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Electronically controlled 
injection in diesel engines
R. Hafner
M A N ,  A ugsburg

SYNOPSIS

Only i f  the electronic system  acts directly upon the injection valves and i f  each cylinder is separately  
activated can one speak o f  electronically controlled injection. This makes it possible to optim ise the 
com bustion process system atically fo r  any operating conditions; m inimise fu el consum ption, fo r  
instance, by taking advantage o f  am bient tem peratures while continuously optim ising ignition pressure. 
B ut i f  the injection pressure is too  high, p iston  ring wear and fu el consum ption increase. A n o th er lim it is 
com ponen t temperature. In future, engine loads—both  mechanical and thermal—m ay also be con trolled  
by the system . Test trends are shown fo r  injection poin t, mean injection pressure and the injection  
pressure curve. A two-stage servo-valve actuator system  is described.

1. GENERAL PRINCIPLES 
1. /  Remote control

R em ote  co n tro l system s o f recen t design fea tu re  electronically  
co n tro lled , au to m atic , sequen tial co n tro l p rogram m es fo r  diesel 
engine sta rt, run-up , m anoeuvring, crash reversal or stopping. This is 
n o t surprising since th e  new  m icroprocessor techno logy  affo rds ideal 
cond itio n s fo r storing fu n c tio n a l in ter-relationsh ips and  deriving 
c o n tro l variables fro m  these, w henever necessary.

A fter som e in itia l difficu lties, m icro-processors and, in  particu lar, 
th e  final servo system  perfo rm ed  excellen tly  in service.

1.2 Volume control
T he m ain co n tro lled  engine variable is alw ays in jec tion  volum e. 

By altering th e  fuel volum e in jected  in to  the cylinders, m ean 
effective pressure an d  to rq u e  are changed and, consequently  
(assum ing the  sam e resistance to  p ropulsion) th e  engine rev /m in  and 
ship’s speed.

M icroprocessor techno logy , as such, has in tro d u ced  no th ing  new 
as regards th e  rem o te  co n tro l e lem en ts o f  th e  engine p roper. O nly if 
th e  e lec tro n ic  system  acts d irectly  u p o n  the  ac tu a to rs  o f  in jection , 
o r  if  each cy linder is separately  co n tro lled , can  one  speak o f  
e lectronically  co n tro lled  in jection  in the  p roper sense.

2. CONTROL OF THE HEAT RELEASE RATE
2.1 The fuel situation

A great deal has lately  been said and published  ab o u t the 
p resen t and  th e  fu tu re  fuel situation. M A N ’s diesel engine 
d evelopm ent is based on  p red ic tio n s by  various m ineral oil 
com panies fo r th e  n e x t few years.

Fig 1 show s im p o rtan t param eters, describing th e  im pact o f  
these changes on  the  fuels and the  ac tion  taken  to cope w ith  them . 
I do n o t w an t to  go in to  fu rth e r  details here as regards th is table, 
since th e  follow ing trends m ay suffice fo r a discussion o f  
e lectron ically  con tro lled  in jection  in diesel engines:

2.1.1 fuels are becom ing m ore and  m ore expensive;

2 .1 .2  the  com bustion  qualities are d e terio ra ting  all the  tim e and 
vary greatly  betw een  bunkers;

2 .1 .3  the  percentage o f  abrasive and corrosive co m p o n en ts  in 
th e  fu e l is o n  the  increase.

I t is the  firs t tw o p o in ts  th a t are o f  m ost in terest in the  co n tex t 
o f  in jection . The firs t im plies th a t we m ust m ake op tim al use o f  the  
fuel th ro u g h o u t th e  engine and  u n d er all opera ting  cond itio n s. T he 
second p o in t im plies an in jection  system  w hich  is readily  adaptable  
to  the  d iffe ren t fue l grades. T his involves new  req u irem en ts  to  be 
m et b y  th e  in jection  system .

2.1.4 Preventing knock
Tim ing th e  beginning o f  in jection  p ressure to  serve on ly  the  needs 

o f  volum e co n tro l w ill n o t m ee t fu tu re  req u irem en ts com pletely .

Unit Valid until 1985 Valid as from 1985

ESSO SHELL ESSO BP SHELL

Density/15 °C g/ml 0,99 0,99 — 0,99 —

Viscosity at 50°C mm2/s(cSt) 480-500 460 600 600 600
at100°F sec Redw l 4800 4500 6000 6000 6000

Conradson Carbon 
Residue

Wght % 20 16.5 20 22 20

Asphalt Wght % 10,5 - 14 - —

Sulphur Wght % SO 4.5 5.5 5 5

Ash Wght % 0.1 0.1 0.15-0,2 0.2 0.15

Vanadium mg/kg 500 - 500 -  600 - -

Water Vol % 1.0 1.0 1.0 1.0 1P

Sediment Wght % 0,25 0.25 0.25 0,25 0,25

Flash point, min °C 60 60 60 60 60

Pour point, max °C 30 24 30 30 30

FIG  1 Heavy fuel oil qualities forecast by various oil companies 
for the periods up to, and after, 1985

FIG  2 Firing pressures and hand-drawn indicator diagrams when 
burning heavy fuel oils from  various bunkering stations

In a nu m b er o f  p o r ts  fuel grades are o ffered  to d ay  th a t  are liable 
to  in terfere  w ith  a diesel engine’s co m b u stio n  process. Even the  
diagram s in Fig 2 w ith  their a rb itra ry  tim e scale give an im pression 
o f  the  knock  rating  o f  som e o f  the  fuels offered . O n the  streng th  o f 
opera ting  experience we fo u n d  th a t  som e o f  these fu e l grades w ere 
causing ignition  pressures u p  to  20  bar h igher th a n  th o se  from  
co nven tional fuels.

W hat is a ch ie f engineer to  do w ith  a norm ally  eq u ip p ed  engine,

Indicator
diagram 

drawn by hand
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FIG 3 New development of control edge configuration of M A N 
injection w ith firing pressure (pz ) and specific fuel consumption (b0)
------------------with old control edge ------------------ w ith new control edge

Nordic- ISO- Tropic - conditions
ambient air temp. 20°C 27°C 45 °C 
scav. air temp. 30°C 45°C 50 °C

FIG  4 Influence of ambient conditions (intake air and scavenge ail 
temperature) on firing pressure (pz ) and specific fuel consumption 
(be ) of a two-stroke engine

150 160 165 170 180 183 190
engine speed [min-1 ]

FIG  5 Lines of constant compression pressure (pc) to firing 
pressure (pz ) ratios between 85% and 100% power at constant 
full-load pressure

once he has b u n k ered  such fuel? A part from  o th e r  ac tion  to  be 
taken , he w ould  w ith  m uch  effo rt have to  alter th e  p o in t o f  
in jec tion , and  th u s th e  co m b u stio n  process, since a red u c tio n  in 
rating  alone does n o t alw ays suffice. Even w ith  a 50  per cent 
derating , diesel k n o ck  has been observed on  m edium  speed engines.

2.1.5 Influencing the combustion process
Being able to  a lter th e  s ta rt o f  in jec tion  is desirable n o t only 

because o f  the  varying h ea t release ra tes  o f  d iffe ren t fue l grades. 
Even if a m odern  engine w ere ad justed  fo r op tim al fue l co nsum ption  
rate , th is  co n d itio n  cou ld  on ly  be  m ain ta ined  if the  service co n d itio n s 
rem ained  the  same. If, fo r instance, resistance o f  the  vessel increases 
due to  m arine g row th , o r i f  th e  vessel o p era tes  u n d e r d iffe ren t 
clim atic co nd itions, read ju stm en t o f  tim ing becom es necessary.

U ndo u b ted ly , even a m echanically  con tro lled  fuel injection 
system  can, u n d e r co n stan t co nd itions, be ad ap ted  to  a single 
characteristic  curve. T his is d em o n s tra ted  by  new  d evelopm en ts in 
in jection  p u m ps (Fig 3). Skilled co n figu ra tion  o f  the  p lunger co n tro l 
edges, fo r instance, enables ign ition  p ressu re  to  be  m ain ta in ed  over a 
fairly  w ide load range, th u s  achieving a favourable  fuel con su m p tio n , 
n o t only  on full load b u t also in the  range o f  m axim um  use, ie, at 
85 per cen t o u tp u t.

S ince, how ever, such a co n tro l edge im plies a com prom ise 
b etw een  the  needs o f  in jec tion  volum e, m ean  effective pressure and 
co n tro l o f  fue l adm ission, a d ap ta tio n  to  a d iffe ren t p ropeller curve or 
d iffe ren t clim atic co n d itio n s m ust be im p erfec t in te rm s o f  o p tim al 
in jection  p o in t; and, th e re fo re , o f  o p tim a l fue l co nsum ption .

Let u s  suppose a tw o-stroke engine has b een  op tim ally  m atched  
to ISO co n d itio n s (Fig 4). If  the vessel is trading in the  trop ics 
w ith o u t change o f  th e  in jection  p o in t, th e  ignition  p ressure w ill fall. 
Since air supply  to  the  engine also d e te rio ra tes  at h igher tem pera tu res , 
the fuel con su m p tio n  ra te  increases m arked ly , by  ab o u t 4.5 g/kW h. 
If, how ever, th e  ignition  p ressure is read justed  to  a co n s tan t value, 
the increase in co n su m p tio n  can  be reduced  to  ab o u t 3 .0  g/kW h.

T he diagram  show n assum es th a t, to  save fu e l a t fu ll load , the 
change air is coo led  dow n as m uch as th e  seaw ater te m p e ra tu re  will 
perm it. A t part-loads th is  w ill n o t be  do n e  b u t, ra th e r, the  
tem p era tu re  dow nstream  o f  th e  charge-air cooler w ill be  k e p t high 
to  im prove com bustion .

If  a vessel w hose engine has been op tim ally  m atch ed  to  ISO 
cond itio n s trades in co ld  zones, u tilisa tio n  o f  th e  low charge-air 
tem p era tu re  w ould  be  econom ical. H ow ever, the corresponding  
o u tp u t  canno t alw ays be developed since th e  perm issib le ignition 
pressure w ould  be exceeded  (c f u p p er h a lf  o f  the g raph, Fig 4). If, 
how ever, th e  ignition  p ressure is re-m atched, n o t on ly  can  the  
o u tp u t be raised b u t, on  changing from  ISO to  ‘nord ic’ co nd itions, 
fue l con su m p tio n  can  also be reduced  by  a b o u t 3 g/kW h.

Ideal co n d itio n s fo r fu e l con su m p tio n  are achieved if  th e  engine 
takes advantage o f  am bien t tem p era tu re  and seaw ater tem p era tu re  
w hile, at the  same tim e, operating  a t a co n tin u o u sly  and op tim ally  
m atched  ignition  pressure. T h a t is, over a w ide service range, it can 
opera te  a t its designed ignition  pressure.

The fu tu re  th ere fo re  d em ands th a t th e  in jection  system  should  
be readily  adap tab le  b u t, to  achieve this, engine perfo rm an ce  m ust 
be k now n  precisely.

2.2 Engine performance
T he e lec tro n ic  in jec tion  system  here u n d e r d iscussion  has been 

developed in co-operation  w ith  Bosch w ho have a w ealth  o f  
experience  in e lectron ic  co n tro l system s used in au tom otive  
engineering.

Since th ey  have already been  described in o th e r  parts , it is n o t 
the  e lec tron ic  co n tro ls  th a t  are to be  h ighlighted  here b u t ra th er 
th e  engine o p era tio n a l m atters.

The fac t is th a t even op tim al co n tro l technology  does n o t ge t us 
anyw here unless th e  m athem atica l fu n c tio n s by  w h ich  co n tro l is to  
be effected  a*e clearly defined. W hat is im p o rtan t is the re fo re  the 
scanning o f  all opera ting  p aram eters und er tes t co n d itio n s w ith  a 
view to:

2.2.1 o p tim a l fue l co nsum ption  rate;
2 .2 .2  low therm al loading o f  the co m b u stio n  cham ber 

con stitu en ts ;
2 .2 .3  keeping w ith in  the  m echanical lim its o f  the  engine;
2 .2 .4  m inim ising the am o u n t o f  fue l p ro jec ted  against the  

cylinder runn ing  face;
2.2.5 com pliance w ith  em ission co n tro l leg islature;
2.2.6 discovering lim its o f  in jection  con tro l.
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M axim um  designed ignition  pressure m ust n o t be exceeded  b u t, 
as exp lained , it is o f  advantage to  o p era te  at th is pressure over a 
w ide range o f  conditions. A decisive lim ita tion  is, how ever, the rate  
o f  ignition  p ressure rise.

T his value is d ifficu lt to  determ ine  aboard  the  vessel. In  a diesel 
engine w ith  a norm al com bustion  process, ignition  pressure rise and 
th e  ratio  o f  com pression  pressure to  m axim um  co m bustion  pressure 
are, how ever, closely linked. Unless th is ratio  is sm aller than  0 .55 , 
th e  m echanical loading and th e  noise level o f  the  engine can be 
coped  w ith.

If, how ever, th e  engine is n o t  running sm ooth ly  enough , damage 
to  p iston  rings and bearings m ay result. Fig 5 show s th e  lim its w ithin 
w hich the M A N  tw o-stroke engines opera te  on co n s tan t ignition 
pressure, ie, the  lines o f  th e  con stan t com pression /ign ition  
pressure ratio .

O n calculating fuel je t  p en e tra tio n , one com es up  against ano ther 
lim it: if th e  in jection  pressure is to o  high, n o t only  is th e  cylinder 
liner struck  by  oil b u t consum ption  increases. T ests on  a large 
10-cylinder crosshead engine (Fig 6) and on o th e r  engines w ith  
various nozzle ty p es show ed an op tim al fuel consum ption  ra te  w ith  a 
p en e tra tio n  o f  0.65 to  0 .70 . (Pene tra tio n  is defined as th e  ra tio  o f  
the  com p u ted  je t  k n g th  to  the m axim um  th a t is geom etrically  
possible.) I t is m ainly d eterm ined  by  the  pressure differential 
betw een nozzle b lind  hole and com bustion  cham ber on  the  one hand 
and th e  size o f  the  nozzle bore on the o ther.

A no ther lim it is the  com p o n en t tem p era tu re , especially  o f  the  
liner’s runn ing  face. A ny o p tim isa tion  o f  the in jection  system  
there fo re  involves m easurem ents o f  com p o n en t tem pera tu res. Fig 7 
show s these as a fu n c tio n  o f  p enetra tion .

Desirable as it m ay be w ith  centralised in jection  to  d istribu te  the 
fuel as e ffic ien tly  as possible in the  area o f  m axim um  air supply , ie, 
along the  o u te r circum ference o f  the  com bustion  cham ber, th e re  are 
defin ite  lim its to  the  perm issible in jection  pressure. I f  the  cylinder 
liner a t th e  reversal p o in t o f  the  p iston  rings becom es to o  h o t, n o t 
on ly  does the  lubricating  film  o n  the  cylinder liner b u rn  o f f  b u t a 
large am o u n t o f  abrasives also accum ulates in the  running area.

This has been repea ted ly  confirm ed  by service experience. 
C om bustion  residues fo rm  annular m arks on  the p isto n  crow n at 
p o in ts  w here the  fuel je ts  can be ex p ec ted  to  strike. I f  the cen tres o f  
these m arks are close to  th e  o u te r  c ircum ference o f  the  p iston  
crow n, ie, if th e  fuel je t  p en e tra te s  deeply  in to  the space available, 
p isto n  ring w ear is b o und  to  increase.

A dm itted ly  th e  tem p era tu re  curves on cylinder head  and 
cy linder liner are fraugh t w ith  som e u n certa in ties and will be 
s tud ied  fu rth e r . N evertheless, it has becom e clear th a t th e  
possibilities o f  h ea t release co n tro l are d istinctly  lim ited  and th a t 
m easurem ents o f  co m p o n en t tem p era tu res provide a sensitive 
approach  to th e  problem .

A be [g /k W h ]

i i i------------------------------ 1

0,55 0,60 0,65 0,70
re la tive  penetration  length

FIG 6 Influence of depth of fuel jet penetration on specific fuel 
consumption of a ten-cylinder two-stroke cross-head engine
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2.2 .7 The importance o f “software"
The descrip tions th a t fo llow  are th e  results o f  long hou rs o f  

engine testing , aim ed a t optim ising  in jection  w ith in  th e  given lim its 
over the en tire  range o f  co nd itions, w ith  a view to  m inim ising the 
fuel consum ption  rate. T herefore ac tual test figures are om itted . 
Once an electrically  con tro llab le  in jection  system  has been  conceived 
and th e  m anoeuvring logic fo rm ula ted , the  greater part o f  engine 
developm ent w ork  consists in creating the  softw are  and in 
optim ising  each indiv idual opera ting  variable.

In any in jec tion  system  th e  p o in t, m ean pressure and pressure 
curve o f  in jection  can each be con tro lled . As m ay be seen fro m  Fig 8, 
our p resen t system  uses an alm ost rectangular pressure curve in the 
blind bore before the  nozzle bore. This m axim ises u tilisa tion  o f  the  
sto red  energy to  inject a large am o u n t o f  fuel w ithin a sho rt period. 
How ever, it is possible th a t an even m ore deta iled  know ledge o f  the  
re la tionsh ip  betw een  in jection  curve and hea t release ra te  w ould  
open up  ex p lo ita tio n  o f  fu rth e r  possibilities inheren t in the e lec tron ic  
in jection  system , ie, op tim al co n tro l o f  the  in jection  pressure curve 
in itself.

Fig 9 com pares the pressure in the  b lind  bore before  the  nozzle 
bores w hen using a standard  m echanical in jection  system  w ith  th a t o f  
e lec tron ic  con tro l, op tim ised  fo r consum ption . In b o th  instances, 
o p e ra tio n  is along the propeller curve so th a t, in th e  second case, the  
pressure need n o t rem ain constan t th ro u g h o u t the  en tire  o u tp u t 
range o f  the engine, nor need  the  pressure d ro p  to a po in t w hich is 
inevitably reached w ith  m echanical in jection .

The in jection  pressure has to  be low ered to  ensure an op tim u m  
fuel co nsum ption  rate  and reduced  therm al loads on  the  cylinder 
liner a t sm all o u tp u ts . T his m ay well be due to  the fact th a t, a t the  
low gas pressure w hich  th en  o b ta in s in the  cylinder, p en e tra tio n  o f

0,55 0,60 0,65
relative penetration length

0,70

FIG 7 Influence of depth of fuel jet penetration on combustion 
chamber component temperatures of a two-stroke engine
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FIG  8 Comparison of pressure development in injection nozzle 
orifice, between conventional and electronic injection systems
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FIG  9 Injection pressure curve as a function of load w ith normal 
mechanical, and optimised control by electronic injection
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th e  fu e l je ts  in to  the  com bustion  cham ber w ou ld  o therw ise  b e  too  
deep, so th a t  fuel-air m ixing is correspondingly  poor.

In  th e  opera ting  characteristics (Fig 10) o f  a slow -speed diesel 
engine, th e  advance o f  in jec tion  p o in t b efo re  TDC fo r low  fuel 
co nsum ption  a t given lim its is p lo tte d  against engine speed and 
in jec tion  volum e. T he dow nw ard  slope o f  th e  lines o f  co n s tan t 
in jection  p o in t in th e  u p p er range o f  th e  g raph clearly  d em o n stra tes  
the  constra in ts  resulting from  the  dem and  for a co n s tan t ignition  
pressure b etw een  85 and 100 per cen t o u tp u t.

T he d istance betw een  the lines o f  co n s tan t in jec tio n  com m ence­
m en t in Fig 10 is, w ith  the ex cep tio n  o f  th e  d istance fa rth es t to  the 
right, 2 degrees crank  angle, relative to  TDC.

Fig 11 show s th e  dependence  o f  th e  fuel co n su m p tio n  on  th e  
com m encem ent o f  in jec tion  a t th ree  load  p o in ts  o f  o u r 
K 3EZ 5 2 /1 0 5  CH /C LH  test engine w ith  sm aller bore. A t th e  tim e 
o f  th e  tes t ru n  (M arch 1980), th e  fuel con su m p tio n  w arran ted  w ith  
3 per cen t to lerance fo r th e  KEZ 5 2 /1 0 5  CH a t 85 per cen t load  
u nder ISO co n d itio n s and w ith  LCV = 42 707 k J /k g , w as 187 g/kW h. 
Tests have been in progress since th en  w ith  the  aim  o f  im proving 
consum ption .

I t seem s obv ious th a t no  variation  o f  in jec tio n  p o in t w ith  speed 
can  be  achieved in a m echanical in jec tion  system  because, w ith  the 
usual m e th o d  o f  co n tro l b y  the p lunger edges, th e  lines o f  co n s tan t 
in jec tio n  could  b e  achieved fo r only  one  opera ting  curve, eg, th e  ideal 
p ropeller curve, b y  a  su itab le  co n figu ra tion  o f  th e  p lunger controL

A pprox im ate ly  th e  same in jec tio n  p o in ts  as w ith  e lec tro n ic  
in jection  could  be achieved fo r one  opera ting  curve, eg, the  ideal 
p ropeller curve, by  a su itab le  co n figu ra tion  o f  th e  p lunger co n tro l 
edges. B u t th is is n o t possible for th e  com plete  pow er range.

L et m e re ite ra te  th a t  a soph istica ted  m echanica l in jec tion  
system  can u n d o u b ted ly  m ee t fu tu re  dem ands. W hat I have in m ind 
here is, fo r instance varia tion  o f  in jec tion  tim ing, as is already 
standard  o n  som e diesel-engined trucks. B ut th e  one and on ly  thing 
th a t w ould  bring ab o u t real progress w ith  respec t to  h ea t release 
con tro l, w ould  be  d irec t in te rac tio n  be tw een  th e  ex trem ely  adap tab le  
elec tron ics and the  m echanics o f  the in jection  system .

I shou ld  like b riefly  to  an tic ip a te  one  p a rticu la r p o ssib ility : th e  
d irec t ac tivation  o f  th e  various cylinders. W ith e lec tro n ic  in jec tion , 
even a th ree-cy linder engine w ill run  sm o o th ly  a t  a speed as low  as 
l /6 th  o f  ra ted  speed.

2.3 Indirect interaction between the electronics and 
injection
A new  in jection  system  m u st m ee t tw o  im p o rta n t requ irem en ts :
2.3.1 to  enhance  ad ap tab ility , p ressure genera tio n  m ust be 

separa te  fro m  tim e and vo lum e co n tro l;
2 .3 .2  tim e and volum e co n tro l m ust be d irec tly  variable.

A .spec, fu e l consumption

6 8 10 12 14 16 
commencement o f in jection 

[degrees crank angle before T.D.C.

FIG  11 Curves showing the optim ization of the commencement of FIG  12 Schematic drawing of an electronically controlled injection 
injection valve w ith  a pilot valve.
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If  th e  generation  o f  p ressure is to  be separa ted  fro m  volum e and 
tim ing con tro l, a pressure accum ulato r becom es indispensable. 
In jec tio n  system s th a t in co rp o ra te  such pressure accum ulato rs have 
been k now n  fo r  a long tim e ; th e y  co n tro l th e  in jection  vo lum e by  
m eans o f  th e  in tegral o f  valve opening w ith  tim e, ie, th e  area u nder 
th e  pressure curve.

An e lec tro n ic  system  on  th e  o th e r  han d  has to  convert the 
m inu te  co n tro l o u tp u ts  in  th e  m illiw att range to  e ffe c t ex ac t tim e 
and  volum e co n tro l o f  th e  in jec tion  valve u nder high pressures.

T he fo rces involved in the  in jection  vaive o f  a K 3EZ 5 2 /1 0 5  C/CL 
engine (Fig 12) are as follow s. An in jection  pressure o f  som e 700 bar 
and a nozzle needle d iam eter o f  10 m m  resu lt in a fo rce o f  
app rox im ate ly  60 0 0  N w hen th e  needle closes. W ith a closing tim e 
o f  0.5 m s and  a closing d istance o f  1 m m  we arrive a t a  closing energy 
o f  app rox . 12 000  N m /s, o r ab o u t 12 kW. Fig 13 show s th e  design 
o f  th is valve.

T he idea o f  having the  nozzle needle ac tu a ted  d irectly  b y  th e  
elec tron ics m u st there fo re  be d ropped . To a tta in  th e  necessary 
needle velocity  and  lift fo r all nozzles, a to ta l tran sien t o u tp u t o f  
4 5 0  kW w ou ld  be requ ired .

2.3.3 Two direct-response servo-stages
T he tw o-stage servo-valve (Fig 14) co n s titu te s the  link  betw een  

th e  e lec tron ic  con tro lle r and  the  hydrau lically  con tro lled  in jection  
valve. I t fulfils th e  d ifficu lt fu n c tio n  o f  rap id ly  converting  th e  mA 
signals in to  h y d rau lic  forces o f  several thousand  new ton .

T he developm ent o f  th is  valve w as one o f  th e  im p o rtan t 
m ilestones on  the  w ay to  e lec tron ic  in jec tion  in large-bore engines. 
In  th e  firs t am plifier stage a baffle  p la te  is ac ted  u p o n  from  either 
side by oil je ts  issuing fro m  co n tro l nozzles. T he back  pressure 
bu ilt u p  a t these nozzles con tro ls th e  ac tion  o f  oil u p o n  the  tw o  
faces o f  th e  valve spool.

T he baffle  p la te  is d irectly  connected  to  th e  m ovable arm ature  
o f  th e  p ilo t solenoid. I f  th e  baffle  p la te  is d isplaced b y  an electric 
signal from  th e  e lec tro n ic  co n tro lle r, the flow  resistance a t the 
nozzles changes p ro p o rtio n a lly . A t the  one end  o f  th e  spool th e  oil 
pressure th ere fo re  d rops, w hereas a t th e  o th er it  rises. T he spool 
in stan tly  responds to  th e  fo rce  resulting  from  the p iessure d ifferen tia l 
and  sta rts m oving, th u s  uncovering  th e  co n tro l p o rts  o f  the  second 
stage.

Its  range o f  m o tio n  is, how ever, lim ited. A fter a certa in  d istance 
a spring, secured  to  arm atu re  and  baffle p la te , im parts a force to  th e  
baffle  p late w hich  exceeds the  fo rce o f  th e  solenoid. T he baffle p la te  
th en  m oves b ack  slightly , th e  d ifferen tia l pressure d rops slightly and 
a steady-state  equ ilib rium  is estab lished  u n til th e  fo rce o f  the  
solenoid is a lte red ; in  w hich  case th e  spool responds instan tly  u n til 
equality  o f  fo rces is re-established.

In term s o f  m agnitude  and  d irec tion , spoo l m ovem ents therefore 
respond  d irectly  to  the  inp u t signal a t the solenoid. A t p resen t, only 
quasi-square wave ac tiva tion  o f  th e  solenoid and , consequen tly , an 
alm ost id en tica lly  square pressure curve o f  th e  fuel in the  nozzle 
b lind  hole, are used. O th er co n tro l ac tions are equally  possible, 
how ever.

T he co n tro l p is to n  acts as a four-w ay valve. In  each  opera tion  
tw o w ays are uncovered  and tw o closed a t zero  inp u t. C o n tro l o f  the 
in jec tion  p roper is th ro u g h  p o r t A. W hen th is is uncovered , a force 
is im p arte d  to  the  co n tro l p iston  o f  th e  needle valve. T he tim e 
elapsed b etw een  open ing  and  closing o f  p o r t A d e term ines the 
d u ra tio n  and, conseq u en tly , the  volum e, o f in jec tio n  a t the  
needle valve.

The p ilo t valve is o p e ra ted  th ro u g h  p o rt B. To be  on the  safe 
side, it opens befo re , and closes after, the  needle valve.

The 200 bar servo oil pressure requ ired  is genera ted  by two 
pum ping sets, one o f  w hich  is on standby . During th e  sw itchovci 
phase o r  in a b lack-ou t a gas pressure accum ulato r ensures pressurised
oil supply  fo r a t least th ree  m inutes.

2.3.4 Two independent valves
In jec tion  and p ilo t valve form  a single com ponen t. Fig 12 shows 

the  operating  p rincip le schem atically  w ith the needle valve open. The 
spool o f  the needle valve is opened  by  the servo oil pressure from  the 
accum ulator. S im ultaneously , a fte r a sho rt lead tim e, the  servo- 
pressure dow nstream  o f  the  p ilo t valve is relieved th ro u g h  po rt B of 
the servo-valve and the  p ilo t valve is o p en ed  by  th e  fuel pressure 
available from  the pressure accum ulator.

During closure o f th e  needle valve, these fu n c tio n s are perfo rm ed  
in reverse o rder, ie, the nozzle needle is closed by th e  fuel pressure 
operating  upo n  the  to p  face o f  th e  spool.

FIG  13 Electronically controlled injection valve fo r M A N  two- 
stroke engines

C onsequen tly , in the even t o f  any m a lfu n c tio n  o f  th e  nozzle 
needle, th e  p ilo t valve com es in to  ac tio n  and  delivers slightly m ore 
fuel.

2.3.5 Not cheaper but better
O ne is inclined to  th in k  th a t  an engine w ith  an e lec tron ic  

in jec tion  system  should  be p articu larly  eco nom ical in te rm s o f  
m aterial and costs. This, how ever, applies only  up  to  a certain  
p o in t since th e  same, o r even a som ew hat higher, energy is pum ped  
in to  th e  high-pressure accum ulato r b y  the fuel pum ps, as is in jected  
d irectly  in to  th e  cylinder by  m echanical in jec tio n  pum ps. A servo- 
system  has to  prov ide add itio n a l co n tro l energy and  requ ires pum ps 
and  tubing. T he system  as a w hole com prises h igh-perform ance 
m ultip le  e lec tron ic  con tro lle rs and m o n ito ring  m odules w hich 
ensure and m ain ta in  overall system  reliability .

3. ELECTRONIC INJECTION FOR THE FUTURE
It can be  said th a t  e lec tron ic  in jec tion  is p a rticu larly  ind ica ted  

w henever its  p erfo rm ance exceeds th a t o f  th e  corresponding  
m echanical system . This will h appen  to  an increasing e x te n t in the 
fu tu re .

3.1 Injection independent o f  wear
The in jection  nozzle, how ever con tro lled , in co rp o ra tes  parts  

subject to  wear. However, w here each cylinder has its.ow n e lec tron ic  
con tro l system , it will be possible to  circum vent the  w ear prob lem  
w ith in  certain  lim its. W hat is im p o rtan t is the  developm ent o f  a 
system  w hich  feeds in fo rm ation  on  th e  com bustion  p rocess in the  
various cy linders in to  th e  e lec tron ic  con tro lle r w hich  is ideally 
suited to in itia te  soph istica ted  co n tro l action .

T he cylinder p ressure is a t p resen t m easured  by ind ica to rs, and 
exhaust gas tem p era tu re  b y  therm om eters . I t  will n o t be long before 
sensors in the co m bustion  spaces o f  each cylinder signal tem pera tu res 
and pressures d irec tly , feeding th em  in to  the  e lec tro n ic  con tro lle r as 
co m p u ta tio n a l variables. In jec tio n  will th en  be p e rfe c t desp ite  w ear 
on  th e  nozzles.

needle valve 
monitoring

cooling water supply 
and return

from servo vaive 
control port "B"

from servo valve 
control port "A"

fuel supply

pilot valve 

for leakage fuel
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A rm ature  of 
torque motor
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f r h !3

B eg inn ing of 

opera tion

P Pressure port 
B R Return port 

A ,B  Control port 
( to in je c tio n  valve 
an d /o r p ilo t va lve)

p m

FIG  14 Schematic drawing depicting the operating method of the 
two-stage servo-valve

AipEB injection retardation 
FIG 15 Operating values as a function of injection commencement

3.2 Thermal and mechanical loads can he controlled
T hus th e  effec t o f  w ear can be correc ted  b y  an e lec tro n ic  

system  b u t th ere  are o th e r  param eters  th a t  undergo  changes. Mis­
givings abou t th e  h ea t release ra tes o f  d iffe ren t fuel grades and  how  
th e  engine can be m atched  to  d iffe ren t service co n d itio n s will be 
dispelled w hen each engine cylinder is capable o f  signalling how , 
and  w ith  w h at effec t, its  co m bustion  process is p ro ceed ing ; and 
w hen its in jec tion  is co n tro lled  accordingly.

O ne possib ility  w ould  be to  have a m eter d e term in ing  th e  w ork  
done by  each cylinder. O n th e  s treng th  o f  these d a ta , th e  con tro lle r 
th en  equalises th e  o u tp u t  o f  the  various cy linders b y  setting  the 
p rogram m ed m axim um  pressure in each.

Again, tem p era tu re  sensors in the  co m bustion  cham ber and  
exhaust-gas m an ifo ld  m ight m o n ito r  fu n c tio n s  th a t  could  becom e 
dangerous fo r the  engine.

T he o rd e r o f  co n tro l p rio rity  is a su ffic ien tly  low  co m p o n en t 
tem p era tu re  and a n o t to o  high ign ition  p ressure ; th en  a co rrec tly  
ind ica ted  o u tp u t  and  a n o t to o  low ignition  pressure. T o le rance  bands 
are acceptable ; if a cy linder can no  longer be  o p e ra te d  w ith in  th e  
p rese t lim its, an alarm  is sounded  and o u tp u t  reduced.

F o r such an engine, no  cetane num bers (w hose usefulness is 
lim ited  anyw ay) w ould  have to  be ascerta ined  to  m atch  th e  engine 
to th e  fuel grade. I t w ou ld  be  able to  cope w ith  low -su lphur fuels 
since co n tro l w ould  be  according to  th e  tem p era tu re  a t the 
com bustion  space surface.

3.3 Pollution
O rdinarily , h u m an  in terv en tio n  in such a system  w ou ld  on ly  be 

necessary if, fo r instance, env ironm en ta l p o llu tio n  w ere  a t issue. T he 
im pact o f  in jec tion  variation  on en v iro n m en ta l p o llu tio n  is show n in 
Fig 15. In each case the  tu rbocharg ing  system  w as op tim ally  
m atched  to th e  opera ting  po in ts. T hese values w ere o b ta in ed  on  a 
m edium -speed one-cy linder engine eq u ip p ed  w ith  an e lec tron ic  
in jection  system .

W ith the  ex h au st d isco lo u ra tio n  rem aining u n ch anged , NO can 
be substan tia lly  reduced  b y  varying the  in jec tio n  p o in t. T he 
higher fu e l co nsum ption  rem ains accep tab le  since it rises on ly  while 
the  ship is n o t a t sea.

In conclusion  it  m ay be said th a t e lec tro n ic  in jec tio n  is n o t only  
an o th er decisive step to w ard s a diesel engine w ith  o p tim u m  
in jection  and com bustion  effic iency b u t also m axim ises eco n o m y  b y  
au tom atica lly  m atch ing  the engine to  env iro n m en ta l conditions. 
W ith such a system  the  foreseeable fu tu re  m ay  be viewed 
optim istically .
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Discussion
MR E. BRIGHT CEng, FIMarE (G ulf C hartering  and M arine 
Services L td ):
Everyone here is fully aware o f  the deteriorating quality o f fuel supplied 
today as m arine bunkers, and any organisation devoting research and 
effo rt to  im prove equipm ent and  ensure a m ore efficient m eans o f 
burning this fuel is to  be com plim ented.

1 have personal association  with this project and know  o f the 
huge am ount o f  work done and som e o f  the d isappointm ents 
encountered; including my own at not being able to have this equ ip­
ment fitted to my C om pany’s latest contract with the engine builders. 
H ow ever, I can assure you that at all tim es during  out discussions on 
this con trac t, M AN have been com pletely honest and eventually 
convinced me that electronic injection would have to wait until the 
next co n trac t, (if there  is one), to enjoy the advantages o f  this 
sophisticated  equipm ent.

The fact that fuels are becom ing m ore expensive m ust now be 
accepted by all, and the problem s o f  continually  deteriorating  
com bustion  qualities m ust also be accepted. It has been seriously 
suggested to the Industry that in future it may be necessary to segregate 
d ifferent deliveries o f  fuel on b oard , but it will not be as easy as it 
sounds. T herefore , we will be forced to burn mixed grades o f 
bunker deliveries.

W ith existing m echanical equ ipm ent, even by m odifying propeller 
design a round  anticipated  operating  conditions and using the newer 
design injection pum ps, we still have an im perfect condition in many 
ranges o f  opera tion  and if this electronic equipm ent will help attain  
a higher degree o f  perfection  in com bustion , it must be seriously 
considered.

It would be im possible fo r me at this tim e to  question the m athe­
m atical conclusions in this paper, know ing the am ount o f research 
carried  ou t. To be able to  run the test engine successfully at loads 
dow n to one sixth o f  the rated  speed is a trem endous advantage, 
especially on a slow -steam ing charter.

I have only tw o questions:
(1) Is the  tw o-stage servo-valve the final accepted design?
(2) W hen is the equipm ent anticipated  to  be ready for a 

production engine? I would suggest that serious consideration 
should  be given by the m anufactu re rs to the retrofit o f this 
equipm ent (when it com es in to  production) based on the 
probab le cost against the actual savings.

Finally, w ithout wishing to  prejudice the paper, a colleague o f  mine 
owns a very expensive G erm an-m anufactured  m otor car fitted with 
electronic injection (I m ight add he is in the financial departm ent 
and  not the technical d epartm en t!). He recently had com bustion 
problem s, the cause o f  which took the m anufacture rs two weeks to 
locate, and the  repair cost three per cent o f  the value o f  the car.

I trust our friends in A ugsburg will give this serious thought before 
going in to  p roduction .

MR R.P. HOI.BROOK, CEng, FIMarE (Lloyd’s Register o f Shipping): 
I found the pap er especially interesting, particu larly  in the context o f  
po o r quality  fuels and the  problem s they are increasingly likely to 
pose in the fu tu re.

O ne aspect w hich m ust concern m arine engineers is the enhanced 
corrosion and combustion residue build-up in gas passages, or spurious 
o pera tion  during  m anoeuvring  when the engine fails to sta rt. It may 
be accepted th a t the  slow speed m arine diesels operating  on steady 
load at about the designed M CR will not be troubled  too much with 
these future fuels. The main difficulties appear to  occur during periods 
o f  part load opera tion  on heavy residual fuels. In the past, this could 
be avoided by switching to distillate fuels during m anoeuvring or part 
load operation. However, to bum these heavy residual fuels successfully 
demands a high fuel supply temperature. The fine engineering tolerances 
in the fuel pum ps and injectors have to be m aintained at the norm al 
operating tem perature. Switching to distillate fuels causes either severe 
gassing in the fuel system , if the tem pera tu re  is not reduced quickly 
enough, o r possible sticking o f  fuel pum p plungers and injector 
needles, if the tem peratu res are lowered.

W ould the au th o r care to com m ent on w hether the principle o f 
electronically-controlled injection will be effective in influencing the 
efficiency o f  com bustion over the whole range on heavy residual fuels, 
thereby avoiding som e o f  the effects experienced during part load 
operation ; o r, w hether the principle could be extended to a dual fuel 
a rrangem ent w hen, fo r exam ple, a particu lar ship requires frequent 
m anoeuvring or part load opera tion .

Looking tow ards the fu tu re , do you see that we may ultim ately 
reach a stage where sh ips’ engineers will simply pour a small sam ple 
o f  bunkered  fuel into a  m icro-chip analyser which, in tu rn , will be 
linked to  an engine com bustion  con tro l com puter to regulate all the 
param eters au tom atically .

It has yet to be proved w hether electronic injection will be the 
solution for som e or all o f  the problem s facing the diesel engine. 
H ow ever, any m ethod which m ay con tribu te  to  their efficiency and 
reliability m ust be fully evaluated .
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FIG D1 S ulzer type fuel in jection pum p; doub le-contro lled , 
constant beginning of in jection.

t

FIG D2 Double-controlled injection pum p w ith  V IT  m echanism
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DR M .K. EBERLE (Sulzer Bros.):
I fully agree with the au th o r abo u t the desirability  o f  contro lling  
maximum firing pressure in order to minimize specific fuel consumption. 
I certainly appreciate the concluding remark, that quite  a bit o f  contro l 
can be achieved by m echanical m eans.

Sulzer in the early sixties in troduced for its tow -speed, tw o-stroke 
diesel engines the double-contro lled  valve pum p. The beginning o f  
delivery is determined by the closing of the suction valve and terminated 
by the opening o f  the spill valve. By the use o f  tw o independent valves 
fo r the con tro l o f  fuel delivery, various arrangem ents fo r the  tim ing 
o f  the injection m ay be achieved.

RN D , RND-M  as well as RL type engines (the la tter up to  spring 
1980) were operated  with constan t beginning fuel injection (Fig D l).

Responding to  the  extrem e increase in fuel prices, Sulzer early in 
1980 introduced the VIT (variable injection tim ing) m echanism , which 
allows the m ain tenance o f  m axim um  firing pressures dow n to  engine 
loads o f  approxim ately  85 per cent (propeller law), im proving brake 
specific fuel consum ption  by roughly one per cent at loads between 
85 and 90 per cent (Figs D2, D3). At low loads, injection is retarded 
and a sm oother engine opera tion  is possible, again with an im prove­
m ent in specific fuel consum ption .

The necessary variation in suction and spill valve tim ing is achieved 
by a  sim ple and reliable m echanism  linked through  a built-in  cam to 
the governor’s load setting (Fig D4).

Hence, the fuel injection timing (com bustion pressure) and  the  fuel 
delivery to the in jectors (determ ined by the tim ing d ifference o f  both 
valves) are contro lled  load dependently .

A separate lever o f  the VIT-mechanism allows for a m anual ad ju s t­
m ent o f  the fuel injection tim ing — the  “ fuel quality  se tting”  — the 
au tom atic  tim ing device (cam ) alw ays being engaged.

fum ing  heavier fuels can result in an ignition lag and, consequently, a 
d rop  in m axim um  com bustion  pressure which increases the fuel 
consum ption . W hile the engine is runn ing , the com bustion  pressure 
can easily be ad justed  to  its norm al perm issible value by a  simple

FIG D5 P erfo rm an ce  curves of 6RLB90 engine: 2940 k w /c y l  
(400 b h p /c y l) a t 102 re v /m in  (p ropeller law )
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FIG D3 Im p ro ve m e n t in specific  fu e l consum ption  due to  V IT

FIG D4 V ariab le  In jec tion  T im in g  m echanism

read justm ent o f  the fuel quality  lever tow ards earlier ignition. 
C onsequently , the fuel consum ption  is lowered to  its best possible 
value. The sam e lever can be used in o rder to com pensate fo r changed 
am bient conditions.

T ogether with any sim ple com bustion  pressure ind ica to r, the 
reliable V IT-m echanism  gives the chief engineer on board  the 
flexibility to  cope with all kinds o f  low quality  fuels and to  run  his 
engine autom atically  at the lowest possible fuel consum ption .

The next step would be to  m on ito r the cylinder pressures on-line, 
taking in to  account engine load and speed, and  set the separa te  lever 
autom atically. Based on the Sulzer experience with engine diagnostics, 
this would be relatively sim ple. Fig D 5 show s the perfo rm ance o f  a 
RLB90 engine, applying VIT.

In the  early seventies Sulzer began designing a  system w hich can 
be controlled either electronically or hydraulically: the company prefers to 
call these systems tim e-controlled. The electronically-controlled system 
was opera tional in 1976 and  during  the last couple o f  years was used 
on a single-cylinder, low -speed, tw o-stroke diesel engine with a 
bore o f  760mm and a speed o f 120 rev /m in ; quite a bit o f  fuel testing 
was done with this engine.

Originally, it was hoped that particularly at low loads, specific fuel 
consumption would be improved on account o f  increased fuel injection 
pressures. The question was raised , w hether the d ifferen t shape o f  
the  fuel pressure trace before in jecto r m ight influence specific fuel 
consum ption .

C om paring  the engine perfo rm ance d a ta  ob ta ined  with both  fuel 
injection system s, conventional and  tim e-con tro lled , indicated no 
d ifference in specific fuel consum ption  at full load  m aintain ing  
m axim um  firing pressures. A lso, there was hardly  an im provem ent 
found  at part load . W ith the extrem ely accurate  fuel m etering o f  a 
positive displacement pum p as used for the Sulzer low -speed engines, 
low-speed runn ing  is not a problem  which w ould ask fo r a tim e- 
contro lled  injection system .

Based on these findings, together with the possibilities o f  the 
double-contro lled  fuel pum p equipped with V IT, for the  tim e being 
the com pany is not going into electronics fo r the purpose o f  fuel 
in jection . In the future, however, it is not outruling a tim e-controlled 
fuel injection system , particu larly  in its hydraulically-contro lled  
version, fo r fuels such as coal slurries.
I would like to ask a few questions:

(1) In Fig. 2 o f  the paper an extremely high spread o f  the m axi­
m um  firing pressures on account o f  d ifferen t fuel qualities 
is show n. My com pany is still doing quite a bit o f  test work 
w ith d ifferen t fuel qualities, but has not been able to  find 
anything com ing close to  the  d a ta  ind icated . W ould  the 
a u th o r be kind enough to  provide som e analysis d a ta  o f 
the fuels investigated?

(2) H ow  does one com pare  the reliability  o f  the  new system 
with th a t o f  the conventional system?

Trans I M arE  (TM ), 1981, VoI 93, Paper 4 53



(3) D oes M A N  sell its low-speed engines today  depending on 
electronically-controlled fuel injection alone?

(4) H ow  do  engine costs com pare betw een electronically con­
tro lled  fuel in jection  and the conventional system?

MR A .J.S . BAKER CEng, FIMarE:
I congra tu la te  the au th o r fo r a progressive advance in the develop­
m ent o f  the oil engine. H ow ever, I am surprised th a t m ore has not 
been m ade o f  the potential use o f  electronic control to tailor the shape 
o f  the  heat release diagram  in the com bustion cham ber, since the 
author’s colleague. Dr W oshni’s studies (including three zone m odelling 
o f  heat release d iagram s) has hinted strongly tha t this rou te  o ffers a 
po tential way to  im proved therm al efficiency.

I assum e th a t th is m ust be under consideration  at A ugsburg, and  
ask how  th is m ight be done with the  system described by the au tho r 
since his w ork indicated th a t som e o f  the  poor fuels arriving on the 
m arine b unker m arket could well respond significantly to  optim ised 
rate o f  in jection , as well as m odifica tion  to  injection phasing.

W ould the first engine to  be sold with the new fuel injection system 
be equipped w ith a  fuel-pum p cam shaft?  C learly, the  cost saved by 
om itting  the  splendid M A N  cam shaft and its associated equipm ent 
m ust go a long way to  offsetting  the  difference in costs o f  the old 
and  new system s.

MR R.C. HASLAM JONES BSc, CEng. MIMarE (Blue Star Line Ltd).
Firstly , why not use a single constan t fuel pressure which would 

dispense with the need to  control the fuel pressure according to  engine 
load, and  rem ove a  control loop from  a system which already appears 
to have to  overcom e a large num ber o f  problem s?

Secondly, the scavenge air pressure is not used as a measured variable 
fo r con tro l, and I would ask the au th o r to com m ent on the  reasons 
fo r not including the m easurem ent o f  this variable, w hich could be 
used to  give a m ore precise fuel to air ra tio , despite the  predictability  
o f  scavenge pressure in softw are, and  the knowledge that the scavenge 
air pressure does fall o f f  in service fo r a num ber o f  reasons.

T hird ly , the  fuel valve d iffers considerably  from  those th a t m arine 
engineers are  m ore fam iliar w ith. W ould the  au th o r describe the 
m ethods envisaged fo r testing and  m aintain ing  the fuel valve on 
board the ship, where it would appear that a complex testing procedure 
w ould be requ ired  under skilled supervision?

I understand  th a t the crankshaft position resolver m easures the 
c rankshaft position  to  w ithin one th ird  o f  a degree. The unit which 
is fu rthest from  the resolver will tend , under load , to deflect the 
crankshaft by m ore than  one degree relative to  the  m easuring point. 
I w ould like to  know  how  m uch consideration  was given to  this and 
how  the  c rankshaft tw isting is com pensated  for in the fuel valve 
tim ing.

I would also like to  know how the fuel pressure in the accum ulator 
is established p rio r to  starting  the  engine.

Finally, 1 understand that about five per cent o f  the fuel consumption 
o f  a  conventional engine is used in driving the  tim ing gears and the 
cam shaft. H as all o f  this five per cent been absorbed in driving the 
fuel pum ps o f  th is new engine, o r, has a saving been m ade, and 
appeared  as a reduction  in fuel consum ption?

Author's Reply___________________
I than k  the con trib u to rs  for their interesting questions, which shall 

be answ ered in o rder o f  subject since som e o f  them  deal with the 
sam e areas.

The first production engines were put into operation on the testbed 
in November this year. The first engine is still based on the conventional 
injection system  w hereas the  second one features a purely electronic 
injection system . This answ ers in part the question as to w hether an 
older engine with a conventional injection system can be refitted  
with an electronic injection system: such a refit is technically 
possible.

The existing fuel injection pum ps do the work o f  the high-pressure 
pum ps o f  the electronically  contro lled  engine and fill the high- 
pressure accum ulator with the p roposed pressure. From  the 
high-pressure accum ulator up to the nozzle orifices everything is the 
sam e as with purely electronic in jection . H ow ever, such a conversion 
requires a great deal o f  design w ork and  equipm ent. This confines 
app lication  to  engine types built m ore frequently  than  o thers and 
indicates the  as yet little chance in term s o f  deadlines.

M A N  have engines with a m echanical injection system  as well as 
engines with an electronic injection system in their production  
program m e. The form er are identified by the letters KSZ and the latter 
by the letters KEZ. Il is taken for granted that the dem and for engines 
with purely electronic injection will rise quickly as the quality  o f  fuels 
deteriorates.

T he tw o-stage flow con tro l servo valve has been thoroughly  tested 
with a view to  the  purpose fo r which it is to be used. Its tw o ou tpu ts

contro l tw o independent valves so as to  increase th e  redundancy  o f  
the system. A fter longer engine shu tdow n , the high-pressure 
accum u la to r 'is  charged by m eans o f  a separa te , sm all, high-pressure 
pum p.

This process only takes a few m inutes and the engine can be 
started thereafter. The power consum ption  o f  the engine-driven high- 
pressure pum ps is m ore o r less the  sam e as th a t o f  norm al injection 
pum ps. It is m ore likely to  be higher than  lower because m ore energy 
is m ade available to  the  in jection  system , especially at p a rt loads.

High reliability o f  electronic in jection  is ensured  by the  use o f 
proven com ponents for both the m echanical and the electronic system. 
The electronic system m onitors itself and the response to  the electronic 
pulses transm itted. Provision has been m ade for adequate redundancy. 
A product as reliable as th is canno t be any cheaper. O n the  w hole, 
the  costs o f  electronic injection thus canno t be any low er th an  those 
o f  m echanical in jection . H ow ever, the  decisive po in t is th a t, in term s 
o f  contro llab ility  o f  the injection process and  ad ap tab ility  to  varying 
fuel grades, the  capacity  o f  an electronic in jection  system  is very 
high.

The fuel grades sta ted  in the paper, which have a  w ide range o f  
d ifferent com bustion  properties, do not fea tu re  any eye-catching 
peculiarities in the usual analysis values. C etane num bers, etc, were 
not sta ted . The au th o r does no t believe th a t it will be possible in 
fu tu re to  analyse the com bustion  p roperties o f  a  fuel w ith sufficient 
accuracy by m eans o f  an  au tom atic  device.

It will therefore be im possible to  m atch  the  electronic con tro l 
system o f  an engine to such values. T he au th o r agrees with the 
opin ion  expressed by a previous speaker that it will be possible with 
the  electronically-controlled injection system  in fu tu re  to  m onito r 
on-line the cylinder pressures an d , tak ing  in to  account engine load 
and speed, to  set the  injection com m encem ent au tom atica lly . This 
process will lead to  the engines responding au tom atica lly  to  the 
com bustion  characteristics o f  the  fuel. A t th e  m om ent this 
ad justm ent is still m ade by the  op era to rs  w ho vary  th e  injection 
com m encem ent o f  the  electronic in jection  system s in accordance 
with com bustion  pressure and tem pera tu re  readings.

A great advantage o f  the electronic in jection  system  is the  ability 
to  influence heat release. This is done, on the  one h an d , by optim al 
m atching o f  the pressures available in the precham ber o f  the nozzles 
and , on the o ther, by add itional pressure variation  during  injection. 
W ith electronic in jection , the  pressure in the  in jection  nozzles is 
higher than  with a  purely m echanically-contro lled  in jection  system . 
This facto r alone results in a  som ew hat lower fuel consum ption , as 
atom isation  is m ore efficient. W ith the  m aterials o f  the m echanical 
com ponents being exposed to  the  sam e stresses, m ore energy can 
also be m ade available in the  precham ber o f  the  nozzle at full load , 
th is being the reason why the  consum ption  figures m easured  at full 
load during  the  tests were low er than  the  ones w ith an optim ised 
m echanical injection system.

Especially in part-load operation , the great advantage o f  electronic 
injection with a  constant-pressure system an d  con tro llab le  pressure 
in this system comes to  bear. Owing to  the aforem entioned availability 
o f  higher energy, fuel atom isation  is be tter w ithin the  en tire  engine 
service range and , consequently , the  desire to  have one set o f  nozzles 
for full-load opera tion  and  an o th er one fo r slow steam ing is less 
p ronounced . Since the  pressures rem ain  w ithin lim its w ith a 
constan t-p ressure injection system , even sta rting  on incorrec tly  p re ­
heated  fuel does not involve any m echanical h azards. M oreover, the 
high-pressure accum ulator and the pipes dow nstream  o f  it can be 
tracer-heated  with relative ease. C onsequen tly , p ier-to-p ier operation  
with an electronically-controlled, constan t-p ressure in jection  system , 
on heavy fuel oil, has even better characteristics th an  a  conventional 
system .

THF. CHAIRMAN, Mr H.E. TUNE, CEng, FIMarE (Blue Star Line 
Ltd) sum m ed up as follows:
F rom  the present p lateau  m uch yet rem ains to  be done in the  field. 
M r H afner has, how ever, said th a t his first engines in operational 
service will be com ing along within the year and  very obviously 
much has been done already. It is clear that we are approach ing  at 
least technical availability  o f  practicable electronic in jection .

Dr Eberle has m ade his poin ts on the  po ten tia l o f  established 
m echanical injection system s fo r fu rth er developm ents in injection 
m odulation  and  we will have o u r op tions. F rom  th a t po in t cost 
effect m ay be expected to  assum e the im m ediate  significant role.

F or the  m edium  term  presum ably , in M r H a fn e r’s ow n claim , 
electronic injection will con tinue to  be no cheaper. “ B etter”  
how ever m ay becom e its principal recom m endation  if  the  po tential 
advantages he forecasts becom e over-rid ing  fac to rs in helping us 
tow ards the u ltim ate in reliable econom ic opera tion  on th e  poo rer 
fuels as these m ay com e along.

In the event I th ink  we can all agree at least a t this stage th a t this 
is a m ost significant area  o f  developm ent and with the  p o ten tia l in 
every sense fo r m ajo r con tribu tion  to  o u r fo rw ard  p rogress. M r 
H afner and his colleagues are to  be congra tu la ted  on the w ork that 
has been done.
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