, f r i c t io n ,  i t  i s  perhaps in te r e s t in g  to  note t h a t ,  

judging from th e  form ation  o f the  curve in  P ig .- t s ,p .97, 

of drum displacem ent a t zero B.P.M. in  the  reg io n  o f 

th e  dead c e n tre s  o f th e  drum s tro k e , the  «s ta t io n a ry  

p erio d *1 d iscussed  by Dr* Brown i s  p r a c t ic a l ly  non

e x is ten t*  D espite t h i s  however, when th e  drum sp ring  

was balanced by a  lo ad  ap p lied  to  the  end of the  cord  

i t  remained a t  r e s t  over q u ite  a considerab le  range o f 

p o s i t io n s /
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p o s i t io n s  in  a s im ila r  manner t o  Dr. Brown1 s  exam ple.

Phe cord  u sed  throughout was a lon g—u sed  p ie c e  o f  

ord in ary  p la i t e d  o o tto n .

In a paper e n t i t l e d  l,N otes on In d ic a to r  Cards11 

by Mr. S.A shworth and p u b lish ed  in  th e  P r a n s .o f  th e  I n s t ,  

o f  Marine E n g in eers , th e  author a p p aren tly  en cou n tered  

a s im ila r  v ib r a t io n  phenomenon by th e  u se  o f  p iano w ire  

a s  a d r iv in g  agent fo r  an in d ic a to r  drum. Phe e f f e c t  

o f  t h i s ,  he p o in ts  ou t, was t o  cau se  d i s t i n c t  1 r ip p le s *  

on th e  com pression  curve o f  th e  card . P hese v ib r a t io n s  

ap p aren tly  must have been o f  c o n s id e r a b le  m agnitude, i f  

one can  judge from th e  fa c t  th a t  th e  on ly  wave o f  P ig . 4 6 ,  p. 9&, 

th a t  co u ld  r e a d ily  be d e te c te d  on a com pression  card was 

th a t  a lrea d y  m entioned a s  occu rr in g  a t  about 95 d eg rees  

o f  crank a n g le .
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Phe fo llo w in g  r e s u l t s  o f  o i l  tem p erature under 

running c o n d it io n s  were ob ta in ed  by means o f  a thermo

cou p le  a s  shown in  Fig. 1 3 , p . £ 7  * In  th e s e  t e s t s ,  

w ith in  th e  l i m i t s  o f  th e  govern or, th e  speed  o f  the  

en g in e  was m ain ta ined  a t rou gh ly  a l i t t l e  over 300 R.P*M. 

and a  s e r i e s  o f  tem perature rea d in g s were ta k en  for  

v a r io u s  lo a d s  on th e  bfake and v a r io u s  ja ck et w ater  

o u t le t  tem p era tu res . On each  o c c a s io n  o f  an in c r e a se  

in  lo a d  th e  o i l  tem perature was a t f i r s t  observed t o  

f a l l  a p p rec ia b ly  and th e n  r i s e  very  g r a d u a lly  t o  a 

v a lu e  somewhat h ig h er  th an  th a t  b e fo re  th e  a l t e r a t io n  

in  load* P h is  i n i t i a l  drop was e v id e n t ly  caused  by 

t h e  in c r e a se d  flo w  o f  o i l  through  th e  n o z z le  and th e  

fo llo w in g  r i s e  by th e  g r e a te r  h ea t o f  com bustion o f  

t h i s  in c r e a se d  flow* 3*he r ea d in g s  ob ta in ed  were not 

v ery  c o n s is t e n t ,  but th ey  g iv e  a g e n e r a l id e a  o f  the  

co n d i t i  ons p reva i 1 in g . l a b l  e 8 , p * I o 7, g iv e  s  th e

p r in c ip a l  r e s u l t s  o f  th e s e  t e s t s .  ghe v a lu e s  o f  

rev s./m in *  and fu e l/B .H .P *  h r . in  t h i s  ta b le  show th a t  

th e  engine was running r a th e r  ir r e g u la r ly  on t h i s  

occasion*

Phe g en era l in fe r e n c e s  from th e  ta b le  o f  r e s u l t s  

are  (1 ) th a t  fo r  a  co n sta n t v a lu e  o f  B .H .P*, a  r i s e  o f  

1 °C o f  ja c k e t o u t le t  tem perature caused  a  r i s e  o f  about 

i ° C  in  th e  f u e l  o i l  tem perature a t th e  n o z z le ;  and ( 2 ) 

th a t  fo r  a  co n sta n t va lu e  o f  ja ck e t o u t le t  tem perature  

an in c r e a se  o f  1 B.H.P* caused  a  r i s e  o f  about 1°C in  

th e  f u e l  o i l  tem perature a t th e  n o z z le .

As th e  ja ck e t w ater tem perature and n e t  brake

lo a d  were s e t  roughly a t 3  5 ° and 1 1 0  l b s .  r e s p e c t iv e ly  
du rin g /
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T A B L E .  8 *  Oil Tlmplk.atug>ls at Mozzll.

J acxlt 
Outllt  ̂
Tlmp. ° C

NtT Load 
on

Brake. Lbs.
R .P M . B.M.R O i l /hr. 

Lbs.
Oil/BHPhr

Lbs.

i
| Tlmp. of

01L at 
Nozzle.°C.

3 0 1 10-2 309 13*2 733 •560 55-5

80*2 30 & 3-6 5-4! •563 52 5

62*2 304 7 32 4-05 -553 50 7

52-2 304 6-15 2-33 •486 43*7

4 0 no 7 318 / 3-2 6-71 *508 58*6

35 7 308 i 1-44 6*43 •562 57-6

73-2 30 1 9-22 5*37 •582 5 5 - 3

6 1 - 2 314 7*33 4 - 3 5 •533 52*4

42*2 304 4-37 3*43 •683 43*7

5 0 114-7 300 13-34 7-53 - 5 64 61*3

58-7 305 11-70 6- 23 •532 58-2

73-7 3 12 3-64 547 •567 56-6

61*7 304 7* IS 4*05 • 5 66 5 5*2

42-£ 310 5*06 3-49 •689 53-3

BO 114*7 — — ■ - — 6 60
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during th e  en g in e  t e s t s  in v o lv in g  th e  *rate o f  in j e c t io n  

o f  f u e l 1 and d e sc r ib ed  l a t e r  on p p *l£ 3 e fc .i t  i s  seen  from  

t a b le  8 , p*l07 , th a t  th e  d e s ir a b le  tem p erature fo r  th e  

h ea ted  o i l  in  th e  d isch a rg e  exp erim en ts (pp.3 5 etc. ) 

sh ou ld  l i e  between 5 5 *5 °^ a23& 5 8 *6 °G. *Ehis h ea ted  o i l  

tem p eratu re, averaged over th e  d isch a rg e  t e s t s ,  was 

a c tu a l ly  C ( s e e  t a b le  I, p * 5 £ ) .

' .  -  .  '  ;  • •

* " - - * _r -
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DISPLACOSMESEP Off PUMP PLTOGER.

ffor com parison w ith  th e  r e s u l t s  g iv e n  in  th e  n ext  

s e c t io n  o f  f u e l  o i l  p ressu re  and f u e l  v a lv e  sp in d le  l i f t *  

a knowledge o f  th e  d isp lacem en t o f  th e  fh e l pump p lu n ger  

r e la t iv e  t o  th e  en g in e  c y c le  was d e s ir a b le .  5?he pump 

cam was u n a lte r e d  throughout a l l  th e  fo llo w in g  en g in e  

t e s t s  and th e  procedure d e sc r ib ed  below  was c a r r ie d  out 

w ith  th e  pump cam a t th e  p a r t ic u la r  s e t t in g  adopted .

She apparatus used  to  determ ine th e  d isp lacem en t o f  

th e  pump p lu n ger was s im p le . 5?he d isch a rg e  p ip e  was 

detach ed  from th e  to p  o f  th e  f u e l  pump and in  i t s  p ja ce  

was f i t t e d  v e r t i c a l l y ,  by means o f  a  b r a ss  adap ter and 

g la n d , a s t r a ig h t  le n g th  o f  g la s s  tub e o f a b o u t b o r e .

A s c a le  o f  in c h e s  was a tta ch ed  t o  t h i s  tu b e . The en g in e  

was r o ta te d  through  a  known number o f  d eg rees o f  crank  

a n g le , and th e  corresp on d in g  d isp la cem en ts o f  th e  o i l  

l e v e l  in  th e  tu b e were n o ted . As th e r e  was a tendency  

f o r  th e  o i l  l e v e l  t o  f a l l  s lo w ly  on account o f  some 

lea k a g e  in  th e  system , in  order t o  avoid  th e  cum ulative  

erro r  a r is in g  from t h i s ,  th e  d isp lacem ent rea d in g s were 

a l l  tak en  from th e  p o in t a t which th e  p lunger strok e  

commenced, and each  was tak en  a s r a p id ly  a s  p o s s ib le .

!£he w eight o f  w ater n e c essa ry  t o  f i l l  a g iv e n  

le n g th  o f  th e  g la s s  tub e was c a r e fu l ly  m easured, and 

from t h i s  c a l ib r a t io n  th e  d isp lacem en t o f  th e  p lunger  

cou ld  be f a i r l y  a c c u r a te ly  con verted  to  l b s .  o f  f u e l  

o i l .

$he cu rve ob ta in ed  by th e  above method h a s been  

p lo t t e d  fo r  com parison w ith  th e  cu r v es  o f  o i l  p ressu re  

and v a lv e  sp in d le  m otion in  3? igs.4& -5ap p .H 3-l20> g iv en  

in  th e  n ext s e c t io n .
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With some o f  th e  apparatus th a t  has a lr e a d y  been  

d e sc r ib e d  and th e  r e s u l t s  o f  th e  exp erim en ts on d isch a rg e  

o f  l iq u id s  through th e  f u e l  v a lv e  n o z z le ,  i t  was now 

p o s s ib le  t o  o b ta in  d e f in i t e  in fo rm a tio n  regard in g  th e  

p r in c ip a l  fe a tu r e s  o f  th e  p r o c e ss  o f  in j e c t io n  o f  f u e l  

o i l  in to  th e  com bustion chamber. The r a te  at which  

th e  f u e l  was in j e c t e d  at any in s ta n t  du rin g  th e  p r o c e ss  

cou ld  now be determ ined w ith  a rea so n a b le  degree o f  

accu racy . fh e  degree o f accuracy was measured by 

ch eck in g  th e  in te g r a t io n  o f  th e  » r a te f curve a g a in s t  

th e  actu& l o i l  d e liv e r e d  per str o k e  by th e  pump (a s  

ob ta in ed  from th e  read in g  o f  t o t a l  consum ption during  

th e  t e s t ) .  fo r  th r e e  c a s e s  t r e a te d  in  t h i s  way th e  

a r ith m e t ic a l  mean erro r  was found t o  be Z»8fo, and t h i s  

average v a lu e  o f  erro r  fo r  th e  aggrega te  r e s u l t s  o f  

t o t a l  f u e l  in je c te d  su g g e s ts  th a t  th e  degree o f  

accuracy ob ta in ed  fo r  each in d iv id u a l curve (se e  f i g s . 5 0 -5 2 , 

pp*M8 - l 2 0 ) r e la t in g  t o  th e  p r o c e ss  was f a i r l y  good.

b urn ing to  th e  curves of o i l  p re ssu re  (fig s .-^& -5 £ , 

p p .» i3 -)2 0 ) , some i r r e g u la r i ty  in  the  experim enta l 

p o in ts  w i l l  be observed, e s p e c ia l ly  in  th e  f l a t t e r  

p a r ts  o f  th e  cu rves a f t e r  th e  fu e l  valve has c lo sed .

T h is  i s  accounted fo r  by th e  fa c t  t h a t ,  owing to  the  

govern in g  o f  th e  en g in e , th e s e  p o in ts  f lu c tu a te d  

c o n sid er a b ly  during th e  r e a d in g s . 3*he o th er  p a r ts  

o f  th e  cu rv es  are c le a r ly  n ot a f f e c t e d  to  th e  same 

e x te n t  by th e  govern in g , and th e r e fo r e  c o u ld  be much 

more r e a d ily  determ ined.

T h ree  s e r i e s  o f t e s t s  were run w ith  c o n d it io n s  o f  

fu e l  v a lv e  sp rin g  and brake lo a d  v a r ie d  in  such a  

manner as t o  b r in g  out c le a r ly  th e  gen era l ch a ra cter  

o f /
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o f  th e  in j e c t io n  system .

®he f i r s t  s e r i e s  c o n s is t e d  o f  f iv e  t e s t s  a t  

d if f e r e n t  "brake lo a d s , in  w hich th e  v a lv e  sp r in g  

H o .l fo r  w hich th e  c a l ib r a t io n  curve i s  shown in  

2? ig '4 7 » p J l & , operated  under normal c o n d itio n s*

Curves fo r  t h i s  s e r i e s ,  o f  o i l  p r e ssu r e , v a lv e  sp in d le  

m otion, c y lin d e r  p r e ssu r e , and pump p lu nger d is p la c e 

ment are  g iv en  in  F ig* 4 S,p*n*> .

*Ehe second s e r ie s  c o n s is te d  o f f iv e  o th e r  t e s t s  

a t  v a rio u s  brake lo a d s , in  which th e  same sp r in g  Ho*l 

was used , but t h i s  tim e having a much h ig h e r  i n i t i a l  

com pression. f h i s  was ob ta ined  by in s e r t in g  behind 

i t  f iv e  c i r c u la r  washers each .03” th ic k .  For t h i s  

s e r ie s  a s e t of cu rv es , s im ila r  to  th o se  drawn f o r  th e  

f i r s t  s e r ie s ,  i s  g iven  in  F ig .4 9 ,p * l 14- .

In  th e  t h ir d  s e r i e s  (se e  F ig s . 5 0 -52 ,p p .l 18-120 ) 

th e  brake lo a d  was kept co n sta n t a t  a l i t t l e  under f u l l  

lo a d  th rou gh ou t, and on ly  th e  v a lv e  sp r in g  was a l t e r e d .  

In  th e  f i r s t  t e s t  A ,sp r in g  H o .l was used a s  in  th e  

f i r s t  s e r i e s .  In  th e  second t e s t  B, sp r in g  H o .l was 

used a s  in  th e  second s e r i e s .  In  th e  t h ir d  t e s t  C, 

a  h e a v ie r  sp r in g  Ho.Z  (se e  c a l ib r a t io n  curve in  F ig .4 7 ,  

p . l l 2 , ) w s s  employed, and th e  i n i t i a l  com pression  

in c re a se d  by means o f  th r e e  w ashers each . 0 3 ” t h ic k ,  

f f iiis  th ir d  s e r i e s  h as been more f u l l y  in v e s t ig a te d  th an  

th e  f i r s t  two and th e  t e s t s  d esig n a ted  A, B, and C 

r e s p e c t iv e ly ,  for  r e fe r e n c e  p u rp oses.

3*ake to  begin  w ith  the  f i r s t  and second s e r ie s .

As was d e s ir e d , the e f f e c t  o f  bfake lo a d , through th e  

a c t io n  o f  th e  governor, on th e  o i l  p ressu re  and v a lv e  

m otion diagrams i s  pronounced in  both c a s e s .  £he 

e v id e n t r e la t io n  between th e s e  c u r v e s , and th a t  o f  

pump d isp lacem ent i s  perhaps worthy o f  n o te . She 

r a p id i t y /
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r a p id i ty  w ith  which th e  valve opens w i l l  be dependent 

to  a la rg e  e x te n t on the  g rad ie n t o f th e  p lunger 

displacem ent curve, and a t th e  same tim e ad v erse ly  

a f f e c te d  by a red u c tio n  o f brake lo ad . The f a c t  th a t  

a l l  th e  cu rves in  ]?ig.48,p*l 13 a re  p r a c t ic a l ly  p a r a l l e l  

shows t h a t  as th e  brake lo ad  i s  reduced t h i s  re d u c tio n  

i s  compensated by a l a t e r  opening o f th e  v a lv e , and 

th e re fo re  a t  a s te e p e r  p o r tio n  o f th e  pump displacem ent 

curve* The e f f e c t  i s  d i f f e re n t  in  Fig* 4 0 ,p . 114- •

H ere, a s  th e  load  i s  reduced, th e  valve sp in d le  l i f t s  

l a t e r ,  but in  doing so , in s te a d  of g a in in g  th e  advantage 

of g re a te r  p lunger v e lo c ity  as in  th e  former ca se , i t  

i s  handicapped by a ra p id  red u c tio n  in  t h i s  v e lo c i ty , 

as  in d ic a te d  by th e  p lunger d isplacem ent cu rves. The 

rl i f t c u r v e  o f th e  case w ith  th e  brake rope removed, 

th a t  i s  w ith  the  engine running ag a in s t no lo ad  save 

i t s  own f r i c t i o n ,  re p re se n ts  what must be p r a c t ic a l ly  

a l im i t in g  c o n d itio n . Here th e  valve sp in d le  has 

only tim e to  l i f t  about 30% (°r  roughly  .008” ) when 

th e  sp rin g  p ressu re  appears to  overcome th e  o i l  

p re ssu re  and th e  in e r t ia ,  o f th e  sp in d le , and fo rces  

i t  back on to  i t s  sea t aga in . T h is l a s t  diagram however, 

may g iv e  ra th e r  a f a ls e  im pression  o f the ac tu a l 

q u a n tity  o f fu e l in je c te d , u n le ss  i t  i s  borne in  mind 

th a t  a t  30^  o f the  maiimum l i f t , t h e  r a te  of in je c t io n  

has p r a c t ic a l ly  a t ta in e d  i t s  maximum value fo r th e  

p re ssu re  co n d itio n s  a t  th e  in s ta n t .  (See F ig .2 5 ,p * 5 l ) .  

C onsidering  th a t  th e  r e s u l ta n t  motive fo rce  a c tin g  on 

th e  sp in d le  remains p o s it iv e  during  th e  l i f t i n g  p ro cess  

( th is  can be shown by means o f th e  c a l ib r a t io n  curve, 

Fig*4*7,pJ12 ) i t  i s  in te r e s t in g  to  note th a t  th e  

m a jo rity  o f  l i f t  curves approximate to  s t r a ig h t  l in e s .

T h is  must be a  f r i c t io n a l  e f f e c t ,  and in  a d d itio n ,

f r i c t i o n /
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f r i c t i o n  i s  seem ingly tlie  only ex p la n a tio n  fo r  th e  

i r r e g u la r  n a tu re  o f some of th e  valve c lo s in g  curves 

o f th e  diagram s. Hear th e  end o f th e  c lo s in g  

p e rio d  in  some cases  th e re  appears alm ost to  be a 

su g g estio n  o f th e  sp in d le  a c tu a l ly  s t ic k in g  -  e s p e c ia lly
c •»

in  the  case o f no load  a lread y  c i te d  when th e  sp in d le  

v e lo c i ty  a t  c lo s in g  was probably r e la t iv e ly  sm all.

®ae q u es tio n  o f sp in d le  f r i c t i o n  has been 

in v e s tig a te d  in  d e t a i l  fo r  th e  sp in d le  l i f t i n g  in  t e s t  A 

o f the  t h i r d  s e r ie s ,  y e t to  be d esc rib ed . (See p .l£ 6 )

I t  i s  notew orthy in  th e  above diagrams th a t  the  

p o in ts  o f ig n i t io n  (as determ ined by th e  beginning of 

th e  p re ssu re  r i s e  on th e  in d ic a to r  diagram s) follow  

c lo s e ly  th e  sequence of the  o th er cu rves; th a t  i s ,  

th e re  i s  approxim ately th e  same spacing  between th e  

p o in ts  o f ig n i t io n  as between th e  curves o f r i s in g  

o i l  p re ssu re , and th o se  of sp in d le  l i f t .  E h is ev id en tly  

se rv es as  a rough cheek on th e  r e l i a b i l i t y  o f th e  

curves and t h e i r  in te r r e la t io n s h ip .

S h o rtly  a f t e r  th e  two s e r ie s  of t e s t s  ju s t  

reco rded  were c a r r ie d  o u t, th e  au thor ob tained  a paper 

by Mr. B.H .Alexander, M .Sc., e n t i t l e d  " A ir le s s  In je c t io n  

and Combustion of Fuel in  the  High Compression Heavy 

O il Engine" which was pub lished  in  th e  QTrans.of th e  

I n s t ,  of Marine E ng ineers , August 1927- su b jec t

in  t h i s  paper i s  t r e a te d  up to  a c e r ta in  p o in t in  a 

manner r a th e r  s im ila r  to  th a t  described  here , and i s  

f u r th e r  r e fe r re d  to  in  p ag e l£ £  .

bu rn ing  now to  the  t h i r d  s e r ie s  o f t e s t s ,  an 

exam ination of F ig s.5 0 -5 2 p p .I* B -l£ 0  , each o f which 

g iv es  th e  curves of o i l  p re ssu re , valve sp in d le  l i f t ,  

c y lin d e r  p re ssu re , r a te  of in je c t io n  and tem perature 

o f c y lin d e r  co n ten ts  fo r  one t e s t ,  shows th e  same 

c h a r a c te r i s t i c /
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c h a r a c te r i s t ic  f e a tu re s  as  shown fo r th e  f i r s t  two 

s e r i e s .

In  a manner s im ila r  to  th a t  caused by an increm ent 

o f brake load , an in c re a se  in  valve sp rin g  load  causes 

th e  governor to  reduce th e  amount of opening of the 

b ye-pass v a lv e . T h is i s  obviously  n ecessary  i f  the  

engine i s  to  m ain ta in  s te a d ily  th e  same output o f  work. 

A h ig h er sp rin g  lo ad  causes h igher o i l  p re s su re s , and 

th e re fo re  a  tendency to  a g r e a te r  flow of fu e l  per 

cy c le  th rough  th e  bye-pass. T h is must th e re fo re  be 

co u n te rac ted  by a p a r t i a l  c lo s in g  of th e  l a t t e r .  The 

p a r t i a l  c lo s in g  i s  not however, ju s t  s u f f i c ie n t  to  

m ain ta in  th e  same t o t a l  flow through th e  bye-pass.

At th e  h ig h er sp rin g  loads the flow  i s  co n s id erab ly  

l e s s  th an  t h i s ,  and th e  red u c tio n , n eg lec tin g  leakage, 

i s  an approxim ate measure of th e  a d d it io n a l e l a s t i c  

s t r a i n  in  th e  system caused by the  h ig h e r p re ssu re s  

p re v a i l in g . T h is fe a tu re  was brought out very c le a r ly  

when an attem pt was made to  run th e  engine w ith  th e  

valve sp rin g , Ho.2 , i n i t i a l l y  compressed by means o f 

5 d is ta n c e  w ashers a lread y  mentioned. Even w ith  th e  

bye-pass valve com pletely sh u t, as i s  always the  case 

when th e  engine i s  being s ta r te d ,  th e  valve sp in d le  

would not l i f t  a t a l l ,  and n a tu ra l ly  no fu e l could be 

in je c te d .

By tr a c in g  the  th re e  curves of r i s in g  o i l  p ressu re  

in  f i g s . 5 0 -5 2 ,pp.118-120, on to  one sh ee t, i t  can be 

shown th a t  they  are  roughly p a r a l l e l .  T h is can be 

exp la ined  by th e  n a tu re  of the  pump displacem ent curve 

(shown along w ith  th e  o i l  p re ssu re  curves e t c . )  in  a 

manner s im ila r  to  th a t  d iscussed  in  connection  w ith  the 

p a r a l l e l  l i f t  curves in  f ig .4 -8 ,p .n 3 , and f i g . 4-9,p.f 14- . 

I f  th e  v e lo c ity  of th e  p lunger were c o n s ta n t, th e n  the 

e a r l i e r /
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e a r l i e r  th e  p re ssu re  ro se  , th e  more ra p id ly  would' i t  do 

so , s in ce  an e a r l i e r  r i s e  means a. sm a lle r dye—pass 

opening -  p rov ided  th a t  th e  pump tim in g  i s  u n a lte re d .

In  th e  case  under c o n s id e ra tio n , however, th e  e a r l i e r  

th e  p re ssu re  r i s e  took  p lace  th e  low er was the  mean 

v e lo c ity  o f th e  p lunger, and as w i l l  be apparent th e  

combined e f f e c t  i s  th a t  th e  cu rves are  p r a c t i c a l ly  

p a r a l l e l .

During th e  valve sp in d le  l i f t i n g  p ro cess  the 

p re ssu re  g rad ien t d ecreases considerab ly  and th en  ten d s  

to  in c re ase  aga in  on account of th e  fu r th e r  movement of 

th e  pump p lunger. This  movement, as can be seen from 

th e  diagram s, f a l l s  o f f  f a i r l y  rap id ly  in  th e  reg io n  of 

5 degrees o f crank  an g le , w ith  the  r e s u l t  th a t  th e  

p re ssu re  curve p asses i t s  maximum tu rn in g  po in t and 

th e n  a lso  beg ins to  f a l l  ra p id ly . As the  valve c lo se s , 

th e  p re ssu re  curve i s  once more d e fle c te d  in to  i t s  f in a l  

phase, and t h i s  re p re se n ts  th e  curve of d is s ip a t io n  of 

e l a s t i c  energy o f th e  system through th e  bye-pass, and 

a ls o  o f course through any minor le ak . I f  th e  bye- 

p ass  i s  p r a c t ic a l ly  c lo sed , as  in  t e s t  0 (F ig .5 2 ,p J 2 0 )  

th e  p re ssu re  may not f a l l  to  atm ospheric before the 

n ex t forward stroke  of th e  pump.

She r e la t io n  between 1valve openingr and Tvalve

c lo s in g 1 p ressu res i s  d ecid ed  by the r e la t iv e  e f f e c t s
Total spjraile area _______

o f th e  r a t io  Ox Total a re a — valve se a t a rea
and th e  r a t io  .S p r in g  load ( y a ) « e  open) . The g r e a te r

Spring load (valve closed )
th e  f i r s t  r a t io  th e  more does th e  opening p ressu re  

exceed  the c lo s in g  p ressu re and th e  g r e a te r  th e  second  

r a t io  th e  more does the c lo s in g  p ressu re  exceed  th e  

opening p ressu re . I f  th e  lo a d -e x te n s io n  curve o f  th e  

v a lv e  sp rin g  be a  s tr a ig h t  l i n e ,  th en  fo r  any i n i t i a l  

com pression o f  th e  sp rin g  th e  e f f e c t  o f  th e  second r a t io

w i l l /



122

w il l  be c o n s ta n t. On th e  o th e r hand, th e  e f f e c t  of

th e  f i r s t  r a t i o  w i l l  in c re a se  as th e  i n i t i a l  compression

o f th e  sp rin g  and th e re fo re  th e  average o i l  p re ssu re

in c re a s e . From a c o n s id e ra tio n  o f th e  com bination

o f th e se  e f f e c t s  w ith  the  cu rv es o f o i l  p re ssu re  i t

can be shown th a t  in  th e  p re sen t cases  (A,B and O)

th e  c lo s in g  p re ssu re s  w il l  exceed th e  opening p re ssu re s .

T h is  i s  c le a r ly  th e  case in  F ig*50-5£?pp.H 8-l2O  , On

account of th e  la ck  o f c e r ta in ty  reg ard in g  the  in s ta n ts

o f opening and c lo s in g  of th e  v a lv e , and the  s teep n ess

o f th e  p re ssu re  cu rves a t  th e se  in s ta n ts ,  no r e a l

purpose i s  served  by a ttem p tin g  to  v e r ify  th e se  opening

and c lo s in g  p re s su re s . I t  i s  in te r e s t in g  to  r e f e r  to

th e  p re ssu re  cu rves ob ta ined  by Mr. A lexander in  th e

aforem entioned paper (p*ll€>). The valve sp ind le th a t  be

used had a  very much la rg e r  r a t io  ■ - q-retq  ------
Toral spindle a rea  -  valve s e a r  a re a

and th e  e f f e c t  o f t h i s  i s  c le a r ly  shown by the  fa c t th a t  

th e  opening p re ssu re s  are considerab ly  h igher th an  th e  

c lo s in g  p re ssu re s . An in te r e s t in g  fe a tu re  of h is  

cu rv es , which does not appear a t a l l  in ;th e  p resen t 

c a se s , i s  a d i s t in c t  secondary r i s e  in  o i l  p ressu re  

caused by th e  continuance of the pump stroke  a f t e r  the

valve has s h u t .

As a check on the t o t a l  l i f t  obtained  by means of

th e  motion reco rd er (F ig .43 ,p .& 7  ) i t  i s  of in te r e s t

to  r e f e r  to  th e  m icrom eter measurement taken  o f t h i s

q u a n tity  during the  d ischarge experim ents. I t  was

found th en  to  be •0256” . On th e  reco rd e r th e  equ ivalen t

read in g  was about 370 degrees of th e  c i r c u la r  a d ju s tin g

sc a le  (see ta £ L e l2 , p .l* £ ) .  From th e  working drawing

of th e  reco rd ing  appara tus th e  r a t io  o f ^
M ^ em eh l- aV  c e n tre  line — 2 " £ 5 ."

of odiushVvg scraw 3 'GO"
and th e re fo re  the  t o t a l  l i f t  o f th e  sp in d le  as g iven  by 

th e  reco rd er i©i—
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2 6 ^  3 ' 6 0 *  3 6 0  *  ‘OfcSB (A ajush^ screw = £ 6 |-has./in

•Phis appears to  be a s a t i s f a c to ry  check.

When co n s id e rin g  th e  a c tu a l  e f f ic ie n c y  o f th e  

valve sp in d le  motion, i t  must be borne in  mind th a t  

approxim ately  Q̂% only o f  th e  maximum l i f t  i s  

necessary  fo r  maximum d isch a rg e . (See P ig .2 5 ,p .51 ) .

Any narrow ing th e re fo re  o f th e  a re a s  enc losed  by the  

l i f t  cu r 'fes , above t h i s  value' does not se n s ib ly  reduce 

th e  working e f f ic ie n c y  o f th e  in je c t io n ,  fh e  curves 

o f  r a te  o f in je c t io n  show th a t  th e  red u c tio n  of 

e f f ic ie n c y  o f th e  com bustion o f the o i l  in je c te d ,  due 

to  th e  t h r o t t l i n g  e f f e c t  a t the valve sea t during 

opening and c lo s in g  of th e  v a lv e , i s  hard ly  ap p re c ia b le .
Hie v alue  of Tofo.U  fondle a r e ^ ---------  -------

Tola* s^»Jr»ale a rea  — talvie s e a r  a r e a
was not more th a n  1 . 073* The r e s u l t s  in d ic a te  th a t  

a much la rg e r  r a t io  th an  t h i s  i s  unnecessary. Other 

th in g s  rem aining c o n s ta n t, th e  la rg e r  t h i s  r a t io  th e  

g r e a te r  w i l l  be th e  d iffe re n c e  between ' opening p re s s u re f 

and 'c lo s in g  p r e s s u r e '.

A ma-zimum l i f t ,  considerab ly  g re a te r  th an  th a t  

necessary  fo r maximum d isch arg e , i s  d e s ira b le , s ince  i t  

en ab les  th e  sp ind le  to  a t t a i n  h igher v e lo c ity  as i t  

approaches th e  valve s e a t .  The diagrams in d ic a te  a lso  

th a t  a valve of t h i s  type could be re a d i ly  adapted to  

s u i t  much h igher speeds i f  d e s ira b le . At h ig h e r speeds 

a ls o , an in c rease  of opening and c lo s in g  v e lo c i t ie s  i s  

to  be expected on account o f th e  more ra p id  r i s e  and 

f a l l  o f p re ssu re . 3?his g rad ien t o f p ressu re  i s  

undoubtedly one of th e  p r in c ip a l f a c to r s  governing the 

e f f i c ie n t  motion of the  sp in d le , since  i t  i s  roughly  

th e  mean value o f the  in c rease  in  p ressu re  above th e  

l i f t i n g  value which determ ines the  e f f e c t iv e  l i f t i n g  

fo rc e . The g rad ien t o f th e  f a l l in g  p ressu re  would

seem/
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seem t o  depend e n t i r e ly  on th e  flo w  through th e  n o z z le  

and through  th e  b y e -p a ss  v a lv e  (n e g le c t in g  le a k a g e ) .

I t  fo l lo w s  th a t  th e  pump s e t t in g  sh ou ld  be such th a t  

th e  v e lo c i t y  o f  th e  pump p lu nger i s  at i t s  maximum 

during th e  opening p e r io d , and sh ou ld  f a l l  t o  zero  

b efo re  th e  c lo s in g  p er iod  commences* I t  i s  h e r e , 

probab ly , th a t  th e  . in j e c t io n  system  f i t t e d  w ith  a 

m ech an ica lly  op erated  r e le a s e  h as i t s  p r in c ip a l  advantage  

over th e  s im p ler  bye—p a ss  ty p e ; th e  advantage b ein g  

th a t  a  much more rap id  f a l l  in  p ressu re  i s  made p o s s ib le  

A nother r ec o g n ise d  advantage o f  c o u rse , i s  th a t  the  

b eg in n in g  o f  in j e c t io n  rem ains unchanged fo r  a l l  lo a d s  

on th e  e n g in e .

By way o f  com parison w ith  th e  p resen t exp erim en ts, 

i s  th e  corresp on d in g  performance o f  a m ech an ica lly  

op erated  s o l i d  in j e c t io n  system  g iv e n  in  a s e r i e s  o f  

r e s u l t s  in  E n g in e e r in g  * Dec. 3 , 1920 by P ro fe sso r  

C .J.H awkes. He shows th a t  under c e r ta in  c o n d it io n s ,  

only  th e  f i r s t  part o f  th e  m otion o f  t h i s  p a r t ic u la r  

v a lv e  i s  in  fa c t  m ech an ica lly  operated , s in c e  th e  

v a lv e  sp in d le  and le v e r ,  owing to  th e  unbalanced o i l  

p r e ssu r e , on th e  v a lv e  fa ce  (and p o s s ib ly  t o  i n e r t ia ) ,  

le a v e  th e  cam a lto g e th e r , and com plete th e  in j e c t io n  

a s  a v ery  in e f f i c i e n t  autom atic v a lv e ;  -  i n e f f i c i e n t  

on account o f  th e  fa c t  th a t  i t  has to  c lo s e ,  not 

a g a in s t  a rap id ly  f a l l i n g  p ressu re a s  in  th e  c a se  o f  

a tr u e  autom atic v a lv e , but a g a in st a h ig h  p ressu re  

which te n d s  t o  become con stan t as the v a lv e  c lo se s*

T h is  p ressu re  may even ten d  to  r i s e  a s the va lve  i s  

c lo s in g ,  i f  a number o f  fu e l  pumps are s t e a d i ly  fee d in g  

th e  co n sta n t p ressu re  'r a i l*  in  a m u lt i-c y lin d e r  en g in e . 

Even in  the ca se  where th e  v a lv e  mechanism fo llo w s  

p r e c is e ly  th e  p r o f i le  o f  a cam w ith  rap id  opening and

c lo s in g /
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c lo s in g ,  t h i s  h ig h  p ressu re  at c lo s in g  would appear 

t o  be an in h eren t d isad van tage o f  th e  •r a il*  or 

'm echanical* system  o f  s o l i d  in j e c t io n .

R eferen ce  to  an a r t i c l e  p u b lish ed  in  th e  ‘M otorship* 

fo r  J u ly  and August 1929 shows th e  autom atic f u e l  in j e c t io n  

v a lv e  in  a d i f f e r e n t  l i g h t .  The author o f  th e  a r t i c l e  

here g iv e s  diagram s o f  o i l  p ressu re  and sp in d le  m otion -  

th e  l a t t e r  b e in g  ob ta in ed  by co n n ec tin g  th e  v a lv e  

sp in d le  t o  th e  p is to n  rod o f  an in d ic a to r . These  

diagram s show v io le n t  p u ls a t io n s  in  th e  fu e l  o i l  

p ressu re  and o s c i l l a t i o n s  o f  th e  v a lv e  sp in d le  during  

th e  e n t ir e  p er io d  o f  in j e c t io n  and form a ra th er  

in t e r e s t in g  com parison w ith  th e  more normal behaviour  

shown in  th e  p resen t exp erim en ts.

The- l i f t i n g  e f f i c i e n c y  o f  a fu e l  v a lv e  cou ld  be 

s ta te d  a s th e  r a t io  o f  fu e l  in je c te d  under c o n d it io n s  

fr e e  from th e  r e s t r i c t in g  in f lu e n c e  a t the v a lv e  sea t  

t o  th e  t o t a l  fu e l  in j e c t e d . On the average, fo r  th e  

t e s t s  A,B and G t h i s  worhs out roughly a t  about 9 ^ *

In  t h i s  r e s p e c t ,  when i t  i s  con sid ered  th a t  a la rg e  

p o r t io n  o f  the rem aining 5$  i s  not s e v e r e ly  t h r o t t le d ,  

th e  v a lv e  appears to  compare favou rab ly  w ith  th e  id e a l .

T h is however, i s  not th e  whole problem . An id e a l  

v a lv e  i s  one which opens and c lo s e s  in s ta n ta n e o u s ly  

and th e r e fo r e  in  such a manner th a t  the l a t e r  part o f  

th e  o i l  in je c te d  le a v e s  th e  o r i f i c e  at approxim ately  

th e  same v e lo c i t y  as th e  major part p f  th e  in je d t io n .

The ra te  o f  in j e c t io n  cu rves in  F ig s . 5 0 - 5 2 ,pp.118-120,show 

c le a r ly  th a t such cannot be the ca se  w ith  t h i s  p a r t ic u la r  

f u e l  v a lu e . I t  would be d i f f i c u l t  to  say whether i t  

a c tu a lly  s u f fe r s  from the ‘a f t e r  drip* e f f e c t  or n o t, 

as t h i s  w i l l  depend t o  an e x te n t  on th e  tu rb u len ce  

around the n ozz le  a t th e  c lo s in g  o f  the v a lv e . On the

f u e l /
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f u e l  v a lv e  b e in g  removed, i t  was g e n e r a lly  found t o  

be co a ted  l i b e r a l l y  w ith  carbon, but t h i s  co u ld  be 

e x p la in e d  by th e  fa c t  th a t th e  en g in e was u s u a lly  

o i le d  t o  e x c e s s .  I t  may be added t h a t ,  fo r  the purpose  

o f  overcoming t h i s  d i f f i c u l t y ,  some e n g in es  are so  

d esig n ed  th a t  a Jet o f  hot g a se s  i s  made t o  impinge on 

th e  n o z z le  a t th e  end o f  th e  in j e c t io n  p e r io d .

Comparison between A ctual and t h e o r e t ic a l  B a tes  o f  l i f i n g  

o f  th e  F uel V alve S p in d le .

The fo llo w in g  in v e s t ig a t io n  was made in  order t o  

show th e  e f f e c t  o f  f r i c t io n  on th e  r a te  o f  l i f t i n g  o f  

th e  fu e l  v a lv e  sp in d le . T h is  was accom plished by 

d eterm in in g , fo r  one p a r t ic u la r  c a s e , th e  t h e o r e t ic a l  

m otion o f  th e  sp in d le  fo r  the a c tu a l pressurd  c o n d it io n s  

p r e v a il in g  a t th e  n o z z le  and comparing t h i s  m otion w ith  

th a t  a c tu a l ly  a t ta in e d  during th e  t e s t .  The p a r t ic u la r  

t e s t  adopted fo r  t h i s  purpose was t e s t  A o f  th e  th ir d  

s e r i e s ,  th e  cu rv es fo r  which t e s t  are shown in  f i g . 5 0 ,

p . 118-

In order to  determ ine th e  t h e o r e t ic a l  l i f t i n g

v e lo c i t y  from a g iv en  curve o f  o i l  p ressu re such as i s

shown in  F ig .5 0  th e  fo llo w in g  data are n e c e s s a r y :-

1 = fr e e  le n g th  o f  sp r in g , (1 .775" )
It = le n g th  o f  sp r in g , v a lv e  c lo s e d  (1.52.” ) 
ps = sp r in g  lo a d , va lve  c lo s e d  (9 5 1 bs)  
p = o i l  p ressu re  a t any in s ta n t  ( f ig * 5 0 ,p .U 8 .)
A =? e f f e c t iv e  area o f  sp in d le  ( in  t h i s  c a se  taken

as t o t a l  area , . 1 5 in ? )
S = l i f t  o f  sp in d le  a t any in s ta n t .
M = mass o f  moving p a r ts  + h a l f  th e  mass o f  v a lv e

sp rin g  ( . 3 4 1 bs)
Ps = sp rin g  load  a t any in s ta n t .

A ccelerator* cl\r /m

= L p ' A -  {j + (v^L  y M
frA g / s U  yz

& _  Ps i-3  dv
" d i r  M Z  dh



In  t l 10 case  d e a lt w ith  (F ig . 50>p J 18,) th e  valve 

was t&ken to  l i f t  a t  548*5 A g re e s  crank an g le , ( i .e *  

h = 0 , 0  = 348*5° ) .  fh e  engine was running a t 

306 g iv in g  th e  tim e fo r  1° as .545  x 10  seconds.

fhe  fo llow ing  values of were c a lc u la te d  from th e  

fo rego ing  form ula and p lo t te d  to  a base o f tim e (or 

crank  angle) in  F ig . 5 3,p *128.

Qrank Angle 
d ecrees .

lim e t  _3 
seconds x 10

&v
SF

ft/s e c ?

3 4 8 .5 0 0

349 .273 460

349.5 • 545 880

350 .820 1485

351 1 .3 6 1485

352 1 .9 1 1330

353 2 .4 6 I I 60

354 3 .0 0 1005

flie curve th u s  ob ta ined  was tw ice in te g ra te d  

g ra p h ic a lly , g iv in g  f i r s t  the curve of sp in d le  v e lo c ity

(M \ and then  t h a t o f  a c tu a l l i f t  (s) 
d t '

On th e  same F igure (F ig .5 3 )  i s  shown th e  a c tu a l 

curve o f sp ind le  motion fo r  t e s t  A; th e  d iffe re n c e  between 

t h i s  curve and th e o re t ic a l  curve (s) being  due 

(n eg lec tin g  e r ro rs )  to  sp ind le  f r i c t io n .

I t  i s  c le a r  from th e  diagram th a t  in  th i s

p a r t i c u la r /
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p a r t i c u la r  case th e  sp in d le , on account o f th e  

f r i c t i o n a l  e f f e c t ,  ta k e s  alm ost 5 excess of the. 

tim e th e o r e t i c a l ly  necessary  fo r  l i f t i n g .

Rate o f I n je c t io n .

The main p o in t o f no te  reg a rd in g  th e  r a te —of— 

in je c t io n  cu rves shown in  Rigs*5 0-52 ,pp.116-1RO, appears 

to  he t h e i r  vary ing  degrees of un ifo rm ity  — th e  r a te  

being more uniform  th e  h igher the  average o i l  p re ssu re . 

In  case A th e  r a te  i s  about 80% o f th e  maximum a t th e  

beg inn ing  o f th e  in je c t io n  and about 60j£ a t th e  end.

The r a te  in  t e s t  Q i s  c le a r ly  much more uniform  th a n  

t h i s .  Whether or not th e  r a te  i s  uniform  n a tu ra l ly  

depends to  some ex ten t on th e  d u ra tio n  o f the in je c t io n  

p e rio d , (the  s h o r te r  th e  p e rio d  th e  le s s  probably w il l  

be th e  t o t a l  v a r ia t io n  in  co n d itio n s  a f f e c t in g  d ischarge) 

but in  a d d itio n  to  t h i s  i t  i s  ev iden t th a t  th e  g re a te r  

th e  o i l  p re ssu re  th e  sm a lle r w il l  be th e  in c rease  or 

decrease in  th e  r a te  o f in je c t io n  caused by a  g iven 

in c rease  or decrease of o i l  p re s su re .

Whether th e  r a te  should be uniform  fo r  e f f i c ie n t  

com bustion co n d itio n s , and i f  n o t, how i t  should vary , 

appears to  be an ex trem ely  com plicated questio n ; and 

th e  com plication  i s  rendered  g re a te r  by th e  c lo se  

in te rc o n n ec tio n  between the  ra te  of in je c t io n  and th e  

i n i t i a l  v e lo c ity  of th e  je t  le av in g  the  o r i f i c e .  Rrom 

t h i s  fo llow s the  c o n s id e ra tio n  of p e n e tra tio n , 

a to m isa tio n , d isp e rs io n , shape of the com bustion 

chamber (whether sep ara te  or a p a r t of th e  working 

c y l in d e r ) ,  tu rb u len c e , e t c .  A fte r a s tudy  of much 

o f th e  rece n t work done on th e  su b jec t o f th e  in te rn a l  

com bustion engine, i t  becomes obvious th a t  a complete 

and accu ra te  knowledge of th e  mechanics, p h y sics , and 

chem istry  of the  engine cycle  would appear to  be s t i l l  

want in g /
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w anting, and th a t  th e  main reaso n  fo r  t h i s  d e fec t i s  

th e  la c k  o f adequate means o f measurement. As i s  

m entioned l a t e r ,  i t  would appear th a t  some means o f 

a c cu ra te  and in s tan tan eo u s  sam pling of c y lin d e r  co n ten ts  

would he o f g rea t value in  t h i s  connec tion .

I t  i s  a t p resen t p o ss ib le  to  measure th e  p e n e tra tio n  

and growth o f a  sp ray  o f o i l  in to  v a rio u s  c o n d itio n s  of 

g ases , e i th e r  s t a t i c  or in  c e r ta in  s t a t e s  of tu rb u len c e ; 

i t  i s  p o ss ib le  to  determ ine the  a to m isa tio n  o f an o i l  

j e t  in je c te d  in to  gas under v a rio u s  co n d itio n s ; i t  i s  

p o ss ib le  to  determ ined th e  e f f e c t  of vary ing  degrees of 

tu rb u le n c e , gas p re s su re , tem peratu re  e tc .  on th e  

ig n i t io n  o f j e t s ,  and to  measure th e  r a te  o f heat lo s s  

th rough  th e  c y lin d e r  w a lls , the r a te  a t which th e  fu e l  

e n te r s  th e  com bustion chamber and numerous o th e r 

q u a n t i t ie s ;  but th e  one th in g  th a t  cannot be determ ined 

i s  the ex ac t h is to ry  of what ta k e s  p lace when a l l  th e se  

aforem entioned p ro cesses combine sim ultaneously  to  form 

th e  complete working cycle of an o i l  engine.

I t  i s  obviously im possible th e re fo re  to  s ta te  what 

th e  v a r ia t io n  o f th e  r a te  of fu e l in je c t io n  should be 

to  o b ta in  th e  b est p o ss ib le  co n d itio n s  fo r  combustion 

o f th e  fu e l spray i n  the p resen t c a ses . Apart from 

th e  above co n s id e ra tio n  however, a knowledge o f  the  

a c tu a l  r a te  of in je c t io n  i s  c le a r ly  o f co n s id e rab le  

i n t e r e s t ,  e s p e c ia lly  fo r  purposes of comparison w ith  

a c tu a l  combustion, since  i t  in d ic a te s  what i s  probably 

to  be expected under s im ila r  c o n d itio n s , and may 

perhaps pave the  way fo r  p o ss ib le  improvement.

An attem pt has been made in  the nex t s e c tio n  to  

analyse the  in d ic a to r  diagram s ob ta ined  fo r  t e s t  A,B 

and C ( for  which th e  curves are  given in  F ig s . 50-52 ,ppl 13 -120, 

in  th e  hope th a t  some approximate id ea  of th e  r e la t io n

e x is t in g /
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e x i s t in g  between th e  r a te  o f  in f e c t io n  and the r a te  

o f  com bustion might be a r r iv e d  a t .
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l i l  OF INJECEIOB Am  COMBUSTION. (INTRODUCTORY)

During th e  e a r ly  cou rse  o f  t h i s  r e se a r c h , th e  

in te n t io n  was to  attem pt l a t e r  t o  draw o f f  gas sam ples 

from th e  com bustion chamber or c y lin d e r  during th e  

com bustion p er io d , and a  p o s s ib le  ty p e  o f  v a lv e  fo r  

th e  purpose was d esign ed . I t  was a fterw ard s lea rn ed  

th a t  t h i s  form o f  experim ent had a lrea d y  been c a r r ie d  

out — fo r  example by Dr .2SW.3P. Brown at th e  Boy s i  

t e c h n ic a l  C o lleg e  o f  Glasgow u s in g  an adapted Young1 s 

P ressu re  Bee order, and by Mr. A lexander ( s e e  p.116.) 

u s in g  a  v a lv e  o f h is  own d esig n  and having a m echanical 

in s te a d  o f  e l e c t r i c a l  s p in d le - l i f t in g  d e v ic e .

R e su lts  o f  gas sam pling experim ents in d ic a te  th a t  

th e  mass o f  gas w ith in  th e  working c y lin d e r  i s  by no 

means homogeneous. MY. Alexander shows th a t  'in  h i s  

s o l id  in j e c t io n  en g in e th e  CÔ  co n ten t ob ta in ed  by h i s  

sam pling v a lv e  a t th e  end o f  th e  working strok e  was 

c o n s id er a b ly  l e s s  th an  th a t o f the exhaust g a se s .

The d isadvantage o f  th e  gas sam pling v a lv e  s itu a te d  

f lu s h  w ith  th e  c y lin d e r  w a ll i s  c le a r ly  th a t  i t  d e a ls  

to o  e x c lu s iv e ly  w ith  th e  g a se s  c ir c u la t in g  c lo s e  t o  th e  

w a ll .  I t  i s  ju st p o s s ib le  th a t  th e  g a se s , owing to  

t h e ir  prox im ity  to  th e  w a lls ,  do not become th orou gh ly  

mixed w ith  th e  main tu rb u len t body o f  th e  c y lin d e r  

c o n te n ts , and con seq u en tly  do not f in d  an opp ortu nity  

o f  u n it in g  w ith  t h e ir  share o f the fu e l ,  so th a t  a lth ou gh  

sam ples drawn from them d e f in i t e ly  in d ic a te  a la c k  o f  

hom ogeneiety, the main body o f the g a se s  may h e , to  a l l  

in t e n t s  and purposes, homogeneous. In  t h i s  way, even  

a  number o f  sim iiiar sam pling v a lv e s  d is tr ib u te d  over  

th e  c y lin d e r  w a lls  might g iv e  an erroneous co n cep tio n

o f /
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o f  th e  s t a t e  o f  th e  in n er  g a s e s . O b viou sly , a s  was 

m entioned, in  a p rev iou s s e c t io n ,  what i s  r eq u ire d  i s  

a  means o f  p ic k in g  out in sta n ta n e o u s  sam ples from any 

p o in t w ith in  th e  c y lin d e r  volume fo r  any p o in t o f  

th e  s tr o k e , and th e  d i f f i c u l t y  o f  accom p lish in g  t h i s  

w i l l  be e q u a lly  ob v iou s. n e v e r th e le s s ,  u n t i l  t h i s  

or som ething e q u iv a le n t has been done s u c c e s s f u l ly ,  

one cannot but f e e l  th a t t h i s  p rob len  u n so lved  

r e p r e se n ts  an e x te n s iv e  gap in  th e  knowledge o f  the  

s u b je c t .

I t  i s  c le a r  th e r e fo r e , th a t as a means o f e s t im a tin g  

th e  average r a te  o f  com bustion o f  f u e l  throughout th e  

c y lin d e r , w ithdraw ing sam ples c lo s e  t o  th e  c y lin d e r  

w a lls  i s  not a lto g e th e r  r e l ia b le .  No oth er  p o s s ib le  

method appears to  be so fa r  a v a i la b le .  In  th e  p r e sen t  

work, th e r e fo r e , t h i s  phase in  th e  sequence o f  the  

c y c le  was p assed  over and on ly  the r a te  o f  heat 

r e c e p tio n  by th e  g a se s  meantime d e a lt  w ith .

fo r  t h i s  purpose the teraperature-entropy method o f  

an a ly s is  o f  the in d ic a to r  diagrams o f  th e  working c y c le  

has been attem pted . S h is  method however cannot be 

a lto g e th e r  s a t i s f a c t o r y  owing t o  th e  d i f f i c u l t i e s  

a tten d in g  th e  use o f th e  in d ic a to r  diagram and can on ly  

be exp ected  a t b est to  g iv e  an approxim ate s o lu t io n .

3*he main sou rces o f  error  w ere:—

(1 ) £he d i f f i c u l t y  ob ta in in g  a ccu ra te  average p ressu re  
rea d in g s from th e  in d ic a to r  diagrams on account o f  
th e  a c t io n  o f  the governor (se e  f i g . 5 4 ,p .141.)

(2 ) The d i f f i c u l t y  o f  marking o f f  on th e  diagrams th e  
c o rr ec t o rd in a tes a t th e  v a r io u s  p o in ts  o f  th e  
2 +rrtk:e. £ h is  has been f u l ly  d e a lt  w ith  under an 
e a r l ie r  heading (se e  page9 0 .) .

(?>) The i m p o s s i b i l i t y  o f  e s t im a tin g  th e  v a r ia t io n  in  
com position  o f  th e  g a se s  during com bustion .

( a) She v a r ia t io n  in  average d e n s ity  o f  the g a s e s ; caused  
by th e  a d d itio n  o f  th e  fu e l  m ass.

(5) /
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(5 ) What i s  probably o f  a p p rec ia b le  account on ly  as  
regard s th e  p o in t o f  in g i t io n  -  th e  la g  between  
th e  p ressu re  v a r ia t io n s  in  th e  com bustion chamber 
or c y l in d e r , and t h e ir  corresp on d in g  e f f e c t  at 
th e  in d ic a to r  p is to n  s i tu a te d  at some d is ta n c e  
from th e  com bustion chamber*

By means o f  an e f f i c i e n t  form o f  in d ic a to r  

s i tu a te d  r ig h t  on th e  com bustion chamber w a ll and capable  

o f  g iv in g  an accu ra te  diagram on a base o f  cranh an g le  

(1 )> (&)» a*id ( 5 ) cou ld  have been p o s s ib ly  e lim in a te d  

( se e  p . 9 0  ) .

Item  (3 ) o f  th e  above l i s t  o f  e r r o r s  was probably  

th e  most d i f f i c u l t  t o  cope w ith , ap p aren tly  th e  o n ly  

p o s s ib le  method o f  a tta c h  b e in g  accu rate  gas sam pling  

a s  a lrea d y  d isc u sse d  on p . 1 3 3 . !Fhe diagram, b ein g  at

p resen t m ainly concerned w ith  th e  com bustion p r o c e ss  was 

drawn fo r  th e  average com p osition  o f  the c o n te n ts  during  

com bustion . In  th e  th r e e  t e s t s  under c o n s id e r a t io n  

th e  w eight o f  f u e l  in je c te d  per stroh e  was 5OjS o f  

th e  w eight th a t  cou ld  p o s s ib ly  be burned in  th e  a ir  

in  th e  c y lin d e r  ( t h e o r e t ic a l ly ) ;  th a t  i s  th e  engine  

ran w ith  1 0 0 $  e x c e s s  a i r .  She average com p osition  

during com bustion th e r e fo r e  was roughly  th a t  o f  the  

p rod u cts o f  com bustion o f  25$  o f  th e  p o s s ib le  fu e l  

th a t  cou ld  be burned ( t h e o r e t ic a l ly ) ,  mixed w ith  e x c e s s  

a i r ,  and th e  diagram was drawn fo r  t h i s  average

com p osition .

Item  ( 4 ) ,  namely th e  in crea se  in  d e n s ity  o f  th e

c o n te n ts  during com bustion, has been a llow ed  fo r  

approxim ately  by th e  assum ption o f  a f ix e d  la g  p er iod  

a f t e r  th e  in je c t io n  o f  the fu e l  and th en  a r ed u c tio n  

o f  th e  volume o f  the lb .m o l. (se e  t a b le s  17, and 18 ,pp .K 7,I48) 

rj*his was done in  order th a t each T . f .  curve should  

r ep resen t a d e f in i t e  weight o f  g a s , in s te a d  o f  one 

in c r e a s in g . assum ption i s  probably not c o r r e c t ,

b u t /
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but i s  l i k e l y  to  o b ta in  a b e t t e r  r e s u l t  th an  i f  t h i s  

fa c to r  were ign ored  c o m p le te ly .

*Ehen fo r  th e  stu dy o f  com bustion c o n d it io n s  th e  

c y lin d e r  c o n te n ts  were assumed to  c o n s is t  o f  th e  

c o n te n ts  a t th e  end o f  s u c t io n  p lu s  h a l f  th e  t o t a l  

fu e l  in j e c t e d .

For th e  c o n d it io n s  a t th e  end o f  exp an sion  th e  

c y lin d e r  c o n te n ts  were assumed to  c o n s is t  o f  th e  

c o n te n ts  a t th e  end o f  su c t io n  p lu s  th e  t o t a l  fu e l  

in j e c t e d .

For th e  com pression  c o n d it io n s  th e  c y lin d e r  

c o n te n ts  were assumed t o  c o n s is t  o n ly  o f  th e  c o n te n ts  

a t th e  end o f  s u c t io n .

fh e  assum ption o f  th e  average com p osition  during  

during com bustion on which th e  3? .<0 . diagram was based , 

h as probably caused  th e  r a te  o f  h e a tin g  ob ta in ed  to  be 

com p ara tive ly  h ig h  a t th e  commencement o f  com bustion, and 

low  tow ards th e  f in i s h .

Item  (5 ) i s  d e a lt  w ith  se p a r a te ly  in  a l a t e r  s e c t io n .

In  th e  s e c t io n  commencing on p*)40,the method (e tc .)

h as been worked out in  d e t a i l  fo r  c a se  A o f  th e  th ir d  

s e r ie s  o f  engine t e s t s ,  preceded by a l l  th e  n ecessa ry  

s t e p s  fo r  o b ta in in g  th e  curve o f  o i l  p r e ssu r e , r a te  o f  

in j e c t io n  e t c .  °n ly  t e s t  A has been shown in  d e t a i l ,  

s in c e  th e  th r ee  t e s t s  were a l l  d e a lt  w ith  in  th e  same 

manner.
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3\gEASUMMB33g OF AIR BLOW TO ENGIM.

3? or th e  a n a ly s is  o f  th e  in d ic a to r  card s in  t e s t s  

A, B, and 0 , rea d in g s o f  a ir  flo w  to  th e  en g in e  were 

ob ta in ed  by means o f  a p a ir  o f  a ir  boxes ( s e e  3Pig.l,p.6.) 

in  s e r i e s ,  each  o f  a c a p a c ity  o f 5 ^ * x 2 f t . x  2 f t . ,  and 

a sharp edged o r i f i c e  o f  2 " d iam eter; -  th e s e  b e in g  

part o f  th e  normal exp erim en ta l equipment o f the e n g in e .  

Another p art o f  t h i s  equipment i s  a la r g e  gasom eter o f  

about 6 3 f t .  c a p a c ity . The p ip e s  le a d in g  from th e  

l a t t e r  and th e  a ir  boxes are jo in ed  by a f  p ie c e  w ith  

la r g e  s to p co c k s , so t h a t ,  i f  d e s ir e d , th e  en g in e  

s u c t io n  can be sw itch ed  over from one t o  the o th er , 

w h ile  th e  en g in e i s  running. The 'b e ll*  o f  th e  

gasom eter i s  so cou n terb a lan ced  t h a t ,  i f  open t o  

atm osphere, i t  s lo w ly  descends in to  th e  ou ter  tan k . 

Betweenvthe T p ie c e  ju n c tio n  and the engine i s  f i t t e d  

a c y l in d r ic a l  apparatus made in  th e  form o f  a 1 b e llo w s '  

w ith  a  c o lla p s a b le  le a th e r  w a ll and c ir c u la r  wooden ends; 

th e  normal le n g th  b e in g  about 3 f t . 3 i&s* and th e  mean 

diam eter about l f t . 5 i n s .  The purpose o f  t h i s  fitm en t  

i s  to  damp th e  in te r m itte n t  nature o f the eng in e s u c t io n .  

I t  i s  suspended v e r t i c a l l y ,  b ein g  supported at th e  to p  

by th e  p ip e  co n n ectin g  i t  w ith  th e  main p ip e  le a d in g  

from th e  a ir  boxes and gasom eter to  th e  e n g in e , and i s  

kept in  a c e r ta in  s t a t e  o f t e n s io n  by means o f fou r  

le n g th s  o f  s to u t rubber fa s te n e d  to  th e  c ir c u la r  bottom , 

and h e ld  t o  th e  f lo o r  by means o f  a w e ig h t. A g en era l  

view o f  th e  com plete arrangement i s  shown in  2’i g . l 7p.6 .

With accu ra te  read in gs o f  tem p erature, volume and 

p ressu re  th e  gasom eter would c le a r ly  g iv e  an a b so lu te  

read in g  o f  a ir  flow  over a g iv e n  p er io d , and a number 

o f  engine t e s t s  were run to  determ ine th e  accu racy o f  

th e  a i r  boxes w ith  a 2"d i a .o r i f i c e .  I t  was assumed 

h e r e /
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TABLE! 9 . M e a s u r e m e n t  o f  A»b  Flow.

T e s t s  w i t h B.H.R A i r  per M i n u t e  in F t .3 P e r c e n t a g e

£ " d i a . O r i f i c e Aid Boxes G a s o m e t e r . L r r o c .

1 |3>95 3 - i a o 3-215 -  1-12

Z 13-65 3-220 3-271 -  1-56

3 |2*74 3*216 3-278 -  1*83

4 12-46 3-32.4 3-355 -0-87

5 1 2 - 4 4 3-431 3-359 +  2 -1 4
6 I2-54 3-332 3-359 + 0-38

7 12-32 3-370 3-378 -  0-24

M e a n — 3-305 3-316 -  0-33

T e s t  w i t m
B.H .P

A i d  pec. Minute i n  F t .3 P e r c e n t a g e

IVsT ii a .O r i f i c e Air Boxes G a s o m e t e r . Error.

6 12-46 3-313 3-411 - 2-38

TA BL L 1 0 . > Indicator Card Readings. LngineTest A .
Crank Ancle 320 32S 530 335 340 34S 350 355 357-5

O r d i n a t l s . I n s . £97 •379 -471 • 59 5 •707 •88 1 1-030 I-J4S 1-2.10

Lbs./in! Gauge 1 IS 152 isa 238 283 352 412 458 484

Crank Angle 360 2-5 5 7-S 10 IS 20

Ordinatcs.Ins. 1-234 J-40 5 1452 1-475 1-431 7-2.8S 1-174

Lbs./ in . Gauge 5»B S££ 531 590 572 513 470

Crank Angle £5 30 35 40 45 50 55 €>0 65

Ordinates.Ins. 1-066 *912 -7S7 -666 *580 •486 •417 -370 •311

Lbs./ in!  Gauge 426 36 5 3C>3 266 232 134 167 I4B 124-

Crank Angle 70 7 5 80 90 95 IOO 120 ISO

OrdinatesIns. -2-7S •£S5 *238 -229 *199 •174 •145 *100 •070

Lbs./in! Gauge no 102 95 32 80 70 5 8 4 0 2 8
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here th a t  th e  co n d itio n s  a t  th e  end o f su c tio n  were 

th e  same w hether th e  engine was drawing from th e  a i r  

feoxes or th e  gasom eter, and t h i s  assum ption was 

a p p a re n tly  j u s t i f i e d  by the  f a c t  th a t  th e  l ig h t  sp rin g  

ca rd s  (1M=10 lb s / in ? )  fo r  th e  two cases  co in c id ed
'■N

e x a c tly . V arious s iz e s  of o r i f i c e  could be u sed ,b u t

th a t  o f 2Hd ia . was found to  be th e  most convenient fo r

g iv in g  monometer read in g s  which could  be p ro p e rly  d e a lt 

w ith  by th e  c o r re c t io n  fa c to r s  av a ilab le*

!Phe co incidence of th e  l ig h t  sp rin g ea rd s  shows 

th a t  th e  a i r  boxes, i f  s u ita b ly  dimensioned have no 

ap p rec iab le  e f f e c t  on th e  c o n d itio n s  o f su c tio n  of th e  

eng ine. In  an a fc tic le  on t h i s  su b jec t in  ’E ngineering  f, April, 

13 anddO,1923, by Mr* H *0.king, from which a l l  th e  

necessary  c o n s ta n ts  and c o r re c t io n  fa c to rs  have been 

ta k en , i s  g iven  th e  form ula fo r  th e  t o t a l  c a p a c ity  of 

th e  boxes (o r box) as

a— rr w H P  measured 
^  “ rfo .of C y lB .r S.P.M. •

Hough v a lu es  fo r K are  600 and 1000 fo r  h igh  speed and 

slfcw speed engines re s p e c tiv e ly .

15he gasometer read in g s as s ta te d  a lre ad y , have 

been assumed a c c u ra te , but t h i s  can only be th e  case 

when th e  average of a number of read in g s i s  tak en  

(except in  th e  case of an exceedingly  la rg e  gasom eter) 

s in ce  each in d iv id u a l read in g  of flow i s  su sc e p tib le  

to  a c e r ta in  personal e r r o r .  With th e  o i l  engine 

running a t  ^00 H*P.M. th e  maximum d u ra tio n  o f  a gaometer 

read ing  was about one m inute.

5 a b le 9 , p*137, shows th e  r e s u l t s  o f th e  t e s t s  and 

th e  accuracy ob ta inab le  by means of th e  a i r  boxes used.

Bhe mean percentage e r ro r  was c a lc u la te d  on th e  mean 

v alues of th e  a i r  box and gasometer read in g s .

T ab le /
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T a b le d , p . 137, a lso  shows th e  r e s u l t  o f  a t e s t  in  

which a l i "  d ia . o r i f i c e  was used . The la rg e  e r r o r  

o b ta ined  in  t h i s  ca se , being  n eg a tiv e , p o ss ib ly  shows th e  

e f f e c t  o f undue t h r o t t l i n g  of th e  a i r  flow  -  a lthough  

th e  manometer d id  not in d ic a te ,  what was thought to  be 

ex c e ss iv e ly  low p re ssu re  w ith in  th e  boxes. I t  i s  

e v id e n t, however, th a t  g iven  an ac cu ra te  manometer, th e  

sm a lle r t h i s  read in g  of d if fe re n c e  between th e  p re ssu re  

w ith in  th e  box and atm ospheric , the  g re a te r  w i l l  be 

th e  accuracy  o b ta in ab le  -  th a t  i s ,  o f co u rse , accuracy  

w ith  re sp e c t to  normal co n d itio n s  o f engine su c tio n  

e i th e r  from th e  gasom eter or d i r e c t ly  from th e  atm osphere.

The Zud ia .o r i f i c e  was used in  a l l  th e  work fo llow ing  

th e se  experim ents.
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The d isp la ce d  in d ic a to r  ca rd  shown on F ig . £>4, p*!4l,

was one re p re se n tin g  about 50 cycles* On account o f

th e  i r r e g u la r i ty  of th e  govern ing , th e  com bustion l in e

o f t h i s  diagram was of co n s id erab le  b read th  and n eccass-

i t a t e d  a mean l in e  being drawn to  re p re se n t th e  average

s tro k e . The ca rd  was marked o f f  h o r iz o n ta l ly  a t  in te r —

—v a ls  o f crank  angle by means o f th e  displacem ent curve

fo r  500 it.P.M . in  P ig . 4  5, p .9 7  • The p re ssu re  valuesOoUelo)

a re  p lo t te d  in  P ig . 50, p .ll& , th e  sca le  o f th e  diagram

being 1® = 4-00 l b s / i n 2 . T ab les I landl£*p.l42,show th e

a c tu a l read in g s and derived  v alues of o i l  p re ssu re  and

valve sp in d le  l i f t .  These two s e ts  o f v a lues are  also

p lo t te d  in  P ig . 50, p . MS

The th re e  curves o b ta ined , to g e th e r  w ith  th o se  in

P ig s . 4 0 ,  p . 7 3 ,  and 25  p .5 l,now  enabled th e

r a te  o f in je c t io n  of fu e l to  be c a lc u la te d . In  ta b le

13, p .1 4 3  are  th e  rem aining f ig u re s  req u ired  fo r  t h i s

purpose, th e  columns o f o i l  and c y lin d e r  p re ssu re  and

valve l i f t  being ob ta ined  from the  th re e  curves a lready

p lo t te d ,  and th e  l i f t  f a c to rs  f , and a i r  p ressu re  f a c to r s

f 2 from P ig s .25an d 26,p . 51, re s p e c t iv e ly . The v alues of

G.H.U. per second were re a d ily  c a lc u la b le  from th ese  of

Lbs. of o i l  p e r minute and a knowledge of th e  c a lo r i f i c

value o f the fu e l .  T his c a lo r i f i c  value (h igher) was

ob tained  by means of a bomb c a lo r im e te r , th e  average o f

th re e  such t e s t s  working out a t  10,680 CHU/lb. To allow

fo r  th e  e r ro r  obtained  in  the  r e s u l t s  of r a te  of i n a c t i o n

a c o r re c t io n  o f th e  v a lu es of GEh/seeond was made by th e  
^ i o  Achuftl Vofal fue.1 inje&hsd p e r  sb ro k e  a 

^  Calculated tolal fuel in}*ctecA per s tro k e
The curve fti! ob ta ined  from th e se  c o rre c te d  v a lu es  i s

drawn in  f ig .  5 G , p . 157 . In  ta b le  l£ , p . 144, th e  values

in  column 10 of ta b le  13, p. 143 , were converted  to

t o t a l  heat in je c te d  up to  any in s ta n t ,  in  C.H.U. These

t o t a l /
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TABLE 11. Full Oil Pressure.. Engine Te.st A.

Indicator. Oil Press. Bottom Contact Top Contact

Scale. L&s./inl Gr. Cam 5  k a f t  

5 call

Cr. Angle
L)n CORRECTED

Cr.AnglE
Co r r e c t e d

CamShaft
Scale.

Cr. Angle.
Uncorrected

Cr. Ancle. 
C o r r e c t e d

2G-25 17 27l'7S 331-75 332*25 36-0 96*0 33-5
2G-0 104 276-0 336-0 336-25 ! 8-0 78-0 75-75

2S-75 130 27S-7S 338-7S 333-0 5*0 65-0 63-0
2S-S 276 280-25 340*25 340*5 356-0 S6-0 S4-0
25-2 5 363 282*75 342-75 343-0 3480 48*0 46-25
2 50 443 284-75 344-75 345-0 342-0 42*0 40-5
24-7S 534 2S6-7S 346-75 34 7-0 336*0 36-0 34-75
24 5 622 288-25 345-25 34%-5 327-0 27-0 26-0
24-25 70S 289*S 343*5 343-5 324-5 24-5 23 5
24-0 7 33 231-5 3S1-5 351*5 323-0 23-0 220
2 3-75 88 0 235-5 355-5 3 55’5 3)8*75 18-75 18* 0

23-5 360 238-0 3S8-0 z>sa-o 317-25 17-25 1 6 * 5

23-25 IOS3 2 33*5 359-5 359-5 3IS-7S 15-75 15*25
23-0 1141 3C1-S 36 1 - S 361-5 313*25 1 3 - 2  5 12-75

22-S7S 1131 304-5 4-5 4*5 •3H- 0 U-O 10-5
22-7S 1225 30 6*5 6 - 5 6 * 5 — - —

TABLE. I E . M otion of V alve S p in d l l . Lngine: T&st A.
Adjusting Difference FfcRC£NTAG»&

Duration of Contact betw een  S pindle and B r a ss  S t r ip  j
S crlw Cam S haft S cale Cr . Angle IjNcoRREct. Cel Angle CORRECTED.
S cale L i f t from TO FROM TO from TO
3 2  S o o 2 s a -75 3 4 6  25 348*75 46-25 3 4  8 75 44-75
3 3 0 5 1-34 2 89-75 333-2 5 34 3 -7 3 3 3 -2 5 3 4 9 -7 5 3 2 -0

3 3 5 io 2-70 289-7 5 3 3 2 -5 3 4 9 -7 5 3 2  5 3  49-75 31-26

3 4 0 15 4- OS 290-0 3 3 2 -5 3 S o o 32- S 350 -0 31 2S
3  5 0 25 6-7 5 290-25 3 3 2 -5 5 5 0 -2 5 3 2  5 3SO-2S 31-2 5
3 6 0 3 5 9 -4 5 290-5 3 3 j - 5 3  56-5 31-5 3SO -5 30*25

3 7 0 4 5 12-16 2*90-7 5 330-75 350-75 30*75 350*75 2 9 - 5

2 0 5 5 14-85 291-0 330*75 351-0 30*73 351-0 2 9  S  |

4 0 7 5 20-3 291-25 3 30-5 3S )-2S 30-7S 3 5 1 2 5 I 2 9 -5

6 0 9 5 a s -7 291- 5 330-0 351-5 30  S 3 5 1  S 29-25  ;

80 115 3 1 / 291- 5 329-75 3 5 /-S 33-0 351- S 2 9 0

JOO 135 3 6 -4 291-75 3 2 9 5 3SI-7S 29-75 351*75 28-75

1 4 0 175 4 7 -2 292-0 3 2 3 0 3 52 29  S 352*0 2S-S

2C.O 2 3 5 6 3 - 4 2 9 2 -S 3 2 8 0 3 S 2 -5 2 8  0 3 5 2  S 2 7 - 0

2 6 0 2 3  5 79*6 293-25 3 2 7 -5 353 -25 27*S 353*25 2 C-S

3 1 0 3 4 5 93-1 293 -7S 3 2 6 -0 3 5 3 -7S 2 6  0 3S 3  7S 2  S'©

3 3 S 3 7 0 IOO 2 9 4 3 2 4 -5 3 5 4 2 4 -S 3 5 4 2  5 'S
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TABLE. 5 .  Engine W  A F u e l  I n t e c t i o n .

Oil
Pr&SS. 

Lbs/lN C

R a TE OF 
I njection  
Lb s ./m in .

5 u m  o f  
Rate. 

O r d i n a t e s

I  r a n k .  
A ngle

D e g r e e s

P r e s s . 
D ifference 
L b s . / in*

C y l i n d e r  
P r e s s .  

Lbs JmzQ.

P r e s s  
Fa c t o r ^

• 096

I 0 3 7 0-7.2

4-4-5

3co 4 -4 0
2-00

10-452 05

12-56
J 4-' 7 0  
lb -8CI • I I

4 0 813-182-00I O I S
2 1 - 6,1II 14-
2 4 -03£ •4 8H I G1150
2&-6 I•118I I GO
29-13I 180
3I-6S1-122

■1252-28
36-802-561 2 5B 282 I b

2 23
41-352 -5 8
44-522-23
4 7 - 0 31/2 I1200
4 9 - 6 42-28U 85 58-16
5 4 -6 3II 17I I 3 0
57-06
53-40

1-1152-/8
I O S O

£ 2 4 61-642-02
63-77

l-l OS
1 - 0 7

71-40

7G-4 I■I 0 2

77-98

81-081 0 9  6■006 5 0
82 S 1
8 4-12
85-26

1-09 13J-01-40
10-4

86-14■086
86-26
86-33

1-084

1-55
I 079
1-0771-34

86-46I-0 74
86-431-074-

1-0724 8 0
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TABLE. 1 4 .  0 L PER STR OK E . (CALCULATED AND A c t u a l )

T e s t
Oil .  p e r  S t r o k e  in L b s . P e r c e n t a g e .

E r r o r .C a l c u l a t e d . A c t u a l .
A • D 0 0 7 & 5 •000753 4 -  £ 5

B • 0 0 0 7 3 2 • 0 0 0 7 4 - 9 2 - 2 7

C • 0 0 0 7 6 7 • 0 0 0 7 5 4 1-81

TABLE. 15. T e s t  B e a d i n & s .  E n g i n e  T e s t  A .
B.H.P. 12-88
R.RM. 3 0  6 * 0

E x h a u s t  T e m p e r a t u r e .  °C. 3 5 8
O il  p e r  M in . in L b s . •1152

A ir  p e r  M i n .  in L b s . 3 - 3 6 1 2

O i l  p e r  B.M.P. h o u r  in L b s . • 5 3 6 5

A i r  p e r  L b . of  O il in L b s . 2 9 - 1 7

B a r o m e t e r  P r e s s u r e . L a s . / i N . £ 1 4 - 5 8

P r e s s u r e  at  L nd  of  S u c t i o n . L b s . / in .2 g a u g e . 0*07

P r e s s u r e  at  E n d  o f  E x h a u s t . L b s . / in .*g a u g e . 1 - 8 4

TABLE. 16. M e a t  in O i l .  L n g i n e EST A.

C r a n k  A n g l e
S um of Ordinates  

f r o m T a b l e
Heat  in O i l / S t r o k e  
im C.H.U. (H-C.V.)

H e a t  in O i l / S t r o r e  
inC.H.LUL.CAO

3 4 6 - S o 0 0

3 5 0 •78 •07 *07

3 5 2 4 - 4 5 •41 •39>

3 5 4 8-41 •78 •73

3 S G 12-56 1 /7 1-1 0

3 5 8 1 6 - 8 9 1-57 I -4&

3 6 0 21-61 2-ol 1*89

2 26-61 2 - 4 8 2 - 3 3

4 3 1 - 6 8 2 - 3 5 2 - 7 8

6 3 6 - 8 0 3 - 4 3 3 - 2  3

8 41-85 3 - 9  1 3 - 6 3

10 4 7 - 0 9 4 - 3 8 4-1 2

12 5 2 - 1 6 4 - 8 6 4  5 7

14 5 7 - 0 6 5 - 3 2 5-0 1

16 6 1 - 6 4 5 - 7 3 5 - 3 9

18 l 6 5 - 8 0 C-13 5- 7 6

2 0

22

6 9 - 6 0  

73-i 3  

76-41

6 - 4 7  

6 * 80

7 - H

6 - 0  3

6 - 3 9

6 - 6 9

2 6 79-54 7 - 4 0 6 - 3 6

2 8

3 0

8 2 - 6  1 
S 5 - 6  1

T- 6 8

7 - 9 3

7 - c  2 

7-4  6

3 2  _____
8 6 - 2  6 _ ________

8 6 - 3 9 ____________

8 6 - 4 6

8 - 0 3

8 0 4 _______
8 - o S
a . o c .

7 - 5  5  

7 - 5  6
3 4
3 6

7 - 5  7  

7 - 5  7
3 8
4 0

S4- 5 1 
6 6 - 5 2 - 8 - 0 5 7 - 5  7
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t o t a l  h e a t  v a lu e s  were c o r r e c t e d  by th e  same r a t i o  o f

Ac Huai fo e  I an(i iiave  fte e n  p l o t t e d ,  some i n
C a lcu larea  f u e l  

P i g . 57, p« ) 5 8 ,  and some in  P ig .  5 9 ,  p .  IGG

The p r i n c i p a l  t e s t  r e a d in g s  i n  a  f i n a l  c o n d i t i o n  

a r e  g iv e n  i n  t a b l e  I 5 ,  p . i<M- . I n  t a b l e  J4-, p.14-4-, 

a t e  g iv e n ,  f o r  th e  t h r e e  t e s t s  A,B and a ,  b o th  th e  

a c t u a l  o i l / s t r o k e  and t h a t  o b ta in e d  by th e  i n t e g r a t i o n  

o f  t h e  r a t e - o f - i n j e c t  io n  c u rv e s .

P i s t o n  d is p la c e m e n ts  were c a l c u l a t e d  a t  i n t e r v a l s

o f  2 d e g re e s  o f  c ra n k  a n g le  from 3 5 0 ° *to 80° and a t

i n t e r v a l s  o f  10 d e g re e s  from  360° t o  180° from t h e

fo rm u la  x » r ( l ~ c o & 6 )  -V r  (n — ,Jn a— s m e 0  ^

where r  = c ra n k  l e n g t h  and n = oP c o n n e c t in g  r q 4 _
r

Prom t h e  f i r s t  m en tioned  s e r i e s  of p i s t o n  d i s p l a c e — 

m ents were c a l c u l a t e d  th e  a c t u a l  c y l i n d e r  volumes ( i n  f t * )  

shown i n  column 2 o f  t a b l e  1 8 ,  p . 14*8 . The second s e r i e s  

o f  v a l u e s  was u se d  t o  c o n s t r u c t  th e  *in p h a s e 1 p r e s s u r e -  

volume d iag ram s i n  I ’i g .  5 8  , p .1 5 9 .

By means o f  th e  c a l c u l a t i o n  which i s  g iv e n  a s  a 

sample on p p . l4 9 a n d  150, th e  volume o f  t h e  lb .m o le c u le  

f o r  t h e  c o n d i t i o n s  a t  th e  end o f  s u c t i o n  were o b ta in e d  

and from t h i s  v a lu e ,  by s im ple  p r o p o r t i o n  w i th  r e s p e c t  

t o  t h e  a c t u a l  c y l i n d e r  volum es, v a lu e s  o f  V were c a lc u 

l a t e d  f o r  a number o f  p o i n t s  i n  th e  s t r o k e .  The v a lu e s  o f  v  

t h u s  o b ta in e d ,  a l th o u g h  c o r r e c t  f o r  th e  co m p ress ion  

s t r o k e ,  were c o n s id e r a b ly  i n  e x c e s s  o f  th e  t r u t h  fo r  th e  

w orking  s t r o k e  on a cco u n t  o f  th e  i n c r e a s e  i n  d e n s i ty  o f  

t h e  c y l i n d e r  c o n te n t s  d u r in g  th e  p r o c e s s e s  o f  i n j e c t i o n  

and co m bustion .

T ab le  17, p . 147,shows th e  a t te m p t  made t o  c o r r e c t  

f o r  th e  i n c r e a s e  i n  d e n s i ty  o f  th e  c y l i n d e r  c o n te n t s .

The method employed was s im p le  and c o n s i s t e d  o f  c a l c u 

l a t i n g  t h e  w eigh t o f  o i l  i n  t h e  c y l i n d e r  a t  any i n s t a n t ,  

ad d in g  t h i s  t o  th e  w eight o f  a i r  and p ro d u c ts  a t  th e  

e n d /
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end o f  s u c t io n , and th en  assum ing t h i s  to  be th e  c o r r e c t  

t o t a l  w eight in  th e  c y lin d e r , not a t th e  p a r t ic u la r  

in s ta n t  r e fe r r e d  to  but l a t e r  by 8 d egrees o f  crank  

angle* T h is  was merely assum p tion , but i t  was based  

t o  some e x te n t  on the fa c t  th a t  th e r e  was an a p p rec ia b le  

la g  between th e  in s ta n t  o f  commencement o f  in j e c t io n  and 

th e  commencement o f  com bustion (See f i g s . 4 8 - 5 2 ,  . pp.113-120,) 

a m atter  o f  about 5 d egrees a t l e a s t  and p o s s ib ly  even  

more at a la t e r  sta g e  in  th e  stroke*  A few d egrees e i t h e r  

way, however, would not in trod u ce  any a p p rec ia b le  error*

The l a s t  column o f  ta b le  17? p . 147 , g iv e s  th e  crank  

an gle  at which th e  c o r r e c t io n s  were a c tu a l ly  made. In .  

column (4) o f  t h i s  same ta b le  are th e  d iv is o r s  by which 

th e  v a lu e s  o f  th e  l b .  m olecu le  volume V had t o  be 

d iv id e d  fo r  c o r r e c t io n . Table 18 , p .148, shows th e  

p r o c e ss  o f  c o r r e c t io n .

Prom th e  v a lu e s  o f  p ressu re  (a b so lu te )  and V

(c o r r e c te d )  th e  corresp ond ing  tem peratures in  °C a b so lu te

T I44  pv?= £7£Q '

and are g iv en  in  column (7 ) o f  ta b le  1 8 ,p* 148 * These 

tem p eratures v a lu e s  are obviously' very e r r a t i c ,  and were 

a cco rd in g ly  :t f a i r e d 1 b efore  b e in g  used on th e  t  4  f i e l d .

T h is  rf a ir in g  p r o c e s s 1 has been shown in  P ig . 5 0 ,  p . J18 ,  

and i t  i s  ra th er  in t e r e s t in g  to  observe th e  wave e f f e c t  

o f  th e  u n corrected  v a lu e s  o f  tem p erature, ap p aren tly  due 

t o  in d ic a to r  v ib r a tio n s*  The a c tu a l v a lu e s  req u ired  fo r  

tr a n s fe r  t o  th e  T <t> f i e l d  were th o se  in  columns (5 ) and (8^ 

o f  ta b le  IS , p . 14 8  •
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T A B L E . 17. CORRECTIONS TO V. E n g in e  Te s t A .

Cr a n k

A n g l e .

5um of Ordinates 

from Table 13 
Column 10.

T o ta l  F u e l 
in Lbs.  

(Corrected)

Correction

D iv/ is o r

FOR \J

Crank Angle at 
which Correction

is TO BE APPLIED.

3 4 -a 0 •ODOOOO 1-000 3 5 6

3 5  0 •7 8 • o o o  007 1 - 0 0 0 3 5 8

3 S 2 4 -4-S •0  0 0 0 3 9 1 - 0 0 2 3 6 0

3  5 4 8-41 •OOO 0 7 4 1 - 0 0 3 2
3S& 1 2 - 5 6 • 0 0 0  1 0 9 1 - 0 0 5 4

3 5 a 16- 8 3 • 0 0 0 1 4 7 1 - 0 0 6 6

3 6 0 21-61 •0 0 0  180 1 - 0 0 8 8
2 26 - 61 • 0 0 0 2 3 2 1-D10 1 0

4- 5 1 - 6 8 • 0 0 0 2 7 6 1-01 2 12

6 3 6 - 8 0 • 0 0 0 3 2 1 1-0 14 14

a 4 1 - 9  1 • 0 0 0 3 6 6 1-01 6 16

10 4 7 - 0 9 • 0 0 0 4 1  0 1-01% 18

l e 5 2 - 1 6 • 0 0 0 4 5 5 1 - 0 2 0 2 O

14* 5 7 - 0 6 • 0 0 0 4 9 7 1 - 0 2 2 2 2

16 6 1 - 6 4 • 0 0 0  5 3 6 1 - 0 2 3 2 4

IS 6 5 - 8 0 • 0 0 0 5 7 3 1 -02  S 2 6

2 0 6 9 - 6 0 • 0 0 0 6 0 6 1 - 0 2 6 2 8

22. 7 3 -1 3 •OOO 6 3 7 1-028 3 0

24* 7 6 - 4 1 • 0 0 0 6 6 6 1 - 0 2 9 3 2

e e 7 9 - 5 4 •OOO 6 9 2 1 - 0 3 0 3 4

2 8 8 2 - 6  1 • 0 0 0 7 1 3 1 - 0 3  1 3 6

3 0 8 5 - 2 6 •0 0 0 7 4 2 1 - 0 3 2 3 8

3 2 8 6 - 2 6 • 0 0 0 7 5 1 1 - 0 3 2 4 0

5 4 8 6 - 3 9 • 0 0 0 7 5 2 1 - 0 3 3 4 2

3 6 8 6 - 4 6 • 0 0 0 7 5 3 1 - 0 3 3 4 4

3 8 86-51 • 0 0 0 7 S  3 1 - 0 3 3 4 6

4 0 8 6 - S2 •00 0 7  5 3 1 - 0 3 3 4 - 3

(2 ) ( 3 ) (4 ) ( 5 )



K 8

TABLE. 1 8 . V a lu l s  f o r  T 0  Diagram. Engine. Tlst A .

Crank Actual v Ft%&.mol COBBEXTION V Ft%B.MOL. Pressure Temp. T abs. TlmrTabs.
Angle. Volume. Ft? (Uncorruted̂ Divisor (CORRECTED, Lbs./in2abs (Uncobrecte (̂Corbected)

350 •0316 39-7 i-ooo 3 9-7 4 2 5 869 870
3S£ -0303 38! u 384 4 4 5 878 873
3 5 4 •02.0 2 36-7 •< 36-7 4 6  5 8 3 4 % 86

35fe •02&S 5 5-8 - • 35 8 480 89 0 890

3 56 •0283 35-G » 35-6 51 0 9 3 9 934
3bO •028 2 35-4 1-002 3 S-3 530 968 388

2 •0283 35-6 J-003 3 5 S 565 ) 040 1 034

4 •02% S 35-8 1-005 35-6 530 1058 1075

G •0202 36-7 1-006 36-S 605 1 144 11 14
8 0303 381 1-00 % 37-8 £00 11 75 1146

10 •031 6 39-7 101 0 33-3 5 85 1 191 M 76

I d ■0330 41-5 1-012 410 565 1201 I 203

14 •0348 43-7 1-014- 43-1 540 1206 1 228

16 •0368 46-3 >01 6 45-5 520 122 S I2S0

18 •0380 47-7 J-018 46-8 500 1213 1270

20 •04)4 5?0 1-020 540 485 1282 1 2 89

22 •0441 5 5-4 1-022 54-2 465 1305 13 06

24 •0470 59-1 1-023 57-7 450 1344 1322

26 •0500 62-8 | 02 S 61-3 430 1364 1335

28 • 0 537 67S 1-026 65-8 405 1381 1347

3 0 •057a 7-1-9 I-02& 7o-o 3 SO 1378 1356

32 •0608 76-4 I-023 742 3 5 5 1365 1364

34- •0643 81-6 1-030 7 9 3 33 0 1354 137 1
36 •0692 8 6 9 1-03 i 84-2 310 1351 1378
38 •0736 92-4 1-032 £9-5 235 1353 1380

4-0 *0783 38-3 1-032 9 5-2 2 SO )38 1 1382

4-2 •0831 104-3 1-033 101-1 270 1414 13% 3

4-4- •0873 I 10-5 11 1 O 7-0 2 55 I4M 1383

4-6 •003) 1 1 7-0 11 1 1 3 2 240 140 5 1382

48 •0384 12 3-6 It II9-6 2 2 5 1302 I 3%0

50 4033 130-6 ri 126-2 2-10 1371 1375

52 •1032 ! 37-2 if 132 8 195 1340 1370

54 ' 1148 144-2 M 139-5 1 %5 1336 1365

56 4203 152-0 ir 1470 ISO 137° 1359

58 •1266 159-I it 1 54-0 170 1357 (354

feO -1523 167 0 m 1 61-6 1 £5 1380 134-7

62 • 13 8 8 174*4 M 1 63-e 1 S5 I3S4 1340

64 •1443 ! 82-! n I 76-2 / 4 5 1322 1334

66 •! SI 3 )90-2 it l%4.| 135 1 Z%7 1 327

68 •1575 137-9 11 191-6 130 12 8 9 1 321

70 -1 640 206-8 •• 200-1 125 1293 1 314

72 - 1700 213-7 i r 20 C-S 120 J2 82 1 307

74 -17^4 221-9 it 214-5 MS J 278 1301

76 -1830 230-0 t • 222-5 MS 1326 1295

78 4895 238-0 it 230% 1 I O 1312 1288

80 -1957 246-0 ti 238-0 110 1355 128 1

IOO •2582 324-0 ti 3 (4 -0 72 - 0 7 0

>20 •3)1 <2 33 1-0 M 37 SO 55 - 1032

1 80 * 3% 6! 4 8  5-0 “ 469C> 4 3 IOSO 1 oso

0) ( & ( 3 ) (41 (5) (&) (7) (8)



gjjtg-O^XOJiS TOE SUC'ilOIii o o m r j io u s . (Engine l e s t  A)

snt vft... o£_Og_/lb. fueT_ 

2 .2667  I t s .

X.0192 I t s .

.0148  l b s .

P e rc e n ta g e  C om po sit io n  of. P u e l i —

S i 0/0  l a ,

C arbon 85
Hydrogen 1 2 .7

S u lp h u r 1 . 48 .

Oxygen ) 
>U i t r o g e n  )

0 .8

i’o t a l  = 3 . 3O1 l b s .  

Og i n  ..fftsrl = .001

fl*.- ln  °QJatast.5Lon air__. =.._.^.2q7 lb s .

in  t h i s  a ir  = * 76 '8— = 1 0 .9 1 4  lb s .

H2 in  fu e l = *004 lb s .

T o ta l &2 = 1 0 .9 1 4  + .004  = IO .918 lbs*

Combustion a ir  r e g d . / lb .  o f  fu e l  = 10*914 + 3*297 = 1 4 *2 1 ^1 b s . 

A ctual a i r / l b .  o f  o i l  = 2 9 * 1 7  lbs* Ŝee ta b le  15 , p.14-4 )

*\ E xcess a ir  = 2 9 *1 7 °  -  14*211 = 1 4 * 9 5 9  l b s .

/ .  in  e x c e ss  a ir  = 1 4 * 9 5 9  x  .768  = 11*490

Fj»otal H2 in  products = 1 0 * 9 1 8  + 1 1 * 4 9 0  = 2.2 *40,8 „ lb s*

f^otal 02 in  products = O2. in  e x c e ss  a ir  — 3.*,48 ,̂ lft.IL*

V ol.o f gas a t  Mol*wt. mY 
100°C & 14*7ibs o f gas 
Vffc3 . in? m.

34*730 44 1528 .30

31.225  18 5^ 2*07

392*370 28 10986.36

53*149 32 1700.77

,227 64 14*55

P er lb . o f fu e ll-

Element Weigtit
lbs.

Derived
gas

0 .85 C02

H* .1274 H20

a* 22.408 h2

°e 3.469 Q®

S .0148 S02

g v  = 511*701 = 14792*05

-  ^ mV = 14792 _ 28 . 907*
Mol. «t* °£ P ^ d a c ts ,mp -  £ y  51|.7
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Exhaust tem p era tu re , t e  = 35$°C* (See ta b le  15 , p. 144 .)
• \ Te = 63I 0C .abs* , and

Exhaust p ressu re  = 1*84  l b s / i n 2 . (gauge) or 16*42 lb s / in * a b s .

144 pe*ve = R • Te

ve = - Z 6,0 = 7 4 2 .5 2  f t? / lb .m o l .  o f  exhaustM -4 k 16M£ ;  gages>

C learance volume = .02816 f t 5 . (See page 5 .  )

.’. Weight o f exhaust gases in  c lea ran c e  = ~ ^^ .g .g § 8

= .OOIO965 l b s .

T o ta l charge in  c y lin d e r  a t  end o f su c tio n  =(*021969 +
*0010965) lb s .

= *023066 lbs*

Gas co n s tan t fo r  a i r  = 96*3*

n tmm Qt
Gas co n s tan t fo r  p roducts  = —■ = = ^6 * l6 *

Gas co n s tan t fo r  m ixture = ■ W.g ^ -lW.P R>P_, = 9 6 *27*
W a + W p

For m ixture a t  end o f su c tio n  144  P, V, = lK£f .

* m 1 ^  *  - 3 & 6 0 9 X 1 4 - 6 S
96-27 X.0ES066

= 3 6 8  °C. abs.

or t ,  =

♦*. C onditions a t  end o f S uction  a r e :—

p = 1 4 .6 5  lb s / in ?  abs*

v, = .38609  f t 3 .

T, = 368°C. abs.

/ .  v. = -R 3 j_  = 485 .29  ft? / lb .m o l.
1 I'M-Pi ----------------- 1-----  .
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EETROPY Di&flBAMS (T ests  A,B andC)

The T<J> diagram curves were drawn fo r  th e  average 

com position of th e  c y lin d e r  co n te n ts  during  com bustion 

as s ta te d  on p . I34- ♦ The s p e c if ic  hea t v a lu es  used 

were th o se  o f P a r tin g to n  and S h i l l in g  fo r  th e  q u ad ra tic  

law of v a r ia t io n  o f s p e c if ic  hea t w ith  tem perature*  For 

t h i s  average m ixture th e  eq u a tio n  became 

Gv = 5*0316 + *1 x 10* T + *3275 x 10"6 T* . 

where Cv = Sp* hea t a t  co n s tan t volume in  GHU. /  i t .  mol. 

and T = °G a b s o lu te .

The b as ic  eq u a tio n  fo r  the  T<J) diagram c o n s tru c tio n  

i s  derived  as fo llow s 2—

The eq u a tio n  of hea t a d d it io n  to  a gas i s  dHsCv-dt'+^j"* 

Assuming th e  q u ad ra tic  law of s p e c if ic  heat v a r ia t io n  w ith  

tem p era tu re , ,
dH=(a + sT 4-uTS)dT+  

or 4jlr (<a+sT+-uTfe)^*V
For a change in  en tropy  from ^  to  (j>2 >

[  ( a + S T + u T * ) f  +  f  
T, Jv,

a ®̂9e T  + T) +* 1> (Ts~ X   -Gl
For h ea tin g  a t  co n s tan t volume,

.  alo3 c ^  +  & (T *-T 0+£(T .a- T * ) ---------------(£)
Equat ion  (2 ) i s  th a t  o f the  co n stan t volume h ea tin g  

curve o f th e  diagram (See ta b le  19, p .1 52 .)

TheT(J> diagram i s  s im ila r  to  th e  form o r ig in a te d  by

P ro fe sso r  Goudie and thorough ly  t r e a te d  by him in  a 

recen t paper d e liv e red  to  th e  I n s t ,  of E ngineers and

S h ip b u ild e rs  in  S cotland , one d iffe re n c e  being th a t  What:

P ro fe sso r  Goudie term s th e  p o rtab le  volume sca le  has been 

drawn fo r  th e  p resen t purposes in  th e  form o f th e  curve 

Iocs E? (See ta b le  2 0 ? p . 152.)

which/
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T A B L E .  1 9 .  V a l u l s  foq  T(J) C o n s t a n t  V o l u m e  C u r v e .

TLm r X . a b s .

X % a s f l k - T , ) • f e t f - T f )
Const. Vol.Curv c

— 0 i
z o o 0 0 0 0 0
300 I s 204 ■ O l •Ol 2-06

4-00 20 3-43 •02 •02 3-53
500 2-S 4' 6 2 •03 •03 4 6 8
G o o 3 0 5-53 *•04 •OS 5-62

700 ' 3-5 £■31 -OS • 07 £•43
2)00 4-o 6 - 3 8 •06 •10 714

9 o o 4-5 7- 57 •07 •13 7-77

l o o o s-o S-IO •03 •16 8 - 3 4

I l o o -5-3 8 - 5 8 •03 • 1 3 8-86

1200 6-0 3-02 •lo •23 9  3 5

1300 6-5 3-43 • 11 •27 9-8  1

1400 7-0 9-73 •12 •31 10-22

15oo 7-5 10-16 •13 •36 1 0* £S

16 00 8-0 Jo-48 •14 •41 1 1 -03

1 7 0 0 8-5 10-78 •15 •47 1 / - 4 o

1800 9-0 11-0 9 •16 '5 2 J h7€»
z o o o 1 0-0 ) 1-60 •IS •65 1 2 -4 3
2 2 0 0 ) l -o / 2-7<8 •20 •79 1 3 - 7 5

2 4 0  0 12-0 )3-3l •22 • 3 4 1 S - 17

T A B L E .  2 0 *  V a l u e s f o r . P o r t a b l e . V o l u m e  S cale..
) 2 3 4 5 6 7 8

4 - 5 7 4 U e V̂ , o 1-377 2 / 8  2 2 - 754 3-187 3 - S 5 9 3 - 8 6 5 4-130

V v , IO (1 12 13 14 15 16 17

4-574LoG,e.V/^. 4 - 5 7 4 4 7 6 1 4 - 9 3 7 5 - 0 3 4 5 - 2 4 2 5 - 3 3 0 S' 507 5 * 6 2 6

vV vi IB 19 2 0 21 2 2 2 3 2 4 2 5

4-574L o^ % 5 - 7 4 0 5-851 3 - 9 5 0 6 - 0 4 6 £ 1 3 3 £ - 2 2 9 6 - 3 ) 3 £ - 3 3 6

. V v , 3 0 3 2 3 6 3 9 4 6 4 8 — —

4 -574Loo,<36 6 7 5 6 £ •8 3 4 7 M 7 7-273 7 -607 7 - 6 9 0 - —

T A B L E .  2 1 . ' Value:s cf  Internal LnlrgtY.
TLMP. Ta °C a&Sw a  T 2 V s T / % T T Iz. C.H.U./l&.MOL

0 0 0 0 0

2 0 0 1 0 0 6 2 1 1 0 0 9

4 0 0 2 0  1 3 8 7 2 0 2 8 )

G 0 0 3  0  1 9 18 2 4 3 0 6 1

g o o 4 0 2  5 3 2 5 6 4 / 1 3

1000 5 0 3 2 5 0 1 0 9 SI 9 1

1 2 0 0 6 0 3  8 7 2 1 8 9 6 2 9 0

1 4 0 0 ' 7 0 4 4 9 8 3 0 0 7 4 4 2

1 6 0 0 8 0 S ) 128 448 8627
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which g iv es th e  change in  en tropy  fo r  any change in  

volume of th e  gas* Por convenience t h i s  curve has 

been broken in to  le n g th s , and to  obv ia te  the n e c e s s i ty  

fo r  an a d d i t io n a l  v e r t i c a l  s c a le  o f ~  , t h i s  l a t t e r
V I

has been marked a t in te rv a ls  o f 10 u n i t s  along  each 

le n g th  o f cu rve.

The curve of Internal Energy was ob ta ined  from the  

eq u a tio n , I g —X i— a (T .-T ,)  + 1  ( T ? - T , z )  +  %  ( T * -  T,*)

T his l a t t e r ,  l ik e  th a t  fo r  en tropy  change i s  a 

s tan d ard  eq u a tio n  derived  as fo llo w s :—

d l  = Cv.dT
= ( q +  s T + u T E).dT 

. . l a - I ,  =  J ' - d l  = f  (a  +  sT +  u T e ).d T  

-  a lT a - T )  + | ( T , 2- T l̂ T'+ t ( T a 3- T . 3 ) ( S e e  h>Ue 21 ,p.»52.)
By means o f t h i s  cu rv e ,th e  in te rn a l  energy can be

determ ined a t  any d es ired  tem perature le v e l .  In  t h i s  

case i t  was usdd to  determ ine approxim ately th e  q u a n tity  . 

o f hea t c a r r ie d  away in  th e  exhaust g ases .

On the  entropy f i e ld ,  which i s  drawn in  Pig. 5 5 ,p# 155,

th e  diagrams fo r  the  th re e  t e s t s  A, B and 0 are  shown.

To avoid confusion  they have not been superimposed, but 

have been sep ara ted  from each o th e r by 1 u n it  o f en tropy .

The d is tan ce  between each p a ir  o f p o in ts  along  any one 

curtre re p re se n ts  2 degrees of crank ang le , and i t  i s  

obvious th a t  the  h ea tin g  i s  very rap id  tow ards the  

beginning  of th e  s tro k e , where the  p o in ts  a re  wide ap a rt 

and slowly decreases as combustion co n tin u es . The po in t 

fo r  180° crank angle was ob tained  by producing the  

expansion curve of th e  *in phase* diagram to  th e  end of 

th e  s tro k e , th u s  e lim in a tin g  th e  s l ig h t  drop in  p ressu re  

in  t h i s  reg io n  due to  the  opening of th e  exhaust. Towards

the  end o f the  s tro k e , th e  read in g s of p ressu re  were no^very

r e l i a b l e /  ...
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r e l i a b le  and consequently  th e  tem peratu re  v a lu es  had 

to  be l i b e r a l l y  f a i r e d  up* The l8 0 °  p o in ts , however, 

were not a l te r e d  in  any way and appear to  be q u ite  

reasonable*

In  each case th e  a re a s  under th e  com bustion and 

com pression curves were in te g ra te d  and th e  in te rn a l  

energy v a lu es determ ined both  a t  th e  end o f th e  

com bustion curve, th a t  i s  a t  180° , and a t  th e  beginning  

o f th e  com pression curve* TheSe r e s u l t s  being in  CHU/lb. 

m olecule have been converted  to  CHU/cycle -  th e  conversion  

being  re a d ily  ob ta ined  from th e  form ula

C.H.U./cycle = C .H .U ./lL m oU $
where w i s  th e  weight o f th e  co n ten ts  and m th e  m olecu lar 

w eight o f same* These tv*o q u a n t i t ie s  must be a p p ro p r ia te ly  

chosen w ith  re fe re n ce  to  th e  po in t in  th e  cycle  under 

co n sid era tio n *  (See p. 135.) Por in s ta n ce  in  co n v e rtin g  

th e  h ea t under th e  combustion curve of th e  T$ diagram,W and 

m were tak en  as th e  mean weights o f the co n te n ts  in  th e  

c y lin d e r  befo re  and a f t e r  in je c t io n .  Table 2 2 ,p . 15 6 , 

shows t h i s  p rocess of conversion  fo r  t e s t  A.

The r a te s  o f hea t re c e p tio n  (curves a , b/; and c) 

are  p lo t te d  w ith  the  corresponding  r a t e s  o f fu e l h ea t, 

c a lc u la te d  on a h ig h er c a lo r i f i c  value b a s is , in je c te d  

(curves i!t B^and Q) in  P ig . 56, p .15 7  ; and th e  cdrves 

o f a c tu a l  heat re c e p tio n  (a, b and c) w ith  those  of 

a c tu a l fu e l heat (H.C.V. b a s is )  in je c te d  (curves A, B and 0) 

in  Pig* 57Jp. 158  . The p o in ts  fo r  the  curves of r a te  of 

hea t re c e p tio n  were ob ta ined  from the  ^ a ire^ u p *  curves 

in  P ig . 57> p . 158, and not from experim ental poin ts*  The 

commencement of each of th e  r a te  o f heat re c e p tio n  curves 

has been drawn as a  s t r a ig h t  v e r t i c a l  l i n e .  T his i s  

u n lik e ly  to  be s t r i c t l y  c o r re c t but the  in d ic a to r  ca rds 

d id  not perm it o f any g re a te r  d e t a i l .

P ig . 5 8 ,  p .1 5 3 ,shows th e  same curves as  P ig . 57, p .158, 

p lo t te d /
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TABLE. 2 2 .  H&at N foMFUJSTlON CuBVE OfT® DIGRAM. LnGINE TkST A .

Crank

A ngle.
CH.11/lb.mol

Increments.
CH.LI./5TROKL
Increments

CH.U/sTBOKE
S um

CXU/stboke
S um
Corrected

CH.U4trok&
I ncrements
Corrected

CA.L̂ >econd

Corrected

356 0 0 0 0 0 —
360 516 •412 •412 •33 *43 198

4 4 3 6 •336 •803 -81 *43 1 38
8 501 •4 OO 1-208 1-22 *41 183

IE 5 28 •422 1-630 1-64 -42 133
16 527 •42 1 2-0 SI 2-04 •40 1 8 4
2.0 508 •406 2-4S7 2-46 •42 1 9 3
24 5 03 •407 2-364 2-86 •4 0 1 8 4
28 481 •384 3-248 3 2 4 •38 175
32 420 •336 3-534 3- S3 •35 16 1
3£ 337 •317 3-301 3-91 *32 / 47
40 372 •237 4133 4-20 •29 ) 3 3
44 34 6 • 277 4-47 5 4-47 '27 124
48 277 •221 4-6 96 4-70 *23 1 0 6
5£ 2 3 4 • 1 8 7 4-883 4-88 •18 8 3
56 2 1 3 • I 7 S 5-053 5-05 * 17 7 8

60 176 141 5-133 5-20 -15 69
64 161 •123 5*328 5-33 *13 60
<68 I4G •117 5-44-5 5-4S •12 55
72 1 18' •033 5-538 5 - 5 5 •10 4 6
7 6 I 30 •104 5-642 5-64 •09 4 1
80 1 0 5 •082 5-72 4 5-73 • 09 4 1
180 233 *131 S 3  1 5 5 * 9 2 *13 —

TABLE, 2 ^ ?>• H e a t - o s s  D u r i n g  C o m b u s t i o n .  E n g i n e  T e s t  A .
C&ANK
A n g l e

W a l l  A r e  a  
A  IN?

Tg, -  T j U n )  
°C

A (T V T j)
XIO"6

Area under 
Curve(incrts)

Weat Loss per

S trokeCHLI.
True Combust. 
CHU./Stroke

3 6 0 i s o 6 9 0 7 2 2 4 8 *01 • 3 9
10 ( S 2 8 8  0 1 1 3 3 4 0 • 0 4 1-48
2 0 1 6 2 9 0 0 1 5 9 1 3 8 0 •IO 2 - 5 6

3 0 1 7 7 10 CO 1 3 8 1 7 8 0 *16 3 - 5 8
4 0 1 3 6 1 0 8 0 2 3 0 2 1 2 0 • 2 4 4 - 4 4
5 0 2 2 0 1 0 8 0 2  5 8 2 4 2 0 • 3 3 5 * 1 2
6 0 2 4 6 I OSO ' 2 7 ! £  6 4 0 • 4 3 S - 6 3
7 0 2 7 5 1010 2 8  1 2 7 6 0 • 5 4 6 * 0 4
8 0 3 0 5 9 8 0 2 9 3 2 8 6 0 - 6 5 6 - 3 8
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GOOl

H e m -  to C o n t e n t s
CL
200 .

90 ISO

600 .

Fuel W EAT. (U .C .V . b a s i s )

Heat to Contents

180 '

Fuel H eat . (HX.V.basis600 J

400 J
EAT TO l O N T E N T S .

80

I n  P h a s e  I m p ic a to b  D i a g r a m s  f o r

T h i r d  5 e r i e . s  o r  E n g i n e ;  T e s t s .  FlGr.5S<
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p l o t t e d  on a base  o f  e n g in e  s t r o d e  a lo n g  w i t h  t h e  r e s p e c t i v e  

Tl n  p h a s e r i n d i c a t o r  d iag ram s o f  t h e  t e s t s .  I t  m igh t 

have been  p r e f e r a b l e  t o  have p l o t t e d  t h e  c u r v e s  o f  F ig .  5 9 ,  

p* 16 6 , ..hut th e  d i f f e r e n c e  anyway w ould  be i m p e r c e p t ib l e  

on such  a  s c a l e .  F ig .  5 6 ,p. 159 g i v e s  a  b e t t e r  im p r e s s io n  

o f  i n j e c t i o n  and co m b u s tio n  c o n d i t i o n s  r e l a t i v e  t o  th e  

a c t u a l  s t r o k e  o f  th e  e n g in e .

A p o s s i b l e  e r r o r  w hich  h a s  n o t  been  t a k e n  i n to  

a c c o u n t ,  i s  t h a t  due t o  t h e  t im e  l a g  w hich  se e m in g ly  

must occu r  be tw een  any chamge o f  p r e s s u r e  s t a t e  i n  t h e  

co m b u s tio n  cham ber and t h e  c o r r e s p o n d in g  e f f e c t  o f  t h i s  

change a t  t h e  p i s t o n  o f  t h e  i n d i c a t o r .  S in c e  t o y  

a l lo w a n ce  f o r  t h i s  l a g  i s ,  u n d er  t h e  c i r c u m s ta n c e s ,  

l i k e l y  t o  be only a p p ro x im a te ,  t h e  r e s u l t s  so f a r  have 

b een  t r e a t e d  w i th o u t  r e f e r e n c e  t o  i t .  L a t e r  i n  t h e  

s t r o k e ,  t h e  i n t r o d u c t i o n  o f  v a r i o u s  o t h e r  s o u r c e s  o f  

e r r o r  i s  c l e a r l y  l i a b l e  t o  swamp t h i s  l a g  e f f e c t ,  b u t  i t  

m ust be a c c o u n te d  f o r ,  i f  any t r u e  e s t im a t e  i s  d e s i r e d  

o f  t h e  i g n i t i o n  l a g ;  t h a t  i s  th e  p e r io d  o f  t im e  w hich  

e l a p s e s  be tw een  th e  f i r s t  e n t r a n c e  o f  f u e l  i n t o  t h e  

co m b u s tio n  chamber and t h e  i n s t a n t  o f  i g n i t i o n  o f  t h i s  

f u e l .  O bv iously  t h e  f i r s t  d i f f i c u l t  q u e s t i o n  t o  be 

answ ered  i s : -  Where i n  t h e  co m bus tion  chamber w i l l  t h e  

f i r s t  p a r t i c l e ,  o r  group  o f  p a r t i c l e s  o f  f u e l ,  i g n i t e ?  

C l e a r l y  some a ssu m p tio n  must be made. I t  seems p ro b a b le  

t h a t  th e  f i r s t  im p u lse  o f  p r e s s u r e  w i l l  t r a v e l  a s  a  

wave from t h e  so u rc e  t o  t h e  i n d i c a t o r  p i s t o n ,  and i f  t h i s  

i s  t h e  c a s e ,  t h e  speed  o f  t h e  wave m o tio n  must be 

c o n s id e r e d .

She speed  o f  sound i s  g iv e n  i n  W atsonTs P h y s ic s  a s

V  — 3 3 0 6 0  +  60*5 I" c m s .  / s e c - - - - - - - - - - - - - - - - - - - CO ( h =  °C ')
a p p a r e n t ly  f o r  m odera te  p r e s s u r e s .  Sven  i f  t h i s  were 

assumed t o  h o ld  a p p ro x im a te ly  f o r  p r e s s u r e s  such  a s  

p r e v a i l e d  a t  th e  end o f  c o m p re ss io n  i n  t h e  e n g in e ,  one 

can n o t  assume t h a t  t h e  te m p e ra tu re  i n  t h e  a i r  i n s i d e

t h e  lo n g  p a ssa g e  ( | " .  d i a . )  l e a d in g  to t h e  indicator 
i s /
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i s  th e  same as th a t  c a lc u la te d  fo r  th e  gases in  th e  

com bustion chhmber. (See f ig s .  5 0 - 5 £ ,  p p .H S - ie o )  

C lea rly  i t  must be considerab ly  le s s  th a n  t h i s  owing 

to  th e  much h ig h er r a t io  of Tsu rface  a r e a r to  rvolume 

e n c lo se d 1. The i r r e g u la r  pa th  th a t  th e  wave has to  

t r a v e l  (See f ig .4 \(b )p . 9 . ) i s  a lso  l ik e ly  to  add to

th e  com p lica tio n , as a lso  must p o ss ib le  gas v e lo c i t i e s  

and th e  degree o f tu rb u len c e .

F u rth e r , as s ta te d  in  “Flame and Combustion in  

Gases" by Bone and Townend, experim ents were c a r r ie d  

out by V ie i l le  in  1899 on th e  v e lo c ity  o f what he term ed 

1 shock waves1 in  v a rio u s  g ases . He ob ta ined  th e  waves 

by the  b u rs tin g  of a c e l lu lo id  diphram under p re ssu re  

or by th e  exp losion  of a sm all charge o f Fulm inate of 

Mercury a t one end of th e  g la s s  tu b e , a n d  showed th a t  

th e  waves were propagated a t v e lo c i t ie s  g r e a te r  th an  

th e  speed o f sound under l ik e  c o n d itio n s , a t l e a s t  

fo r  some d is tan ce  from th e  o r ig in . I t  i s  f u r th e r  s ta te d  

th a t  on continued  p ropagation  the shock wave g ra d u a lly  

lo s e s  i t s  e x tra  energy and e v e n tu a lly  becomes an o rd inary  

sound wave. V ie i l le  found th a t  h is  v a lu es  s a t i s f i e d  

th e  fo llow ing  equa tion ,

v  = ) (£^
where JJ and = i n i t i a l  p re ssu re  and d e n s ity  in  th e  

medium and f> = p ressu re  in  th e  wave; Raho of- sp .h e a ts .

These experim ents were apparen tly  c a r r ie d  out a t  

r e la t iv e ly  low p re ssu re .

The th eo ry  of 1 shock waves* c le a r ly  suggests  a f u r th e r  

p o ss ib le  trea tm en t of th e  la g  problem, but even on th e  

assum ption th a t  the above equ a tio n  might g ive  th e  d e s ire d  

r e s u l t  i t  i s  c le a r ly  in a p p lic a b le  on account o f th e  p ,  

te rm , which has no corresponding fu n c tio n  in  th e  case 

under co n s id e ra tio n .

Owing to  a lack  of the  neccessary  d a ta , th e re fo re ,  

i t  i s  only p o ss ib le  to  o b ta in  from the  above eq u a tio n s 

rough es tim a tes  of the  tim e th a t  th e  p ro p ag a tio n  o f
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th e  p re ssu re  impulse i s  l i k e ly  to  re q u ire  in  t r a v e l l in g  

along th e  g iven  p ath , say 17” . (See i1ig.4(b)p* 9 . ) . 

ta k in g  f i r s t  eq u a tio n  (1 ) and assuming an a i r  tem p era tu re  

o f h a l f  th a t  in  th e  com bustion chamber, and th e re fo re  

about 300°C, th e  eq u a tio n  becomes

v = 33060 + 300 x 60*5 =r 51 ,210  cm s/sec.

o r p r a c t i c a l ly  2 0 ,0 0 0  in s/w ee. 

fim e re q u ire d  to  t r a v e l  17” = aST^CtT sec .

= .OOO85 sec .
1

At 300 B.P.M. lmdegree of crank  angle =■ sec .

=r . OOO55 s e c » 

/.U im e la g  = = 1 .5  degrees o f c ran k  a n g le .
5*5

ta k in g  now eq u a tio n  ( 2) and assuming p( = po and 

th e  same tem peratu re  of 300°G. (p = 485Jts./in?)
144  x 485 l b s / f t 5

o = x  5 ' / i  x  ~  * 0 3 9 6  g

'4 S 5 X  l-59£x>4-4» 
•0 39Gv _ 7 S ^ r  J 1

— 1 ^ 5 7 0  ph/sec. or 13 , 8 ^ 0  ' i n s . / s e c .

/ . T i m e  L a j  in H i t s  c a s e  =  1*59 d e c r e e s  of-c r c m ic . a n g l e .

I t  i s  c l e a r  from th e  second r e s u l t  t h a t  th e  

assum ption pf = po does no t g ive  a  f a i r  com parison, s ince  

th e  v a lu e  of v e lo c ity  g iven  by eq u a tio n  ( 2) should  a t  

l e a s t  exceed th a t  g iven by (1 ) .

She 17 inches o f t r a v e l  assumes th a t  the  f i r s t  

ig n i t io n  of fu e l ta k e s  p lace  a t  a p o in t w ell w ith in  th e  

volume of th e  combustion chamber, but th a t  i t  a llow s 

a c c u r a te ly  fo r  a d d itio n a l e f f e c t s  such as c o n s tr ic t io n s ,  

c o rn e rs , tu rb u len ce  e tc itw o u ld  be im possible to  c la im . 

A fte r th e  f i r s t  p ressu re  im pulse has reached th e  

in d ic a to r , fu r th e r  e f f e c ts  such as  wave in te r fe re n c e  

must, i t  seems, add to  th e  com plica tion .

I t /
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I t  i s  assumed here th a t  th e  1*5 degrees of la g  i s  

s u f f i c i e n t ly  n ear th e  t r u th  fo r  th e  f i r s t  p ressu re  

im pulse, and a lso  fo r  s im p lic i ty  th a t  t h i s  la g  i s  a  

co n s tan t q u a n tity  throughout th e  com bustion p e rio d  of 

th e  f u e l .  3£he c o r re c t io n  fo r t h i s  la g  has been ap p lie d  

to  th e  r e s u l t s  o f a c tu a l  com bustion d iscu ssed  in  th e  

next se c tio n .

A ctu a l Rate o f Com bustion.

fh e  a n a ly s is  o f  th e  f  .(j). diagram s was advanced a 

s ta g e  fu r th e r  in  an attem pt t o  determ ine th e  a c tu a l  r a te  

o f  com bustion fo r  t e s t s  A,B and C. Eor t h i s  purpose  

a d d it io n a l  assum ptions were n e c e ssa r y .

In  h i s  in t e r e s t in g  s e r ie s  o f  a a t t ic le s  r e c e n t ly  

p u b lish ed  in  E n g in e e r in g * , e n t i t l e d  “Hhe t r a n s fe r  o f  

Heat in  R ec ip ro ca tin g  E n g in es” , Dr. H agel has tr e a te d  

on v a r io u s  a ttem p ts th a t have been made t o  o b ta in  a 

m athem atical s o lu t io n  to  th e  problem o f  h eat l o s s  

from th e  g a se s  t o  th e  c y lin d e r  w a lls  e t c .  during th e  

working c y c le  o f  th e  in te r n a l  com bustion e n g in e •

One s o lu t io n , due to  P ro fesso r Eugen Meyer of 

B e rlin  in  1899 appeared to  be of e s p e c ia l i n t e r e s t ,  

p robab ly  on account of th e  f a c t  th a t  i t  was ob ta ined  

by means o f in d ic a to r  ca rd  a n a ly s is .  He assumed th a t  

th e  r a te  of hea t lo s s  p er u n it  a re a  o f w all was 

dependent on some power of th e  tem p era tu re  d if fe re n c e  

between th e  gas and the w a lls , and proved, by th e  

a n a ly s is  of in d ic a to r  caards and a knowledge of th e  

t o t a l  heat l o s s ,  th a t  t h i s  power was p r a c t i c a l ly  equal 

to  2. By t h i s  means he ob ta ined  the  eq u a tio n

dQ. =* C.F (T  — Tuj) . d z .
where Q. = heat q u a n tity , c = c o n sta n t , !f = g a s  tem p erature, 

£w = w a ll tem perature, a = tim e in t e r v a l  and P=w all a rea . 

She/
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!Phe assum ption on which t h i s  was based , has been 

shown by more recen t work to  be no t s t r i c t l y  c o r r e c t .

Dr. Nagel s t a te s  th a t  th e  c o e f f ic ie n t  o f h ea t t r a n s f e r  

in c re a se s  w ith  th e  tem peratu re  d if fe re n c e  and to  a  

l e s s  ex ten t w ith  d e n s ity .

A c a re fu l  study o f Dr. N a g e l's  a r t i c l e s  shows th a t  

th e  su b je c t i s  one of immense co m p lica tio n , and s in c e  

i t  was im possib le to  e n te r  in to  t h i s  f r e s h  in v e s t ig a t io n ,  

i t  was d ec id ed  to  make use of th e  form ula dev ised  by 

P ro fe sso r  Meyer, on th e  understand ing  th a t  i t  was only 

l ik e ly  to  g ive a rough e s tim a te  of th e  a c tu a l  r a te  of 

h ea t lo s s .

The t o t a l  w all a re a  en c lo s in g  th e  c y lin d e r  c o n te n ts

was th e re fo re  c a lc u la te d  approxim ately fo r  a number of

p o s it io n s  o f th e  p is to n . OJhese a rea s  were m u lt ip lie d
z

by th e  co rrespond ing  v a lu es  o f (3MEw) . (!Ew was tak en

as th e  mean ja c k e t w ater tem p era tu re ) . Phe v a lu es

th e n  ob ta ined  on a  base o f crank angle gave a  curve o f

r a te  of hea t lo s s  m u ltip lie d  by a c o n s ta n t, and by

in te g ra t io n , th e  t o t a l  h ea t lo s s  m u lt ip lie d  by a c o n s ta n t.

By equating  t h i s  complete in te g ra l  to  th e

d if fe re n c e  between th e  t o t a l  hea t in  th e  fu e l  p er s tro k e

(on a b a s is  of mean lower c a lo r i f i c  va lue) and th e  t o t a l

h ea t under th e  com bustion curve of th e  diagram , th e

h ea t lo s s  could be d is t r ib u te d  over th e  com bustion

p e r io d . She la te n t  hea t o f th e  steam formed in

com bustion w il l  not have been a v a ila b le  du ring  th e

working s tro k e . She fo rego ing , of co u rse , assumes

complete combustion a t  180 degrees of crank an g le . !fhe

a d d itio n  o f t h i s  d is t r ib u t io n  of hea t to  th a t  o f th e

combustion curve th en  gave th e  a c tu a l  h e a tin g

value of th e  combustion p ro cess . (See ta b le  2 5 , p .156)

Gurves a',b# and o! re p re se n tin g  t h i s  a c tu a l

combustion a re  shown in  P ig .53 ,p . 166 . Jhe th re e  
rem aining/
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rem aining curves a\  B^and G? on th e  same diagram  were 

drawn to  rep re sen t t o t a l  h ea t in  the  fu e l  on a b a s is  

o f low er c a lo r i f i c  v a lu e .

The s ig n if ic a n c e  of each of th e  fo u r s e ts  of cu rv es 

in  f f ig .5 7 ,p .l5 8 ,a n d  5 3 ,p .166 ,w il l  now be ap p a re n t.

Curves A, B and C w ith  re sp e c t to  th e  o th e r  th re e  

groups do not t r u ly  re p re se n t th e  maximum p o ss ib le  

h e a tin g  ca p ac ity  of th e  fu e l ,  but r a th e r  th e  l a t t e r  

to g e th e r  w ith  th e  la te n t  hea t in  th e  steam produced.

The curves r e a l ly  re p re se n t p o te n t ia l  h ea t u n i t s .

Curves £*and C^on th e  o th e r hand re p re se n t approx i

m ately  th e  tru e  h e a tin g  c a p a c ity  of th e  fu e l  under 

co n d itio n s  o f id e a l  com bustion, w hile by a , b and c 

i s  rep re se n te d  th e  h e a tin g  o ft he cy lin d e r  c o n te n ts  as 

determ ined by th e  T .$  combustion curves (n e g le c tin g  

in d ic a to r  la g ) .  The rem aining curves a!, if  and of 

re p re se n t as n e a rly  as  could fee determ ined th e  a c tu a l  

com bustion co n d itio n s  ( in  term s o f hea t u n i ts )  and 

a re  th e re fo re  d i r e c t ly  comparable w ith  th e  correspond ing  

group c o n s is tin g  o f Aft B‘ and C4 .

The tw elve curves in  P ig s .5 7 ,p. I5 8 , and 5 9 ,p . 1GB 

embody th e  product o f t h i s  s e r ie s  of experim ents. They 

suggest two p o in ts  th a t  appear to  be of in te r e s t  

reg ard in g  (1) Ig n it io n  la g  and (2) Combustion la g .

These p o in ts  are confined  to  P ig . 53 ,p . I .

(1 ) I t  i s  apparent th a t  th e  ig n i t io n  la g  i s  not 

ap p rec iab ly  a f fe c te d  by th e  i n i t i a l  p re ssu re  o f th e  fu e l  

o i l  as th e  valve i s  opening. T h is la g  seems to  be 

approxim ately 5 degrees o f crank angle or about 

.0028 seconds. Be gar ding t h i s  la g  or Tw$it p e r io d 1 

between the  f i r s t  en try  of fu e l  and i t s  ig n i t io n ,  Mr. 

B ird  o f Cambridge U n iv e rs ity , in  h i s  paper on ''O il 

J e t s /
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J e t s  and t h e i r  Ig n i t io n 11 g iv es  a Ts u r fa c e 1 ob ta ined  

from h is  experim ents, showing the  v a lu es o f t h i s  

'w a it p e r io d 1 fo r  in je c t io n s  in to  a com bustion 

chamber co n ta in in g  a i r  a t  v a rio u s  c o n d itio n s  of 

tem pera tu re  and d e n s ity . U nfo rtuna te ly  h is  range of 

co n d itio n s  does not cover th e se  p re se n t in  th e  D iese l 

eng ine. A ll h is  v a lu es  of 'w a it p e r io d 1 co n s id e rab ly  

exceed th e  value o f .0028  seconds, but i t  could be 

imagined th a t  th e  ' s u r fa c e ' produced to  th e  o i l  engine 

c o n d itio n s  would a t t a i n  a value of th e  same o rd e r.

C onsidering  th a t  th e  r e s u l t s  were .ob tained  in  th e  

s t a t i c  c o n d itio n s  of an experim enta l com bustion chamber, 

even such a tendency i s  r a th e r  e n lig h te n in g ; th e  

in d ic a t io n  being  th a t  tu rb u len ce  does not a s s i s t  much
i

in  e lim in a tin g  t h i s  i n i t i a l  la g . f h i s  w il l  c e r ta in ly  

be th e  case where the  tu rb u len ce  causes th e  o i l  

p a r t i c le s  to  be thrown in to  co n tac t w ith  th e  cool w a lls  

surrounding th e  combustion chamber.

(2) 3?he curves in  F ig . 59 ,p. 16 6 , show th a t  th e  r a te

of com bustion i s ,  as  reg ard s  th e  main body of th e  fu e l ,

d e f in i te ly  dependent on th e  r a te  of in je c t io n ,  and in

a d d itio n , th a t  th e  r a te  of combustion could probably

be fu r th e r  in c reased  by an in c rease  of th e  r a te  of

in je c t io n .  Widely d i f f e r e n t  co n d itio n s  of a to m isa tio n

and p e n e tra tio n  would n a tu ra l ly  be expected to  e x is t

between th e  th re e  cases and to  have co n s id erab le  e f f e c t

on th e  r a te  o f com bustion, but th e  sim ple p ro cess  of

g e t t in g  th e  fu e l in to  th e  combustion chamber seems, a t

le a s t  in  t h i s  s e r ie s  o f t e s t s ,  to  be p r a c t ic a l ly  the

whole m a tte r. F ig . 59,p*l66 in d ic a te s  th a t  fo r  -f t o t a l  wt. of

f u e l , th e  r a te  of combustion i s  roughly h a l f  th e  r a te

o f in je c t io n .  She term  'r a t e  of com bustion1 i s  here 
used/
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used in  a very g en era l way, meaning more s t r i c t l y  

th e  ‘r a te  o f g en e ra tio n  of hea t by th e  com bustion1. 

G lea rly  each c o n s ti tu e n t of th e  fu e l  may burn a t a 

d if f e r e n t  r a te ,  depending p a r t ly  on i t s  a f f i n i t y  

fo r oxygen and p a r t ly  on th e  supply of th e  l a t t e r  

a v a ila b le , and no one r a te ,  th e re fo re ,c a n  a c tu a l ly  

cover a l l  th e  complex p ro cesses  ta k in g  p la ce . Only 

th rough  r e l ia b le  sampling could  t h i s  more d e ta i le d  

study o f com bustion be approached.

©he curves of r a te  of h e a tin g  in  F ig .5 6 , p.157, 

suggest th a t  in  g en e ra l th e  ra te  of combustion s t a r t s  

a t  about i t s  maximum value and g rad u a lly  but w ith  

in c re a s in g  r a p id i ty  f a l l s  to  a  much low er v a lu e . By 

th e  tim e i t  has reached  th i s  lower value most of th e  

fu e l  has been consumed. A fte r t h i s  p o in t th e  curves 

show, as  might be expected, a c e r ta in  amount of a f t e r 

b u rn in g 1, and are  th e re fo re  in  agreement w ith  th e  

recogn ised  f a i l i n g  of fu e l com bustion in  g en e ra l.

©able 2 4 , p.lG9has been drawn up in  th e  form of 

a  h ea t balance ,and  shows the  p r in c ip a l  fe a tu re s  

ob tained  from th e  © $ diagrams and t e s t  read in g s . ©he

v a lu es  of ‘p o ss ib le  h ea t to  work‘ should check w ith

‘hea t eq u iv a len t i f  I . H . P . © h e  e r ro r  in  t e s t  G i s

r a th e r  h igh  but th e  average e r ro r  (3 . 4tf0 o f th e  t o t a l  heat

in p u t) /
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TABLE:2 4 .  N e a t  Q u a n t i t i e s  p e r  Cy c l e .

I t e m .
C .H .U ./Cy c l e

T e s t  A Te s t B Te s t C

T o t a l  H e a t  i n  F u e l I H X . V .  b a s i s ) 8*0 5 8*00 &-0 6

L . C . V .  of  F u e l . 7 - 5 7 7 - 5 £ 7- 5 8

H e a t  l o s t  t o E x h a u s t ( e x c e p t La t e n t H e a t  in S t e a m ). 2 * 8 7 £ • 8 4 £ - 9 3

H e a t  l o s t  in C o m p r e s s i o n . •38 *39 •41

H e a t  a c c o u n t e d  f o r  b y  C o m b u s t i o n  C u r v e ..........

o f  T 0  D i a g r a m . 5 - 9 2 5 - 9 8 6 - 0 5

P o s s i b l e  H e a t  t o  W o r k . £ • £ 7 £ *75 2-71

H e a t  E q u i v a l e n t  o f  I.H .P £ • 8 9 £ • 9 9 3 - O S

H e a t  E q u i v a l e n t ' o f  B.H.R 1*98 £ • 0 3 1 - 9 8

M e c h a n i c a l  E f f i c i e n c y  % . £ 8 * 7 £ 7 * 9 6 4 - 3

I n d i c a t e d  T h e r m a l  E f f i c i e n c y  %  ( H I.V . b a s i s ) . 3 5 - 9 3 7 * 3 3 & £

B r a k e  T h e r m a l  E f f i c i e n c y  %  ( H . C . \l.b a s i s ) . 2 4 * £ £ 5 ‘4 £ 4 - 5
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in p u t) fo r  a l l  th r e e  e a s e s  i s  not more than  might he 

e x p e c ted . i'he r e s u l t s  in  t h i s  ta b le  in d ic a te  what 

ap p ea rs-to  be a d isadvan tage o f a c y c le  approaching  

(a s  in  t e s t  G) co n sta n t p ressu re  com bustion, v i s  — 

an e x c e e d in g ly  low m echanical e f f i c i e n c y .  S h is  may 

have been due to  th e  h igh er  p ressu res and p o s s ib ly  

th e  h igh er  tem peratures p r e v a il in g  during th e  e a r l ie r  

p art o f th e  p is to n  t r a v e l .  (See f i g s . 5 0 -5 2 ,pp. 118-120) 

I t  i s  in t e r e s t in g  to  n ote  th a t  as th e  o v e r a ll  therm al 

e f f i c i e n c y  on an I .H .B . b a s is  in c r e a se s  from A to  G, 

th e  m echanical e f f i c ie n c y  d e c r e a se s . On com bining  

th e se  two fa c to r s ,c a s e  3  proves t o  be th e  b e st  w ith  

an o v e r a ll  brake therm al e f f i c ie n c y  o f 25 •

She t a b le  a ls o  b r in g s out n o tab ly  what an 

ex trem ely  i n e f f i c i e n t  form o f  h ea t-to -w o rk  con v erter  

an o i l  en g in e  a c tu a l ly  i s .  I t  i s  su p p lied  w ith  8 . 0 5  

C .E.U . per c y c le  (ta k in g  ca se  A). During th e  working  

stro k e  i t  l o s e s  1 .6 5  th e s e ,  m ainly to  th e  c o o lin g  

w ater. I t  th en  lo s e s  2 . 8 7  (p lu s  . 4 8  o f  la t e n t  h ea t)  

t o  th e  e x h a u st . Over and above t h i s  i t  d is s ip a t e s  

. 9 1  G.H.U. in  in te r n a l f r i c t io n  (o f  which about h a l f  

i s  g e n e r a lly  supposed to  be due to  th e  p is to n )  and 

another *58 G.H.U. during th e  com pression  s tro k e  

(m ainly to  th e  jack et w a ter ). In th e  end i t  i s  l e f t  

w ith  1 * 9 8  o f  th e  8 G.H.U. to  perform i t s  u s e fu l work.

I t  i s  ev id en t th a t the exhaust heat i s  th e  g r e a te s t  

in d iv id u a l lo s s ;  a lth ou gh  i f  th e  jack et h eat had been  

measured by th e  c o n d it io n s  o f c ir c u la t in g  w ater, and 

th e  exhaust heat by means o f  a c a lo r im e te r , th e  former 

would q u ite  p o s s ib ly  have appeared as grea t a s , or even  

g r e a te r  than th e  l a t t e r .  She jack et heat as measured 

in  t h i s  mariner, however, not only r ep re sen ts  one heat 

l o s t  by th e  g a se s  during com bustion but in  a d d it io n  

in c lu d e s /
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in c lu d es  a  c e r t a in  amount of th e  exhaust h ea t t r a n s f e r r e d  

during  th e  exhaust s tro k e , p o ss ib ly  a co n s id e rab le  

amount o f th e  p is to n  f r i d t i o n  lo s s e s  and a lso  th e  h ea t 

g iven  up by th e  g ases  during  com pression. She exhaust 

h e a t, on th e  o th e r hand, measured by th e  c a lo r im e te r , 

r e p re s e n ts  not th e  tru e  heat lo s t  to  th e  ex h au st, but 

th a t  q u a n tity  d im inished by th e  amount t r a n s f e r r e d  to  

th e  jack e t and o therw ise d is s ip a te d  during  th e  exhaust 

s tro k e  befo re  the  gases have reached th e  c a lo r im e te r .



172

EffffEGT Qg XNEB3E GASES Oh IGHIfflOh MD GOMBUSglOh.

I t  has been shown th a t  under normal co n d itio n s  

th e re  i s  a la g  o f  about 5 degrees crank angle between 

th e  beginning  of in fe c t io n  of fu e l and th e  beginning 

o f i t s  com bustion. ®his however only a p p lie s  to  th e  

f i r s t  p o r tio n  of fu e l e n te r in g  th e  combustion chamber 

and th e re fo re  impinging on a mass o f p r a c t ic a l ly  pure 

a i r .  £he case o f th e  l a s t  p o r tio n  of th e  fu e l  to  

e n te r  i s  l ik e ly  to  be ra th e r  d i f f e r e n t ,  when the  

oxygen con ten t o f th e  com bustion chamber has been 

co n s id e rab ly  d ep le ted  and th e  in e r t-g a s  con ten t 

(p roducts of com bustion and n itro g en ) correspond ing ly  

en la rg ed .

!Ehe fo llow ing  experim ent was c a r r ie d  out in  o rder 

to  in v e s tig a te  th e  e f f e c t  o f th e  presence of vary ing  

p ro p o rtio n s  of in e r t  g ases , on th e  ig n i t io n  and 

com bustion o f th e  fu e l .  For t h i s  purpose, th e  gasom eter 

d esc rib ed  on p.!36was u t i l i s e d .  I t  was f i r s t  f i l l e d  

w ith  a c e r ta in  q u an tity  of a i r  drawn from th e  atmosphere 

and th en  sm alle r q u a n t i t ie s  of n itro g e n  from a cy lin d e r  

were added a s  a d ilu e n t.

Hhe method of tak in g  read in g s , a l l  in  th e  form of 

d isp la ce d  in d ic a to r  ca rd s , was as fo llow s, ^he engine 

was run  s te a d ily  under normal co n d itio n s , drawing i t s  

a i r  supply from th e  a i r  boxes (see p .!3 6 ) . 3*he d es ired  

m ixture of a i r  and n itro g e n  was meantime ob tained  in  th e  

gasom eter. By means o f th e  v alves a t th e  3! p iece 

s i tu a te d  between th e  gasom eter and th e  a i r  boxes, the  

engine was suddenly sw itched over to  th e  gasom eter, a  

perio d  o f Z to  3 cy c les  allow ed to  e lap se  to  c le a r  th e  

connecting  pipe of a i r ,  th e n  an in d ic a to r  diagram of 

3 or 4 cy c les  was taken  and th e  engine sw itched back

t o /
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"to th e  a ir  "boxes a g a in . In  one or two c a se s  o f  low  

percen tage 0^ con ten t during th e  above p r o c e ss  th e  

speed dropped a s  much a s  10 E .P.M ., but g e n e r a lly  th e  

slow in g  was im p e rc ep tib le .

I t  w i l l  be c le a r  th a t  any slow in g  down o f  th e  

en g in e b e fo re  ta k in g  an in d ic a to r  card would have the. 

e f f e c t  o f  advancing th e  p o in t o f in j e c t io n  ( in  th e  same 

way a s  an in c re a se  o f  brake load ) and th e r e fo r e  th e  

r e s u l t s  o f  in crea sed  la g  which have been ob ta in ed , i f  

a f f e c t e d  at a l l ,  w i l l  have been m inim ised ra th er  than  

ex a g g era ted .
i

The. su c tio n  damping device described  on p .136had 

to  be detached fo r  th e se  experim ents to  enable an 

e s tim a te  to  be made of the volume of a i r  to  be c lea red  

from th e  su c tio n  p ip e , and t h i s  had th e  e ffec t,w hen  

drawing from th e  gasom eter,o f reducing s l ig h t ly  th e  

com pression p re ssu re . Before each t e s t  th e  pipe from 

th e  gasom eter to  th e  valves a t the  T p iece  ju n c tio n  was 

c le a re d  o f gases of doub tfu l com position by sw itch ing  

th e  engine over to  the  gasom eter fo r  a few s tro k e s .

H itrogen  was used as th e  d ilu e n t in  th e se  t e s t s  in  

o rd er th a t  as n ea rly  a s  p o ss ib le  only th e  e f f e c t  of th e  

d i lu t io n  of th e  oxygen might e n te r  th e  problem. Consider

ing  th a t  a i r  i s  80$ pure n itro g en , th e  a l te r a t io n  to  th e  

d e n s ity  of th e  working substance was c le a r ly  n e g lig ib le  

under th e  circum stances. A gas such as GÔ  might have 

been used in  p lace of but in  doing so th e  e ffe c ts  of 

d en s ity  and p o ssib ly  tem perature would have added 

unnecessary  com plication  to  the problem.

U itrogen  was added to  the gasometer u n t i l  the  fu e l  

in je c te d  p r a c t ic a l ly  f a i le d  to  ig n i te .

P ig.G O ,p.175 shows th e  a c tu a l  in d ic a to r  cards ob ta ined

I n /
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In  order to  b r in g  out more c le a r ly  th e  e f f e c t s  on 

com bustion , th e  diagram s were 1 fa ir e d  up* and super

im posed. 'Shis combined diagram i s  shown in  P ig.G I, p.176. 

On P ig .G £ ,p .l7 G a re  shown th e  r e s u l t s  o f ig n i t io n  la g  

p lo t te d  a g a in s t  th e  corresp ond ing  v a lu e s  o f  p ercen tage  

oxygen c o n te n t . In each case  th e  d is ta n ce  o f  th e  

i g n i t io n  p o in t a long th e  diagram was measured and the  

la g  c a lc u la te d  on th e  assum ption o f  a la g  o f  5 d egrees  

f o r  ’pure a i r ’ c o n d it io n s . S t r i c t l y  speaking* a 

s l i g h t l y  g r e a te r  la g  th an  5 d egrees should  have been  

added s in c e ,  w ith  th e  engine drawing from th e  gasom eter, 

th e  com pression  p ressu re  was s l i g h t l y  reduced . She 

a d d it io n  o f  on ly  5 d eg rees , however, c o r r e c ts  fo r  t h i s  

com p ression  e f f e c t ,  and b r in g s  th e  r e s u l t s  in to  l in e  

w ith  normal running c o n d it io n s .

i ’ig .62 ,p * l76 ,sh ow s th a t  a s  th e  0^ p ercentage con ten t  

w ith in  th e  com bustion chamber i s  reduced, th e  ig n i t io n  

la g  s t e a d i ly  in c r e a se s  t o  a c e r ta in  -  ap p aren tly  c r i t i c a l  

p o in t .  Beyond t h i s  p o in t , w ith  fu r th e r  red u ctio n  o f  th e  

0£ c o n te n t , th e  la g  a t  f i r s t  on ly  s l i g h t l y  in c r e a se s  but 

very  r a p id ly  a f t e r  t h i s  i t  becomes in d e f in i t e  and 

probably in c r e a se s  to  i n f i n i t y .  S h is  su g g e s ts  a  second  

c r i t i c a l  p o in t. She in d ic a to r  diagrams show th a t  

around th e s e  c r i t i c a l  p o in ts  th e  com bustion i t s e l f  

appears to  be r a p id ly  sn u ffed  ou t. !Ehe f u l l  l in e  curve  

in  P ig .G 2 ,p * l7 6  has been m odified  in  the r eg io n  o f  th e  

c r i t i c a l  p o in ts  by the d o tted  curve -  th e  form o f  th e  

l a t t e r  b e in g  the more probab le, a s  su ggested  by th e  

r e s u l t s .
I t  i s  in te r e s t in g  to  n ote  th a t  a t th e  f i r s t  c r i t i c a l  

p o in t th e  02 percentage con ten t i s  a tou t 1 0 .5 $  or

p r a c t ic a l ly  h a l f  t b » V - Pure a i r » t l la t  th s  l a «  i s  

alm ost tw ice  th a t  fo r  pure a i r  (n eg lec tin g  . ..
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the p roducts of com bustion p re se n t under normal running 

c o n d itio n s ) .

From 10.55& to  about 7% to© rem ains alm ost 

co n s tan t but by 6fo i t  has aga in  co n s id e rab ly  in c reased  

and i s  becoming in d e f in i te  owing to  com bustion ra p id ly  

dying ou t.

G lea rly  a f u l l e r  trea tm en t of t h i s  su b jec t and 

an a ly ses  of th e  com bustion p rocess might y ie ld  some 

in te r e s t in g  r e s u l t s .  The f a c t  th a t  in  th e  com posite 

diagram  in  Fig.GI,p.lT6 , none o f th e  com bustion curves 

fo r reduced co n ten t overlap  th a t  fo r  pure a i r  

suggests th a t  com bustion, p o s s ib ly n ju s t complete fo r 

pure a i r ,  becomes more and more incom plete as th e  0 ^ 

co n ten t i s  reduced , on account o f  the  r a te  of combustion 

d im in ish ing .

Ih e  p o in t s tre s s e d  by th ese  experim ents th e re fo re  

i s  th e  n e c e s s ity  fo r  e f f i c i e n t  sp ray ing  of fu e l ,  and th a t  

th e  r a p id i ty  of ig n i t io n  and com bustion w il l  depend very  

la rg e ly  on th e  p u rity  of th e  a i r  in to  which th e  fu e l i s  

in je c te d . The r e s u l t s  show th a t  an e f f e c t ,  s im ila r  to  

what i s  c a l le d  1 a f te r-b u rn in g *  might be brought about 

by th e  l a s t  p o r tio n  of th e  in je c t io n  im pinging on 

gases a lready  co n s id e rab ly  d ep lea ted , or devoid o f t h e i r  

0 ^ co n ten t.

Under normal co n d itio n s , as  in je c t io n  and combustion 

proceed, th e  tem perature of th e  gases in c re a se s , and th e  

d e n s ity  decreases (on account o f th e  outward movement 

o f th e  p is to n ) . Mr. B ird , in  th e  paper a lread y  re fe r re d  

to  on p# IG5 shows th a t  w hile an in c rease  o f tem peratu re  

reduces th e  ig n i t io n  la g , a  decrease of d e n s ity  in c re a se s  

i t  and i t  i s  p o ss ib le  th a t  th ese  m utually  opposing 

f a c to r s  may modify th e  e f f e c t  on la g  caused by the  

red u c tio n  of 0^ con ten t a lre ad y  d iscu ssed . I t  might 

b e /
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be em phasised , however, th a t  whether or not th e  la g  

does a c tu a l ly  in c r e a se  during th e  p r o c ess  o f  in j e c t io n  

and com bustion , th e  r e s u l t s  o f  th e  fo re g o in g  exp erim en ts  

show th a t  i t  w i l l  n e v e r th e le s s  ten d  t o  do so and 

c o n d it io n s  should  be such th a t  th e  in e r t  gas e f f e c t  i s  

reduced t o  a minimum and advantage taken  a s  fa r  a s  

p o s s ib le  o f  th e  c o u n te ra c tin g  tem perature e f f e c t .

In  order to  o b ta in  an approxim ate id e a  o f  th e  

e x te n t  to  which th e  ig n i t io n  la g  might in c r e a se  from  

ca u se s  o th er  th an  r e d u c tio n  o f  th e  0 % c o n te n t , another  

s e r i e s  o f  t e s t s  was c a r r ie d  o u t. fh e  gasom eter  was 

not used in  t h i s  c a s e . The e n g in e , drawing from th e  

a ir  b o x es, was run under normal c o n d it io n s  a s  b efore and 

th en  suddenly t h r o t t le d  by p a r tly  c lo s in g  th e  a ir  box 

sto p  cock  a t  th e  T p ie c e  Ju n ction . A few o f  th e  

fo llo w in g  c y c le s  were record ed  by means o f  th e  in d ic a to r  

and th en  th e  s to p  cock  sw itch ed  back t o  i t s  normal 

p o s i t io n  ( f u l l  open). The read in g  during each  t e s t  

occu p ied  such a sh ort space o f  tim e t h a t ,  excep t in  

th e  ca se  when th e  su c t io n  was com p lete ly  c lo s e d , no 

slow in g  o f th e  en g in e co u ld  be d e te c te d .

£he t h r o t t l in g  by th e  s to p  cock c le a r ly  must have 

had a c o o lin g  e f f e c t  on th e  su c t io n  a ir ,  and whether or  

not th e  tem perature a t th e  end o f  com pression was con stan t  

throughout th e se  t e s t s  would depend la r g e ly  on whether or  

n ot th e  c o o le d  a ir  aga in  a t ta in e d  atm ospheric tem perature  

(through c o n ta c t w ith  th e  w a lls  o f th e  su c t io n  p ip e) b e fo re  

e n te r in g  th e  com bustion chamber.

On account o f  t h i s  u n c e r ta in ty  regard in g  tem perature and 

th e  fa c t  th a t  both  p ressu re  and d e n s ity  were v a r ied  

s im u lta n eo u sly , th e  r e s u l t s  can on ly  be in  th e  form o f  a 

supplem ent/
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I ndicator Diagrams for Throttling, Experiment

FIGr.64.
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supplement to  th o se  o f th e  p receding  t e s t s .

She a c tu a l in d ic a to r  diagrams ob ta ined  a re  shown 

in  F ig*637p .l7 9 , Shese diagrams were a lso  superim posed, 

and in  t h i s  form are shown in  P ig .£ 4 ,p. 180. She 

ig n i t io n  la g s  were ob ta ined  by th e  method desd ribed  fo r  

th e  p rev ious experim ents and they  have been p lo t te d  in  

f ig .G 5  a g a in s t th e  corresponding  v alues o f p ressu re  a t 

th e  end o f com pression.

She au tho r d e s ire s  to  exp ress h is  g ra t i tu d e  to  

P ro fe sso r Goudie, D .Sc., and Mr. James Small, B .S c ., 

f o r  t h e i r  u n fa il in g  co u rte sy , t h e i r  w ill in g  help  and 

th e  in v a lu ab le  su g gestions a ffo rd ed  him during  th e  course 

o f h is  in v e s t ig a t io n s .  He a lso  w ishes to  thank  th e  o th e rs  

of th e  en g in eerin g  s t a f f  fo r  th e  a s s is ta n c e  th ey  so 

o b lig in g ly  gave him in  p re p a ra tio n  o f th e  v a rio u s  p ie ces  

o f ap p ara tu s  re q u ire d .

oOo*


