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1. SIlMMARY AND CONCLUSIONS 

The o i l  i ndus t ry  and motor manufacturers,  a r e  cu r ren t ly  f ac ing  a  
number of  i s s u e s  assoc ia ted  wi th  d i e s e l  engines f o r  road t r a n s p o r t :  

( a )  The growth i n  the  use of d i e s e l  v e h i c l e s l f u e l s  i s  r a i s i n g  
concern about t h e  l e v e l  of p a r t i c u l a t e  emissions and t h e  
poss ib l e  e f f e c t s  of d i e s e l  exhaust on pub l i c  hea l th .  

(b )  Fur the r ,  t h e  t rend towards conversion i n  o i l  r e f i n e r i e s  and 
changing crude d i e t s  w i l l  a l t e r  t h e  na ture  of t h e  components 
used t o  blend d i e s e l  f u e l s .  These changes i n  
composition/characteristics could a f f e c t  gaseous, 
p a r t i c u l a t e  and noise  emissions from d i e s e l  engined 
veh ic l e s .  

(c) The automotive manufacturing indus t ry  i s  confronted wi th  
inc reas ing ly  severe r e s t r i c t i o n s  on exhaust emissions and 
engine noise .  

This  r e p o r t  d i scusses  t h e  inf luence  of d i e s e l  f u e l  c h a r a c t e r i s t i c s  
on emissions and performance, wi th  p a r t i c u l a r  emphasis on t h e  
e f f e c t  of changing f u e l  p r o p e r t i e s  on exhaust emissions. However, 
owing t o  t h e  known highly complex n a t u r e  of  t h e  i n t e r a c t i o n  between 
engines and d i e s e l  f u e l  and t h e  f a c t  t h a t  more than one f u e l  
property can be l inked  t o  emissions,  t h e  r epor t  d i scusses  
indi.vidua1 emissions spec ie s  i n  conjunct ion with t h e  range of f u e l  
p r o p e r t i e s  known t o  in f luence  those emissions. 

I n  order  t o  compile t h i s  r e p o r t ,  CONCAWE s tudied  over 40 published 
papers ,  from va r ious  sources,  and a l s o  included da ta  from a s  y e t  
unpublished o i l  indus t ry  research .  The r e s u l t s  recorded he re  have 
been obtained from cur ren t  production engines and i t  i s  p o s s i b l e  
t h a t  engines designed t o  meet more s t r ingen t /  emissions l e g i s l a t i o n  
w i l l  e x h i b i t  much lower v a r i a b i l i t y  i n  the i~ : ' emiss ions  performance. 
Nevertheless ,  e x i s t i n g  d i f f e rences  i n  engine design and ope ra t ing  
condi t ions  have a  s i g n i f i c a n t  i n f luence  so t h a t ,  w h i l s t  emissions 
t r ends  can be i d e n t i f i e d ,  i t  i s  not  poss ib l e  t o  quant i fy  f u e l  
e f f e c t s  abso lu te ly .  

Some examples of t h e  bene f i c i a l / adve r se  impact of key f u e l  
p r o p e r t i e s  on engine performance a r e  given below: 

- Reduced cetane number can inc rease  NO gaseous HC,  HC smoke 
X '  

and noise  emissions; however, increased cetane number might 
have an adverse e f f e c t  on p a r t i c u l a t e s ,  CO and b lack  smoke 
emissions due t o  the  reduced a i r / f u e l  mixing p r i o r  t o  
i g n i t i o n .  

- Increased v i s c o s i t y  can r e s u l t  i n  higher  NO emissions bu t  
X 

w i l l  decrease p a r t i c u l a t e s .  



- Lowered genera l  v o l a t i l i t y  l e v e l s  w i l l  i nc rease  NOx 
emissions. A more v o l a t i l e  f r o n t  end w i l l  i nc rease  gaseous 
HC emissions. However, i nc reas ing  mid b o i l i n g  p o i n t s  w i l l  
i nc rease  HC smoke. 

- Increased dens i ty  (e.g. v i a  h igher  aromatic  contents )  w i l l  
e f f e c t  p a r t i c u l a t e s  and exhaust smoke unfavourably unless  
the  maximum f u e l  de l ive ry  i s  c o r r e c t l y  s e t .  However, a t  the  
same time, increased dens i ty  l e v e l s  w i l l  lower t h e  
volumetr ic  f u e l  consumption i n  a  d i e s e l  engine. 

- increased n-paraff in content  r e s u l t s  i n  higher  cetane number 
and improved i g n i t i o n ,  but  decreases low temperature 
o p e r a b i l i t y .  During cold s t a r t i n g  of a  d i e s e l  veh ic l e ,  
cranking and white  smoke tend t o  inc rease  wi th  reduced 
cetane number. Cold s t a r t i n g  t e s t s  show t h a t  engine design 
is  an important f a c t o r .  

- S a t i s f a c t o r y  low-temperature o p e r a b i l i t y  can be  provided by 
t h e  f u e l  CFPP spec i f i ed  f o r  i nd iv idua l  marketing a reas .  
Proper veh ic l e s '  f u e l  system des ign  providing good 
low-temperature o p e r a b i l i t y  can br idge  un typ ica l  occurrences 
of abnormally cold weather condi t ions  and thus  avoid over ly  
r e s t r i c t i v e  f u e l  low-temperature flow l i m i t s .  

- Excessive p i n t l e  nozzle fou l ing  has  occas ional ly  been 
repor ted .  The p r e c i s e  mechanism f o r  t h i s  phenomena i s  
unclear  but  i t  i s  thought t o  poss ib ly  r e s u l t  from 
unfavourable i n j e c t o r  design o r  environment andlor  extremely 
uns t ab le  f u e l s .  Fouling causes inc rease  no i se ,  hydrocarbon 
emissions and/or  white  smoke. 

These examples demonstrate t h a t  the  r e l a t i o n s h i p  between f u e l  
p r o p e r t i e s  and engine performance necessa r i ly  r e s u l t  i n  c o n f l i c t i n g  
requirements ,  depending upon ind iv idua l  engine design. This 
exp la ins  why changes i n  t h e  p r o p e r t i e s  of d i e s e l  f u e l s  have only a  
small  inf luence  on exhaust emissions,  p a r t i c u l a r l y  when compared 
wi th  t h e  in f luence  of cu r ren t  engine design and ope ra t ing  
condi t ions .  I n  p r a c t i c e  t h e  d i f f e r e n c e s  i n  emissions obtained with 
commercial f u e l s  w i l l  be even sma l l e r  than those  ind ica t ed  i n  t h i s  
paper s i n c e  o t h e r  performance requirements have t o  be s a t i s f i e d .  

The Task Force concluded t h a t  t h e r e  is  cons iderable  l i t e r a t u r e  
a v a i l a b l e  which descr ibes  and exp la ins  most a spec t s  of the  e f f e c t  
of engine design and f u e l  on t h e  emissions and performance on 
d i e s e l  engines. This  weal th of information i s  s u f f i c i e n t  t o  
e s t a b l i s h  an adequate t echn ica l  p o s i t i o n  on t h i s  sub jec t  a t  t h i s  
time, al though growing i n t e r e s t  i n  p a r t i c u l a t e  emissions may 
s t imula t e  t h e  need f o r  f u r t h e r  i n v e s t i g a t i o n s .  



OBJECTIVE 

(a) To 
kno 

prepare an i n t e r n a l  b r i e f i n g  paper summarising c u r r e n t  
:dge of t h e  r e l a t i o n s h i p  between d i e s e l  f u e l  

c h a r a c t e r i s t i c s  and emissions. 

(b) To i d e n t i f y  any f u r t h e r  work necessary t o  e s t a b l i s h  an 
adequate t e c h n i c a l ' p o s i t i o n  on t h e  sub jec t .  



NITROGEN OXlDES 

Nitrogen oxides a r e  formed i n  combustion systems by t h e  r eac t ion  of 
n i t rogen and oxygen a t  high temperatures.  Clear ly ,  s i n c e  t h e  
maximum emission from d i e s e l  engines i s  s i g n i f i c a n t l y  lower than 
t h e  equi l ibr ium concent ra t ion  expected from combustion temperatures 
of 1500-2000°C, equi l ibr ium i s ,  i n  f a c t ,  never a t t a i n e d .  Indeed, 
t he re  i s  evidence t h a t  t h e r e  is  i n s u f f i c i e n t  t ime a v a i l a b l e  f o r  
equi l ibr ium t o  be reached i n  a  r ec ip roca t ing  i n t e r n a l  combustion 
engine. In  add i t ion ,  t he re  may be l i t t l e  oxygen a v a i l a b l e  i n  the  
r eac t ion  zone. There i s  a l s o  evidence t h a t  t h e  r a t e  of quenching 
due t o  expansion by p i s ton  motion i s  s u f f i c i e n t  t o  f r eeze  the  
r e a c t i o n  a t  whatever va lue  of n i t rogen oxides  has  been a t t a i n e d .  In  
view of the  mechanism of formation of n i t rogen oxides  we would not  
expect f u e l  p r o p e r t i e s  t o  have much inf luence  on t h e i r  formation. 
On t h e  o the r  hand, i t  would be expected t h a t  engine design could 
g r e a t l y  a f f e c t  t h e  formation of n i t rogen oxides,  mainly through t h e  
f u e l - a i r  mixing process.  

The in f luence  of f u e l  p r o p e r t i e s  on n i t rogen  oxide emission was 
examined ( 3 )  i n  engine t e s t s  us ing  n ine  f u e l s  having varying cetane 
numbers and v o l a t i l i t y ,  inc luding  ignition-improved f u e l s .  I n  these 
t e s t s  f u e l  v o l a t i l i t y  was found t o  have no e f f e c t  on n i t rogen 
oxides emission, but  decreasing t h e  ce tane  number from 54 t o  44 
gave up t o  20% inc rease  i n  n i t rogen oxides emission. I n  engines 
equipped wi th  d i s t r ibu to r - type  pumps an e f f e c t  of v i s c o s i t y  was 
observed, a  low-viscosity f u e l  g iv ing  s u b s t a n t i a l l y  reduced 
emissions compared wi th  a  high-viscosi ty f u e l .  This  was shown t o  be 
due t o  t h e  e t f e c t  of v i s c o s i t y  on i u e l  i n j e c t i o n  timing ( i . e .  
re ta rded  i n j e c t i o n  timing reduces n i t rogen  oxides emission) 

S imi lar  t r ends  a r e  reported i n  References ( I  and 4) .  I n  t h i s  l a t t e r  
work, a  s h i f t  of t en  ce tane  numbers (52 t o  42) increased  t h e  
percentage of n i t rogen  oxides emissions by an amount s i m i l a r  t o  
t h a t  e s t ab l i shed  i n  (3 )  above. The in f luence  of i g n i t i o n  q u a l i t y  on 
n i t rogen  oxides emissions has a l s o  been observed i n  
Reference (5) but  not  i n  Reference ( 6 ) .  Bench engine t e s t s  (2) 
suggest t h a t  v a r i a t i o n s  i n  MO a r e  l inked  more c l o s e l y  t o  aromatic 

X content than t h e  ce tane  number ( i g n i t i o n  d e l a y ) ,  s i n c e  us ing  
i g n i t i o n  improvers had no e f f e c t .  

Although References ( 3  and 6)  d id  not  f ind  any inf luence  of 
v o l a t i l i t y  ( i . e .  h igher  85% po in t )  on n i t rogen oxides emissions, 
such t rends  a r e  reported i n  (1) i n  which l e s s  v o l a t i l e  f u e l s  gave 
lower n i t rogen  oxides. It i s  bel ieved t h a t  t h i s  i s  because the  more 
i n v o l a t i l e  f u e l s  r e s t r i c t  t h e  e f f e c t i v e n e s s  of pre-mixing during 
the  delay period.  However, t h i s  'advantage'  i s  i n  d i r e c t  c o n f l i c t  
with t h e  inf luence  of v o l a t i l i t y  on t h e  product ion of whi te  smoke 
following cold s t a r t  ( see  Sect ion 7 ) .  



Differences  i n  s p e c i f i c  r a t e s  of NO emissions i n  excess of 140% 
were observed (7 )  between two direc? i n j e c t i o n  turbocharged engines 
opera t ing  on t h e  same f u e l  i n  the  US 13 mode t e s t .  More recent  work 
(8) showed t h r e e f o l d  d i f f e rences  i n  NO emissions (measured i n  
g/lcw.b) between s i x  n a t u r a l l y  a s p i r a t e 8  engines opera t ing  on one 
f u e l  i n  both  t h e  US Federal  and European 13 mode t e s t  (see Appendix). 
Further ,  NO emissions from D 1  engines a r e  more s e n s i t i v e  than from 
I D 1  enginesXover a g r e a t e r  p a r t  of t h e  loadlspeed map. 

The evidence provided by a l l  re ferences  l eads  t h e  Task Force t o  
conclude t h a t  changes i n  f u e l  p r o p e r t i e s  have only a minor 
inf luence  on t h e  emission of n i t rogen oxides  when compared with t h e  
inf luence  o t  engine design and ope ra t ing  condi t ions .  



CARBON MONOXIDE 

Carbon monoxide i s  formed during the  combustion of hydrocarbons 
when i n s u f f i c i e n t  oxygen is  a v a i l a b l e  f o r  complete combustion t o  
carbon dioxide.  I n  an automotive d i e s e l  engine, where t h e r e  i s  no 
t h r o t t l i n g  of t h e  a s p i r a t e d  a i r  and, where even a t  f u l l  load t h e r e  
i s  approximately 20% excess a i r  a v a i l a b l e ,  t h e  d i e s e l  engine 
produces only low concent ra t ions  of carbon monoxide. The carbon 
monoxide t h a t  i s  generated is  a measure of t h e  incompleteness of 
mixing of t h e  f u e l  and a i r  during combustion. 

I n  view of t h i s ,  i t  might be expected t h a t  the  f u e l  p r o p e r t i e s  
which inf luence  t h e  mixing and combustion of t h e  f u e l ,  e.g.  
v o l a t i l i t y  and ce tane  number, might a l s o  inf luence  t h e  emission of 
carbon monoxide. The r e s u l t s  of t e s t s  (3)  on a d i r e c t  i n j e c t i o n  
engine indica ted  t h a t ,  a t  higher speeds,  t he re  was no s i g n i f i c a n t  
d i f f e r e n c e  i n  carbon monoxide emissions between two f u e l s  having 
ce tane  numbers and mid-boiling po in t s  of 541268°C and 4311YO'C: 
respec t ive ly .  A t  i d l i n g  speeds however, t h e  lower ce tane ,  more 
v o l a t i l e  f u e l  gave a mean reduct ion i n  emissions of about 15%. In  
another  d i r e c t - i n j e c t i o n  engine, increas ing  t h e  cetane number of a 
f u e l  from 42 t o  60 by an i g n i t i o n  improver a d d i t i v e  gave s i m i l a r  
i nc reases  i n  t h e  carbon monoxide emission a t  low loads  bu t  gave 
reduced emissions a t  high load.  These r e s u l t s  i n d i c a t e  t h a t  f u e l  
i g n i t i o n  q u a l i t y  can inf luence  carbon monoxide emission and t h a t  
i n  some cases ,  t h e  higher  the  ce tane  number ( t h a t  i s ,  the  s h o r t e r  
t h e  i g n i t i o n  de lay ) ,  t h e  h igher  t h e  carbon monoxide emission. This 
i s  i n  l i n e  wi th  l a t e r  comments on black-smoke emission. I t  i s  t o  be 
expected t h a t  carbon monoxide and black smoke emissions trom t h e  
d i e s e l  engine a r e  r e l a t e d  because o t  t h e i r  dependence on t h e  
completeness o t  mixing and combustion. 

However, engine design and opera t ing  condi t ions  have a major 
in t luence  on carbon monoxide emission, and i n  t e s t s  conducted (3)  
wi th  one f u e l  on s i x  d i f f e r e n t  engines the  emissions were found t o  
range from 0.014-0.05% volume a t  low load t o  0.09-4.5% volume a t  
maximum load. Moreover, i t  would appear t h a t  engine design and 
opera t ing  condi t ions  a l s o  inf luence  t h e  response t o  f u e l  p r o p e r t i e s  
i n  r e spec t  of carbon monoxide emissions. Driving an i n d i r e c t  
i n j e c t i o n  passenger ca r  on a cyc le  s i m i l a r  t o  ECE 15 ind ica t ed  t h a t  
carbon monoxide emissions were not  inf luenced by f u e l  v o l a t i l i t y ,  
a s  expressed by t h e  mid-boiling poin t .  Such emissions were, 
however, inf luenced t o  a minor ex ten t  by cetane number. I n  t h i s  
case the  f u e l s  of lower i g n i t i o n  q u a l i t y  (45 ve r sus  58 ce tane  
number) gave the  higher  emissions. This  t rend  was a l s o  noted i n  
References (4 and 8 ) .  

These r e s u l t s  a r e  i n  agreement with o t h e r  f indings .  The Task Force 
concludes t h a t  t h e  i n h e r e n t l y  very low l e v e l s  of carbon monoxide 
emissions a r e  only marginal ly a f f ec t ed  by f u e l  p r o p e r t i e s  when 
compared with t h e  in f luence  o t  engine design and opera t ing  
condi t ions .  (For example see Appendix). 



HYDROCARBONS 

Some important hydrocarbon emissions - white smoke, b lue  m i s f i r e  
smoke and p a r t i c u l a t e s  - w i l l  be d e a l t  wi th  i n  Sec t ions  7 ,  8 and 9. 
I n  t h e  following paragraphs we w i l l  only d i scuss  gaseous emissions. 
'There a r e  i n d i c a t i o n s  t h a t  both ce tane  number and f u e l  v o l a t i l i t y  
in f luence  hydrocarbon emissions. References (1, 2 ,  3 and 5)  suggest  
t h a t  lowering cetane number inc reases  hydrocarbon emissions. The 
e f f e c t  i s  non-l inear  so t h a t  lowering cetane number has  only a 
marginal e f f e c t  on hydrocarbon emissions u n t i l  a threshold  va lue  i s  
reached. This  va lue  is engine dependent but  i s  est imated t o  l i e  i n  
t h e  low 40 ' s  f o r  most cu r ren t  production engines i n  Europe ( f o r  
example r e fe rence  1) .  

References ( 3  and 4) i n d i c a t e  t h a t  f u e l s  wi.th a more v o l a t i l e  f r o n t  
end ( i . e .  approaching U.S. l e v e l s )  may lead t o  increased  hydrocarbon 
emissions p a r t i c u l a r l y  a t  l i g h t  load. Reference (4) a l s o  sugges ts  
t h a t  higher  f i n a l  b o i l i n g  po in t  f u e l s  i nc rease  hydrocarbon emissions. 
This  t rend  with l e s s  v o l a t i l e  f u e l s  has  been confirmed f o r  d i r e c t  
i n j e c t i o n  engines by some recent  (unpublished) work conducted by 
one member of t h e  Task Force but ,  i n  t h e  same s tudy,  no c o r r e l a t i o n  
could be round between v o l a t i l i t y  and hydrocarbon emissions f o r  
i n d i r e c t  i n j e c t i o n  engines. However, o t h e r  work (2)  has  ind ica t ed  
s i m i l a r  v o l a t i l i t y  e f f e c t s  f o r  both  D1 & ID1 engines,  p a r t i c u l a r l y  
under l i g h t  load opera t ions .  I n  Reference ( 6 )  higher  85% poin t  
f u e l s  showed increas ing  o r  decreasing hydrocarbon emission l e v e l s  
depending upon t h e  t e s t e d  engine. References (1  and 6) emphasise 
t h a t  engine design and loadlspeed condi t ions  have a s i g n i f i c a n t  
i n f luence  on hydrocarbon emissions. The apparent ly  c o n f l i c t i n g  (and 
complex) t r ends  out l ined  above a r e  discussed a s  fol lows:  

The heterogeneous na ture  of d i e s e l  combustion leads  t o  wide l o c a l  
v a r i a t i o n s  i n  equivalence r a t i o  and mixture temperature i n  t h e  
combustion chamber. The formation of hydrocarhon emissions i s  
t h e r e f o r e  a Localised process  and i s  highly dependent on loadlspeed 
condi t ions .  Four modes of hydrocarbon formation can he r e a d i l y  
envisaged: 

( a )  Localised pockets of f u e l  r i c h  mixture; 

(b) Localised pockets of f u e l  pre-mixed t o  a condi t ion  l eane r  
than the  lean l i m i t  of combustion; 

(C)  Fuel en te r ing  t h e  chamber too l a t e  t o  f u l l y  p a r t i c i p a t e  i n  
combustion; 

(d)  Fuel unavai lab le  f o r  combustion due t o  w a l l  wet t ing  and 
quench zones. 

the  engine designer  s e t s  out  t o  avoid over-r ich mixtures ,  wal l  
wet t ing  and l a t e  i n j e c t i o n  by optimizing t h e  i n j e c t i o n  and a i r  f u e l  
mixing processes.  However f u e l s  with high end p o i n t s  w i l l  tend t o  
exacerbate t h e  e f f e c t  of any over-r ich zones by f u r t h e r  impair ing 
mixing. Addi t ional ly ,  heav ie r  f u e l s  w i l l  tend t o  encourage over 
pene t r a t ion  of t h e  spray causing wa l l  wet t ing  and consequent poor 
mixing. 



It has  been demonstrated t h a t  t h e  r e s i d u a l  volume of f u e l  i n  t h e  
sac  o t  multi-hole i n j e c t o r s  i s  blown out  i n t o  t h e  combustion 
chamber l a t e r  i n  t h e  expansion s t r o k e  and t h a t  t h i s  f u e l  has  a 
s i g n i f i c a n t  i n f luence  on t o t a l  hydrocarbon emissions ( l ) .  The 
i n j e c t i o n  of t h i s  f u e l  may be propel led  by high v o l a t i l i t y  
components which "bo i l  o f f "  so t h a t  high v o l a t i l i t y  gas o i l s  could 
increase  hydrocarbon emissions from t h i s  source ( 9 ) .  Modern 
i n j e c t o r  designs f e a t u r e  minimised sac  volumes but  complete 
e l iminat ion  of t h e  sac  poses s t r u c t u r a l  and geometric problems i n  
nozzle design. P i n t l e  nozzles  f i t t e d  t o  I D 1  engines do not  
incorpora te  a s a c ,  so t h a t  t h i s  phenomenon does not  f e a t u r e  a s  an 
emissions problem f o r  I D 1  power u n i t s .  However, both D 1  and I D 1  
engines can s u f f e r  from secondary i n j e c t i o n  ( i . e .  a momentary 
reopening of t h e  nozzle a f t e r  t h e  designed f u e l  de l ive ry  i s  
complete). This  source of hydrocarbon emissions a p p l i e s  
p a r t i c u l a r l y  t o  engines equipped with poorly tuned i n j e c t i o n  
systems ope ra t ing  a t  high engine speed. 

It  can be argued t h a t  t h e  genera t ion  of hydrocarbon emissions from 
pockets of over-lean mixture i s  r e l a t e d  t o  reduct ions  i n  cetane 
number. Longer i g n i t i o n  de lays  al low more pre-mixing ( a l b e i t  with 
more f u e l  i n  t h e  chamber) so t h a t  pockets  of over-lean mixture can 
be formed. This  i s  supported by evidence t h a t  the  u s e  of  i g n i t i o n  
improvers reduces emissions. Reference (1) quotes  work by Lucas - 
CAV which concludes " i n  i n d i r e c t  i n j e c t i o n  engines t h e  ' l e a n  l i m i t '  
source of hydrocarbons i s  a major cont r ibutor" .  This  i s  i n  
agreement wi th  Reference ( 3 )  which p o i n t s  out  t h a t ,  a t  high speed, 
t h e  r a t e  of a i r  motion i n  t h e  i n d i r e c t  i n j e c t i o n  engine i s  very 
rap id .  Under these  condi t ions  i t  i s  poss ib l e  t h a t  fue l - a i r  mixing 
proceeds so quickly  and so thoroughly t h a t  'some of t h e  mixture i s  
too weak f o r  combustion'. Reference ( 4 )  sugges ts  t h a t  more v o l a t i l e  
f r o n t  end f u e l s  produce t h e  same ' l e a n  l i m i t '  e f f e c t  by promoting 
'improved' a i r  f u e l  mixing. 

Although some f u e l  c h a r a c t e r i s t i c s  can be c o r r e l a t e d  with 
hydrocarbon emissions t h e i r  inf luence  needs t o  be put  i n  
perspec t ive .  I n  Reference (1) regress ion  a n a l y s i s  of  emission t e s t s  
conducted on 13  f u e l s  i n  t h r e e  engines ind ica t ed  t h a t  d i s t i l l a t i o n  
c h a r a c t e r i s t i c s  had no s i g n i f i c a n t  e f f e c t .  The same re fe rence  
quotes  an i n v e s t i g a t i o n  of  cetane number in f luence  on fou r  engines. 
A reduct ion i n  ce tane  number from bO t o  40 increased hydrocarbon 
emissions by approximately 35% f o r  two engines,  28% f o r  a t h i r d  
engine,  wh i l s t  t h e  remaining power u n i t  showed a marginal reduct ion  
i n  hydrocarbon emissions. Of much g r e a t e r  s i g n i f i c a n c e ,  however, 
was t h e  v a r i a t i o n  i n  hydrocarbons emit ted by t h e  four  engines. A t  
> U  cetane number two of t h e  engines were producing over  t h r e e  t imes 
t h e  hydrocarbons emit ted by the  ' b e s t '  power u n i t .  Other work 
quoted i n  t h e  same re fe rence  and i n  References ( 6 ,  8 and Appendix) 
confirms t h a t  engine design i .nfluences hydrocarbon emissions t o  a 
g r e a t e r  ex ten t  than the  changes i n  f u e l  c h a r a c t e r i s t i c s  envisaged 
i n  Europe. 



SULPHUR DIOXIDE 

The sulphur p resen t  i n  automotive gas o i l  w i l l ,  on combustion wi th  
a i r ,  form sulphur oxides and most of these  gases  w i l l  b e  emit ted 
from t h e  exhaust a s  sulphur dioxide. The emission of sulphur oxides 
i s  d i r e c t l y  p ropor t iona l  t o  t h e  f u e l  sulphur content  and i s  a 
maximum a t  engine f u l l  load condit ions.  Fuel sulphur content  w i l l  
a l s o  in f luence  p a r t i c u l a t e  su lphate  content  (See Sec t ion  9 ) .  



WHITE AND BLUE SMOKES 

The d i s t i n c t i o n  between white  and blue smokes is mainly one of 
d rop le t  s i z e ,  t h e  d r o p l e t s  i n  white  smoke being gene ra l ly  g r e a t e r  
than l p ,  and those i n  b lue  smoke mainly l e s s  than 0 . 4 ~ ,  i n  
diameter,  the  l a t t e r  appearing b lue  owing t o  g r e a t e r  l i g h t  
s c a t t e r i n g  a t  s h o r t e r  wavelengths. These smokes a r e  mainly t h e  
r e s u l t  of the  condensation of f u e l  vapour with cooling of t h e  
exhaust ,  though i t  i s  poss ib l e  t h a t  white  smoke can inc lude  f u e l  
d r o p l e t s  which have not  evaporated. Tes t s  with a  cold smoking 
engine have shown t h a t  both t h e  residence time and t h e  temperature 
i n  t h e  exhaust system can in f luence  t h e  appearance of t h e  smoke. 
Increas ing  time o r  decreasing temperature can change t h e  colour  
from blue t o  white.  Analysis has shown t h a t  t h e  smokes a l s o  conta in  
products of p a r t i a l  combustion, such a s  aldehydes, which g ive  these  
ae roso l s  a  pungent odour and lachrymatory e f f e c t ,  and t h a t  b lue  
smoke produced from f u l l y  warmed-up engines a t  p a r t  load can 
conta in  polynuclear  aromatic  hydrocarbons i n  concent ra t ions  s i m i l a r  
t o  those i n  black smoke (3). 

White and blue smokes a r e  evidence of absence of combustion o r ,  a t  
b e s t ,  only p a r t i a l  combustion of  t h e  i n j e c t e d  f u e l .  The emission of 
white  and blue smoke i s  very dependent on engine design. The 
prolonged emission of white  and, subsequently, b lue  smoke following 
s t a r t i n g  i s  gene ra l ly  a s soc ia t ed  wi th  d i r e c t  i n j e c t i o n  engines and 
a p p l i e s  p a r t i c u l a r l y  t o  those power u n i t s  with r e l a t i v e l y  low 
compression r a t i o s .  The f u e l  p r o p e r t i e s  which in f luence  the  
emission of such a e r o s o l s  a r e  those  which a r f e c t  t h e  vapor i sa t ion  
and i g n i t i o n  of t h e  f u e l .  White smoke is  the re fo re  decreased by 
decreasing mid-boiling po in t  o r  by increas ing  ce tane  number of t h e  
f u e l .  I n  f a c t ,  an empir ica l  simple l i n e a r  equat ion conta in ing  these  
terms can desc r ibe  t h e  performance of a  f u e l  i n  t h i s  r e spec t  but  
not  necessa r i ly  any s p e c i f i c  eng ine l fue l  combination i ,3). 

Unfortunately, t h i s  concept i s  complicated by t h e  c o n f l i c t i n g  f u e l  
c h a r a c t e r i s t i c s  i t  presents .  The ease  of i g n i t i o n  of a  f u e l  
genera l ly  inc reases  wi th  inc reas ing  n-paraf f in  molecular weight. A s  
a  consequence t h e  combination of high ce tane  number and low 
mid-boiling po in t  i s ,  t o  some ex ten t ,  incompatible.  Even t h e  use of 
i g n i t i o n  improvers i s  only a  p a r t i a l  s o l u t i o n  s i n c e  t h e  
e f f e c t i v e n e s s  of t hese  a d d i t i v e s  i s  considerably reduced under cold 
engine condit ions.  This  means t h a t  igni t i .on improved ce tane  number 
i s  not  equiva lent  i n  cold performance t o  n a t u r a l  ce tane  number. 
Furthermore, those f u e l s  which manage t o  combine high ce tane  number 
and low mid-boiling poin t  have a  low volumetr ic  energy content .  The 
s e l e c t i o n  of a  ' b e s t '  f u e l  from both engine performance and 
emissions viewpoints  i s  t h e r e f o r e  a  mat te r  of compromise. 

Fuels can in f luence  t h e  b lue  smoke r e s u l t i n g  from m i s f i r e  i n  high 
speed engines by changing t h e  ex ten t  of the  m i s f i r e .  Mis f i r e  can be 
p a r t i c u l a r l y  acu te  i n  c e r t a i n  types of smal l ,  high speed, 
separate-chamber engines but i t  can a l s o  occur i n  small ,  high 
speed, d i r e c t - i n j e c t i o n  engines. One reason why t h i s  p a r t i c u l a r  



problem is more severe  i n  separate-chamber engines may we l l  be 
because of t h e  marked degree of c y c l i c  d i spe r s ion  of combustion 
exhib i ted  by t h i s  type of engine under marginal combustion 
condit ions.  Because of t h i s ,  combustion may take  p lace  on one cyc le  
but  not  on t h e  next .  The d i r e c t - i n j e c t i o n  engine,  on t h e  o t h e r  
hand, i s  much more r egu la r  i n  i t s  opera t ion  and, consequently, i f  
condi t ions  do not  r e s u l t  i n  combustion on one cyc le  i t  i s  un l ike ly  
t h a t  combustion w i l l  take p l ace  under the  same condi t ions  on 
subsequent cyc les .  The exac t  cause of m i s f i r e  i s  not  f u l l y  
understood but t h e r e  is  evidence t h a t  i t  may be  r e l a t ed  t o  poor 
flame spread i n  weak f u e l - a i r  mixtures.  The separate-chamber 
engine, a t  high speeds, has  a very rap id  a i r  movement i n  t h e  
combustion chamber, and when only small  q u a n t i t i e s  of  i u e l  a r e  
m j e c t e d  i t  i s  poss ib l e  t h a t  f u e l - a i r  mixing i s  so rap id ,  and s o  
thorough, t h a t  some o i  t h e  mixture formed i s  too weak f o r  
combustion ( 3 ) .  



BLACK SMOKE 

The greater part of the fuel in a diesel engine, following 
ignition, is burnt in a high-pressure turbulent diffusion flame. 
The formation of soot (or soot precursors) is characteristic of 
ciitfusion flame combustion and films of diesel engine combustion 
clearly show much white or yellow radiation, characteristic of 
incandescent particles, at all diesel engine operating conditions. 
At low tuel inputs, with smoke-tree exhaust, the radiation 
disappears early in the engine cycle when temperatures are still 
high. At high fuel inputs, with smoking exhausts, the radiation 
persists, changing to orange and red as cooling takes place during 
expansion. This expansion, due to piston movement, leads to 
quenching ot the combustion products and thus the soot formed at 
high loads is emitted in the exhaust products. The soot in black 
diesel smoke is similar in structure and composition to soot 
emitted from diffusion flames in other combustion systems, for 
example, industrial burners and laboratory diffusion flames. 
Black-smoke emission from all diesel engines increases with 
increasing fuel input, and thus the maximum power output ot an 
engine is ultimately limited by the intensity of the smoke 
emission. 

At high engine power the chemical and physical properties of fuels 
might be expected to intluence smoke formation through the effects 
ot hydrocarbon composition and mixing on carbon tormation in 
tlames. Experimental work has shown that fuels of difterent 
molecular structure differ markedly both in the extent to which 
they produce smoke in diffusion flames and in the amount of 
pre-mixed air that they require for the suppression of carbon 
formation. However, because diesel tuels are complex mixtures ot 
different hydrocarbon molecules containing from 10 to 25 carbon 
atoms, it is not practicable to describe the composition in 
chemical terms. Instead, fuels are specified by certain measured 
properties; tor example, cetane number and volatility. While these 
properties are important to other aspects of diesel engine 
performance they are not necessarily directly related to smoking 
tendency. Figure 1, (3 ) ,  is an illustration of how the cetane 
number and composition of a fuel can influence smoke emission at 
constant load in a direct-injection engine. This shows that with 
entirely paraffinic fuels, i.e. fuels of inherently low and similar 
smoking tendencies, decreasing cetane number reduces smoking. This 
is due to the eftect of ignition delay on the mixing of fuel and 
air in the combustion chamber. The lower the cetane number of the 
tuel, the longer the ignition delay. Thus with fuels of low cetane 
number the extent of pre-mixing before combustion is increased, 
thereby increasing the quantity of fuel burnt as a pre-mixed flame 
and smoke is only formed in pre-mixed flames with grossly rich 
mixtures. 

Black smoke emissions for fuels having the same cetane number but 
varying composition follow the pattern of soot propagation from 



l abora tory  d i f f u s i o n  flames i n  t h a t  aromatic hydrocarbons 
( p a r t i c u l a r l y  di-nuclear aromatics)  give more smoke than p a r a f f i n s .  
The increased use of conversion products i n  the  automotive gas  o i l  
pool can a f f e c t  both composition and cetane number. The in f luence  
of t h i s  t rend on soo t  formation is the re fo re  complex - lowered 
cetane numbers w i l l  reduce black smoke emissions (i . .e.  decrease 
d i f f u s i o n  combustion) w h i l s t  increased aromatic  contents  w i l l  
produce more soot  i n  t h e  s h o r t e r  d i t t u s i o n  combustion phase. 

Var i a t ions  of f u e l  v o l a t i l i t y ,  e i t h e r  m i d  b o i l i n g  po in t  o r  hack end 
v o l a t i l i t y ,  appear i n  genera l  t o  have l i t t l e  i n t luence  on b lack  
smoke emissions,  though i n  some s p e c i f i c  s t u d i e s  c o r r e l a t i o n  of 
b lack  smoke with v o l a t i l i t y  has been observed (2) .  In  o the r  
i n s t ances  t h e  apparent e f f e c t  of f u e l  v o l a t i l i t y  has been due t o  
changes i n  hydrocarbon composition ( 3 ) .  

I n  p r a c t i c e  t h e  scope f o r  reduct ion  of b lack  smoke emissions 
through f u e l  changes is  l imi t ed  by t h e  o f t e n  c o n f l i c t i n g  
requirements of o the r  a spec t s  of performance and t h e  n a t u r e  of 
components a v a i l a b l e  from conversion processes.  For example, 
aromatic  hydrocarbons i n  an automotive gas  o i l  confer  increased 
volumetr ic  c a l o r i f i c  va lue  w h i l s t  a  f u e l  containing a  l a r g e  
propor t ion  of s t r a i g h t  cha in  p a r a f f i n s  would e x h i b i t  poor cold 
temperature o p e r a b i l i t y  and a  lower volumetric c a l o r i f i c  value.  

Fuel i n j e c t i o n  equipment i s  b a s i c a l l y  a  volume metering system and 
thus d i f f e rences  i n  f u e l  dens i ty  can inf luence  mass f u e l  i n p u t ,  
engine power output and smoke emissions. A s  a  r e s u l t  an automotive 
gas o i l  of high dens i ty  w i l l  tend t o  give more smoke and power i n  
add i t ion  t o  any d i f f e r e n c e s  i n  i t s  inherent  smoking propens i ty .  
'Yhis t rend  i s  noted i n  a l l  t h e  re ferences  bu t ,  a s  r e fe rence  (6) 
p o i n t s  o u t ,  i f  pump d e l i v e r i e s  a r e  ad jus ted  t o  g ive  equal  power 
then t h e  v a r i a t i o n  i n  smoke emissions between f u e l s  of d i f f e r i n g  
d e n s i t i e s  i s  sharp ly  decreased. 

Diese l  engines equipped with d i s t r ibu to r - type  ( r o t a r y )  i n j e c t i o n  
pumps can show a d d i t i o n a l  f u e l  e f f e c t s  on black-smoke emission. The 
metering of t h e  f u e l  i s  inf luenced by f u e l  v i s c o s i t y  and i n  some 
des igns  v i s c o s i t y  can a t f e c t  f u e l  i n j e c t i o n  timing. This  i s  
re levant  a s  both f u e l  q u a n t i t y  and timing inf luence  smoke emission 
(3,4 and 8 ) .  For example, measurements of f u e l  de l ive ry  of a  
d i s t r i b u t o r  pump wi th  f u e l s  having a  range of v i s c o s i t i e s  from 1 .6  
t o  7 .5  cSt a t  40°C have shown t h a t  t h e  volumetr ic  d e l i v e r y  was 13% 
higher  with t h e  most v iscous  f u e l .  I n  add i t ion  t o  t h e  volume 
inc rease ,  t h e  h igh-viscos i ty  f u e l  would a l s o  have a  dens i ty  about 
Y X  higher ,  g iv ing ,  i n  t o t a l ,  an inc rease  of over 20% i n  mass 
de l ivery .  This  f a c t o r  a lone  w i l l  markedly inf luence  black-smoke 
emissions,  i r r e s p e c t i v e  of d i f f e r e n c e s  i n  t h e  inherent  smoking 
q u a l i t y  of t h e  f u e l .  However, i n  t h i s  type of i n j e c t i o n  pump an 
oppos i te  e f f e c t  is a l s o  observed i n  t h a t  increased v i s o s i t y  
advances the  s t a r t  o t  i n j e c t i o n .  This timing change w i l l ,  i n  
genera l ,  reduce smoke emission. The timing can be advanced by some 
6" crank angle when f u e l  v i s c o s i t y  i s  increased  from 1.6 t o  7 .5  cSt  (3) .  



Figure 1 Relation between black smoke emission and ignition 
quality for fuels ot ditferent volatility and hydrocarbon 
composition in a D1 engine at constant load. 
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PARTICULATES 

The term p a r t i c u l a t e s  wi th  r e spec t  t o  exhaust gases,  a s  defined by 
t h e  US EPA, embraces a l l  f i l t e r a b l e  ma te r i a l  obtained from an 
exhaust d i l u t e d  wi th  a i r  down t o  a  temperature below 5Z°C. Thus 
p a r t i c u l a t e s  a r e  composed of carbonaceous ma te r i a l  on which 
hydrocarbons a r e  condensed and adsorbed. The a spec t s  o t  f u e l  
q u a l i t y  which in f luence  p a r t i c u l a t e  emissions a r e  aromatic content  
and high back end v o l a t i l i t y  (12). 

The propor t ion  by weight of t h e  so lub le  organic f r a c t i o n  of a  
p a r t i c u l a t e  sample i s  highly dependent upon opera t ing  condi t ions  
and can be a s  high a s  85% a t  low t o  in termedia te  loads  and a s  low 
a s  5X a t  i u l l  load (9,  10).  The propor t ion  of so lub le  hydrocarbons 
i n  a  p a r t i c u l a t e  sample i s  a l s o  s t rong ly  engine dependent. 
Reference (10) quotes propor t ions  of 60% and 5% over a  composite 
Federal 13 mode cycle  t o r  a  2- and 4-stroke d i e s e l  engine 
r e spec t ive ly .  Tota l  p a r t i c u l a t e s  tend t o  be high under low and high 
load condi t ions  due t o  condensed hydrocarbons and carbon 
r e spec t ive ly  and reach a  minimum value  a t  some in termedia te  
condit ion.  

The so lub le  f r a c t i o n  of p a r t i c u l a t e s  is of major importance due t o  
t h e  presence of p o t e n t i a l l y  carcinogenic polycycl ic  aromatic  
compounds, PAH. However i t  has never been s a t i s t a c t o r i l y  
e s t ab l i shed  whether t h i s  ma te r i a l  can be ex t r ac t ed  i n  an a c t i v e  
ram with in  t h e  human body (22) .  

There is a l s o  considerable i n t e r e s t  a t  p re sen t  i n  the  r o l e  played 
by f u e l  composition i n  determining t h e  chemical composition, and 
s p e c i f i c a l l y  t h e  b io -ac t iv i ty  of d i e s e l  exhaust p a r t i c u l a t e s .  
Current da ta  (9) sugges ts  t h a t  a  small  propor t ion  o t  t h e  PAH 
present  i n  the  f u e l  con t r ibu te s  d i r e c t l y  t o  p a r t i c u l a t e  PAH but  
t h a t  a d d i t i o n a l  PAH a r e  produced during t h e  combustion process.  The 
p o t e n t i a l  f o r  PAH emissions i f  a l l  f u e l  PAH remained unmodified 
during t h e  combustion process  i s  f a r  higher  than t h a t  a c t u a l l y  
measured. A s  a  consequence, engine malfunctions (such a s  secondary 
i n j e c t i o n )  could g r e a t l y  inc rease  t h e  PAH emission burden v i a  t h e  
unburned f u e l .  

Fuel sulphur content  i n f luences  p a r t i c u l a t e s  composition (4)  i n  
t h a t  increas ing  f u e l  sulphur content  has  a  pro-rata  e f f e c t  on 
p a r t i c u l a t e  su lphate .  I n  t h i s  s tudy between 1  t o  5% of t h e  f u e l  
sulphur was converted t o  su lphate .  According t o  Reference (4) t h i s  
is " typ ica l  f o r  d i e s e l  engi.nes with no c a t a l y t i c  exhaust post  
treatment". 



The Task Force concluded t h a t ,  although t h e r e  i s  a c o r r e l a t i o n  
between automotive gas o i l  composition and p a r t i c u l a t e  emission, 
t h e r e  i s  i n s u f f i c i e n t  cu r ren t  d a t a  t o  compare any inherent  f u e l  
e f f e c t  with the  in t luence  of engine design. Reference (8) subjected 
e i g h t  engines t o  t h e  13 mode t e s t  (both European and U.S. Federal  
modes) and c l e a r l y  i d e n t i t i e d  engine design a s  a  major v a r i a b l e  f o r  
p a r t i c u l a t e  emissions l e v e l s .  These emissions,  measured i n  g1kW.h 
va r i ed  between 0 . 2 1  and 1.34 i n  t h e  European mode and 0 .33  and 1.58 
under U.S. t e s t  condi t ions  ( see  Appendix). 

Lhe cu r ren t  Ricardo 'Future  Diese l  Fuels '  P ro jec t  w i l l  b e  s tudying 
these  e f f e c t s  (along wi th  a l l  o t h e r  a spec t s  of engine performance) 
and t h i s  programme is i n  p a r t  sponsored by a  number of members of 
CONCAVE. This  work, i n  conjunct ion with o t h e r  published s t u d i e s  
should provide r e l evan t  da t a .  



NOISE GMISSIONS 

The combustion noise  emissions of a  d i e s e l  engine a r e  e s s e n t i a l l y  
inf luenced by t h e  cetane number of t h e  f u e l  (1  and 11) .  Reference 
(11) a l s o  showed t h a t  t h e r e  was no evidence t o  suggest t h a t  any 
o the r  automotive gas o i l  property inf luenced combustion knock. Both 
r e fe rences  i n d i c a t e  t h a t  changes i n  i n j e c t i o n  timing in f luence  t h e  
s e n s i t i v i t y  or  engines t o  changes i n  i g n i t i o n  q u a l i t y  ( i . e .  
advancing i n j e c t i o n  timing inc reases  s e n s i t i v i t y )  and Reference (1) 
shows t h a t  engine design a l s o  in t luences  t h i s  s e n s i t i v i t y .  
References (1 and 11) suggest  t h a t  increas ing  cetane numbers above 
50 provides only marginal b e n e f i t  i n  terms or  noise  reduct ion  and 
(11) i n d i c a t e s  t h a t  reducing ce tane  numbers t o  45 should not  c r e a t e  
unacceptable inc reases  i n  no i se  emissions, e s p e c i a l l y  'drive-by'  
no i se  where t h e  e f f e c t  of changing ce tane  number i s  much l e s s  
not iceable .  



INJECTOR FOULING 

I n  genera l ,  t h e r e  w i l l  be l i t t l e  scope f o r  improving performance i n  
d i e s e l  engines which a r e  opera t ing  t o  manufacturers '  design 
parameters.  However, depos i t s  bu i ld  up t o  a  g r e a t e r  o r  l e s s e r  
ex ten t  i n  a l l  engines,  and i n  f u e l  i n j e c t o r s  i n  p a r t i c u l a r ,  and 
engine performance may then be a f f e c t e d .  The l e v e l  of depos i t  bu i ld  
up w i l l  depend on many parameters inc luding  veh ic l e  opera t ion ,  
maintenance, engine design and f u e l  c h a r a c t e r i s t i c s ,  and may 
manifest i t s e l f  through changes i n  noise ,  emissions ( inc luding  
smoke), f u e l  economy and power. 

There a r e  two types of d i e s e l  engine which need t o  be considered. 
F i r s t ,  t h e r e  i s  t h e  i n d i r e c t  i n j e c t i o n  (IDI) d i e s e l  engine,  so 
c a l l e d  because f u e l  i s  i n j e c t e d  inco a  pre-chamber where i g n i t i o n  
occurs and t h e  combustion then spreads  t o  t h e  main chamber. These 
engines a r e  mainly used f o r  small  high speed a p p l i c a t i o n s  such a s  
passenger c a r s  and l i g h t  vans. They a r e  designed f o r  f u e l  economy 
r e l a t i v e  t o  t h e  gasol ine  engine, bu t  low n o i s e  and performance a r e  
a l s o  important.  The second type o t  engine is  t h e  d i r e c t  i n j e c t i o n  
(DI) ve r s ion ,  i n  which t h e  f u e l  is sprayed d i r e c t l y  i n t o  and 
i g n i t e d  i n  t h e  main combustion chamber. These engines a r e  used f o r  
medium and l a r g e  t rucks  and o f f e r  high power output  and good f u e l  
economy r e l a t i v e  t o  t h e  I D 1  engine but  they a r e  considerably 
n o i s i e r .  

I n  I D 1  engines t h e  type of f u e l  i n j e c t i o n  nozzle commonly employed 
i s  t h e  "p in t l e "  nozzle.  This  i s  designed t o  give low no i se  by 
c o n t r o l l i n g  f u e l  flow during t h e  e a r l y  s t a g e s  of needle l i f t  ( t h e  
s o  c a l l e d  ' p r e - l i f t '  o r  'overlap '  r eg ion) .  The s i z e  of the  annular  
c learance  i n  the  over lap  zone i s  c r i t i c a l  t o  t h e  combustion 
c h a r a c t e r i s t i c s  of t h e  engine - too l a r g e  a  gap al lows excessive 
premixed burning,  high cy l inde r  p re s su re  r i s e  and p o t e n t i a l  
incomplete combustion of t h e  main charge. Nozzle fou l ing  in f luences  
t h i s  i n i t i a l  slow r a t e  of i n j e c t i o n  a s  d e p o s i t s  tend t o  form i n  t h e  
p r e l i f t  po r t ion  of t h e  i n j e c t o r .  

I n j e c t o r  manufacturers have recognised f o r  many yea r s  t h a t  some 
degree of fou l ing  is bound t o  occur.  This  tends t o  happen f a i r l y  
e a r l y  i n  t h e  l i f e  of t h e  nozzle and t h e r e a f t e r  the  condi t ion  
s t a b i l i s e s .  A s  a  consequence the  tendency has been t o  f i t  nozzles  
wi th  s l i g h t l y  oversized p r e l i t t  c l ea rances  so t h a t  the  optimum flow 
i s  achieved once t h e  depos i t  l e v e l  has  p la teaued.  

It should again be emphasised t h a t  i n j e c t o r  fou l ing  i s  not  new. 
However, i n  r ecen t  yea r s  t h e r e  have been a  number of r e p o r t s  from 
t h e  United S t a t e s  which i n d i c a t e  t h a t ,  wi th  some f u e l s ,  depos i t  
formation does n o t  s t a b i l i s e  but  cont inues  t o  inc rease  u n t i l  t h e  
p r e l i f t  c learance  is completely l o s t .  Engine manufacturers a r e  now 
sugges t ing  t h a t  i s o l a t e d  in s t ances  of t h i s  condi t ion  have been 
encountered i n  Europe. 



Performance problems do not  appear t o  manifest  themselves u n t i l  the  
p r e l i f t  c learance  i s  completely, o r  near ly  completely, blocked. 
This  de lays  t h e  s t a r t  of i n j e c t i o n  and t h e  r e s u l t a n t  f u e l  l i n e  
p res su re  r i s e  inc reases  t h e  i n j e c t i o n  r a t e  once f u e l  begins t o  
flow. A s  a  r e s u l t  t h e  r a t e  of cy l inde r  pressure  r i s e  inc reases ,  
with a  consequent impact on engine noise.  The re ta rded  timing 
e f f e c t  a l s o  has  an impact and l eads  t o  an inc rease  i n  hydrocarbon 
emissions andlor  white  smoke. Because t h i s  condi t ion  only 
inf luences  f u e l  i n j e c t i o n  i n  t h e  p r e l i f t  region t h e  e f f e c t  i s  
minimised under high speed, high load condit ions.  

The mechanism f o r  p i n t l e  nozzle fou l ing  i s  n o t  f u l l y  understood. 
There a r e  i n d i c a t i o n s  t h a t  t h e  depos i t s  a r e  e s s e n t i a l l y  products  of 
combustion but  why such depos i t s  should continue t o  be  l a i d  down 
under c e r t a i n  circumstances i s  f a r  from c l e a r .  Some i n v e s t i g a t i o n s  
conducted i n  t h e  United S t a t e s  suggested t h a t  f u e l  s t a b i l i t y  might 
inf luence  the  coke depos i t  mechanism (16). However, a t tempts  t o  
r e l a t e  the  phenomenon t o  f u e l  q u a l i t y  a spec t s ,  such a s  ce tane  
number, aromatic content ,  v o l a t i l i t y ,  s t a b i l i t y  and carbon r e s idue  
have been gene ra l ly  unsuccessful .  There a r e  a l s o  i n d i c a t i o n s  t h a t  
mechanical s o l u t i o n s  t o  t h i s  in-serv ice  problem may e x i s t .  For 
example, t h e  ' f l a t t e d '  i n j e c t o r  needle apparent ly  not  only avoids  
excessive depos i t  formation but  a l s o  permits  c l o s e r  ' t un ing '  t o  t h e  
optimum flow r a t e  a s  i t  i s  l e s s  s e n s i t i v e  t o  any i n i t i a l  depos i t  
build-up. 

Ln D 1  engines the  simple hole-type nozzles  can experience ex te rna l  
depos i t s  which p e r i o d i c a l l y  build-up and then break--off.  General ly,  
they have l i t t l e  e f f e c t  on performance unless  t h e  condi t ion  becomes 
s o  severe  t h a t  t h e  depos i t s  i n t e r f e r e  wi th  t h e  spray p a t t e r n .  
Lacquering and gum may a l s o  form on t h e  needles  and s e a t  w i th in  t h e  
i n j e c t o r .  Then the  needles  may s t i c k  o r  t h e  nozzles  may no longer 
c lose  t i g h t l y .  I f  so ,  f u e l  w i l l  l eak  through and cause excess ive  
coking around and i n  t h e  ho le s ,  which u l t ima te ly  r e s u l t s  i n  a  poor 
spray p a t t e r n ,  i n e f f i c i e n t  combustion and a  d e t e r i o r a t i o n  i n  f u e l  
economy and performance ( inc luding  smoking). Such seve re  
degradat ion of nozzle condi t ion  i s  extremely r a r e  and t h e  major 
European in. ject ion equipment manufacturers do not  cons ider  D 1  
nozzle foul ing  t o  be an ope ra t iona l  problem. 



THE INFLUENCE OF COLD START TEMPERATURES ON EMISSIONS AND 
PERFORMANCE 

I g n i t i o n  delay i s  arguably t h e  most important s i n g l e  aspec t  of 
engine performance. It i s  p a r t i c u l a r l y  s i g n i f i c a n t  t o r  cold s t a r t  
and warm up when condi t ions  i n  t h e  engine cy l inde r s  a r e  l e a s t  
conducive t o  i g n i t i o n  and sus ta ined  combustion. The i g n i t i o n  
c h a r a c t e r i s t i c s  of d i e s e l  f u e l s ,  involv ing  both phys ica l  and 
chemical a spec t s ,  a r e  defined by ce tane  number, which rank f u e l s  i n  
order  according t o  i g n i t i o n  delay i n  a s tandard  engine t e s t .  Cetane 
number, may t h e r e f o r e  be expected t o  be  t h e  most important f u e l  
proper ty  when addressing d i e s e l  engine s t a r t a b i l i t y  and warm up. 
S t a r t i n g  a i d s ,  on t h e  o the r  hand, seem t o  be  t h e  most important 
f e a t u r e  of engine design where cold s t a r t  performance i s  concerned. 

The I D 1  engine i s  more d i f f i c u l t  t o  s t a r t  than a D 1  power u n i t  and, 
a s  a consequence, glow-plugs a r e  incorporated a s  a s tandard f i tment  
i n  I D 1  engines. References (1  and 5)  i n d i c a t e  t h a t  t h e  s t a r t i n g  
performance a t  temperatures down t o  minus 10 t o  minus 12°C of a 
range of i n d i r e c t  i n j e c t i o n  engines was n o t  inf luenced  by i g n i t i o n  
q u a l i t y  down t o  a cetane number of 40. 

D 1  engines f o r  temperate European opera t ions  a r e  genera l ly  not 
equipped with s t a r t i n g  a i d s  and the re fo re  tend t o  e x h i b i t  increased 
s e n s i v i t y  t o  cold s t a r t i n g .  The D1 engine t e s t e d  by ( 7 )  which was 
not  provided w i t h  a s t a r t i n g  a i d  shows how s e n s i t i v e  D 1  engines can 
be. A t  O°C t h e  s t a r t  time f o r  t h i s  p a r t i c u l a r  power u n i t  increased 
from 18 seconds t o  nea r ly  35 seconds when t h e  f u e l  was changed from 
50 ce tane  t o  37. With a 47 ce tane  number f u e l  t h e  cranking time had 
increased  t o  25 seconds. The inc rease  i n  cranking time i s  a l s o  
thought t o  be one of t h e  f a c t o r s  respons ib le  f o r  t h e  h igher  white  
smoke emissions observed a s  ce tane  nbmber decreases.  while  t h e  
engine i s  cranking,  i n j e c t e d  f u e l  accumulates i n  t h e  exhaust 
system. Af te r  t h e  engine has  f i r e d  t h i s  accumulated f u e l  w i l l  
v apor i se  and add t o  t h e  smoke burden generated wi th in  t h e  
combustion chambers. Consequently t h e  same D 1  engine t e s t e d  by 
showed t h a t  t h e  time requi red  f o r  smoke t o  reach an acceptable  
l e v e l  a f t e r  s t a r t i n g  i s  a f f e c t e d  bv ce tane  number. Reference (7 ) 
found t h a t ,  w i th  a 50 ce tane  number f u e l ,  t h e  time requi red  t o  
c l e a r  white  smoke increased  from one minute t o  fou r  minutes a s  t h e  
ambient temperature dropped from 21°C t o  5°C. The same engine, 
under t h e  same temperature condi t ions ,  saw an inc rease  i n  c learance  
time from two minutes t o  t e n  minutes r e spec t ive ly  when opera t ing  on 
a 38 ce tane  number f u e l  and from two minutes t o  seven minutes when 
running on a 47 ce tane  number automotive gas o i l .  



A s  i nd ica t ed  e a r l i e r ,  s t a r t i n g  a i d s  f o r  D 1  engines tend only t o  be 
t i t t e d  when i t  i s  known t h a t  they w i l l  be expected t o  opera te  under 
severe  low temperature condit ions.  I n  r ecen t ,  a s  y e t  unpublished, 
work by one CONCAWE member i t  was found t h a t  a  range of D 1  engines 
equipped wi th  s t a r t i n g  a i d s  showed v i r t u a l l y  no d iscr iminat ion  i n  
s t a r t i n g  times. These t e s t s  were conducted a t  minus 20°C wi th  a  
mat r ix  of twelve f u e l s  of varying v o l a t i l i t y  and wi th  ce tane  
numbers i n  t h e  range 34.5 t o  45. The same t e s t s  conducted a t  minus 
5°C without s t a r t i n g  a i d  a s s i s t a n c e  demonstrated t h e  same t r ends  a s  
noted by reference  ( 7 ) .  L t  can the re fo re  be concluded t h a t  t h e  u s e  
of s t a r t i n g  a i d s  a t  somewhat higher  ambient temperatures would 
reduce o r  e l imina te  any d e t e r i o r a t i o n  i n  cold s t a r t  performance 
(cranking time and whi te  smoke). 

A s  y e t  unpublished da ta  from work conducted by one CONCAWE member 
has shown t h a t  engine design has an impact on cold s t a r t i n g  
performance (cranking time and white  smoke) bes ide  t h e  in f luence  of 
t h e  cetane q u a l i t y .  The da ta  obtained us ing  s i x  v e h i c l e s  powered by 
I D 1  and D 1  engines document t h a t  d i f f e r e n t  engine des igns  e x h i b i t  
varying s e n s i t i v i t y  t o  ce tane  q u a l i t y  changes. E.g., wi th  one D 1  
engine f i t t e d  wi th  a  s tandard s t a r t i n g  a i d ,  no s i g n i f i c a n t  
inf luence  on cold s t a r t i n g  performance was observed when decreasing 
t h e  cetane number by 11 numbers. 

Reference (3)  s tudied  t h e  e f f e c t  of f u e l  p r o p e r t i e s  on cold 
m i s f i r e  i n  a  separate-chamber engine under co ld ,  l i g h t  load 
condit ions.  The genera l  conclusions drawn from t e s t s  on n ine  f u e l s  
covering a l l  combinations of t h r e e  d i f f e r e n t  ce tane  numbers and 
t h r e e  d i f f e r e n t  mid-boiling po in t s  were t h a t ,  i n  t h i s  engine,  f u e l  
v o l a t i l i t y  had l i t t l e  e f f e c t  on m i s f i r e ,  bu t  t o  prevent m i s f i r e  a  
t u e l  of reasonably high cetane number was required.  During t h e  
t e s t s  coolant  temperature was shown t o  have a  much g r e a t e r  
inf luence  on m i s f i r e  than a i r  temperature; t h e  lower t h e  coolant  
temperature, t h e  more t h e  mis f i r e .  This  work the re fo re  sugges ts  
t h a t  appropr ia te  design and con t ro l  of t h e  coolant  system can do 
much t o  a l l e v i a t e  cold m i s f i r e .  

None of t h e  o i l  indus t ry  sources quoted i n  t h i s  r e p o r t  have 
examined the  impact of t h e  low ambient temperatures  on exhaust 
emissions. However, t h e  EPA (15) measured emissions from two d i e s e l  
passenger c a r s  a s  a  funct ion  of ambient temperature (6'C - 28'C). 
The f u e l  employed was a  conventional IJS 2-D automotive gas o i l  with 
a  cetane number of 46, i t s  o t h e r  c h a r a c t e r i s t i c s  being 
r ep resen ta t ive  of a  good q u a l i t y  product meeting 2-D requirements.  
The t e s t s  were conducted over the  urban dynamometer d r iv ing  
schedule of t h e  Federal  Tes t  Procedure. It  was concluded t h a t  low 
ambient temperature d id  not  a f f e c t  r a t e s  of emission of HC,  CO o r  
NOx. Total  p a r t i c u l a t e  mat te r  increased wi th  decreasing t e s t  
temperature a s  d id  p a r t i c u l a t e  organic emission r a t e s  (due 
pr imar i ly  t o  absorpt ion  of unburnt d i e s e l  t u e l ) .  PAH emission and 
mutagenicity were not  influenced by decreasing ambient temperature. 



Ignition improver additives can offer a partial solution to white 
smoke emitted following a cold start. In addition the cold start 
times for D1 diesels may be improved, but only 50-70% of the cetane 
boost provided by the additive is realised as a performance 
benefit. Smoke and HC emissions during cold idle and warm-up are 
reduced and the time to clear white smoke is improved for both 
engine types. Again, only about 50% of the cetane improvement is 
seen as a performance enhancement (13). Some improvement in cold 
idle quality (noise and misfire) and driveability immediately after 
starting can be experienced but engine design appears to be an 
important factor. Fully warmed-up engines show much less 
sensitivity to cetane number and the presence of ignition 
improvers. Effects on performance are variable and engine 
dependent, the exceptions being ignition delay and noise which 
appear to be reduced in line with expectations based on cetane 
enhancement (13). 

The major drawbacks in employing ignition improvers are that they 
appear to offer only about half the performance improvement 
indicated by the cetane boost and that their effectiveness reduces 
with reducing base fuel cetane number. The reasons for this latter 
phenomena are not fully understood but it is thought that the 
radicals generated by the additive are 'soaked up' by aromatic 
structures in the fuel. A further reduction in additive response is 
reported, based on a survey of European diesel fuel quality (50 
samples) over a three years period (14). On average, a 2.5 point 
reduction in the cetane number gains due to ignition improver 
additives was observed over the three years and this is ascribed to 
the adoption of these additives which reduces the efficiency of 
further treatment. It could also be argued that this reduction in 
cetane gain was due to changes in refinery processing i.e. 
increased conversion. 



LOW-TEMPERATURE OPERABILITY 

One of the major problems of diesel engines is starting and 
operating at low temperatures. After starting the low temperature 
operation of a diesel engine depends on the low temperature flow 
properties of the diesel fuel and the design of the fuel system. 
These two parameters have to be matched to avoid accumulation of 
rue1 wax crystals in the lines or on filters thereby restricting 
tuel flow and - in the worst case - causing engine stall. 
To provide satisfactory low-temperature quality ot automotive 
diesel fuel, the Cold Filter Plugging Point (CFPP) is used to 
specify low-temperature performance in industry and national 
standards for European automotive diesel fuels. The CFPP provides a 
realistic indication of the temperature above which a diesel fuel 
(with or without flow improver) will perform satisfactorily in 
typical European fuel systems (17 ) .  

Refineries supply automotive diesel fuel according to 
low-temperature flow characteristics specified for individual 
marketing areas and expected low temperatures based on weather data 
extending back over several decades. Nevertheless, under abnormally 
cold weather conditions or with vehicles equipped with poorly 
designed fuel systems, operational problems can occur. More 
stringent low-temperature flow specifications might somewhat reduce 
these isolated difficulties; but it does not seem realistic to 
introduce overly restrictive specifications to satisfy a minority 
sector of the diesel vehicle population ( 1 1 ) .  Such a move would 
have consequences for diesel fuel yields or lead to the processing 
of more crude oil to meet demand. This approach would be contrary 
to the world wide efforts to use crude oil resources as effectively 
as possible. 

An alternative approach to alleviate occasional low-temperature 
operability problems is to identity and improve sensitive vehicle 
fuel system designs. General criteria for an insensitive fuel 
system design are provided in Reterences (17,18,19). 

In References (20,211 it is shown that proper fuel system design is 
important to provide satisfactory low-temperature operability of a 
diesel passenger vehicle. Based on a survey and testing of European 
diesel passenger cars, it was concluded (20,21) that systems being 
sensitive and insensitive to low temperature operation are in 
service. Sensitive vehicles, failing at or above ambient 
temperatures corresponding to the fuel CFPP, were significantly 
improved by simple modifications of the standard fuel system. 
Larger filters, the removal of the tank screen, or the use of an 
electric fuel heater provided good low-temperature operability well 
below the fuel CFPP. Good operability was obtained down to about 
11°C below the fuel CFPP in some cases. 



The strategy of such modifications is - first - to improve the fuel 
flow to increase the amount of time the engine can be operated 
before the filter becomes plugged with wax and thus allow the 
engine and the fuel to warm-up to melt any accumulated wax in due 
time and/or - second - to raise the fuel temperature immediately 
after start-up by additional heating. 
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APPENDIX 

EMISSIONS PERFORMANCE OF A RANGE OF CURRENT PRODUCTION ENGINES 

ENGINES EMPLOYED IN THE MULTI-CYLINDER ASSESSMENT 

CONDUCTED BY REFERENCE (9) 

Engine 
Type 

Max . 
Power 
(kW) 

NA Quiescent D1 170.4 

TC Swirling D1 1 259.5 

TC Swirling D1 1 II3"5 

NA Swirling D1 1 88.9 

I 

NA Squish Lip D1 62.6 

NA Swirling D1 

KA 'M' System D1 100.7 

170.4 

Kote: Figures quoted are those measured by Reference 8, not 
Makers specification. 

Specific 
Power 

(kW/litres) 

Smoke 
(b.s.u) 

B.S.F.C. 
(glkk'h) 



FUEL EMPLOYED IN THE MULTI-CYLINDER ASSESSMENTS 

I Flash Point (PM closed) I O C  I 103 1 

Relative Density at 15.6°C/15.6"C 

Total Sulphur Content 

Kinematic Viscosity at 40°C 

/ Cold Filter Plugging Point 1 O C  1 -7 

% wt 

cSt 

Distillation IP 123 

IBP 

0.8730 

0.23 

4.22 

Pour Point 

Carbon Residue (Con) on 10% Residue % wt 

504 Volume Recovered at "C 286 1 
10% Volume Recovered at 

30% Volume Recovered at 

1 80%. Volume Recovered at 1 "C 1 314 I 

1 90% ~olAme Recovered at 

"C 

O C  

pp -- 

257 

272 

I FBP I "C I 3 5 1  I 

l .- 

1 Distillate/Residue/Loss I % vol. I 99 /1 / -  1 

95% Volume Recovered at 

l Hydrogen Content (NMR) 
(Standard Tridecane) 

"C 

Aniline Point - - 
Determined Cetane Number 

Calculated Cetane Index 

342 

.- 

I l 

Aromatics by HPLC % wt 32  



APPENDIX 

Fig. 1 Comparison of emission specific rates from a range of 
current production engines 

13 Mode Test Results (European) 

Particulates 

Engine No. 



Fig. 2 Comparison of Emission Specific rates from a range 
of current production engines 

13 Mode Test Results (U.S. Federal) 

Partlculates 

Engine No. 




