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ABSTRACT ' 

P r o j e c t  work. i s  r e p o r t e d  f o r  t h e  f o r m u l a t i o n  and t e s t i n g  of 
d i e s e l  and  b r o a d c u t  f u e l s  c o n t a i n i n g  components  from petroleum, 
s h a l e  o i l ,  and c o a l  l i q u i d s .  Formulation of most of t h e  f u e l s  was 
based on r e f i n e r y '  modeling s t u d i e s  i n  t h e  f i r s t  year  of the  p ro j ec t .  , 

Product  b lends  were prepared wi th  a v a r i e t y  of compositions f o r  u s e  
i n  t h i s  p r o j e c t  a n d  t o  d i s t r i b u t e  t o  o t h e r ,  s i ' m i l a r  r e s e a r c h  
programs. 

Engine t e s t i n g  w a s  conducted i n  a s i n g l e - c y l i n d e r  CLR e n g i n e  
o v e r  a r a n g e  o f  l o a d s  a n d  s p e e d s .  ~ e l a t i v e  pe r fo rmance  and 
e m i s s i o n s  w e r e  d e t e r m i n e d  i n  compar i son  w i t h  t y p i c a l  p e t r o l e u m  
d i e s e l  f u e l .  

Wi th  t h e  e i g h t  d i e s e l  f u e l s  t e s t e d ,  i t  w a s  found t h a t . w e l 1  
r e f i n e d  s h a l e  o i l  p roducts  show o n l y  minor  d i f f e r e n c e s  i n  e n g i n e  
p e r f o r m a n c e  and  e m i s s i o n s  which a r e  r e l a t e d  t o  d i f f e r e n c e s  i n  
b o i l i n g  range.  A l e s s  r e f ined  cqa l  d i s t i l l a t e  c a n  be used  a t  low 
c o n c e n t  r ' a t  i o n s  w i  t h  n o r m a l  e n g i n e  pe r fo rmance  and  i n c r e a s e d  
emissions of p a r t i c u l a t e s  and hydrocarbons. H ighe r  c o n c e n t r a t  i o p s  
of coa l  d i ' s t i l l a t e  degrade both  performance and emissions. 

R r o a d c u t  f u e l s  were  t e s t e d  i n  t h e  same eng ine  wi th  v a r i a b l e  
r e s u l t s .  A l l  f u e l s  showed i n c r e a s e d  f u e l  c o n s u m p t i o n  a n d  
hydrocarbon emissions.  The i n c r e a s e  was g r e a t e r  w i th  h ighe r  naphtha 
con ten t  o r  lower  c e t a n e  number of t h e  b l e n d s .  P a r t i c u l a t e s  and 
n i t r o g e n  o x i d e s  we,re h i g h  f o r  . b l e n d s  w i t h  h i g h  90% d i s t i l l a t i o n  
tempera tures .  Opera t ion  may have been improved by m o d i f y i n g  f u e l  
i n j e c t i o n .  Cetane and d i s t i l l a t i o n  s p e c i f i c a t i o n s  may be adv i sab le  
f o r  f u t u r e  blends.  

Addi t iona l  mult i - c y l i n d e r  and d u r a b i l i t y  t e s t i n g  i s  p l a n n e d  
us ing  d i e s e l  f u e l s  and broadcut f u e l s .  Nine g a s o l i n e s  a r e  scheduled 
f o r  t e s t i n g  i n  t h e  next  phase of t h e  p ro j ec t .  
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SUMMARY 

T h i s  r e p o r t  c o v e r s  a c t i v i t i e s  d u r i n g  t h e  second y e a r  of a  
p r o j e c t  whose broad  o b j e c t i v e  i s  t o  characterize~performance and 
emissions of f u t u r e  a l t e r n a t i v e  f u e l s  der ived  from pe t ro leum,  s h a l e  
o i l s ,  and c o a l  l i q u i d s .  The f i r s t  y e a r  e f f o r t  e n t a i l e d  d e f i n i n g  
probable compositions and phys ica l  p r o p e r t i e s  of l i q u i d  h y d r o c a r b o n  
t r a n s  p o r t  a t i o n  f u e l s  by means of r e f i n e r y  l i n e a r  programming models 
and a  d a t a  base conta in ing  petroleum c r u d e s  and s y n c r u d e s  d e r i v e d  
from coa l  and s h a l e  o i l s .  

R e f i n e r y  model c a s e s  explored t h e  f o r e c a s t  1995 b a s e l i n e  f u e l  
demand p lus  assumed changes i n  v e h i c l e  populat ion.  Maximum d i e s e l  
f u e l  o r  broadcut f u e l  op t ions  saved varying amounts of petroleum raw 
m a t e r i a l s .  Most of t h e  savings occurred through t h e  reduced volume 
o f  higway f u e l s  r e s u l t i n g  from b e t t e r  f u e l  economy of d i e s e l  o r  
broadcut  fue led  v e h i c l e s  compared. t o  t h e  g a s o l i n e  powered v e h i c l e s  
t hey  would rep lace .  

T h e  s e c o n d  y e a r  a c t i v i t i e s  have  i n c l u d e d  f o r m u l a t i o n  and 
t e s t i n g  of R&D-scale q u a n t i t i e s  of pro to type  s y n t h e t i c  f u e l s  b a s e d  
upon t h e  p r o j e c t e d  compositions from t h e  r e f i n i n g  s t u d i e s .  These 
blends were t e s t e d  i n  a  s ing le -cy l inde r  d i e s e l  e n g i n e  and compared 
t o  b a s e l i n e  d a t a  on  t y p i c a l  petroleum d i e s e l  f u e l .  Add i t i ona l ly ,  
q u a n t i t i e s  of t h e  t e s t  f u e l s  were f u r n i s h e d  t o  o t h e r  l a b o r a t o r i e s  
f o r  s i m i l a r  p r o j e c t s  o r  o t h e r  types  of t e s t i n g .  

D i e s e l  f u e l s  and b r o a d c u t  f u e l s  were t e s t e d  i n  a  CLR, d i r e c t  
i n j e c t i o n  d i e s e l  engine over  a  range of speed and l o a d  c o n d i t i o n s .  
T h e  e n g i n e  was  u s e d  a s  a  s c r e e n i n g  t o o l  t o  g e n e r a t e  r e l a t i v e  
performance and emissions on two groups of f u e l s  w i t h  a v a r i e t y  of  
compositions and  p rope r t i e s .  

E igh t  d i e s e l  f u e l s  were t e s t e d ,  w i th  t h e  fol lowing conclus ions :  

S t r a i g h t  Paraho s h a l e  o i l  DFM and JP-5 performed w e l l  w i t h  
minor improvement i n  f u e l  consumpt ion  and d i f f e r e n c e s  i n  
emissions r e l a t e d  t o  d i f f e r e n c e  i n  b o i l i n g  range. 

Shale  o i l  products  t h a t  were we l l  r e f i n e d  and blended t o  45 
c e t a n e  number showed no s i g n i f i c a n t  d i f f e r e n c e s  from b a s e  
f u e l .  

o. SRC-I1 middle d i s t i l l a t e  was used wi thout  r e f i n i n g  a t  13 t o  
16 volume p e r c e n t  i n  4 1  t o  4 2  c e t a n e  b l e n d s .  A s t a b l e  
o p e r a t i o n  a n d  n o r m a l  f u e l  consumpt ion  were  o b t a i n e d ,  
a l though p a r t i c u l a t e s  and hydrocarbon emissions were  h i g h .  
Odor and h a n d l i n g  p rob lems  would preclude gene ra l  use  of 
t h e  product a t  t h i s  concent ra t ion .  



A t  h i g h e r  concen t r a t ions  of 35 t o  50 volume pe rcen t  SRC-I1 
d i s t i l l a t e ,  e n g i n e  o p e r a t i o n  was u n s t a b l e ,  a t  some speeds,  
knock was moderate t o  s e v e r e ,  and p a r t i c u l a t e s  emi . ss ions  
i n c r e a s e d .  

S e v e n  b r o a d c u t  f u e l s  were t e s t e d  i n  t h e  same engine,  w i th  t h e  
fo l lowing  f i n d i n g s :  

P r o p e r t i e s  and composition of t h e  f u e l  had more e f f e c t  on  
p e r f o r m a n c e  and emis s ions  than  t h e  petroleum o r  s y n t h e t i c  
o r i g i n s .  y 

- A l l  seven  f u e l  exh ib i t ed  high r e l a t i v e  f u e l  consumption and 
h i g h  h y d r o c a r b o n  e m i s s i o n s .  These  e f f e c t s  a p p e a r e d  t o  
i n c r e a d e  w i t h  h ighe r  percentages of naphtha i n  t h e  blends.  

Blends w i t h  high 90% d i s t i l l a t i o n  t e m p e r a t u r e s  produced  
h i g h  p a r t i c u l a t e s  and n i t r o g e n  'oxides emissions.  . 

O p e r a t i o n a l  p rob lems  f o r  c e r t a i n  f u e l s  i n c l u d e d  knock, 
u n s t a b l e  o p e r a t i o n  \at low s p e e d ,  and d i f f i c u l t  s t a r t i n g .  
.Pe r fo rmance  may have been improved by modif icat ion.  of f u e l  
i n j e c t  ion.  S p e c i f i c a t i o n s  may be a d v i s a b l e  f o r  minimum 
c e t a n e  and maximum 90% po in t  f o r  f u t u r e  blends.  I 

F u t u r e  work i n  t h e  p r o j e c t  w i l l  inc lude  mul t i -cy l inder  t e s t i n g  
o f  s e l e c t e d .  d i e s e l .  and broadc ,u t  f u e l s  and a  l i m i t e d  a m o u n t  o f  
d u r a b i l i t y  t e s t i n g .  P r o t o t y p e  g a s o l i n e e  ' w i l l  be  eva lua ted  i n  a 
s i m i l a r  program of s i n g l e - c y l i n d e r  s c r e e n i n g  f o l l o w e d  by m u l t i -  
c y l i n d e r  and d u r a b i l i t y  runs. The d i s t r i b u t i o n  of samples t o  o t h e r  
l a b o r a t o r i e s ,  w i l l  c o n t i n u e  a s  demand and p r o d u c t  a v a i l a b i  l i  t y  
develop. 



I. INTRODUCTION 

A. Object ives 

The p r o j e c t  i s  sponsored by t h e  Department of Energy (DOE) 
u n d e r  t h e  A l t e r n a t i v e  F u e l s  U t i l i z a t i o n  Program (AFUP). The 
ob jec t ives  of the  Projec t  a r e  to :  

Define chemtcal compos i t ions  and ,  p h y s i c a l  p r o p e r t i e s  of 
a l t e r n a t i v e  f u e l s  der ived from petroleum, coa l ,  and sha le  
o i l s .  

Formula te ,  b l e n d ,  and produce  R&D-scale . q u a n t . i t i e s  of  
prototype syn the t i c  f u e l s .  

I d e n t i f y  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  u s e  of t h e s e  
a l t e r n a t i v e  f u e l s  i n  conventional and advanced engines. 

Characterize promising fuel lengine  combinations f o r  minimum 
energy consumption i n  highway veh ic le  systems. 

B . Organization and Approach 

The f o u r  p r i n c i p a l  p ro jec t  a c t i v i t i e s  (Tasks) i n t o  which work 
has been organized a re :  

T a s k  1 : S y n f u e l s  O p t i m i z a t i o n - a p p l i c a t i o n  of  l i n e a r  
programming t e c h n i q u e s  i n  a  v a r i e t y  of scenar ios  t o  
d e f i n e  chemical  and p h y s i c a l  c h a r a c t e r i s t i c s  of  
a l t e r n a t i v e  t r a n s p o r t a t i o n  f u e l s  o p t i m i z e d  f o r  
minimum c o s t s  t o  s a t i s f y  product demands. 

Task. 2 :  S y n . f u e 1 s  F o r m u l a t i o n  f o r  E x p e r i m e n t a l  
E v a l u a t i o n - f o r m u l a t i o n  a n d  p r e p a r a t i o n  o f  
experimental batches of prototype s y n t h e t i c  f u e l s  f o r  
u s e  iti l a b o r a t o r y  and i n t e r n a l  combust ion  e n g i n e  
evaluat ions .  These f u e l  formulations w i l l  have been , 

based upon b u t  n o t  l i m i t e d  t o  r e s u l t s  developed i n  
Task 1. 

T a s k  3 :  S y n f u e s s  F o r m u l a t i o n  f o r  O t h e r  R e s e a r c h e r s -  
f armula t i o n ,  blending,  and d i s t r i b u t i o n  of R&D-scale 
q u a n t i t i e s  of prototype synfuels  a s  defined i n  Task 2 
f o r  u s e  i n  l a b o r a t o r i e s  o t h e r  t h a n  SwRI who have 
programs and/or f a c i l i t i e s  i n  which t e s t i n g  of t h e s e  
s y n f u e l s  w i l l  p r o v i d e  d a t a  r e . l e v a n t  t o  t h e  DOE 
Al te rna t ive  Fuels  U t i l i z a t i o n  Program. 



Task 4: Synfue ls  Performance Evaluation-bench test and engine 
e v a l u a t i o n s  u s i n g  SwRI f a c i l i t i e s  t o  s c r e e n  and 
e v a l u a t e  p r o t o t y p e  s y n f u e l s  t o  p r o v i d e  f e e d b a c k  
in fo rma t ion  t o  t h e  da tabase  e s t a b l i s h e d  i n  Task 1 f o r  
f u r t h e r  m o d i f i c a t i o n  a n d  r e f i n e m e n t  o f  l i n e a r  
programming modeling c r i t e r i a .  

C. S t a t u s  

The f i r s t  y e a r ' s  a c t i v i t i e s  were devoted t o  Task 1: Synfuels  
Opt imiza t ion .  Bonner & Moore A s s o c i a t e s ,  I n c .  of  Hous ton ,  Texas ,  
c o n s  t r u c  t ed r e f i n e r y  models us ing  t h e i r  Ref inery  and Petrochemical  
Mode l ing  Sys t em (RPMS')'. These  l i n e a r  programming m o d e l s  w e r e  
d e s i g n e d  t o  r e p r e s e n t  composite r e f i n e r i e s  i n  each of t h r e e  reg ions  
- Rocky Mountains,  Mid-Continent, and Great  Lakes - where s y n t h e t i c  
c rudes  a r e  expected t o  have t h e  g r e a t e s t  impact. 

R e s u l t s  of  t h e  mode l ing  s t u d i e s  were  r e p q r t e d  i n  t h e  f i r s t  
annual  p r o g r e s s  r e p o r t .  (L)* They showed how. s h a l e  o i l  and c o a l  o i l  
may be u s e d  a l o n g  w i t h  p e t r o l e u m  c r u d e s  i n  t h e  1995  t i m e  frame. 
P roduc t s  were made t o  meet f o r e c a s t  s p e c i f i c a t i o n s  and q u a n t i t i e s  . 
I n  a d d i t i o n ,  product  op t ions  were explored f o r  a  maximum d i e s e l  f u e l  
c a s e  r e p l a c i n g  a  s i g n i f i c a n t  q u a n t i t y  of ' g a s o l i n e  and a  b r o a d c u t  
f u e l  c a s e  a l s o  r e p l a c i n g  a  p o r t i o n  of t h e  gaso l ine ,  a s  p o t e n t i a l  

. a l t e r n a t e  f u e l s  t o  c o n s e r v e  p e t r o l e u m  r e s o u r c e s .  G a s o l i n e  
s u p p l e m e n t s  were e v a l u a t e d  f o r  110 volume p e r c e n t  of m e t h a n o l ,  
e t h a n o l ,  MTBE and s y n t h e t i c  naphtha from methanol. 

T h i s  r e p o r t  covers  work i n  t h e  s econd  y e a r  of t h e  p r o j e c t  on 
T a s k  2 and  3 :  S y n f u e l s  F o r m u l a t i o n .  F u e l s  were formulated and 
blended f o r  u se  i n  engine  e v a l u a t i o n  and' f o r  d i s t r i b u t i o n  t o  o t h e r  
r e s e a r c h  l a b o r a t o r i e s  engaged i n  s i m i l a r  programs and s t u d i e s .  The 
r e p o r t  a i s o  covers  a  major p a r t  of  Task  4: S y n f u e l s  P e r f o r m a n c e  
E v a l u a t i . o n .  E n g i n e  t e s t s  were  c o n d u c t e d  on 8 d i e s e l  f u e l s  and 7 
broadcut  f u e l s  t o  . e v a l u a t e  t h e i r .  performance and emissions r e l a t i v e  
t o  t y p i c a l  petroleum b a s e l i n e  f u e l s .  F u r t h e r  work i s  planned i n  t h e  
f i n a l  y e a r  of t h e  p r o j e c t  on g a s o l i n e  engine  s t u d i e s  and o t h e r  f u e l  
e v a l u a t i o n  methods. 

* U n d e r l i n e d  numbers i n  paren theses  d e s i g n a t e  r e f e r e n c e s  l i s t e d  a t  
t h e  end of t h e  r e p o r t .  



D. R e ~ o r t  Contents  

The fol lowing s e c t i o n s  of t h e  r epo r t  d e s c r i b e  va r ious  p o r t i o n s  
of t h e  p r o j e c t  work, a s  fol lows:  

e S e c t i o n  11, S y n f u e l s  Formulat ion,  covers  t h e  s e l e c t i o n  of 
b lends  from t h e  va r ious  computer  c a s e s  f o r  d i e s e l  f u e l s ,  
b r o a d c b t  f u e l s  and g a s o l i n e s  . B l e n d i n g  components from 
pe t ro l eum,  s h a l e  and c o a l  a r e  d e ' s c r i b e d  a l o n g  w i t h  t h e  
b l e n d i n g  t o  p r e p a r e  products  f o r  eva lua t ion .  F i n a l l y  t h e  
composi t ion and p r o p e r t i e s  of t h e  d i e s e l  f u e l s  and broadcut  
f u e l s  a r e  repor ted .  

S e c t  i o n  111, S y n f u e l s  E v a l u a t i o n ,  d e s c r i b e s  t h e  s ing l e -  
c y l i n d e r  engine t e s t i n g  equipment and procedures  - f o r  d i e s e l  

, f u e l s  and b r o a d c u t  f u e l s .  Both performance and emissions 
measurements techniques  a r e  d i scussed .  

Sec t ion  I V ,  Resu l t s  and Discuss ion ,  summarizes t h e  r e s u l t s  
and  compares  p e r f o r m a n c e  and e m i s s i o n s  from t h e  v a r i o u s  
f u e l s .  

e Sec t ion  V ,  Conclusions,  c o n s i d e r s  t h e  m a j o r  r e s u l t s  f rom 
engine  t e s t i n g  i n  r e l a t i o n  t o  t h e  f u e l s  p r o p e r t i e s .  

S e c t i o n  V I ,  ' ~ u t u r e  A c t i v i t i e s ,  o u t l i n e s  t h e  p r o j e c t  
a c t i v i t i e s  scheduled f o r  t h e  f i n a l  yea r  of t h e  p r o j e c t .  

A t  t h e  end of t h e  r epo r t  a r e  t h e  l i s t  of r e f e r e n c e s  and f o u r  
appendices  con ta in ing  d e t a i l e d  d a t a  and supplemental  information.  



XI. SYNFUELS FORMULATION 

~ e s b l t s  from twenty-seven computer cases presented i n  the  f i r s t  
a n n u a l  p r o g r e s s  r epor t  (1) provided the  foundation f o r  the  synfuels  
formula t ion  task  t h a t  washone i n  t h i s  phase of the  .projec t .  

A. Se lec t ion  of Blends 

The p lan  was t o  s e l e c t  a v a r i e t y  of f o r m u l a t i o n s  f o r  t h r e e  
m a j o r  t y p e s  o f  f u e l s  - d i e s e l  f u e l s ,  b r o a d c u t  f u e l s  and 
gasol ines-  from cases  i n  the  f i r s t  annual r epor t .  A major f a c t o r  
i n ,  t h e  s e l e c t i o n  w a s  t o  u s e  a s i g n i f i c a n t  p e r c e n t a g e  of 
syncrude-derived s tocks  i n  t h e  blend. Therefore, most p roduc t s  a r e  
f r o m  t h e  Rocky  M o u n t a i n  r e g i o n  where s y n c r u d e s  were a h i g h e r  
p r o p o r t i o n  of c r u d e  c h a r g e  t o  t h e  r e f i n e r y .  Also t h e  g a s o l i n e  
supplements w e r e  evaluated only i n  t h e  Rocky Mountain region.  

' The p r o j e c t  ' p l a n  a l s o  provided f o r  s y n t h e t i c  f u e l s  o the r  than 
from computer cases.  Diesel  f u e l s  and gaso l ines  a r e  i n c l u d e d  from 
o t h e r  s o u r c e s  where t h e  f u e l s  became a v a i l a b l e  with p roper t i e s  o r  
o r i g i n s  t h a t  were a p p l i c a b l e  t o  t h e  program. F u e l s  proposed f o r  
e v a l u a t i o n  i n c l u d e d  e i g h t  d i e s e l  f u e l s ,  seven broadcut f u e l s  and 
n i n e  gasol ines  . 

Diesel  f u e l s  s e l e c t e d  f o r  evaluat ion  inciuded the  following: 

1. Shale-derived f u e l s  
Case .2A, Rocky Mountains 
Case 3, Rocky Mountains 
Paraho DFM 
Paraho JP-5 

2.  Coal-derived f u e l s  
Case 5A, Rocky Mountains 
Case 12, Rocky Mountains 
SRC-I1 Middle Distillate-Medium Cetane Blend 
SRC-I1 Middle Distillate-Low Cetane Blend 

The sha le  o i l  d i e s e l  f r a c t i o n s  were provided from a p ro jec t  f o r  
t h e  U .S. Navy performed by Paraho  Development Company and The 
S t a n d a r d  O i l  Company of Ohio . (2)  The Paraho DFM and JP-5 were 
c o n s i d e r e d  f i n i s h e d  p r o d u c t s  bz t  a l s o  were used a s  synfuel  s tocks  
f o r  blending wi th  petroleum components. 

The SRC-I1 middle d i s t i l l a t e  was provided by t h e  P i t t s b u r g  and 
Midway Coal Mining Company, a Gulf subsidiary.  It has a low cetane 
number because  of i t s  h i g h  c o n c e n t r a t i o n  of  a r o m a t i c s ,  and  
heterocompounds t h a t  c o n t r i b u t e  t o  low s t a b i l i t y .  Therefore, i t  
would not be considered a f in i shed  engine f u e l .  Hydrogenation would 
n o r m a l l y  be used for upgrad ing  f o r  u s e  i n  t r a n s p o r t a t i o n  fue l s .  
However, i t  was used i n  t h i s  s t u d y  w i t h o u t  f u r t h e r  t r e a t m e n t  by 



blending wi th  o t h e r  components t o  acceptab le  ce t ane  number and o t h e r  
q u a l i t y  l e v e l s .  M a t e r i a l  s a f e t y  d a t a  s h e e t s  p r o v i d e d  w i t h  t h e  
p r o d u c t  a r e  r e p r o d u c e d  i n  ~ ~ ~ e n d i x  A a l o n g  w i t h  a  s e t  o f  
i n s t r u c t  ions  t o  l abo ra to ry  and engine t e c h n i c i a n s  f o r  h a n d l i n g  t h e  
f u e l  blends conta in ing  SRC-11. 

Broadcut f u e l  i s  a  wide b o i l i n g  range product without  oc tane  o r  
c e t a n e  r e q u i r e m e n t  f o r  u s e  i n  f u t u r e  f u e l - t o l e r a n t  e n g i n e s .  
B r o a d c u t  f u e l s  were  made i n  s e v e n  of t h e  comput 'er ca ses ,  w i th  a  
v a r i e t y a  of c o m p o s i t i o n s  i n  p e t r o l e u m  and s y n c r u d e  c o m p o n e n t s  . 
Blends were made s i m i l a r  t o  a l l  seven examples, a s  fol lows:  

Case No. Region Type 

1. Case 16 
2. Case 4 
3. Case 7A 
4.  Case 5 
5. Case 4 
6.  Case 5 
7.. Case 4 

Rocky Mountains Petroleum 
Rocky Mountains Shale-derived 
Rocky Mountains Coal-derived 
Mid-Cont i n e n t  Petroleum 
Mid-Cont i n e n t  Shale  and Coal 
Great  Lakes Petroleum 
Great  Lakes Shale  and Coal 

F o r  s i m p l i c i t y ,  t hese  products  w i l l  be r e f e r r e d  t o  a s  Broadcut 
Fue l s  number 1 through 7. A q u a n t i t y  of P a r a h o  s h a l e  o i l  n a p h t h a  
was p r o v i d e d  by SOH10 f o r  u se  i n  shale-based blends.  Coal-derived 
naphtha was not a v a i l a b l e  but  a  r e a s o n a b l e  s i m u l a t i o n  was made as 
desc r ibed  l a t e r  i n  t h i s  r epo r t .  D ie se l  b o i l i n g  range f r a c t i o n s  from 
s h a l e ,  c o a l  and petroleum were a l s o  a v a i l a b l e .  

The emphas i s  on  d i e s e l  f u e l s  a n d  b r o a d c u t  f u e l s  i n  t h e  
f o r m u l a t i o n  and t e s t i n g  phase i s  c o n s i s t e n t  w i t h  t h e  o b j e c t i v e s  of 
t h e  study. These two . fue l  types  conserve crude o i l  and p r o c e s s i n g  
e n e r g y  and  would l i k e l y  be u s e d  i n  engines w i th  h ighe r  e f f i c i e n c y  
t h a n  g a s o l i n e  powered e n g i n e s .  T h e r e f o r e ,  t h e y  t e n d  toward  t h e  
o b j e c t i v e  of opt imieing t h e  tesource /prncess /engine  system. 

I t  i s  e x p e c t e d ,  t h a t  g a s o l i n e  w i l l  c o n t i n u e  a s  t h e  m a j o r  
t r a n s p o r t a t i o n  f u e l  f o r  many yea r s  b e c a u s e  of t h e  l a r g e  number of 
g a s o l i n e  powered v e h i c l e s  and t h e  cont inuing  improvement being made 
i n  f u e l  economy of new veh ic l e s .  

Gasol ines  a r e  planned f o r  . f u t u r e  e v a l u a t i o n  i n  t h e  p r o j e c t  and 
inc lude  t h e  fol lowing:  

1. Gulf Unleaded Regular 
., 2.  Gulf Unleaded wi th  5 VolX' Methyl Aryl E the r s  

3 .  Gulf Unleaded w i t h  7 Val%   ethanol 
4. Mobil MTG (Methanol t o  Gasol ine)  
5. . Simula t ed Coal-Derived (SCD) Gasol ine  
6. Modified SCB w i t h  7 Vol% Methanol 
7 .  Modified SCD w i t h  10 Vul% Methanol 
8. Modified SCD w i t h  10 Vol% Ethanol  
9. Modified SCD w i t h  10 Vol % MTBE 



The Gulf Unleaded Regular w i l l '  tie used a s  t he  b a s e l i n e  f u e l  f o r  
compar i son  of r e s u l t s  w i t h  t h e  o t h e r  e i g h t  g a s o l i n e s .  I t  wasg 
provided by Gulf a s  t h e  base f o r  5 volume percent  methyl a r y l  e t h e r s  
i n  t h e i r  e v a l u a t i o n  of t h i s  p r o d u c t  made from p h e n o l s  p r e s e n t  i n  
c o a l  l i q u i d s .  (3)  

Mobil MTG (methanol t o  gaso l ine )  product i s  intended t o  be used 
a s  a f i n i s h e d  g a s o l i n e  w i t h o u t  f u r t h e r  b l e n d i n g .  T h e r e f  o r e ,  t h e  
b l e n d s  o f  t h i s  p r o d u c t  i n  t h e  f i r s t  a n n u a l  r e p o r t  a r e  n o t  
r e p r e s e n t a t i v e  of t h e  most l i k e l y  a p p l i c a t i o n  and t h e  p r o d u c t  w i l l  
b e  t e s t e d  as a  s e p a r a t e  fue l .  

The  s i m u l a t e d  c o a l - d e r i v e d  (SCD) g a s o l i n e  was made w i t h  s t o c k s  
blended t o  match hydrocarbon c o m p o s i t i o n s  of r e f o r m a t e  from c o a l  
l i q u i d s .  The m o d i f i e d  SCD b l e n d s  inc lude  a  lower oc tane  naphtha, 
blended t o  s i m u l a t e  . c o a l  n a p h t h a  and  i n t e n d e d  t o  c o n t r o l  . o c t a n e  
l e v e l  o f  t h e  f i n a l  g a s o l i n e s  c o n t a i n i n g  o x y g e n a t e s .  I t  was 
o r i g i n a l l y  planned t o  eva lua t e  a l l  oxygenates a t  1 0  volume p e r c e n t  
o f  t h e  b l e n d .  Me thano l  a t  7 volume p e r c e n t  was added t o  o b t a i n  
comparisons a t  t h e  same oxygen l e v e l  by w e i g h t  a s  e t h a n o l  a t  10 
volume percent  of t h e  blend, c o n s i s t e n t  w i th  r e c e n t  t r ends  i n  use  of 
oxygenates .  I f  g a s o l i n e  components from s h a l e  o r  c o a l  o i l s  become 
a v a i l a b l e ,  t h e y  may be made i n t o  blends t o  add t o  o r  s u b s t i t u t e  i n  
t h e  l i s t  above. 

B . Blending Components 

I n  a d d i t i o n  t o  t h e  syncrude-derived components mentioned above, 
s e v e r a l  pe  t ro l eum-based  components were needed f o r  p repa ra t ion  of 
b l e n d s  s i m i l a r  t o  t h e  p r o d u c t s  c o m p o s i t i o n s  g e n e r a t e d  by t h e  
c o m p u t e r  models .  These  were  o b t a i n e d  i n  s m a l l  q u a n t i t i e s  from 
s e v e r a l  sou rces ,  inc luding  SOHIO, Howell Hydrocarbons, and P h i l l i p s  

- Petroleum Company. 

A l l  c o m p o n e n t s  w e r e  c h a r a c t e r i z e d  a t  t h e  Army F u e l s  and 
Lubr i can t s  Research Laboratory at.SwR1. Table 2.1 shows p r o p e r t i e s  
o f  components  f o r  d i e s e l  f u e l  and broadcut  f u e l  blending,  i nc lud ing  
4 p e t r o l e u m  s t o c k s ,  3 P a r a h o  s h a l e  o i l  p r o d u c t s  a n d  SRC-I1 
d i s t i l l a t e  f rom c o a l .  T a b l e  2 .2  p r e s e n t s  p r o p e r t i e s  of e i g h t  
g a s o l i n e  b o i l i n g  range components which could be used  i n  g a s o l i n e s  
o r  broadcut  f u e l s .  

Table 2.3 g i v e s  l a b o r a t o r y  i n s p e c t i o n s  of a d d i t i o n a l  components 
i n t e n d e d  f o r  u s e  i n  a d j u s t i n g  h y d r o c a r b o n  t y p e  c o m p o s i t i o n s  of 
p r o d u c t  s ,  p a r t i c u l a r l y  f o r  s i m u l a t i o n  of coal-derived m a t e r i a l s .  
Deca l in  and t e t r a l i n  a r e  minimum 972 p u r i t y  compounds o b t a i n e d  from 
DuPont .  T e t r a l i n - c o n t a i n i n g  s o l u t i o n  and  mixed naphthalenes a r e  
coal-derived products  from Koppers Company and convenient ly  i n c l u d e  
a  v a r i e t y  of compounds. Composition of t h e  t e t r a l i n  s o l u t i o n  is: 



Toluene 
E thylbenzene 
p-Xylene 
m-Xylene 
o-Xylene 
T e t r a l i n  
Naphthalene 
Indene and 

Tetrame thylbenzenes 
T o t a l  

Percent  
0.5 
9.5 
0.6 
0,. 6 
1 .o 

39 ..6 , 

18.8 

C. Blending of Fue ls  

The components obtained f o r  blending had o r i g i n s  and p r o p e r t i e s  
s i m i l a r  b u t  n o t  i d e n t i c a l  t o  t h e  components  p r e d i c t e d  i n  t h e  
computer models. Therefore ,  i t  was n e c e s s a r y  t o  a d j u s t  t h e  b l e n d  
c o m p o s i t i o n s ,  i n  volume p e r c e n t  of  t h e  v a r i o u s  b l e n d  s t o c k s ,  t o  
match t h e  p r o p e r t i e s  of t h e  f i n i s h e d  blend t o  t h e  computer r e s u l t s .  

For  example, most of t h e  a c t u a l  d i e s e l  f u e l  components  were  
h i g h e r  c e t a n e  t h a n  t h e  computer  b a s i s ,  s o  a b l e n d  of  t h e  same 
volumet r ic  compos i t i on ,  would be w e l l  above  t h e  t a r g e t  45 . c e t a n e  
number.  C a l c u l a t i o n s  ' w e r e  made t o  ad j u s t  c e t ane  number t o  45 by 
adding l i g h t  cyc l e  o i l  (26  ce t ane  number) and making minimum change  
i n  propor t ions  of o t h e r  components t o  match d i s t i l l a t i o n  curves.  

A t  t h e  o t h e r  e x t r e m e ,  SRC-I1 middle d i s t i l l a t e  had a low 16.2 
c e t a n e  number i n  i t s  u n t r e a t e d  s t a t e ,  and a n  e v e n  l o w e r  c e t a n e  
blending number. The computer model used a l i t e r a t u r e  d a t a  va lue  of 
26.7 ce t ane  blending number. ' T h e r e f o r e ,  t h e  p r o p o r t i o n  of c o a l -  
d e r i v e d  d i s t i l l a t e  i n  t h e  b l e n d s  was reduced t o  aim f o r  45 ce t ane  
product .  

B r o a d c u t  f u e l  b l e n d  c o m p o s i t i o n s  w e r e  a l s o  a d j u s t e d  t o  
accommodate t h r e e  s p e c t f i c a t i o n s  - Reid vapor p re s su re ,  d f s t l f f a t i o n  
curve and s u l f u r  conten t .  Normal butane was used t o  c o n t r o l  v a p o r  
p re s su re .  L ight  and heavy f r a c t i o n s  were s h i f t e d  s l i g h t l y  to -modi fy  
d i s t i l l a t i o n  curves.  L i g h t  c y c l e  011 was added  i n  most  c a s e s  t o  
r a i s e  s u l f u r  con ten t ;  t h i s  component a l s o  probably lowered t h e  blend 
c e t a n e  number b u t  t h i s  q u a l i t y  was n o t  c a l c u l a t e d .  T a b l e  2 .4  
s u m m a r i z e s  t h e  c a l c u l a t e d  p r o p e r t i e s  of 8 d i e s e l  f u e l s  and 7 
broadcut  f u e l s  b e f o r e  t h e  a c t u a l  blends were made. 

Blends were made of SRC-I1 middle d i s t i l l a t e  w i t h  No. 2 d i e s e l  
b a s e l i n e  f u e l  t o  d e r i v e  c e t a n e  b l e n d i n g  numbers and t o  guide t h e  
formula t ion  of test f u e l s .  P r o p e r t i e s  of t h e  two s t o c k s  and b l e n d s  
a t  25 volume percent  increments  a r e  l i s t e d  o n  Table  2.5. Figure  2.1 
shows t h a t  ce t ane  number d o e s  n o t  v a r y  l i n e a r l y  w i t h  c o m p o s i t i o n  
a n d ,  t h e r e f o r e , '  c e t ane  blending number v a r i e s  w i th  concen t r a t i on  i n  
the hlend. 



TABLE 2 . 1  PROPERTIES OF BLENDING COMPONENTS FOR DIESEL AND BROADCUT FUELS 

Component 

Sample No. 

St. Run Rydrocracker St. Run LC. Cycle Paraho Paraho Paraho SRC-I1 Middle 
Kerosene Kerosene Dieeel Oil DPM JP-5 JP-8 Distillate 
AL-9749-P AL-9998-P AL-9750-P AL-9751-P . AL-9088-P A1-9090-P AL-9089-P AL-9251-P 

~ r a v l t ~ .  OAPI 36 .2 43.6 34.3 . 19.2 37.9 43.6 44.4 12.3 
Specific Gravity. 60'9 0.8338 0.8081 ?.a534 0.9390 0.8353 0.8081 0.8044 0.9840 

Dietillation. D-86,'F 
IBP 
5 volX Recovered 
10 
20 
50 
90 
95 
EP 
Recovery. X 
Residue 
Loea 

Viacoaity. cSt@40°C 
Plaeh P~int.~P 
Pour Point, 

Hydrocarbon Type (PIA) w l X  
Aromatica 
Olefina 
Saturates 

Elemental Analyeis, u t X  
Carbon 
Hydrogen 
Oxygen 
Nitrogen 
Sulfur 

HydrogenICarbon Atom Retio 
Beat of Combuetion 
Gross. BTUlLb 

W l K s  
Net. BTUILb 

W l K s  
Accel. Stability, mgllOO ml 
Exiatent Gum, mgllOO ml 

Cetane Number 
0.10X DII* 
0.25% DII* . 
0.50X DII* 

Dicacl Cetane Improver Additive 



TABLE 2.2 PROPERTIES OF BLENDING COMPONENTS FOR GASOLINES AND BROADCUT FUELS 

Component Catalytic Reformate Reformate 
100 RON 

AL-998O-G 

Lt. St. Rum Rvy. St. Run 
Naphtha , Naphtha 

AL-97464 At-9747-P 

Parsho 
Naphtha 

AL-9087-P 

Normal 
Butane 

AL-9698-C 
Alkylate 90 RON 
AL-9748< ' AL-98334 -- Sample NO. 

Gravity, O A P I  
Specific Gravity, 60'P 

Distillation. 086. O P  . . 
I BP 
5 volX Recovered 
10 
20 
50 
90 
95 
EP 
Rec0very.X 
Residue 
Loss 

Reid Vapor Pressure, psi 
Oxid. Stability, min. 
Existent Cum, ma1100 ml. 
Unwashed 
Washed 

Hydrocarbon Types, volX 
Aromatics 27.6 2.15 50.71 95.5 3.66 17.49 12.48 0.0 
Olefins 16.4 1.20 1.63 1.1 0.40 0.64 1.62 0.0 
Saturates 56.0 96.65 47.66 3.4 95.94 81.87 85.90 100.0 

Elemental Analysis, vtX 
Carbon 
Rydrogen 
Oxygen 
Nitrogen 
Sulfur 

AydrogenlCarbon Atom Ratio 
Heat of Combustion 
Cross, BTUlLb 

nJ/Kg 
Net. BTU/Lb 

I4JlKg 
Cetane Number 
Octane Number I 

Research 
notor 

(*Blending Value) 



TABLE 2.3 BLENDING COMPONENTS FOR GASOLINES AND BROADCUT FUELS 

T e t r a l i n  
So lu t ion  
AL-9996-A. 

Deca l in  
AL-9761-A 

T e t r a l i n  
AL-9762-A 

G r a v i t y ,  OAPI 
S p e c i f i c  Grav i ty ,  60'F 

D i s t i l l a t i o n ,  D86 OF 
I B  P 

5 vo l% Recovered 
1 0  
20 
5 0  
9 0  
9 5  
EP 
Recovery,% 
Residue 
Loss  

Reid Vapor P r e s s u r e ,  p s i  
Oxid. S t a b i l i t y  , min. 
E x i s t e n t  Gum, mg 100 m l .  

Unwashed 
Washed ' 

- 
- 

367 ( e s t )  - 
- 

405 ( e s t ) '  - 
. . - 
- - 

Hydrocarbon Types, vo l% 
Aromatics 
Olef i n s  
S a t u r a t e s  

Element a 1  Ana lys i s ,  wt% 
Carbon 
Hydrogen 
Oxygen 
Ni t rogen  
S u l f u r  

Hydrogen/Carbon Atom R a t i o  
Heat  of Combustion 

Gross ,  BTU/Lb 
MJ/Kg 

N e t ,  BTU/L~ 
MJ/Kg 



Diese l  Fuel 

S a m ~ l e  No. AL- 

Gravi ty ,  OAPI 
S p e c i f i c  Gravi ty ,  60°F 

D i s t i l l a t i o n ,  Vol% 
a t  400 O F  ' 

460. OF 
500 O F  

540 OF 
600 OF 

S u l f u r ,  W t X  
Cetane No. 

Rroadcut Fuel 

Sample No. AL- 
-.~ 

Gravi ty ,  OAPI 
S?eci f i c  Gravi t y  , 60°F 

Su l fu r  , W t %  
Reid Vapor P re s su re ,  Lb 

CALCUIATED PROPERTIES OF DIESEL AND BROADCUT. FUEL BLENDS 

Shale s h a l e  Coal Coal SRC-I1 SCR-I1 
Case 2A. Case 3 Case 5A Case 12 Med. Cetane Low Cetane 
-10253-F 10256-F 10287-F 10288-F 10'289-F 10290-F 



TABLE 2.5 LABORATORY INSPECTIONS OF BLENDS OF 
SRC-I1 MIDDLE DISTILLATE WITH NO. 2 DIESEL 

Composition, V O U  
NO. 2 Diesel  
SRC-I1 Middle D i s t i l l a t e  0 

Sample No. 

PROPERTIES 

, Gravi ty ,  OAPI 
Spe c i  f i c  Gravity 

D i s t i l l a t i o n ,  D-86, OF 
I B  P 410 

5 vol% Recovered 446 - 
1 0  458 
20 47 2 
50 508 
90 - 589 
95 617 
EP 6 48 
Recovery, % 98.5 
Res idue 1.5 
Loss 0.0 

Viscos i ty ,  c ~ t @  40°C 2.74 
F lash  Po in t ,  OF 17 5 
Pour P o i n t ,  OF - 
Hydrocarbon Type (,FIA) vo 1 .% 

Aromatics 28.3 
Olef i n s  1.3 
S a t u r a t e s  70.4 

Elemental Analysis,  wt% 
carbon 
Hydrogen 
Oxygen 
Nitrogen 
Su l fu r  

~ ~ d r o g e n / ~ a k b o n  Atom Rat io  
Heat of Combustion 

Gross, BTU/L~ 
MJ/Kg 

Net, ~ t u / L b ,  
MJ/Kg 

Cetane Number 
0.10% D I I *  
0.25% D I I *  
0 . 5 a  D I I *  
l . O m  D I I *  

* Diesel  Cetane Improver Addit ive 



FIGURE 2 . 1  .CETANE NUMBER AND GRAVITY O F  BLENDS O F  S R C - I 1  
MID-DIST AND BASE NO. 2-D 

, No. 2-D 

Volume % in Blend 



Since  coal-derived naphtha and re formate  were not a v a i l a b l e ,  a n  
e f f o r t  was made t o  s imu la t e  t h e s e  m a t e r i a l s .  . D e t a i l e d  a n a l y s e s  of 
t h e s e  p r o d u c t s  from p i l o t  s c a l e  processing of H-coal l i q u i d s  were 
g iven  i n  a  UOP r e p o r t .  ( 5 )  The main c h a r a c t e r i s t i c  t o  d i s t i n g u i s h  
coal-derived s t o c k s  f  rom-Petroleum of t h e  same b o i l i n g  range w a s  t h e  
number of double r i n g  compounds, bo th  cycloparaf  f  i n s  and a r o m a t i c s  . 
I t  was c o n c l u d e d  t h a t  a d d i n g  compounds of  those  types  would be a  
r e a s o n a b l e  s i m u l a t i o n ,  e s p e c i a l l y  i f  t h e  added compounds w e r e  
de r ived  from c o a l .  

S i m u l a t e d  c o a l - d e r i v e d  n a p h t h a  was  b l e n d e d  by  a d d i n g  
a p p r o p r i a t e  volumes of Koppers t e t r a l i n  s o l u t i o n  and  .DuPont p u r e  
t e t r a l i n  and d e c a l i n  t o  heavy s t r a i g h t  run naphtha from petroleum. 
The c a l c u l a t i o n s  i n v o l v e d  o n l y  h y d r o c a r b o n  t y p e s  t o  match t h a t  
a n a l y s i s  as c l o s e l y  a s  poss ib l e .  The in spec t ions  of t h e  f i n a l  blend 
a r e  g iven  on Table  2.6 and a r e  compared w i t h  t h e  UOP p i l o t  p l a n t  
p r o d u c t .  The r e s u l t i n g  p h y s i c a l  p r o p e r t i e s  s u c h  a s  g r a v i t y  and 
d i s t i l l a t i o n  a r e  a l s o  r e m a r k a b l y  s imilar .  The s i m u l a t e d  c o a l  
naphtha was used i n  Broadcut Fuel  3. 

C o a l - d e r i v e d  r e f o r m a t e  was s i m u l a t e d  by b l e n d i n g  t e t r a l i n  
s o l u t i o n  and t e t r a l i n  and d e c a l i n  components i n t o  90 RON r e f o r m a t e  
t o  match hydrocarbon type ana lyses .  The r e s u l t s  a r e  shown on Table 
2.7 compared w i t h  UOP p r o d u c t  a n a l y s e s .  A g a i n ,  t h e  p h y s i c a l  
p r o p e r t i e s  a r e  s i m i l a r  a l t h o u g h  t h e y  were  n o t  i n c l u d e d  i n  t h e  
c a l c u l a t i o n s .  The mass spectrometer  hydrocarbon type ana lyses  found 
somewhat lower concen t r a t ions  of double r i n g  compounds than  expected 
f rom t h e  known amounts  t h a t  w e r e  a d d e d .  The  s i m u l a t e d  c o a l  
r t=f orma t e  was used a t  57.5X conccn t r a t ion  wi th  petroleum co~uporlents 
t o  make a s imula ted  coal-derived g a s o l i n e  which w i l l  be used i n  t h e  
fo l lowing  phase of t h e  p ro j ec t .  

With p r o d u c t  formula t ions  def ined ,  t h e  next  s t e p  w a s  blending.  
A l t h o u g h  c o m p o s i t i o n  was d e f i n e d  i n  v o l u m e  p e r c e n t  of  e a c h  
c o m p o n e n t ,  t h i s  was c o n v e r t e d  t o  w e i g h t  percemt  w i t h  s p e c i f i c  
g r a v i t y . ,  A l l  b lending was done by weight of each component i n t o  t h e  
b l e n d  drum o r  o u t  of t h e  component c o n t a i n e r  (drum o r  c y l i n d e r ) .  
Blends were mixed w i t h  p r o p e l l e r  mixer .  A l l  b l e n d s  were made i n  
new, c l e a n  55-gallon drums except  t h e  s imulated c o a l  g a s o l i n e  where 
300 ga l lons  were blended i n  a  500-gallon tank. 

Fue ls  f o r  Engine Evalua t ion  

Two b a s e l i n e  d i e s e l  f u e l s  w e r e  u s e d  f o r  r e f e r e n c e  w i t h  
p r o p e r t i e s  a s  shown on T a b l e  2.8. Howell No. 2-D was used a t  t h e  
s t a r t  of t h e  engine  . t e s t i n g  i n  June 1980. 

The second b a s e l i n e  f u e l ,  P h i l l i p s  D-2 D i e s e l  C o n t r o l  F u e l ,  
became a v a i l a b l e  l a t e r .  I t s  48 ce t ane  number was a  good b a s i s  ' for  
comparison wi th  t h e  45 c e t a n e  number t e s t  f u e l s  t o  be  e v a l u a t e d .  
Also ,  t h e  t e s t i n g  was switched t o  another  engine so a  change i n  base 
f u e l  did not  l o s e  any comparable da t a .  



TABLE 2.6 COMPARISON OF PROPERTIES 
COAL-DERIVED NAPHTHA 

Sample No. 
Gravi ty  , OAPI 
S p e c i f i c  Gravi ty  
D i s t i l l a t i o n ,  OF 

IBP 
5 vol% Recovered 

1 0  
20 
5 0 
9 0 
9 5 
E P 
Recovery, % 
Residue 
Loss 

o c t a n e  RON Clear  : 

. Elemental Analys i s ,  W t %  
Carbon 
Hydrogen . . 
Nitrogen 
S u l f u r  

Hydrocarbon ,.Types, Vol% (MS) 
P a r a f f i n s  
Naphthenes 

Monocyc l o p a r i f  f i n s  
B 1 ,  Dicy ,c loparaf f ins  
Tr icyc loparaf  f  i n s  

Aroma t i c s  
Alkyl benzenes 
Indans,  T e t r a l i n s  
Naphthalenes 

Toea1 
Hydrocarbon Types, Vol % (FIA) 

S a t u r a t e s  . 

Olef i n s  
Aroma t i c s  

UOP 
product 

Simulated 
Blend 

* Not determined because oc tane  low (probably  l e s s  than  70"RON) and 
product intcndcd for uoc i n  brosdcut  fuel  blend. . . 



TABLE 2.7 . COMPARISON OF PROPERTIES 
COAL-DERIVED REFORMATE 

UOP 
product 

Simulated 
Blend 

Sample No. 
I Gravity , O A P I  

S p e c i f i c  Gravity 
D i s t i l l a t i o n ,  OF 

IRP 
5 vol% Recovered 
10 
3 0 
50 
7 0 
90 
95 . 
EP 

, Recovery, % 
Residue 
Loss 

Octane, Clear  i 

Research 
Motor 

Elemental Analysis ,  W t %  
. Carbon . 

Hydrogen 

Hydrocarbon Types, Vol% (MS) 
I P a r a f f i n s  

Naph thenes 
Monocycloparaf f ins  
B i  , Dicycloparaf f ins  

Aroma t i c s  
Alkyl benzenes 
Indans , T e t r a l i n s  
Naphthalenes 

Hydrocarbon Types., Vol % (FIA) 
S a t u r a t e s  40.4 
Olef i n s  ' 2.4 
Aromatics 57.2 



Base l ine  Fue l  
Sample No. 

Grav i ty ,  OAPI 
S p e c i f i c  Gravi ty  

D i s t i l l a t i o n ,  D-86, O F  

IBP 
5 vnlX Recovered 

1 0  
20 
5 0 
90  
95  
EP 
Recovery, % 
Residue 
Los s 

V i s c o s i t y ,  cS t@ 40°C 
F la sh  P o i n t ,  OF 
Pour P o i n t ,  OF 
Hydrocarbon Type (FIA) v o l  % 

Aromatics 
Olef i n s  
S a t u r a t e s  

Element a 1  Analys i s ,  wt% 
Carbon 
Hydrogen 
O~rygcn 
Ni t rogen  
S u l f u r  

Hydrogen/Carbon Atom R a t i o  
'Heat of Combustion 

Gross ,  BTU/lb 
MG/kg ' 

N e t ,  B T U / ~ ~  
, MJ/kg 

Howe 1 1 P h i l l i p s .  
NO. 2-D D-2 
AL-9649-F , AL-9993-F 

Acce le ra ted  S t a b i l i t y ,  ~ g / i O o m l  - 
- E x i s t e n t  Gum, ~g/I.OOrnl 

Cetane Number 53.7 



E i g h t  d i e s e l  f u e l s  f o r  t e s t i n g  a r e  l i s t e d  on  T a b l e  2.9. 
C o m p o s i t i o n  of e a c h  f u e l  %is shown i n  t h e  uppe r  p o r t i o n  o f  t h e  
t a b u l a t i o n .  Labora tory  i n s p e c t i o n s  a r e  shown i n  t h e  lower por t ion .  

S e v e n  b r o a d c u t  f u e l s  f o r  e v a l u a t i o n  a r e  l i s t e d  on Table 2.10 
w i t h  composi t ions a t  t h e  top  and p r o p e r t i e s  below. These f u e l s  were 
compared w i t h  P h i l l i p s  D-2 b a s e l i n e  f u e l  i n  CLR engine t e s t s  s i n c e  a  
hroadcut  r e f e r e n c e . f u e 1  was not . ava i l ab l e .  

P r o p e r t i e s  of t h e  d i e s e l  and broadcut f u e l  b l e n d s  r e p o r t e d  i n  
Tables  2.9.and 2.10 may be compared wi th  t h e i r  c a l c u l a t e d  p r o p e r t i e s  
i n  T a b l e  2.4.  Good ag reemen t  b e t w e e n  a c t u a l  a n d  c a l c u l a t e d  
p r o p e r t i e s  was obta ined  i n  most cases .  

Reid vapor  p r e s s u r e  (RVP) of t h e  broadcut  f u e l s  was h ighe r  than  
t h e  9 pound t a r g e t  value.  A check  of t h e  t e c h n i c a l  g r a d e  normal  
butane  composi t ion by gas l i q u i d  chromatography showed i t  t o  con ta in  
9.5% i sobu tane  and 90.5% butane. The p r o d u c t  was s p e c i f i e d  t o  be 
95% minimum norma l  butane.  This  d i f f e r e n c e  would r a i s e  t h e  butane 
blending RVP from 65 pounds t o  67.5 pounds and a c c o u n t  i n  p a r t  f o r  
t h e  RVP of t h e  f i n i s h e d  blends being h ighe r  than  planned. 

E. Formulat ion f o r  Other Labora tor ies  

A b l e n d  of 5 3  g a l l o n s  was made of e a c h  ' f o rmula t ed  f u e l  i n  
Tables  2.9 and 2.10. About 1 5  g a l l o n s  of f u e l  was s c h e d u l e d  f o r  
s i n g l e - c y l i n d e r  e n g i n e  t e s t i n g ,  and an a d d i t i o n a l  10 g a l l o n s  would 
b e  used i f  a  l i m i t e d  amount of mul t i -cy l inder  engine e v a l u a t i o n  was 
t o  be performed w i t h  c e r t a i n  f u e l s .  

Therefore ,  t h e  remaining 28 t o  38 g a l l o n s  of each f u e l  w a s  made 
a v a i l a b l e  f o r  shipment t o  o t h e r  l a b o r a t o r i e s .  L a r g e r  volumes were  
a v a i l a b l e  o f  P a r a h o  DFM and SRC-I1 m i d d l e  d i s t i l l a t e .  These  
q u a n t i t i e s  were o f f e r e d  through t h e  P r o j e c t  T e c h n i c a l  Manager who 
s e n t  t h e  in fo rma t ion  t o  a l l  known i n t e r e s t e d  p a r t i e s .  Products  were 
made a v a i l a b l e  a t  no  c o s t  e x c e p t  f o r  s h i p p i n g  c h a r g e s  a n d  i n  
exchange f o r  d a t a  from the  e v a l u a t i o n  s t u d i e s .  

F. Supplemental Fue l s  Data 

Hydroca rbon  type ana lyses  were determined by mass spectrometer  
(MS) ana lyses  on s e l e c t e d  samples where i t  was d e s i r e d  t o  know t h e  
propor t  i ons  of naphthenes and aromatics  w i t h  mut ip le  r i n g s .  R e s u l t s  
from t h e  SOH10 l a b o r a t o r y  a r e  g iven  i n  Table 2.11 a l o n g  w i t h  t h e i r  
d e t e r m i n a t i o n  by  f l u o r e s c e n t  . i n d i c a t o r  a d s o r p t i o n  ( F I A ) .  
Hydrocracker kerosene  con ta ins  l e s s  'aromatics  and more s i n g l e  r i n g  
n a p h t h e n e s  than  s t r a i g h t  run kerosene. The s imulated coal-derived 
naphtha made up 45.8 volume percent  of Rroadcut Fuel  3 .  

Boi l ing  range d i s t r i b u t i o n s  by gas  chromatography, ASTM Method 
D 2887, a r e  g i v e n  i n  Appendix B f o r  s e l e c t e d  blend components and 
a l l  blends of d i e s e l  and broadcut f u e l s .  



TABLE 2.9 DIESEL FUELS FOR EVALUATION 

Fuel  

' Sample No. AL- 

Composition. Volume X 
Kerosene 

Paraho Paraho 
DFM JP-5 
9090-P 9088-P 

Petroleum 0 0 
Shale  JP-5IJP-8 0 ' 100.0 

Diese l  
Petroleum 0 0 
Shale  DP)( 100 .O 0 
Coal SRC-I1 0 0 

L igh t  Cycle O i l  0 0 
HC Keroeene 0 0 

Tot a 1  

P rope r t  l e e  

Gravi ty ,  'FI . 
S p e c i f i c  Gravi'ty , 60:P 
D i s t i l l a t i o n ,  D-86, P 
IBP15 X Recovered . 
10120 
30140 
50160 
70180 
90195 
EP 
Recovery, X 
Reaidue 
L0s s 
Vi scoa i ty , cS t  a t  40°C 
Pour Po in t  OP0('C) 
P l a sh  P o i n t ,  P 
Hydrocarbon Type, VolX 

Aroma t i c e  
Olef ina  
S s t u r a t e e  

Elemental Analyeie ,  W t X  
Carbon 
Hydrogen 
Oxygen 
Ni t rogen 
Su l fu r  

IlydrogenlCarbon  tom kt10 
Heat of Combustion 
Gross, BTUILB 

MJ/kg 
Net. BTUILB 

MJlkg 
Accr l .  SLab l l l t y  ,H0/.100d 
Steam J e t  Gum, MGI100ml 
Cetane Number 

Shale  Shale  Coal Coal SRC-I1 SRC-I1 
Caee 2A Case 3 Case 5A Caee 12 Med. Cetane Low Cetane 
10255-F 10256-P 10287-P 10288-P 10289-P 10290-F 

3691409 
427 1450 
4721491 
5081525 
543/565 
5991627 
664 
99.0 
1 .o 
0.0 

'C) 2.53 
9(-13) 
142 

19.520 19,485 19,585 18.950 18.430 
45.40 45.32 45.56 4 4 . 0 8 .  42.87 
18.396 18,391 18,440 17,904 17.439 
42.79 42.73 42.89 41.64 40.56 

2.3 ( P i l t c r  on 011 SRC-I1 samples) 
16.5 42.4 31.9 100.9 134.1 
45.0 42.0 41.1 31.4 25.4 



ROCKY UOmAI NS 
16 4 7A 

10286 10305 10306 
BCF-1 BCF-2 BCF-3 

GREAT LAKES 
5 4 Case No. 

Sample No. AL- 
Fuel  I d e n t i f i c a t i o n  

Compos i t i o n ,  Volume% 
LSR Naphtha 1 

HSR pet ro leum ' 
Shale  
Coal (Simulated) 

Kero Petroleum 
Shale  JP-8 

D ie se l  Petroleum 
Shale  DFM 
Coal SRC-I1 

. L i g h t ' c y c l e  O i l  
N-Butane 

Tot a 1  

P rope r t  l e e  

Gravi ty  , OAPI 
S p e c i f i c  Gravi ty ,  60°F 
D i s t i l l a t i o n ,  D-86, OF 

IBP/5 volX Recovered 
10/20 
30140 
50/60 . 

.70/80 
90/95 
EP 
Recovery, X 
Residue 
Loss 

Reid Vapor P r e s su re ,  LB 
Vi scos i t y ,  c 5 t  a t  40 *C 
Pour P o i n t ,  F (OC) 
Hydrocarbon Type, Vol X 

Aromat i c e  
Olef ine 
S a t u r a t e s  

Elemental  Analysis .  W t X  
Carbon 
Hydrogen 
Su l fu r  

Hydrogen/Carbon Atom Ra t i o  
Heat of Combustion 

Gross, aTU/lb , 

UJ/kg 
Net, BTU/lb 

.MJ/kg 

' CetaneNumber 



Sample 
Sample No. 

TABLE 2.11 HYDROCARBON TYPE ANALYSES, VOL % 

1. Mass Spectrometer 
P a r a f f i n s  
Naphthenes* 

Monocycloparaf f i n s  
Dicycloparaf f i n s .  

Aromatics* 
Alkylbenzenes 
Indans & T e t r a l i n s  
Naphthalenes 
Benzothiopheqes 

Tot a1 

Carbon No. 
P a r a f f i n s  
Alkylbenzenes 

S t r a i g h t  Run Hydrocracker Sim. Coal Broadcut 
Kerosene Kerosene Naphtha Fue 1-3 

AL-9749-F AL-9998-F AL-10304-F AL-10306-F 

2. F luorescent  I n d i c a t o r  Adsorpt ion 
S a t u r a t e s  72.6 ' 86.5 79.30 82.70 
Olef i n s  3.1 2.8 1.10 1.20 
Aromatics 24.3 10.7 19.60 16.10 

*Note: Mass spec  determines o l e f  i n s  as naphthenes , c y c l i c .  o l e f  i n s  as aromat ics .  
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111. SYNFUELS EVALUATION - ENGINE TESTING 

The f i f t e e n  f u e l s  were eva lua ted  i n i t i a l l y  i n  s i n g l e - c y l i n d e r  
CLR e n g i n e s  and r e s u l t s  a r e  p r e s e n t e d  i n  t h i s  r e p o r t .  F u r t h e r  
.mul t i -cy l inder  t e s t i n g  on s e l e c t e d  f u e l  i s  planned t o  be done l a t e r .  

A. Desc r ip t i on  of Tes t  Equipment 

The f u e l s  were t e s t e d  i n  a CLR d i r e c t - i n j e c t i o n  d i e s e l  e n g i n e .  
T h i s  t y p e  of s i n g l e - c y l i n d e r ,  f o u r - s t r o k e  e n g i n e  was o r i g i n a l l y  
developed f o r  l u b r i c a n t  eva lua t ions .  I t  has  a l s o  been used f o r  f u e l  
t e s t i n g  b e c a u s e  o f  i t s  a d a p t a b i l i t y  t o  o t h e r  c y l i n d e r  head 
c o n f i g u r a t i o n s  and f o r  i n s t a l l i n g  i n s t r u m e n t a t i o n .  The e n g i n e  
s p e c i f i c a t i o n s  f o r  t h i s  s e r i e s  of t e s t s  were: 

Compression R a t i o  14: l  
Bore 3.80 inch (9.65 cm) 
S t roke  3.75 inch (9.53 cm) 
Displacement 42.5 cubic  inches  (696.6 !m3) 

The e n g i n e  was c o u p l e d  t o  a n  eddy  c u r r e n t  dynamometer. The 
l o a d  was measured  by t o r q u e  r e a c t i o n  o n  a s t r a i n  g a u g e  t y p e  
e l e c t r o n i c  load c e l l .  

Two f u e l s  were t e s t e d  on t h e  f ' i r s t  CLR engine.  This  engine  was 
b e i n g  s h a r e d  w i t h  a n o t h e r  p r o j e c t  w h i c h  i n v o l v e d  f r e q u e n t  
m o d i f i c a t i o n  of t h e  f u e l  system. Since i t  would not  be p o s s i b l e  t o  
g e t  c o n s i s t e n t  comparisons wi th  changing equipment, t h e  t e s t i n g  was 
s w i t c h e d  t o  a s econd  CRL e n g i n e  a t  t h e  Army Fuels  and Lubr ican ts  
Research Laboratory. The second engine was i d e n t i c a l  t o  t h e  f i r s t  
i n  ' a l l  major f a c t o r s .  

Emissions ana lyze r s  f o r  t h e  two systems w e r e  a s  fo l lows:  

Compound CLHI 1 CLR# 2 
Carbon Monoxide Beckmall Model 315B NDIR Beckman Model 865 NDIR 

Carbon Dioxide Reckman Model 315B NDIR Beckman Model 865 NDIR 

Hydrocarbons , Reckman Model 402 FID Beckman 402 FID 

N i t r i c  Oxide Thermo-Elect ron 10A Reckman Model 995 
  he mi luminescence Analyzer 

T o t a l  Oxides of Thermo-Electron. l O A  Beckman Model 955 
Nitrogen Chemiluminescence Analyzer 

w i t h  NOx Converter  

Oxygen Beckman Fi..eldl.ab Oxygen Beckman Model DM-11A 
Analyzer 



W i t h  t h e  CLWI 1 sys tem,  a l l  i n s t r u m e n t s  were on- l ine  w i t h  
continous flow of sampled exhaust gas .  With t h e  C L W ~  2  sys tem,  a n  
e v a c u a t e d  . p l a s t i c  bag .was f i l l e d  wi th  exhaust gas a t  a  con t ro l l ed  
r a t e  and ' t h e n  taken d i r e c t l y  t o  a  bank of analyzers  f o r  simultaneous 
measurements  . The comparative p a r t i c u l a t e s  samples were co l l ec ted  
on f i l t e r  paper with t h e  system shown i n  Appendix C. 

A c losed f u e l  system was d e v i s e d  f o r  minimizing v a p o r s  from 
c o a l - d e r i v e d  f u e l s  i n  t h e  e n g i n e  t e s t -  c e l l .  A l l  necessary vents  
were connected by tubing t o  the  exhaust fan. D e t a i l s  a r e  shown i n  
Appendix C. 

B. D e s c r i ~ t i o n  of Tes t  Procedure ' 

S i n c e  t h e  o b j e c t i v e  of t h e  engine  t e s t i n g  was t o  compare t h e  
t e s t  f u e l  performance with a  b a s e l i n e  d i e s e l  f u e l ,  t h e  compar ison 
s h o u l d  be made w i t h  a  mi.nimum of o t h e r  changes. ,  The following 
c h a r t  shows t h e  combinakions of CLR eng ine 'wi th  b a s e  f u e l  and t e s t  
f u e l s .  I n  t h e  d i s c u s s i o n  of r e s u l t s  i n  t h e  fo l lowing  sec t ion ,  
Paraho DFM i s  compared with Howell No. 2-D and.  a l l  o t h e r  ' f u e l s  a r e  
compared wi th  P h i l l i p s  D-2 base l ine  f u e l .  

Basel ine  Fuels CLM 1 CLF# 2  

Howell No. 2-D 
P h i l l i p s  D-2 

Tes t  Fuels  

,Paraho DFM X 
A l l  Other Diesel  Fuels X 
A l l  Broadcut Fuels  X 

The t e s t  matr ix f o r  CM\1 was s e t  up t o  measure performance (P) 
and emissions (E) a t  var ious  loads and 3 speeds, a s  follows: 

Torque, i t - l b  4 . 8  1 2  16 20 24 

1 ,000 RPM P,E P,E P ,E 

1,500 RPM P,E P ,E P,E P,E P,E P,E 

2,000 RPM P,E P,E P,E 

When t h e  t e s t i n g  moved t o  CLdI2, t h e  t e s t  m a t r i x  was modi f i ed  . . 

t o  o b t a i n  more  d a t a  p o i n t s ,  on  performance.  Also t h e  . e n g i n e  
opera t ion  was u n s t e a d y  a t  4  f t - l b  t o r q u e  and smoky a t  24 f t- lb:  
T h e r e f o , r e . ,  t h e  m a t r i x  was s h i f t e d  f o r  b e t t e r  c o v e r a g e ,  t o  t h e  
following : 



Torque, f t - lb  6 10 14 18 2 2 
1,000 RPM P,E P P,E P P,E 

1,500 RPM P,E P P,E P P,E 

2,000 RPM P,E P P,E P P,E 

R e s u l t s  of engine t e s t s  are  summari,zed and d i s c u s s e d  i n  
Section I V .  



IV. RESULTS AND DISCUSSION 

Performance and e m i s s i o n s  d a t a  were  o b t a i n e d  i n  two s i n g l e -  
c y l i n d e r  CLR e n g . i n e s  a s  d e s c r i b e d  i n  t h e  p r e c e d i n g  s e c t i o n .  
Complete d a t a  a r e  g iven  i n  Apppendix D f o r  two b a s e l i n e ' f u e l s ,  e i g h t  
d i e s e l  f u e l s ,  and  s e v e n  b r o a d c u t  f u e l s  wi th  a  v a r i e t y  of phys i ca l  
and chemical p r o p e r t i e s .  The r e s u l t s  d i s c u s s e d  i n  t h i s  s e . c t i o n  
i n c l u d e  t h e  s i g n  i f  i c a n . t  v a r i a t i o n s  i n  peformance o r  emiss'iotis f o r  
t h e  t e s t  f u e l s .  Compar isons  a r e  made w i t h  a  b a s e l i n e  f u e l  a t  a  
common b r a k e  h o r s e p o w e r  o u t p u t .  P o s s i b l e  reasons  a r e  o f f e r e d  f o r  
t h e  d i f f e r e n c e s ,  based on a  r ecen t  s tudy  of f u e l - r e l a t e d  c a u s e s  of 
emiss ions .  ( 6 )  

B e c a u s e  of t h e  r e l a t i v e l y  smal l  number of t e s t s  on each f u e l ,  
t h e  r e s u l t s .  i n d i c a t e  t r ends  f o r  t h e  type of engine used f o r  t e s t i n g .  
Compar i sons  among t h e  va r ious  f u e l s  should be made on a  q u a l i t a t i v e  
b a s i s  r a t h e r  t han  apply  p r e c i s e  q u a n t i t a t i v e  d i f f e r e n c e s .  

A. D e f i n i t i o n s  and Data 

Performance d a t a  a r e  r epo r t ed  and d i s c u s s e d  i n  v a r i o u s  u n i t s  
f o r  power and f u e l  consumption a s  u s u a l l y  app l i ed  i n  engine t e s t i n g .  
( 7 )  Power was c a l c u l a t e d  a s  Brake Horsepower (BHP) and  Brake  Mean 
E f f e c t i v e  P r e s s u r e  (BMEP) f o r  d a t a  t a b u l a t i o n s  i n  Appendix D,  bu t  
o n l y  BHP i s  used i n  t h e  d i scuss ion .  The A i r  t o  F u e l  Weight  R a t i o  
(AFR) was a l s o  t a b u l a t e d  . 

F u e l  c o n s u m p t i o n  was meas'ured i n  pounds per  u n i t  of t ime and 
conver ted  t o  t h r e e  forms t a b u l a t e d  i n  Appendix D,  as fol lows:  

Brake s p e c i f i c  f u e l  consumption (RSFC) Pounds 
BHP-Hour 

Brake s p e c i f i c  energy consumption. (RSEC) - BTU 
BHP-Hour 

/ 

Speci  f  i c  Range BHP -Hour 
Gallon 

Only BSFC and BSEC a r e  used i n  t h e  di .scussion.  S p e c i f i c  Range i s  a 
vo lume t r i c  measure of f u e l  economy, s i m i l a r  t o  mi les  per  g a l l o n ,  and 
i s  an  i n v e r s e  f u n c t i o n  of BSFC i n c o r p o r a t i n g  f u e l . d e n s i t y ;  i t  was 
c a l c u l a t e d  when d a t a  were s t o r e d  on computer tapes.  

E m i s s i o n s  d a t a  a r e  r e p o r t e d  f o r  f o u r  e x h a u s t  components a s  
pe rcen tages  of exhaus t  gas  a s  fol lows:  

P a r t i c u l a t e s  Weight% 
Nitrogen Oxides (NOx) Volume% 
Hydrocarbons (HC) Volume% 
Carbon Monoxide (CO) Vo lumeX 



Fuel  consumption d a t a  i n  BSFC and BSEC v e r s u s  BHP f o r  each f u e l  
a r e  p r e s e n t e d  i n  g r a p h i c  form i n  Appendix D. Curves f o r  a l l  t h r e e .  
speeds were genera ted  w i t h  a  l e a s t  squares  polynomial equa t ion  curv  
f i t t i n g  program. Second o rde r  equa t ions  of t h e  form y  = ,A+Bx+Cx 5 
were  used  i n  a l l  c a s e s .  S i m i l a r  p l o t s  a r e  n o t  p r e s e n t e d  f o r  
e m i s s i o n s ,  d a t a  v e r s u s  BHP because t h e  sma l l e r  number of emissions 
measurements and an unsua l  amount of s c a t t e r  i n  t h e  d a t a  p r o d u c e s  
l e s s  r e l i a b l e  curves .  

F u e l  c o m p a r i s o n s  i n  t h i s  s e c t i o n  of t h e  r e p o r t  a r e  based on 
r e l a t i v e  performance and emissions a t  75 pe rcen t  of maximum load ,  o r  
1 8  f  t-lb'  to rque .  For example : 

R e l a t i v e  RSEC a t  18 f t - l b  = B s ~ c  BSEC f o r  Tes t  Fue l  
f o r  Base Fue l  

T h i s  l o a d  i s  c l o s e  t o  minimum f u e l  consumption on the.BSFC curves  
f o r  most f u e l s  and corresponds t o  t h e  f o l l o w i n g  ho r sepower  a t  t h e  
t h r e e  speeds:  

Speed ,RPM - BHP 

P 

Compar i sons  o n  t h i s  b a s i s  a v o i d  problems of s lope  o r  c u r v a t u r e  of 
t h e  l e a s t  squares  l in 'e .  S c a t t e r  is  n o t  e l i m i n a t e d  b u t  v a r i a t i o n s  
may be less i n  t h e  a r e a  of h ighe r  engine  e f f i c i e n c y .  

B. Diese l  Fue ls  

Two s h a l e - d e r i v e d  f u e l s  we re  u sed  a s  r e c & i v e d .  Two sha le -  
\ d e r i v e d  b l e n d s  and two c o a l - d e r i v e d  b l e n d s  were  p r e p a r e d  u s i n g  

p a t t e r n s  'from t h e  r e f i n e r y  modeling s t u d i e s  t o  make 41 t o  45 ce t ane  
number prod,uct meeting' No. 2-D s p e c i f i c a t i o n s .  I n  a d d i t i o n ,  two 
l o w e r  c e t a n e  d i e s e l  f u e l s  were  b l e n d e d  w i t h  SRC-11-d i s t i l l a t e  ' t o  
e x p l o r e  t h e  maximum p ropor t i on  of t h i s  component t h a t  could be used. 
T h e  b l e n d s  m e t  t h e  p r o p e r t i e s  s e l e c t e d  a s  t a r g e t s .  T h e i r  . 

composi t ions and p r o p e r t i e s  a r e  r epo r t ed  i n  Table  2.9 f o r  r e f e r e n c e  
i n  t h e  d i s c u s s i o n  of performance. 

R e l a t i v e  performance of t h e  fou r  shale-der ived d i e s e l  f u e l s  i n  
t h e  CLR engine a t  75 percent  load and t h r e e  speeds  i s  p r e s e n t e d  i n  
four .  f i g u r e s ,  a s  fo l lows  : 

Figu re  4 . 1 ~  Re1ativ.e BSEC 
F igu re  4.1B Re la t i ve  P a r t i c u l a t e s  
F i g u r e 4 . l C  Re la t i veNO 
F igu re  4.1D Re la t i ve  ~ ~ a r o c ~ r b o n s  
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F i g u r e  4.1A shows t h a t  Paraho DFM and JP-5 have s l i g h t l y  lower 
BSEC a t  most  s p e e d  c o n d i t i o n s .  The BSEC f u n c t i o n  i n c l u d e s  t h e  
ad jus tment  f o r  BTU content  of t he  f u e l s .  Therefore ,  i t  appears  t h a t  
t h e s e  two f u e l s  w e r e  used more e f f i c i e n t l y  by t h e  e n g i n e .  Both 
f u e l s  have  a  narrower b o i l i n g  range than  t h e  base f u e l ,  cons ider ing  
t h e  lm and 90% t e m p e r a t u r e s ,  which c o u l d  l e a d  t o  more c o m p l e t e  
c o m b u s t i o n .  The o t h e r  two f u e l s  show no s i g n i f i c a n t  d i f f e r e n c e s  i n  
f u e l  consumption. 

F i g u r e  4.1B i n d i c a t e s  t h a t  JP-5 p roduced  lower  p a r t i c u l a t e s  
e m i s s i o n s  which  would be e x p e c t e d  from i t s  lower  b o i l i n g  po in t .  
T h i s  p rope r ty  a l s o  produced t h e  h ighe r  hydrocarbons emis s ions  shown 
o n  F i g u r . e  4.  I D ,  s i n c e  t h e s e  may i n c r e a s e  w i t h  f u e l  t h a t  i s  more 
e a s i l y  vapor ized  i n  t h e  i n j e c t o r .  

\ 

Shale  Case 2A and Case 3  f u e l s  e x h i b i t  o n l y  m i n o r . d i f f e r e n c e s  
f rom b a s e l i n e  f u e l .  Lower hydrocarbon emissions f o r  both of t h e s e  
f u e l s  on F i g u r e  4.1D appear t o  be r e l a t e d  t o  t h e i r  narrower b o i l i n g  
range and lower end poin t  than  the  b a s e l i n e  f u e l .  

A s i m i l a r  s e t  of p l o t s  i s  provided  f o r  t h e  four  coal-derived , 

f u e l s  on  F igu res  4.2A through 4.2D. R e l a t i v e  f u e l  consumpt ion  on  
F i g u r e  4.2A shows.very s m a l l  d i f f e r e n c e s  from base f u e l .  The SRC-I1 
low c e t a n e  blend i s  lower a t  1000 RPM, but  t h i s  i s  probably a  r e s u l t  
of normal d a t a  v a r i a t i o n  a t  low f u e l  usage r a t e .  

A l l  f o u r  c o a l  f u e l s  produced  more p a r t i c u l a t e s  emissions,  as 
i n d i c a t e d  o n  F i g u r e  4.2B. H ighe r  a r o m a t i c s  and lower .  hydrogen  
c o n t e n t s  a r e  t h e  p r o b a b l e  r e a s o n  f o r  t h i s  r e s u l t  i n  SRC-I1 medium , 

and low c e t a n e  b lends .  However, t h e  Case 5A and Case 1 2  b l e n d s  had 
a r o l n a t i c s  and hydrogen  c o n t e n t s  s i m i l a r  t o  t h e  Shale  Case 2A and 
Case 3  blends.  Higher p a r t i c u l a t e s  emissions t h a n  t h e  s h a l e  f u e l s  
( s e e  f i g u r e  4.1B) a r e  probably r e l a t e d  t o  t h e  h ighe r  90% p o i n t s  f o r  
t h e  c o a l  f u e l s .  Higher v i s c o s i t y  may a l s o  have been a c o n t r i b u t i n g  
cause ;  t h r e e  of t h e  f u e l s  ranged from 2.83 t o  3.08 c e n t i s t o k e s  ( c S t )  
a t  40°C compared w i t h  2.48 cS t  f o r  t h e  base f u e l .  Coal Case 12  w i t h  
l o w e r  90% p o i n t  and  lower  v i s c o s i t y  a t  2.61 cSt  showed s l i g h t l y  
lower p a r t i c u l a t e s  t han  t h e  o t h e r  coal-derived f u e l s .  

Hydrocarbon e m i s s i o n s  f o r  Coa l  Case  5A on  F i g u r e  4.2D were  
h i g h e r  t h a n  b a s e  f u e l  which may be  r e l a t e d  t o  v i s c o s i t y  and 90% 
p o i n t .  O t h e r  e m i s s i o n s  from c o a l - d e r i v e d  f u e l s  a p p e a r  t o  b e  
e q u i v a l e n t  t o  base  f u e l .  

A l l  s h a l e - d e r i v e ' d  f u e l s  r a n  w e l l '  i n  t h e  CLR e n g i n e a t  a l l  
speeds.  So d i d  t h e  two c o a l - d e r i v e d  b l e n d s  c o n t a i n i n g  1 3  and 1 6  
volume pe rcen t  SRC-I1 d i s t i l l a t e  wi th  41 and 42 ce t ane  numbers. 

When c o a l  d i s t i l l a t e  was increased  t o  35 volume pe rcen t ,  t h e  
31.4 ce t ane  number b l e n d  c a u s e d  modera t e  t o  s e v e r e  knock a t  a l l  
s p e e d s .  The f u e l  r a n  e r r a t i c a l l y  a t  2000 RPM, and some speed and 
load  cond i t i ons  could not be run. With 50 volume percent  coal--based 
d i s t i l l a t e  and  25 .4  c e t a n e  number,  s e v e r e  knock occurred  a t  a l l  
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speeds. M i s f i r i n g  w i t h  t h e  l a t t e r  two f u e l s  a l s o  c a u s e d  e r r a t i c  
e m i s s i o n s  r e s u l t s .  Cold s t a r t i n g  wi th  t h e  lowest ce t ane  f u e l  was 
not poss ib le .  

I t  a p p e a r s  t h a t  SRC-I1 m i d d l e  d i s t i l l a t e  c a n  b e  u s e d  . a t  
c o n c e n t r a t i o n s  u n d e r  2 0  v o l u m e  p e r c e n t ,  i f  a n  i n c r e a s e  i n  
p a r t i c u l a t e s  and perhaps h y d r o c a r b o n  e m i s s i o n s  c a n  be t o l e r a t e d .  
H o w e v e r ,  e v e n  a t  l o w  c o n c e n t r a t i o n s ,  t h e  f u e l  b l e n d  h a s  low 
s t a b i l i t y  and s t r o n g  and p e r s i s t e n t  o d o r .  H a z a r d s  o f  v a p o r  
i n h a l a t i o n  and ski'n con tac t  r e q u i r e  s p e c i a l  handl ing procedures.  It 
was recognized t h a t  t h e  SRC-I1 m a t e r i a l  was not  a  f i n i s h e d  p r o d u c t .  
U p g r a d i n g  by h y d r o g e n a t i o n  o r  o t h e r  t r e a t i n g  would a l t e r  i t s  
g r o p e r t i e s  and composition and make a much b e t t e r  d i e s e i  f u e l .  I t  
was  f e l t  w o r t h w h i l e  t o  e v a l u a t e  i t s  p e r f o r m a n c e ' i n  b l e n d s ,  t o  
i n d i c a t e  t h e  degree of upgrading' t h a t  might he requi red .  

C. Broadcut Fuels  

The s e v e n  b r o a d c u t  f u e l  b l e n d s  met t h e  p r o p e r t i e s  used  a s  
ble 'ndi.ng c r i t e r i a  a s  d i scussed  i n  Sec t ion  11. The r e s u l t i n g  family 
of f u e l s  has  a  d i v e r s e  a r r a y  of compositions and p rope r tdes  r epo r t ed  
i n  T a b l e  2.10. Ce tane  number, which was not  a  t a r g e t ,  va r i ed  from 
22.7 t o  35.2. The t o t a l  of l i g h t  and heavy naphtha f r a c t i o n s  va r i ed  
from 33 .1  t o  85.7 volume p e r c e n t . .  Aromatics  con ten t  s tayed  i n  a  
f a i r l y  l i m i t e d  range of 12.5 t o  18.4 volume p e r c e n t ,  and hydrogen  
from 13.03 t o  14.07 weight percent .  

A few composi t ion  and proper ty  f a c t o r s  t h a t  a f f e c t  performance 
and e m i s s i o n s  a r e  g i v e n  on T a b l e  4.1 f o r  r e a d y  a c c e s s  i n  t h e  
d i s c u s s i o n  of t e s t  r e s u l t s .  The seven f u e l s  w i l l  be r e f e r r e d  t o  a s  
BCF-I , RCF-2, e t c . ,  i n s t ead  of t h e  longe r  ca se  number i d e n t i f i e r s .  

TABLE 4.1 . SELECTED BROADCUT FUEL DATA 

Fue 1 

Stocks  . 

Rase 
Diese l  BCF-1 BCF-2 BCF-3 BCF-4 BCF-5 BCF-6 BCF-7 ---- -- 
. P e t r .  P e t r .  Shale  Coal P e t r .  Shale  P e t r .  Shale  

& Coal. & Coal 

Composition, Vol% 
Napli t h a s  - 66.9 67.0 85.7 49.4 33.1 70.8 69.5 
SRC-I1 Mid. D i s t .  - - - - - 6.2 - 19.6 
Lt .  Cycle O i l  - 11.8 11.5 11.4 11.5 5.2 - - 

D i s t i l l a t i o n ,  OF 
la 432 133 117 127 127 199 130 133 
90% 574 590 542 435 600' 620 562 506 

. End Po in t  608 662 634 615 679 h70 669 600 

Cetane No. 48.0 31.1 30.9 25.0 33.8 35.2 33.4 22.7 



R e l a t i v e  performance and emissions d a t a  a t  75 percent  l o a d  and 
t h r e e  s p e e d s  a r e  p re sen ted  i n  four  ba r  c h a r t s ,  a s  was done f o r  t h e  
d i e s e l  f u e l s  e a r l i e r .  Data a r e  missing a t  1000 RPM f o r  some of t h e  
f u e l s  w h i c h  would n o t  s u p p o r t  s t a b l e  o p e r a t i o n  a t  t h a t  s p e e d ,  
e s p e c i a l l y  a t  low loads .  The t h r e e  a l l - p e t r o l e u m  f u e l s  - BCF-1, 
BCF-4 and  BCF-6 - a r e  i n  F i g u r e s  4.3A ' t h r o u g h  D.  The remaining 
f u e l s  con ta in ing  s y n t h e t i c  components a r e  on F igures  4.4A through D. 
P e r f o r m a n c e  and  e m i s s i o n s  appear t o  be a f f e c t e d  more by p r o p e r t i e s  
o r  composi t ion than '  by o r i g i n  of t h e  s t o c k s ,  so a l l  seven f u e l s  w i l l  
b e  d i scussed  a s  a  group. 

F u e l  c o n s u m p t i o n  a s  BSEC was c o n s i s t e n t l y  high f o r  a l , l  seven 
f u e l s .  Although t h e  amount of i n c r e a s e  v a r i e d  from a b o u t  2  t o  20 
p e r c e n t ,  a n  o v e r a l l  a v e r a g e  c o u l d  be a b o u t  1 0  p e r c e n t  i nc rease .  
S ince  energy con ten t  of each f u e l  i s  included i n  t h e  r e l a t i v e  BSEC, 
i t  a p p e a r s  t h a t  t h e  CLR e n g i n e  used  t h e  b r o a d c u t  f u e l s  l e s s  
e f f i c i e n t l y .  The f u e l - r e l a t e d  r eason  f o r  t h e  l o w e r  e f f i c i e n c y  i s  
p r o b a b l y  t h e  l a r g e  p r o p o r t i o n  of n a p h t h a  b o i l i n g  under 400°F,and 
p a r t i c u l a r l y  t h e  amount of l i g h t  s t r a i g h t  run n a p h t h a  as i n d i c a t e d  
i n  f u e l  composi t ions on  Table 2.10. P a r t i a l  support  f o r  t h i s  op in ion  
i s  t h a t  two f u e l s  w i t h  t h e  l o w e s t  p e r c e n t a g e  n a p h t h a  - BCF-4 and 
BCF-5 have c l o s e  t o  1.0 r e l a t i v e  BSEC. BCF-3, one of t h e  f u e l s  wi th  
t h e  high l i g h t  naphtha and t o t a l  n a p h t h a  c o n t e n t  h a s  t h e  h i g h e s t  
r e l a t i v e  f u e l  consumption. 

C e t a n e  number c o r r e l a t e s  i n v e r s e l y  w i t h  naphtha content  and 
cou ld  be involved  w i t h  f u e l  consumption, wi th  two except ions .  BCF-6 
h a s  one of t h e  h i g h e r  c e t a n e  numbers, due t o  t h e  absence of l i g h t  
c y c l e  o i l ,  b u t  second h i g h e s t  SSEC. BCF-7 h a s  t h e  l o w e s t  c e t a n e  
number, w i t h  t h e  most SRC-I1 used i n  any b lend ,  bu t  shows r e l a t i v e l y  
low BSEC. Comparing BCF-6 wi th  SRC-I1 medium ce t ane  d i e s e l  ' f u e l  a t  
a b o u t  t h e  same c e t a n e  number,  t h e  b r o a d c u t  f u e l  w i t h  i t s  wide r  
b o i l i n g  range had h i g h e r  f u e l  consumption. 

P a r t i c u l a t e s  em'j .ssions were  h i g h  w i t h  t h r e e  f u e l s  - BCF-l., 
BCF-4, and BCF-5. Nitrogen oxides  were r e l a t i v e l y  high wi th  BCF-2, 
BCF-4, and BCF-5. These  two e m i s s i o n s  g e n e r a l l y  i n c r e a s e  w i t h  
h i g h e r  90% d i s t i l l a t i o n  t e m p e r a t u r e s  o r  wi th  wider b o i l i n g  range 
which a p p l i e s  w i t h  t h r e e  of t h e  fou r  f u e l s .  P a r t i c u l a t e s  were  low 
w i t h  t h e  o t h e r  f u e l s ,  a s  would be expected w i t h  l i g h t e r  f u e l s .  

A common f a c t o r  f o r  a l l  s e v e n  b r o a d c u t  f u e l s  was t h e i r  high 
r e l a t i v e  hydroca rbon  e m i s s i o n s ,  a t  a l l  s p e e d s  o r  a t  t h e  h i g h e s t  
s p e e d .  T h i s  e f f e c t  occurs  o f t e n  wi th  l i g h t  f u e l s ,  of which t h e s e  
a r e  e x t r e m e  examples .  Causes  of i n c o m p l e t e  c o m b u s t i o n  may b e  
r e l a t e d  t o  i n j e c t  i o n  t i m i n g ,  i n j e c t  i o n  d u r a t i o n  and i n j e c t . o r  t i p  
d e s i g n ;  The  f u e l s  c a u s e d  m i s f i r i n g  a t  v a r i o u s  l o a d  and speed  
c o n d i t i o n s  which may have been improved by i n j e c t o r  adjustments .  
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Q u a l i t a t i v e  a s p e c t s  o f  b r o a d c u t  f u e l  p e r f o r m a n c e  i n c l u d e d  
aud ib l e  knock from a l l  f u e l s .  P r o b a b l e  c a u s e  was i g n i t i o n  d e l a y  
f o l l o w e d  by a b n o r m a l l y  r a p i d  p r e s s u r e  r i s e  a f t e r  i g n i t i o n .  A 
t e c h n i q u e  was d e v i s e d  f o r  t h e  o p e r a t o r s  t o  c a l c u l a t e  r a t e  o f  
p r e s s u r e  r i s e  from t h e  o s c i l l o s c o p e  t r a c e ,  wi th  an a r b i t r a r y  l i m i t .  
of 100 p s i  per  degree of crank angle .  I f  a run  c o n d i t i o n  exceeded  
t h a t  l i m i t ,  i t  was abandoned. 

T h e  r a t e  of  p r e s s u r e  r i s e  was  h i g h e s t  a t  l o w  s p e e d s .  
Therefore ,  o n l y  p a r t i a l  d a t a  were  a v a i l a b l e  a t  1000  RPM on  some 
f u e l s .  U n s t a b l e  o p e r a t i o n  a t  1000  RPM ( m i s f i r i n g  on 'every o t h e r  
c y c l e )  e l imina t ed  o t h e r  da t a .  

The CLR e n g i n e  s t a r t e d . o n  most of t h e  f u e l s  t e s t e d ,  w i t h  
o c c a s i o n a l  h e l p  from e t h e r  s t a r t i n g  f l u i d .  The two lowest  ce t ane  
f u e l s  - BCF-3, and BCF-7 - r equ i r ed  t h a t  t h e  e n g i n e  be  s t a r t e d  and 
warmed up on d i e s e l  f u e l .  

T h e  b r o a d c u t  f u e l s  were  t e s t e d  on  t h e  CLR e n g i n e  w i t h  no 
modi f ica t ions .  The o b j e c t i v e  was s c r e e n i n g  t e s t s  on  t h e  f u e l s ,  
w i t h i n  t h e  normal  f u e l  t o l e r a n c e  of t h e  e n g i n e ,  t o  d e m o n s t r a t e  
r e l a t i v e  performance and e m i s s i o n s  f o r  a n  u n c o n v e n t i o n a l  t y p e  of 
f u e l .  No a t t e m p t  was made t o  o p t i m i z e  t h e  e n g i n e  o p e r a t i o n  by 
advancing o r  r e t a r d i n g  t h e  i n j e c t i o n  t i m i n g .  O t h e r  o p t i o n s  migh t  
have  i n c l u d e d  mod i fy ing  t h e  i n j e c t o r ,  o r  r e v i s i n g  t h e  compression 
r a t i o .  

.. 

. . .  



V. CONCLUSIONS 

A. Fuel Formula t ion  

A v a r i e t y  of  d i e s e l  f u e l s  and b r o a d c u t  f u e l s  c o n t a i n i n g  
components  d e r i v e d  from s h a l e  o i l  and c o a l  were '  blended f o r  t h e  
e n g i n e  t e s t i n g  phase of t h e  p r o j e c t . .  The p r i n c i p a l  o b j e c t i v e s  met 
i n  t h i s  phase of t h e  p ro j ec t  were: 

F o r m u l a t i o n s  f o r  most of t h e .  f u e l s  were d e r i v e d  from 
r e f i n e r y  mode l ing  s t u d i e s  i n  t h e  i n i t i a l  p h a s e  of t h e  
p r o j e c t  . 
Fuel  b lends  were prepared and met s e l e c t e d  p r o p e r t i e s  wi th  
v a r i a t i o n s  i n  components used.. , 

Communica t ions  were  e s t a b l i s h e d  ' t h r o u g h  t h e  p r o j e c t  
Technical Manager t o  provide r e sea rch  q u a n t i t i e s  of t e s t  

,. . f u e l  t o  o t h e r  l a b o r a t o r i e s .  

B. Diese l  Engine Tes t ing  

E i g h t  d i e s e l  f u e l s  were  t e s t e d  i n  a  o n e - c y l i n d e r ,  d i r e c t  
i n j e c t i o n  CLR d i e s e l  e n g i n e .  Rased on t e s t  r e s u l t s  i n  comparison 
w i t h  t h e  b a s e l i n e  f u e l s ,  t h e  fo l lowing  conclus ions  a r e  drawn: 

1. Shale-derived DFM and JP-5, which were r e f i n e d  t o  meet Navy 
s p e c i  f i c a s i o n s ,  showed minor  d i f f e r e n c e s  from ' t y p i c a l  petroleum 
b a s e l i n e  f u e l .  Fue l  constlmption was s l i g h t l y  l e s s  f o r  b o t h  s h a l e  
f u e l s .  JP-5 e m i s s i o n s  i n c l u d e d  lower  p a r t i c u l a t e s  and  h i g h e r  
hydrocarbons, p r o b a b l y  b e c a u s e  of d i f f e r e n c e s  from b a s e  f u e l  i n  
b o i l i n g  range. 

2 .  The Paraho products  blended wi.th.petroleum f r a c t i o n s  t o  45 
c e t a n e  d i e s e l  f k e l  showed no s i g n i f i c a n t  d i f f e r e n c e s  i n  f u e l  . , 

c o n s u m p t i o n  o r  e m i s s i o n s .  S t a b l e  o p e r a t i o n  of t h e  e n g i n e .  was 
obta ined  a t  a l l  speed and load condi t ions .  

3. SRC-I1 .middle d i s t i l l a t e  a t  1 3  and 16  volume p e r c e n t  i n  
b l e n d s  w i t h  petroleum f r a c t i o n s  ( t o  41 and 42 ce t ane )  showed normal 
f u e l  consumption and s t a b l e  o p e r a t i o n .  . Both f u e l s  showed h i g h e r  
p a r t i c u l a t e s  e m i s s i o n s ,  a n d  o n e  f u e l  produced  more unburned  
hydrocarbons. 

4. A t  35 and 50 volume p e r c e n t  SRC-I1 d i s t i l l a t e  i n  d i e s e l  
f u e l ,  p a r t i c u l a t e s  e m i s s i o n s  were  s u b s t a n t i a l l y  h ighe r .  Engine 
knock was moderate t o  s eve re  on t h e  3 1  and  25 c e t a n e  number f u e l s  
and o p e r a t i o n  was uns t ab le  . a t  2000 RPM. 



5. Al though SRC-I1 middle d i s t i l l a t e  cou ld .  be used i n .  d i e s e l  
f u e l  a t  concent ra t ions  under  20 volume p e r c e n t . ,  o d o r  and c o n t a c t  
h a z a r d s  would preclude i t s  genera l  use.  T rea t ing  t o  overcome t h e s e  
p r o b l e m s  w o u l d  a l s o  i m p r o v e  t h e  p e r f o r m a n c e  a n d  e m i s s i o n s  
c h a r a c t e r i s t i c s .  

- C. Broadcut Fuels  . . 

Seven  b roadcu t  f u e l s  were , t e s t ed  i n  t h e  same CLR engine a s  t h e  
d i e s e l  f u e l s ,  t o  demonstrate performance and e m i s s i o n s  r e l a t i v e  t o  
t h e  same b a s e l i n e  d i e s e l  f u e l .  The main f ind ings  were a s  fol lows:  

1. Broadcu t  f u e l s  can  be run i n  a  s ing le -cy l inde r  CLR engine  
us ing  t h e  normal f u e l  t o l e r ance  of t h e  engine.  

2 .  Pe r fo rmance  and e m i s s i o n s  w e r e  a f f e c t e d  m o r e  by  t h e  
p r o p e r t i e s  and compos . i t ion  of t h e  f u e l s  t h a n  by d i f f e r e n c e s  i n  
o r i g i n s  from petroleum o r  s y n t h e t i c  sources.  

3 .  A l l  f u e l s  had h i g h  r e l a t i v e  f u e l  consumpt ion ,  a v e r a g i n g  
ab,out  1 0  percent  more than  base f u e l  BSEC. The presence of naphtha 
i n  t h e  f u e l s  i s  t h e  probable cause. Fuel  consumption increased  wi th  
h i g h e r  percentages of naphtha i n  t h e  b lends ,  p a r t i c u l a r l y  t h e  amount 
of l i g h t  naphtha. 

4 .  A l l  s e v e n  f u e l s  e x h i b i t e d  h i g h  r e l a t i v e  h y d r o c a r b o n  
e m i s s i o n s  which would be e x p e c t e d  w i t h  t h e  amount of low b o i l i n g  
m a t e r i a l  but  may a l s o  b e ' r e l a t e d  t o  t h e  f u e l  i n j e c t i o n  s y s t e m  w i t h  
lower v i s c o s i t y  f u e l s .  

5. .Three fue&s showed h igh  p a r t i c u l a t e s  and/or  n i t r o g e n  oxides  
b e c a u s e  o f  w i d e r  b o i l i n g  r a n g e  a n d  h i g h  90% d i s t i l l a t i o n  
temperatures  . 

6 .  A l l  f u e l s  caused knock which was more seve re  f o r  t h e  f u e l s  
w i t h  h ighe r  naphtha content .  Cold s t a r t i n g  was not p o s s i b l e  on  t h e  
two lowest  ceeaae f u e l s .  

7 .  The f u e l s  were  r u n  a t  ' t h e  same cond i t i ons  a s  d i e s e l  f u e l  
f o r  c o m p a r a t i v e  d a t a .  O p e r a t i o n  and p e r f o r m a n c e  may have  been  
improved  by a d j u s t m e n t  o r  mod i f i ca t ion  of f u e l  in jec t , ion .  Control  
of blend p r o p e r t i e s  t o  provide a  minimum ce tane  number and maximum 
90% poin t  may be advisable  on f u t u r e  blends.  



V I .  FUTURE WORK 

Work t o  he d o n e ' i n  t h e  f i n a l  p h a s e s  of t h e  p r o j e c t  w i l l  be 
c e n t e r e d  i n  t h e  fo l lowing  a reas :  % 

' C  

1. . E n g i n e  t e s t i n g  w i l l  be c o n t i n u e d  6n  se l ek ted  d i e s e l  and 
broadcut  f u e l s .  Chass i s  dynamometer s tud ie s '  w i l l  be made w i t h  f o u r  
f u e l s  i n  c o m p a r i s o n  w i t h  t h e  - b a s e l i n e  fuel. , .  inc luding  two d i e s e l  
f u e l s :  . .  . 

Coal Case 5A 
, 
a :,. SRC-I1 Medium Cetane 

Two broadcut  f u e l s  chosen f o r  c h a s s i s  dynamometer t e s t i n g  a r e :  

Rocky Mountain Case 4 (Shale  Base) 

. . Mid-Continent Case 5 (Petroleum.Base)  

2. A d u r a b i l i t y  t e s t  run w i l l  be made wi th  Coal Case 5A d i e s e l  
f u e l .  

3 .  A t  l e a s t  n i n e  g a s o l i n e s  w i l l  -be - e v a l u t e d  i n  engines f o r  
performance and emiss ions ,  s i m i l a r  t o  work descr ibed  f o r  d i e s e l  and 
b r o a d c u t  f u e l s .  CLR sc reen ing  t e s t s  on a l l  f u e l s  w i l l  be followed 
by c h a s s i s  dynamometer and d u r a b i l i t y  eva lua t ions  on s e l e c t e d  f u e l s .  

4 .  D i s t r i b u t i o n  of samples t o  o t h e r  'L ,abora tor ies  h a s  s t a r t e d  
and  w i l l  c o n t i n u e  t o  t h e  e x t e n t  of sample  a v a i l a b i l t y .  Data o r  
r e f e r e n c e s  from t h e s e  o t h e r  e v a l u a t i o n s  w i l l  , ,be  c o l l e c t e d  f o r  
i n c l u s i o n  i n  t h e  .F-lnal r e p o r t .  

r .  
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MATERIAL SAFETY DATA SHEET 
MEDICAL b MEALTH ntsounccs DIVISION. TOXICOLOGV DEPAIITMENT 

C 0 BOX 3140. PITTSBURGH. PA (5230 

Middle D i s t i l l a t e  SRC 11 MATERIAL 

NA = No1 Appl~cable NU = NO Uefi Aviildble Gulf Modified F U I I I I  OSHA.20 

CODE NUMBER 
10SRCII3APR810 SECTION I 

MANUFACTURER'S NAME EMERGENCV TELEPHONE NO. ' 
The P i  tt*hv*rn h (713) 651-0693 , 

ADDRESS NUMBER STREET CITY STAT t h Z l l ' C 0 0 E )  
Nor th  i o r t  ~ e w i s ,  WA 98433 

PREPARED BV C .R.Hopper 
NEW 

4/81 ,R,E,Viz, 8/79  
EXPIRES .4 / 82 

CHEMICAL NAME 6 SVNONVMS 
N A 
C H E M I C A L  FAMILV 

Coal-derived middle d i s t i l l a t e  
CAS NUMBER - - 

T R A  E NAMES L SVNONVMS 
~ i a d l e  D i s t i l l a t e  
FORMULA 

N A 

UN Number 1137 
..:........-...- ..... .: .......................... .... ..... ........ ............................................................................................................. .................. .\.i ....................................................................... ;.,.:.> :.::, ::.: :. .......................... .................. .................................. .,:,..: :::+::.: :x.:. ............................................... ................................ .............................................................. ................. ; .......... :...:.:.:.:.:.:.. ....... SECTION 11 - HAZARDOUS INGREDIENTS ;;~;$~~;E;:i;~~~~~:,;:..~;~~;~~$.$.~<:~~,'. '.;: :,'.':::$:!:::". : :  .......... :.:.:.:..:::::::. :::.,:.:... :::..::::...: ............ ..... ........................ .:_ . . . . . . . . . . . . . . . . . . . . . . . .  

MATERIALS 

Middle D i s t i l l a t e  

Phenolics, wt. % 

% 

9 9+ 

(10-25) 

*The h e a l t h  hazards, p a r t i c u l a r l y  s k i n  les ions  associated w i t h  coa l  l i q u e f a c t i o n  pro-  
cesses, are recognized as p o t e n t i a l  h e a l t h  problems. Therefore, i t  i s  s t r ong l y  recom- 
mended t h a t  i n h a l a t i o n  and s k i n  exposure be kep t  t o  a minimum and t h a t  a l l  recommended 
precaut ions be observed when hand l ing  t h i s  ma te r i a l .  See Sect ions V and IX. 

DOT HAZARD CLASS: Combustible l i q u i d  
- .. .......... . .. \ ............................... >.<... .......... j..... . . . . . . . . . . .  :...:.:...: :.:.>:.:...:.:.. : ................................. ......... ........ ..... ....... ............ -^ -.  

:.:' ...................... .......x.:...:. ....... :.: ..... ...................... ". ......... ..................................... .:. ;,..;:,::? <,:: ..::::..::..>::> , :: ::.:.'. SECTION 111 - PHYSICAL DATA ............... ,,,$sj$;'i$g:i:~ .......................... jl~~i).:ji.~.;j<:~~~:;i$;;I$,~::jil~i+:~I:::~:j jj1jjit.1 . 1 . .;. ....... .:.. .. :.:.:. .,.:.:..<... -.,:..: ... :...:. ::.:.: P:.::.:. .::.:. : ;:- ... ::::. ................ ; ................................................... .,.: :.:. .. .:::. ..:.. :.::.:;-. . 

TLV 
(units) 

* 
5ppm 

BOILING POINT OC I'F) 

VAPOR PRESSURE (mm n9.1 

VAPOR DENSITV [Air. 1) 

SOLUBILITV IN WATER 

APPEARANCE AND ODOR 

- 

MATERIALS 

Benzene 

.................................... . /  .. ........ .................. . . . . . . . . . . . . .  , ...................................... ; .......... .,.: .,.:,: :.:..:. . . .......................... ...................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . .  .................... . ~ ~ . . ~ ~ . .  ......... ................... .................................... :..:.:.:.::: .......................................... : :  1 SECTION I V  - FIRE AND EXPLOSlON HAZARD DATA :;:;', :~:~::.;;::~~;:~:~ ; .:??I , :.: >:: ,:. ;.j.,. .;$$::.& 
.:.::.: ..... ::. ............... ..:.:. ............ ......................... ............ .................................. . . . . . .  .".: .. . . 

I - L A S ~  P O ~ l v l  
. 

> 71'C (160°F) closed cup FLAMMABLE L I M I T S  ND lLtL U E L  

E X T l N G U l S W l N G  MEDIA 

OALCOHOL FOAM .CARBON DIOXIDE .DRY CHEWICAL F O A M  W A T E R  SPRAV (FOG) 

OTHER 

SPECIAL FIRE FICnTING PROCEOURCS Use water spray t o  keep f ire-exposed con ta iners  cool ,  f l u s h  
s p i l l s  away from f i r e  exposures and t o  d isperse vapors. Use a i r -supp l ied  rescue equip- 
ment f o r  enclosed areas. Th is  m a t e r i a l  f l o a t s  and emu l s i f i e s  w i t h  water. 

ExPLOS1ON HA7AR0s Combustible. F lammabi l i ty  s i m i l a r  t o  d i e s e l  f u e l  o r  kerosene. 
E i t h e r  m i s t i n g  of the  m a t e r i a l  through hand l i ng  o r  hea t i ng  t o  i t s  f l a s h  p o i n t  i s  l i k e l y  
t o  g ive  s u f f i c i e n t  vapors f o r  i g n i t i o n  upon exposure t o  flame o r  incend ia ry  sparks. 

177-288°C 
(350-550°F) 

ND 

h'D 

S l i g h t l y  so l ub l r  

% 

< 1 

Amber t o  b lack  o i l ,  s t r ong  creosote- l i lce odor. 

SPECIF~C G R ~ V I T V  (nZo=l)  
15.6 1 1 5 . 6  c 

PERCENT, VOLATILE 
B Y  VOLUME 1%) 

EVAPORATION RATE 

. . . . . .  

TLV 
(units) 

10 ppm 

0.97 

9 7 

ND 



M i d d l e  D i s t i l l a t e  
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; n ~ ~ s H o ~ o  LIMIT VALUE up !ste guide ine  o r  a ~ r h o r n e  exposure t o l c o = ' l - d e r i v e d  m a t e r i a l ; :  
0.2 m g I m 3  as b e n r e n e s s o 8 u b l e ~ .  S e e l i e c t i o n  1;. 

OF OVEREXPOSURE 
Severely irritating to the eyer; strongly irritating to the akin.  a at em& toxicity, 

particularly CNS and respiratory tffecta. can occur from the ponstble ruin abs~rpti~n. lnnalaclon, on0 lngesclon 
of thia material due to tho presence of phenolic compounds. Prolonged and repeated exposures u y  lead to deru- I 

titis and possibly to akin tumor foraation. CAUTION: High press. skin injection may occur when wrking with fuel 
injectors. Injury will not appear aerious at first; within a few hours tissue will become swollen. discolored. 
m d  extremely painful. 

EMERGENCY &NO FIRST AID PROCEOURES SKIN CONTACT: lmmrdiately water deluge shower. ~ollow bv rinsing with castor 
' 

or olive oil for laree akin eurface exoosures. EYE CONTACT: Flush imaediatelv with water for 15 min. INHALATION: 
Remove from exoosure. aive artificial resoiration if necessarv. INGESTION: DO NOT INOUCE VOMITING. (asoiration 
hazard). Give 1-2 or. activated charcoal followed bv 1-2 glasses of milk or 2-4 oz. of veeetable or olive oil. 
Obtain imediate medical aid for all cases of contact. .UIGH PRESS SKIN INJECTION: Emergencv medical treatment 
must be obtained immediatelv after accidental inlection. physicia; must be familiar ulc'n local ~rocedures for 
treatment of this.cype of wound (i.e.. incision, saline irrigation. removal of necrotic tissue and wound dressin&. 

INCOMPATABILITV (Ma tmrds  lo lroldl 
R e a c t s  w i t h  s t r o n g  o s i d i z i n g  m a t e r i a l s .  
H A Z A R D O U S  OECOMP3S1710N PRODUCTS 1 - - - -  - 

When h e a t e d  t o  decomposition, i t  w i l l  e m i t  i r r i t a t i n g  a n d  t o x i c  f u m e s .  
HAZAROOUS 

W I L L  NOT OCCUR X CONDITIONS TO AVO10 
POLYMERIZATION: OCCUR I I 

C I 1  1  I  
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PRECAUTIONS T O  BE TAKEN IN HANOLING A N 0  STORING A v o i d  sk in  and e y e  c o n t a c t .  A v o i d  the i n h a l a t i o r  
of m i s t s ,  f u m e s ,  o r  vapors. M a i n t a i n g o o d  ven t i l a t i on .  F r e s h  c h a n g e  o f  w o r k  c l o t h e s  d a i l y  
S h o w e r i n g  and c l o t h e s  change r e c o m m e n d e d  a t  the end of e a c h  s h i f t . C o m b u s t i ~ e  hydrocarbons 
e m p t y  d r u m s  m a y  con ta in  c o m b u s t i b l e  v a p o r s .  W a s h  o u t  d r u m s  w i t h  w a t e r  b e f o r e  d i s c a r d i n g .  
OTHER PRECAUTIONS 

I A n i m a l  data s u g g e s t  tha t  SRC m a t e r i a l s  have the p o t e n t i a l  o f  producing f e t o t d x i c  e f f e c t s .  
T h e r e f o r e ,  i t  i s  prudent t o  prevent f e r t i l e  f e m a l e s  f r o m  r e c e i v i n g  s i g n i f i c a n t  exposure 
t o  t h i s  m a t e r i a l .  i 
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P USTION PRODUCTS W 1 U  CONTAIN IRRITATING AM) TOXIC M S  AM) SMOKE, . 

RRITATION TO THE EYES AM) UPPER RESPIRA~Y TRACT WIU acm WITH OVER- . 
DBOSURE , 

SIRE 8 

CCmUSTION MATERIALS, 

3. OBSERVE UGG s p  'GUIDELINES FOR AIRBORNE EXPOSURE TO mu D E R I ~  
MATERIAL: "6.1 dFl AS BENZENE souslrs. 

4. VENT THE OPERATING ENGINE WIJH LOCAL W U S T ,  IF LEAKAGE OF SEALS) GASKEfSj 
AND/OR VALVES ARE OCCURRINGJ THE USE OF GENERAL FLOW-MOUGH m i  LA TI^^ IS 
ALSO REC-, 

5, FOR PREPAMTI ON OF TH FUEL) WEAR .PROTECTIVE GLOVES(~ )AM) A LONG-SLEEVE SHIRT 
WHERE POSSIBLE SPI LUGE OR SPLASHING MAY OCCUR, 

6, THE USE OF PROTECTIM EYE GOGGLES AND/OR FACE SHIELD I S  RECOkMEMKD WERE 
THERE I S  A POSSIBILITY OF SPLASHING INTO THE EYES, 

8. I r m ~ v ~ w u  EXPOSED TO SRC W~RIALS SKUU) YD(ER AND C W V ~ ~ E  c m s  AT 
THE EM> OF EACH SHI FT8 , . - ! 

(a) BESIDES NEOPRENE GLOVES) DISWSABLE VINYL OR LATEX GLWES MAY BE USED ONCE 
AM) THEN DISCARDED WERE NO SIGNIFICANT MPOSURE RISK EXISTS, 

TEE PITTSBURGH L MIDWY COAL MINING CQ, 
. NORTIl FORT. LEWIS, WA 98433 



PROCEDURES FOR COAL-DERIVED FWLS 

General  

1. Avoid i n h a l i n g  vapors.  

2 .  Avoid s k i n  and eye con tac t .  

3 .  Avoid eng ine  exhaus t  gas.  

ENGINE TEST CELL AREA 

1. U s e  c lo sed  f u e l  system wi th  vapor ven t s  t o  exhaust  fan.  

2. Run exhaus t  f ans  i n  test  c e l l .  

3 .  Stay  i n  test  c e l l  on ly  when necessary.  

4 .  U s e  vapor  b a r r i e r  cream on exposed s k i n  ( o p t i o n a l ) .  

5. When working w i t h  f u e l  o r  f u e l  system, wear t h e  fol lowing:  
a .  S a f e t y  g l a s s e s  
b. Face s h i e l d  o r  goggles  
c. Gloves (neoprene p r e f e r r e d ) .  
d .  Long s l e e v e  s h i r t  o r  coa t .  

_ .  . 
6 .  ' Avoid l i q u i d  d r i p s  o r  s p i l l s . .  Wipe up any l i q u i d  .immediately 

and d i s c a r d  rags .  

7 .  I f  s k i n  c o n t a c t  occurs ,  wash a f f e c t e d  a r e a  promptly o r  u se  s a f e t y  
shower. Change contaminated c l o t h i n g .  

FUEL HANDLING 

1. Wear t h e  fo l lowing  ge'ar: 
a .  Sa fe ty  g l a s s e s  
b.  Face s h i e l d  o r  goggles  
c .  Gloves (neoprene p r e f e r r e d )  
d.  Long s l e e v e  s h i r t  o r  c o a l  

2 .  ' Make t r a n s f e r s  i n  fume hood i f  pos s ib l e .  

3 .  Keep c o n t a i n e r s  c losed .  Wipe up any d r i p s  o r  s p i l l s .  

4 .  Use funne l  o r  tubing e x c l u s i v e l y  f o r  t h i s  f u e l .  Wash wi th  so lven t  
and then  de te rgent -water  'mix a t  end of p r o j e c t ,  even i f  p l an  t o  
d i s c a r d .  

5. I f  g e t  s k i n  c o n t a c t ,  wash a f f e c t e d  a r e a  promptly o r  use  s a f e t y  
shower. Change contaminated c lo th ing .  



APPENDIX B 

BOILING RANGE BY GAS 
CHROMATOGRAPHY, ASTM D 2887 



B. 1 DIESEL AND BROADCUT FUEL COMPONENTS 

Component 

Sample No. 

Distillation, ~ 2 8 8 7 ,  OF  

IBP 

St. Run ~yhrocracker St. Run Lt. Cycle Paraho 
Kerosene Kerosene Diesel Oil DFM 

Paraho . SRC-I1 
JP-5 Middle 

Distillate 
AL-9089-F AL-9251-F --- 



B. 2 DIESEL FUELS 

Fuel . 

Sample No. 

Distillation, D2887, OF 

Howell Shale Shale Coal Coal 
No. 2-D Case 2A Case 3 Case 5A Case 12 
AL-9649-F AL-102554' AL-10256-F AL-10287-F AL-10288-E 

I 

SRC-I1 SRC-I1 
Med. Cetane Low Cetane 
AL-10289-F AL-10290-F 



B.3 BROADCUT FUELS 

Region Rocky Mountain Mid-Continent Great Lakes, 
Case No. 16. 4 7A 5 4 5 4 
Sample No. AL-10286 AL-10305 AL-10306 AL-10307 AL-10308 AL-10309 AL-10310 
Fuel Identification BCF-1 BCF-2 BCF-3 BCF-4 BCF-5 BCF-6 BCF-7 

Distillation, D2887, OF 

IBP 2 9 12 29 2 9 ' 29 2 9 2 9 

5 Wt% 7 7 35 75 . 35 3 3 33 35 

10 95 86 84 99 - 84 79 84 

2 0 146 157 - 141 181 242 156 166 



APPENDIX C 

E'lJEL AND EMISSIONS SYSTEMS 



F I G U R E  C.l CLOSED FUEL SYSTEM FOR CLR ENGINE 

TUBING:  Metal  tub ing  o r  Te f lon ,  heavy w a l l ,  f o r  l i q u i d  l i n e s .  
Tygon tub ing  f o r  vapor l i n e s .  
Tubing loops  t o  minimize v e r t i c a l  t h r u s t  on 
f u e l  \.:eig!-li~;g cylii?.der . 

f 
318 in. 

TYGON TUBING Exhaust Fan i n  
Outs ide  Wall 

* 

5 g a l  
FUEL 

SUPFL'I 

5 00 in .3 F E I G H I K G  
CYLINDER 

114 in. TEFLON 
TUBING 

1 /4  in .  TEFLON TO 
and FROM E N G I N E  

Stand t o  
A 1  low ELECTRONIC BALANCE 

Grav i ty  LOAD CELL 
Feed L r 

I Base P l a t e  

Anchor P o i n t s  t o  
Damp Engine V ib ra t i on  



used on CLR #2 
n o t  used on CLR /I1 

@ M i l l i p o r e  f i l t e r  h o l d e r ,  142 mm s i z e  
(max 200 PSI  i n l e t ,  100 PSI d i f f e r e n t i a l )  
Used P a l l f l e x  f i l t e r s  T60A20 ( f i b e r g l a s s )  125 mm s i z e  

@ A i r  pump, b e l l o w s  Lypc Robbins b Mcyers, Model No. KS-M330-Bowl 
P a r t  No. D-28817 

@ Wet t e s t  me te r  (CLR # I )  3 E/rev  (0.1 SCF). Samplc 30-60 & / t e s t .  
OR 
T e s t  me te r  (CLR #2)  American PIeter D i v i s i o n  Type AL-120, 100 CFi;. 

/ 
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APPENDIX D CONTENTS 

FIGURES - PERFORMANCE DATA FOR ALL FUELS 

Table & 
Figure No. Fuel I d e n t i f i c a t i o n  

, D . l  Howell No. 2-D Basel ine Fuel 

' D.2 P h i l l i p s  n-2 Baseline Fuel 

D. 3 Paraho DFM 

D. 4 . Paraho JP-5 

D. 5 Shale Case 2A 

D.6 Shale Case 3 

Coal Case 5d 

Coal Case 12 

SRC-I1 Medium Cetane 

SRC-I1 Low Cetane 

Broadcut Fuel 1 

Broadcut Fuel 2 

Broadcut Fuel 3 

Broadcut Fuel 4 

Broadcut Fuel 5 

D. 16 Btoadcut Fuel 6 

D. 17 Broadcut Fuel 7 



TRBLE D . 1  HOWELL N0.2-D ERSELINE FUEL 

PERFORMRNCE 

IIOUELL NO. 2-D AL-9649-F 1000 rpn 10 runs 

IIOYELL NO. 2-D AL-9649-F 1500 rpn 7 runs 

RUN* BHP BMEP BSFC BSEC RANGE AFR 
1481. . 6 . 3 1  78.42 0.555 10098 12..70: W . 9 5  
1482 7'.54.. 93.. 67 0.534 
1483 6 .28  78.06 0.532 

9733 13.17 17.25 
9680 13.24 20.86 

1484 5.03 62.45 0.521 9491 13.51 26.85 
1485 3 .77  46.84 0.560 10192 12.58 33.72 
f:@ 31.22 0.660 12027 10.66 43.09 

15.61 0.923 16809 7.63 62.26 

HOUELL NO. 2-D AL-9649-F 2000 rpm 7 r u n s '  
. 

RUN6 BHP BMEP BSFC BSEC RANGE AFR 1488 8.30 77.35 0.564 10266 12.49 18.76 1489 7.62 70.96 0.545 9923 12.92 21.21 1490 7 .92  73.80, 0.561 10208 12.56 19.71 1491 6.40 59.61. 0.564 10275 ' 12:48 24.42 1492 4.57 42.58 0.606 11038 11.61 31.92 
1493 2.93 27.32 0.733 13352 9.60, 41.07 
1494 1.60 14.90 0.963 17534. 7 .31  56.82 

EMISSIONS 

IIOWELL NO 2-D AL-9649-F 1000 rpn 11 runs 

IIOUELL NO 2-D AL-9649-F 1500 rpn 7 runs 

RUN6 BHP Part NO x 'HC' CO AFR 
148i 6 .31  S 0.0913 0.1480 0.6000 19.95 
148P 7.54 0.2310 0.0943 0.0890 1.2000 17.25 
1483 6.28 0.1470 0.0950 0.1200 0.4000 20.86' 
1484 5.83 S 0.0925 0.1080 0.1000 26.85 

3.80 0.0630 0.0990 0.1000 33.72 1192 2 .51  ssrsss 8 :  8124 o 0910 o. o o o o  43.09 
1487 1.00 0.0200 0.0383 0:0880 0.0000 62.26 

HOUELL NO 2-D AL-9649-F 2000 rpn 7 runs 

Part 
ssssss 
ssssss 
sssss* 
ssssss 
0.1070 
SSS~S* 
0.0310 



BHP 

F16, D.1R HOWELL N0a 2-D BSFC VS BHP 

LEOEND 

+ 1080 RPH 
o 16eQ RPH 

+ 2089 RPll 

1000 RPN 
o 1 600 RPR 
+ 2999 RPI) 

FIG. D,IBHOWELL NBa 2-D BSEC VS BHP 
CLR+ I 



TABLE Dm SELINE FUEL 2 PHILLIPS P-2 BA 

T -  
EHISSIONS PERFORMANCE 

IY-9993-F 1 0 0  ron 

i 

16 r m s  

AL-PMJ-.F ZOD8 rpcr . 
UW0121 +:-. , 

:::it ,, 
i1.w 
1m.00 

8 
i 3 . i 9  
12.7s ,. 
la % 
7:w , -- 

I:! 
6 .m girt 

-. . 
., ;r -: 

,) 'I' 



FIGmDm2R PHILLIPS D-2 BSFC VS BHP 
CLR a2 

GmDm2B PHILLIPS D-2 BSEC V S  BHP 



PERFORMRNCE 

FARAHO DFN AL-9090-F 1000 rpn  6 runs 

TABLE D . 3  PARAHO DFM 

EMISSIONS 1..  
T 

BNEP 

'I f l $  #:I? I:!& :I!# 1 698 : 1 . 9 fkil 
tSd 0 . 6  i : d  I : les  i i o r ~  6 tb :oS  

PARAW DfN AL-9090-F 1500 rpn 6 runs 

BNEP BSFC BSEC RANGE 

RUI fTil3 !!I% 61:11 !:Zfl %b 9369 : 4 : 8  ig:ge gF!$ d:$l 1505 5 .46  6 7 . 7 7  8 :31$ 1,638 
1508 1 . 2 6  1 5 . 6 1  

4 . 0 3  7 . 6 0  1888 2 . n  %:!# 1:511 1 if:?: 4 . 1 6  

J 

- PARAHO DFN AL-9090-F 1000 rpfl 6 runs 

RUN# Par t NO% 'HC' CO hFR 
1 . 0 0  0 !?t I*$# 8 8 :  0.3@!0 

3 . 4 7  $ $  0 .0875  0 .1300  t8z  2.551 1 . 6 8  :::I# ijfiii i11B 
0.7Q 0.0070 0 .0650 1 . 0 7 9 0  0 .0000  6 1 . 0 3  

PAR AH0 DFN AL-9090-F 1500 rpfl 6 runs 

NO x CO A R I!# W 4  $ 8  0 .1050  1 . 0 0 0  15% 
151 t:8 trill ! : I 8  i:dIl 9 C : l  

0.1290 0 .0825  0 .  880 O.iOO0 3 . 6 0  ill !11 rrstBs o:ios r:Iea i:rlm 4 : ~  

FARAHO DFN AL-9090-F 2000 rpn 3 runs PARAHO DFH AL-9090-F 2000 rph 3 runs1 - 
BSEC RANGE AFR 'HC' CO AFR RUN+ BHP BNEP BSFC 

1509 7 . 8 8  7 3 . 4 5  0 . 5 6 6  10364 1 2 . 2 9  1 9 . 4 5  
4 . 6 1  4 2 . 9 3  0 .  00 i t  3 1  $ 2  gi:$$ tat: , . 5 2  1 4 . 1  .oe3 19h43 - ,  



1 2 3 4 5 6 7 0 9 1 0  

BHP 

FIG D m3R PRRRHO DFM BSFC V S  BHP 
CLRwl  

LEOEND 

* 1eee RPH 
o 1608 RPH 
+ 2000 RPM 

LEGEND 

o 1608 RPH 

FIG. D.3B PRRRHO DFM BSEC VS BHP 
CLRa l 



PERFORMRNCE 
FARM40 JP-5 AL-9088-F 1000 r p n  7  runs  

PARAHO JP-5 &I.-9088-F &SO0 r p n  8 runs 

AFI 

'33iB8 1J:106 B8:W 

EMISSIONS 
PAR AH0 JP-5 AL-9088-F 1000 r p n  4  runs  

RUN# BHP Par t  NOx 'HC* CO AFR 
1 9  2 . 3 7  0 .0068  0 . 0 4 4 5  0 .0677  0  . i t 3 0  3 4 . 7 3  
2 1  0 . 9 1  0 .0020 0 . 0 3 3 2  0 .0844  0 .0585  6 6 . 4 6  
57  3 . 8 2  0 .0132  0 . 0 6 0 8  0 .1577  0 .2340  3 1 . 4 8  

236 3 . 8 4  0 . 0 0 6 2  0 . 0 7 2 9  0 . 1 4 5 7  0 . 2 3 3 0  3'0.49 

AL-9088-F 1500 r p n  4  runs  

RUN# BHP Par t  NO x 'HC8 CO AFR 
2 2  f .8S 0 . 0 0 7 1  0 .075% 0 .1200  0 .1320  2 7 . 3 1  
24  3'.W 0 .0072  0 . 0 5 9 5  0 . 0 9 S l  O.O(tOO 3 9 . 8 4  
2 6  1 . 2 9  0 .0073  0 .0369  O.JB10 0.0760 6 3 . 2 6  

2 3 8  3 . 0 4  0 .0060  0 . 0 5 5 6  0 . 0 6 3 1  0 .0545  4 4 . 6 3  

PI\RAHO JP-S AL-9088-F 2000 rpm 4  runs  

RUN# BHP Par t  NOx 'HC* CO AFR 
27 7 . 8 4  0 .0043  0 .0920  0 .0995  11.1140 2 4 . 6 2  
2 9  4 . 5 8  0 .0020 0 . 0 4 8  0 . 8 8 0 5  0 .0450  3 6 . 2 6  
3 1 1 . 5 6  0 .0027  0 . 0 3 2 3  0.R634 0 .0800  7 2 . i 9  

240 2 . 4 3  0 .0032  0 .0330 0 . 0 6 1 6  0 .0730 5 1 . 1 2  



LEGEND 

+ 1898 RPH 
o 16ee RPI 

+ 2999 RPM 

BHP 

FIG.D.4R PQRRHO JP-5 BSFC VS BHP 

F I G  .D a 4 8  PRRQHO JP-5 BSEC VS BHP 

LECENP 

o 1698 RPH 



TRBLE D . 5  SHRLE CRSE 2 A  

PERFORMRNCE 
SHALE CASE 2A AL-10255-F 1000 rpm 6 run. 

R L W  BnEP BSFC BSEC RANGE 

H 9 9-28 I:H1 ,Eft tt:Zt itF%! 
3 4  2 : 3 0  42 :79  0 .496  
3  9 1  0 6  1 . 5 7  2 9 . 3 4  0 . 6 3 5  1 4 8  1 1 . 2 8  

3 5  
16  1 8 7 i:8# 'I!!! 

SHALE CASE 2A AL-10255-F 1500 rpm 8 runs 

SHALE CASE 2 h  AC-10255-F 2000 rpm 8 runs 

BSEC RWCE AFR 
1 3 . 0 6  1 2 . 8 8  !#:$$ 

EMISSIONS 

SHALE CASE 2A AL-10255-F 1000 r p ~  4 runs 

RUN* BHP P a r t  NO. 'HC' CO . AFR 
3 2  3 . 8 3  0 . 0 0 6 6  0 . 0 8 4 8  0 .2554  ,0.3850 3 0 . 9 3  
3 4  2 . 3 0  0 . 0 0 5 2  0 . 0 4 2 1  0 .  I 6 5 1  0  . I 6 4 0  5 4 . 2 7  
3 6  0 . 8 7  0 . 0 0 2 6  0 . 0 2 0 9  0 .1191  0 .1130  7 0 . 5 7  

352  3 . 5 3  0 . 0 0 8 1  0 . 0 7 3 2  8 .1037  0 .1860  3 2 . 6 7  

SHALE CASE 24 AL-10255-F 1500 rpm 5 runs 

RUN* BHP Par t  NO x 'HC' CO AFR 
3 7  5 . 7 3  0' .0122 0 .1010  0 . 1 5 8 5  0 . 2 4 6 0  2 6 . 5 6  
39 3 . 4 8  0 .0144  0 .0785  0 . 0 9 9 3  0  .a780 3 7 . 6 1  
4 1 1 . 2 7  0 . 0 1 1 8  0 .0380  0 . 0 8 3 7  0 .1060  6 1 . 9 4  

353 5 . 2 2  0 . 0 0 8 3  0 . 0 6 6 7  0 . 0 6 1 9  0 .0870  2 7 . 5 1  
2 4 3  6 . 3 1  0 .0156  0 . 0 8 2 5  0 . 0 9 1 1  0 .2330  2 4 . 5 6  

SHALE CASE 2 6  AL-10255-F 2000 rpm 5 runs 

RUN# BHP Par t  NO x 'HC' CO AFR 
42 7 . 8 6  0 .0275  0 . 1 0 4 7  0 . i O l i  0 .1690  2 3 . 6 4  
44  4 . 8 1  0 . 0 3 6 8  0 . 0 8 4 3  0 . 0 9 1 2  0  .a690 3 5 . 0 8  
4 6  1 . 8 9  0 . 0 1 7 4  0 . 0 3 9 8  0 . 0 5 7 4  0 . 0 9 7 5  5 4 . 4 8  

354 7 . 0 9  0 .0060  0 . 0 6 5 2  0 . 0 5 5 0  0 .0780  2 5 . 8 1  
245 8 .50  0 .0070  0 . 0 8 0 9  0 . 0 6 5 8  0 .2340  2 2 . 5 7  



LEOEND 

1000 RPN 
o l69e RPI 

2099 RPI 

SHALE CASE 2 A  BSFC VS.. .BMP, 
3i ;.:, :* 

I .'c 
3. .. 
m-. 

BHP 

FIGmDmSB SHRLE CASE 2R BSEC VS BHP 



T-ABLE D . 6  SHRLE CRSE 3 

PERFORMANCE 

CHALE CASE 3 AL-10256-F 1000 rpm 8 rune 

RUN8 BHP BMEP BSFC BSEC RANGE AFR 
47 3.89 72.49 0.599 11019 11.97 Z6.24 
48 57.23 0.606 11141 11.84 32.69 
49 S:!$ 44.46 0.654 1 2 0 9  10.96 39.66 
50 1.59 29.59 0.699 
5L 0.93 17.24 1.091 

ha$8 10.25 

1.22 22.74 0 .869 15977 
6.57 z:.g 

10245 
8.2s se:37 !it 3 :  : I:18 9662 :%:# @:& 

SHALE CASE 3 AL-10256-F 1500 rprr 8 rune 

RUN# BHP BMEP BSFC BSEC RANGE 
52 5.94 

M R  

E3.8! 0.515 9476 13.92 26.42 
10320 12.78 3 t .78  j:% H : ~ O  11504 11.46 37.09 

2.41 29.91 0. 13830 9.53 45.49 
1.30 16.11 1.033 19011 6.94 61.25 
1.85 22.99 0.773 14214 8 6.42 79.76 0.528 

57.86 
9713 1 24.01 

356 5.34 66.32 0.555 1020: 12.93 27.18 

SHALE CASE 3 AL-10256-F 2000 rpn 8 runs 

BSFC BSEC RhNGE AFR 

EMISSIONS 

SHALE CASE 3 AL-10256-F 1000 rpm 5 runs 

RUN# BHP Part NOx 'HC' CO AFR 
47 3.89 0.0829 0.1193 0.3796 0.6300 26.24 
49 2.39 0.0292 0.0578 0.1964 0.1500 39.66 
5 1 0.93 0.0220 0.0291 0.1052 0.1520 61.95 

247 4.29 0.0202 0.0747 0.2439 0.4900 25.21 
355 3.52 0.0127 0.0814 0.0946 0.2200 32.57 

SHALE CASE 3 AL-10256-F 1500 rpm 4 runs 

RUN# BHP Part NOx 'HC' CO 
356 5.33 0.0101 0.0710 0.0634 0.1510 
54 3.55 0.0245 0.0990 0.0948 0.0710 
56 1.30 0.0174 0.0357 0.0713 0.1310 

249 6.42 0.0103 0.0704 0.0951 0.1900 

SHALE CASE 3 AL-10256-F 2000 rpm 5 runs 

RUN* BHP Part NO x 'HC' CO 
57 7.64 0.0324 0.1153 0.1198 0.1500 
59 4.62 0.0233 0.0970 0.0924 0.0720 
6 I 1.54 0 0173 0.0598 0.0842 0.0825 

25 I 8.62 0.0080 0.0824 0.0654 0.2070 
357 7.08 0.0068 0.0683 0.0455 0.0670 

AFR 
27.18 
37.09 
61.25 
24.01 

AFR 
23.91 
34. 15 
48.00 
23.18 
25.21 



BHP 

6FI SHFlLE CFlSE 3 BSFC YS BHP 

. _  . . 

.6B SHALE CASE. 3 BSEC V S  BHP 

LEOEMD 

1000 RPM 

o 1500 RPR 

+ 2098 RPH 



PERFORMFINCE 
COAL CASE 5A AL-1 0287-F 1000 rpm 7 runs 

BHEP BSFC 

? COAL CME 5A AL-10287-F 1500 rpm 7 runs 

EMISSIONS 
COAL CASE 5A AL-10287-F 1000 rpn 4 runs 

RUN# BHP Part  NOx 'HC8 CO AFR 
77 3.84 0.0409 0.0845 0.2387 0.5500 26.09 
79 2.36 0.0304 0.0693 -0.0931 0.1340 39.76 
81 0.85 0.0227 0.0450 0.0552 0 .I250 63.14 

324 3.55 0 .a317 0.0679 0.3149 0 .MOO 29.68 

COAL CASE 5A AL-10287-F 1500 rpm 4 runs 

RUN# BHP Par t  NOx 'HC' CO AFR 
82 5.78 0.0607 0.0702 0.1238 t.2780 24.34 
84 3.53 0.8272 0.06%5 11.11591 0 .a750 36.82 
86 1.22 0.0158 0.0389 0.0455 0.0900 61.38 

326 5.29 0.0266 0.0706 1. i t 5 9  0 . I545 27.14 

CML CkaE 5A AL-11287-F 4000 rpm 7 runs 

R W  BHP MEP BSFC BSEC RANGE 
COAL CASE 5A AL-10287-F 2000 rpm 4 runs 

RUN# BHP Par t  NOx 'HC' CO I AFR 
87 7.72 0.0386 0.0873 0.0869 0.2700 22.65 
89 4.62 0.0083 0.0612 0.0559 0.0695 35.20 
91 1.61 0.0184 0.0419 0.0498 0.0960 52.40 

328 7.06 0.0115 0.0743 0.0807 0.0770 26.75 



LECEND 

1908 RPM 
o 1698 RPM 
+ 2999 RPll 

DMP 

FIGmDm7R COAL CRSE 5 R  BSFC V S  BHP 

LECLND 

o I699 RPY 

FIC.0.7B COAL CASE SFI BSEC VS BHP 



TRBLE 

COW CASE 1 2  AL-10296-F iOO0 r p n  7 r u n s  
RUN+ BHP BH€P BSFC BBEC RANGE AFSL 

. li 

COAL W E  1 2  AL-182B8-F 1500 rpn 8 r u n s  

COAL CASE 1 2  AL-l0288.-F 2000 r p n  7 r u n s  

EMISSIONS 
COAL CASE 12 AL-10288-F 1000 r p n  4  runs  

RUN# BHP P a r t  NOx 'HC' CO AFR 
9 2  3 . 8 7  0 .8397  0 . 0 7 4 5  0 . 2 1 1 7  0 . 5 7 0 0  2 7 . 5 4  
94  2 . 3 4  O.Ol(W 0 . 0 6 2 3  0 . 0 9 2 1  0 .1350  4 2 . 7 1  
9 6  0 . 8 9  0 .0090  0 .0423  0 .0540  0 .1110 6 5 . 3 3  

314 3 . 4 8  8 .0300 0 . 0 5 6 9  0 .1726  0 .3800 3 1 . 3 2  

CO6L C M E  L7! AL-1028%-F 1500 r p n  4  runs  

RUN* BHP P a r t  NOx 'HC' CO AFR 
97 5.76) 0 .0450  0 .0871  0.1297 0 .3820  2 3 . 9 5  
9 9  3.54 0 .0171  0 .0663  8 .ObBi  0 .0710  3 6 . b 3  

101  1 . 1 9  0 .0094  0 . 0 3 8 9  0 . 0 4 9 5  0 .0920  6 0 . 6 2  
316 5 . a  0 . 0 1 9 5  0 .0615  0 . 0 9 3 1  0 . 1 5 7 0  2 7 . 3 2  

COAL CASE 1 2  AL-10288-F 2000 rpm 4 runs 

RUN# BHP P a r t  NO x 'HC' CO AFR 
102 7,80 0 . 0 1 7 6  0 . 0 8 7 2  0 .0864  0 .2690  2 3 . 0 2  
104  4 . 6 6  0 . 0 i 5 3  0 .0620  0 . 0 5 6 9  0 .8590 3 5 . 0 8  
106 1 . 5 6  0 . 0 1 3 6  0 .0357  0 .0475  0 .0900  5 6 . 2 6  
319 7 . 1 8  0 . 0 0 7 8  0 . 0 7 3 2  0 .070b  0 .0760  2 6 . 0 0  



BHP 

FIG.D.8R CORL CRSE 12 BSFC VS BHP 

LECENP 

ieee RPH 
o ¶688 RPH 
+ 2898 RPN 

'4-7 
:. . 

LEGEND. 

o 16BB RPN 

FICmDm8B CURL CRSE 12 BSEC VS BHP 



TRBLE D .9 SRC-I I. MEDIUM CETRNE . 

hL-1 0289-F LO00 rpn 5 runs SRC-11 NED CE~ANE 

BHEP BSFC RhWE AFR 

4 11 
e 6 o : 774 9.62 53.16 1:: 1!:6g 1.104 887g 6.74 68.62 

EMISSIONS 
AL-10289-F 1000 rpn 3 runs 

RUN# BHP Part NOx 'HC' CO AFR 
107 3.88 0.0913 0.1245 0.1196 0.3200 Z9.73 
109 2.32 0.0405 0.0847 0.0733 0.1250 42.92 
111 0.84 0.0229 0.0378 0.0604 0.1690 68.62 

u 
go SRC I1  MED CETWE AL-102B9-F 1580 rpn 6 runs 

SRC-I1 NED CETANE AL-10289-F 1500 rpn 3 run8 

RUN* BHP Part  NOx 'HC' CO AFR 
112 5.90 0.0963 0.1037 0..0757 0.1200 25.06 
114 3.46 0.0244 0.0740 0.0530 0.0668 36.90 
116 1.35 9.0357 0.0355 0 .  0441 0.1890 56.53 

SRC I1 
RUN# 

120 
121 
332 

NED CETANE 6 runs 
SRC-I1 NED CETWE 

RUN# BHP Part 
117 7 .83  0.0219 
119 4.76 0.0216 
121 1 .70 0.0269 
332 6.88 0.0099 

2000 rps 

CO 
0.5480 
0.0780 
0 .  1720 
0.0740 

4 runs 

AFR 
23.23 
34 .22  
51.61 
24.90 



F I G  

BHP 

TIGmDm9B SRC I 1  NED CETRNE BSEC QS BHP 



TRBLE D.10 SRC-I1 LOW CETRNE 

SRC I1  LOU CETANE AL-10290-F I 0 0 0  rpm 6 r u n s  SRC-I1 LOU CETANE 

EMISSIONS 

AL-10290-F 1000 rpm 4 r u n s  
RUN0 BHP 

RUN# BHP P a r ?  NO x 'HC' CO AFR . 
1 2 7  3 . 8 4  0 . 0 1 3 0  0 . 1 1 4 5  0 . 0 6 5 6  0 . 1 5 0 0  3 2 . 0 9  
1 2 9  2 . 3 4  0 . 0 2 0 0  0 . 0 6 7 1  0 . 0 6 0 7  0 . I 5 7 0  4 2 . 7 3  

131 0 . 8 8  1 6 . 4 3  1 . 2 4 8  2 1 7 0  6 . 1 0  5 7 . 0 4  1 3 1  0 . 8 8  0 . 0 8 0 8  0 . 0 3 6 2  0 . 1 0 0 5  0 . 2 5 2 0  5 7 . 0 4  
3 1 0  3 . 4 7  6 4 . 7 2  0 . 4 9 2  8 5 8 7  6 5 . 4 6  3 5 . 6 6  3 1 0  3 . 4 7  0 . 0 4 8 1  0 . 1 0 6 5  0 . 1 2 7 8  0 . 1 8 0 0  3 5 . 6 6  

SRC 11 LOU CETANE 

cRC I1  LOU CETANE 

AL-10290-F 1500 rpm runs SRC-I1 LOU CETANE AL-10290-F 1500 r p n  3 r u n s  
BSCC BSEC RANCE 

RUN# BHP P a r t  NOx 'HC' CO AFR 

kt8 ti381 3:%3 38.1% 1 3 2  5 . 8 5  0 . 0 2 6 2  0 . 1 0 2 0  0 . 0 6 5 4  0 . 1 5 2 0  2 8 . 6 2  
134  3 . 4 4  0 . 0 1 9 6  0 . 0 5 6 6  0 . 0 7 0 8  0 . 1 8 7 0  3 6 . 8 6  

i:g%i 2!828 &:it #!8t 136 1 . 3 8  0 . 0 3 9 2  0 . 0 2 8 7  0 . 1 0 5 2  0 . 2 7 5 5  4 8 . 9 6  

AL-10290-F 2000 rpm 5 r u n s  SRC-I1 LOU CET&NE 2000 rpm 2 r u n s  
BSFC BSEC 

10734 

0 . 5 5 4  96S7 1 3 . 7 5  
0 . 6 0 5  10555 1 2 . 5 8  $5:1% 

RUN# BHP P a r t  NOx 'HC' CO AFR 
1 3 7  7 . 8 6  0 . 0 3 5 7  0 . 0 5 9 2  0 . 0 4 9 7  0 . 4 1 0 0  2 1 . 6 7  
3 1 2  7 . 0 7  0 . 0 3 5 6  0 . 0 7 8 8  0 . 0 8 7 6  0 . 1 6 5 5  2 3 . 6 6  



BHP 

SRC I 1  LOW CETRNE BSFC VS BHP 

+ -  TJGmDm10B SRC I 1  LOW CETANE BSEC V S  BHP 
' h  



TRBLE D.11 BRORDCUT FUEL 1 

PERFORMRNCE 
BROADCUT FUEL 1 a-10286-f la00 r p n  3 runs 

RUN# BMEP BSFC BSEC 

BROADCUT FUE 1500 rpm 9 runs BRWDCUT FUEL 1 

EHTSSIONS DATA NOT OBTAINED AT 
1000 RPH BECAUSE OF H t f f I R I N C .  

RUN+ BHP P a r t  
67 5.76 0.0367 
69 3.56 0.0105 
71 1.26 0.0063 
253 6.29 0.0088 
336 5.37 O.Oii5 

BROADCUT FUEL 1 
AL-10286-F 2000 cpn 8 runs  

EMISSIONS 

NOx 'HC' 
0.1392 0.2940 
0.1112 0.1760 
0.1467 0.1612 
0.0888 0.1476 
0.0938 0. it61 

1500 r p o  

co 
0.0850 
0.0410 
0.1130 
0.1810 
0. 0800 

5 runs 

AFR 
24.40 
34.20 
54.36 
25.68 
2s. S8 

RUN# BW BMEP BSFC BSEC RMCE WR 
72 7.68 71.60 

?I fi:bf 5!.9i 
RUN* BHP p a r t  NOx 
72 7.68 0.0807 0.1385 
74 4.74 0.0173 0.1010 
76 L.54 0.0107 0.0496 
255 8.41 0.0080 0.1028 
338 6.78 0.0149 0.0681 

AL-iU286-F 2000 r p e  5 runs 

'HC' CO AFR 
0.1344 0.0740 23.54 
0.1555 0.0375 31.71 
0.0689 0.1230 52.87 
8.1858 0.0735 23.11 
0.1328 0.156s 23.95 



BHP 

FICmDmllR BRORDCUT FUEL 1 BSFC VS BHP 

BHP 

FIG.Dm1II BROADCUT FUEL 1 BSEC VS BHP 

LEGEND 

1888 

o 1688 

+ tee0 

RPH 
RPH 
RPN 

Ltetnn 

o 1600 RPW 



TRBLE D.12 BRORDCUT FUEL 2 

PERFORMRHCE EMISSIONS 
BROADCUT F U U - O  AL--163QS-F 1800 r p n  S r u n s  BROADCUT FUEL 2 AL-10305-F 1000 rpm 3 r u n s  

RUN# BHP P a r t  NOx 'HC' CO AFR 
1 9 9  4 . 3 2  0 . 0 1 0 7  0 . 1 3 8 0  0 . 1 7 6 5  0 . 8 8 5 0  2 7 . 5 2  
2 0 1  2 . 8 2  0 . 0 1 1 8  0 . 1 0 8 8  0 . 1 3 2 2  0 . 0 6 7 0  3 4 . 8 3  
2 0 3  I I 0 . 0 0 5 8  0 . 0 5 1 5  0 . 1 1 8 8  0 . 0 9 7 5  5 0 . 8 1  

hL-10305-F 1500 r p n  5 r u n s  BRMDCUT FUEL 2 bL-10305-F 1500 rpm 3 r u n s  

RUN# BHP P a r t  WOx 'HC' CO AFR 
204 6 . 9  SSSWS 0 . 0 9 8 9  0 . 0 5 5 9  0 . 2 2 6 0  2 3 . 6 3  
2 0 6  4 1 1  S 0 . 0 7 5 6  0 . 1 0 1 5  0 . 0 7 1 0  3 2 . 3 9  
2 0 8  I?% SSSSSS 0 . 0 4 9 0  0 . 1 0 1 0  0 . 8 8 4 0  4 6 . 1 7  

BROIIDCUT FUEL-2 AL-10305-F 2000 r p n  5 r u n s  BROADCUT FUEL 2 hL-10305-F ZOO0 rpm 3 r u n s  

RUN# BHP P a r t  NOx 'HC8 CO M R  
2 0 9  8 . 4 3  S 0 . 0 4 5 8  0 . 1 3 1 9  0 . 7 8 0 0  1 8 . 8 0  
2 1 1  5 . 4 6  S 0 . 0 2 9 8  0 . 1 3 7 9  8 . 0 5 2 0  2 9 . 8 0  
213  2.55 S 0 . 0 4 3 6  0 . 1 4 2 8  0 . 0 9 6 0  4 7 . 5 8  



LEGEND 

4 1990 
0 1690 

+ 2000 

RPW 
RPW 

RPU 

BHP 

FIC.D.12R BRORDCUT FUEL-2 BSFC VS BHP 

F I C . O . 1 2 B  BROADCUT FUEL-2 BSEC YS BHP 



TRBLE P,13 BRORDCUT FUEL 3 

EM I SS I ONS 

BROADCUT FUEL-3 AL-10306-F LO00 rpm 
2 r u n s  

BROADCUT FUEL 3 
BMEP BSFC BSEC RAN# AFR 

AL-10306-F 1000 rpm 1 r u n s  
RUN# BHP 
224 1 16 21.64 1.171 2i938 5.38 45.88 
225 1.99 37.08 0.789 14783 7.99 39.06 

RUN* BHP P a r t  NOx 'HC' CO AFR 
224 1.16 0.0035 0.0277 0.2357 0.2180 4 s . m  

Y. 
BSFC BSEC 

1500 rprr 8 r u n s  BROADCUT FUEL 3 AL-10306-F 2500 I'DM 5 r u n s  

RUN# BHP P a r t  NOx 'HCO CO AFR 
219 6.39 0.0038 0.1430 0.222i 0.0700 23.01 
22 1 4.00 0.0045 0.0854 0.1785 0.0630 32.91 
222 1.91 0.0022 0.0352 0.1916' 0.2030 72.87 
340 5.26 0.0158 0.0668 0.1362 0.2800 22.58 
342 3.06 0.0848 0.0405 0.2352 0 .O860 30 .Of 

BRMIDCUT FUEL-3 AL-18306-F 2800 rpm 4 r u n s  BROADCUT FUEL 3 AL-10306-F 2000 rpm 3 r u n s  

RUN# BHP P a r t  NOx 'HC' CO AFR 
226 2.41 0.0032 0.0219 0.2594 0.2650 38.77 
228 5.33 0.0030 0.0604 0.2036 0.0800 28.87 
229 6.85 0.0031 0.0675 0.2634 0.0670 25.65 



BHP 

LEOEND 
+ lee% RPn 
o lsee RM 

+x2888 RPN 

FIG.D.13R BRORDCUT FUEL-3 BSFC VS BHP 

FIC.D.13B BROADCUT FUEL-3 BSEC VS BHP 



BROADCUT FUEL-4 

TABLE D.14 BRORDCUT FUEL 4 

PERFORMRNCE 
AL-10307-F 1000 rpm 

RUN# BHP BHEP BSFC BSEC RANGE AFR 
184 4.24 79.02 0.519 9812 12.66 27.47 
185 3 .51  65.46 0.552 10444 11.89 31 .15 
186 2.69 0.620 11731 10.59 36.51 
187 1 .98  58:Bi 0.712 13466 9.22 
188 1.25 23.35 0.910 17208 7 .22  2i:gg 

BROADCUT FUEL-4 AL-10307-F 1500 rpm 

RUM# BHP BHEP BSEC RANGE 
9438 13.16 2$F!0 189 6 .31  78.42 0.499 

190 5.18 64.40 0.554 10471 11.86 28.36 
191 4.06 50.38 0.575 10865 11.43 34.94 
192 3.09 38.39 0.647 12240 10.15 40.97 
193 1 .81 22.53 0 ,855 16163 7.68 52.52 
347 5 .21  -64 .68  0.588 i l i i 5  11.17 26.03 

BROADCUT FUEL-4 

EMISSIONS 

5 runs BROADCUT FUEL 4 AL-10307-F 1000 rpm 3 runs 

b runs 

AL-10307-F 2000 rpm 6 runs 

RUN# BHP BHEP BSFC BSEC RANGE AFR 
194 8 .55  79.66 0.504 9534 13.03 23.52 
195 6.93 10506 11. 2 

197 3.g4 $5.80 
E$ : 2z 196 5.40 1:g tg/g lqiij 

198 2 .  6 2.00 0.936 177 
348 7 .08  65.96 0.572 10820 1 i . 48  24.90 

RUN# BHP Part NO x 'HC' CO AFR 
184 4.24 0.0297 0.1380 0.2211 0.1600 27.47 
186 2.69 0.0311 0.118s 0.1421 0.0760 36.51 
188 1.25 0.0190 0.0594 0.1275 0.0900 54.27 

BROADCUT FUEL 4 AL-10307-F 1500 rpn 4 runs 

RUN# BHP Part NO x 'HC' CO AFR 
189 6.31 0.0104 0.0923 0.0512 0.1300 25.80 
191 4.06 0.0143 0.0323 0.1250 0.0615 34.94 
191 1.81 0.0156 0.0498 0.1158 0.0945 52.52 
347 5 .21  O.Oi15 0.0955 0.1815 0.0900 36.03 

BROADCUT FUEL 4 2000 rpm 4 runs 

RUN# BHP Part NOx 'HC' CO AFR 
194 8.55 0.0153 0.0890 0.0361 0.1340 23.52 
196 S. 40 0.0077 0.0789 0.1035 0.0'565 32.53 
198 2.36 0.0089 0.0492 0.0837 0.0850 46.56 
384 7.08 0.0133 0.0966 0.1666 0.0760 24.90 



FrJ.9  

t ; $ : S ~ ~  .D. 1 4 ~  BROADCUT FUEL-4 BSFC VS BHP 
fi;Ji:;z , ';TF;Q;; ;$E4F&@+ ?,~-+?w&'pv ~:$y&#$$$~;p!$;~i=~z FC ?,$ 
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FIG.D. '14B BROADCUT FUEL-4 BSEC V S  BHP 
/ I 



TABLE D.16 BRORDCUT FUEL 5 

n~- t0308-F  t00@ r p n  4 r u n s  
BROllDCUT FUEL 5 BROADCUT FUEL 5 AL-10308-F 1000 r p ~  3 runs  

RUN+ BHP P a r t  NOx 'HC' CO AFR 
256 4.- 0.0178 0.0776 0 .2273 0.2750 27.64 
258 2 .69  0.0@67 0.0680 0.1176 # .@760 38 .11  
260 1 . 2 4  0 .0109 0.0380 0 .0938 0 .0980 52 .12  

a-10308-F 1508 r p o  5 r u n s  BROADCUT FUEL 5 
B R W W T  FUEL 5 

AL-iO3OB-f 1508 r p o  4 r uns  

RUW BH) P a r t  WOK 'HC' CO hFR 
2 6  6 . 4 6  0 .0152 0 .8742 0 .0926 8.2750 2 3 . 6 4  
263 4 . 0 9  0.0087 0 .0605 0 .0931  0 .0535 33 .  W 
265 1.80 0.0133 1 . 0 4 2 2  0 .8911  0.8840 48.79 
350 5 . 3 1  0 .0192 1 .1035 0.1304 0.0090 28 .23  

BRMDCUT FUEL 5 AL-10308-F 2008 r p n  6 r uns  BROADCUT FUEL 5 AL-10308-F 2000 r p a  4 runs  

RUN0 BHP Par t  NOx 'HC' CO AFR 
266 8 . 5 3  0 .0116 0.0812 0 .0899  0.1100 22 .34  
268 5 . 4 1  0 .0061 0 .0623 0 .0956 0 .0580 3 1 . 7 1  
270 2 .A4 0 .0071  0 ,0337  0 .0812 0 .0840 44.51 
35 1 7 . 0 1  0 .0104 0.1050 0 .1285 0.0685 25 .87  



LtCEWD 
+ ll8@ RPM 
0 1591 RPH 
+ 2ew RPU 

DHP 

FIC.DmlSA BROADCUT FUEL 5 ESFC VS BHP 

LEGenn 

o 1500 RPM 

DHP 

FIGmDmlSB BROADCUT FUEL 5 BSEC QS BHP 



TABLE D.16 BROADCUT FUEL 6 

PERFORMANCE EMISSIONS 
IIROnDCUT FUEL 6 AL-10309-F 1000 rpM run' BROADCUT FUEL 6 AL-10309-F 1000 r p n  2 r u n s  

R W  BHP P e r t  NO x 'HC' CO AFR 
284 2 . 3 7  0 -0070 0 .0923 0 .1283  0.8485 36.40 
286 1 . 3 1  0.0052 0 .0477 0 .1282 0 .0850 43.94 

AL-10309-F 1500 r p n  7 BROADCUT FUEL 6 AL-10309-F 1500 r p n  4 r u n s  
M R  

RUN# BMP P a r t  Wx 'HC' CO AFR 
287 6 . 3 3  0,0079 0.0890 0 .1755 0 .1135 2 4 . 9 6  
289 4 . 1 6  0.0050 0 .0749 0.14%9 , 0.0525 33.07 
291 1 .95 0 .0020 0.0414 0 .1243  0.0940 4 7 . 9 2  
362 5 . 3 9  0 .0032 0.8717 0 .0641  0.6605 24 .50  

BRLROADCUT FUEL 6 I)L-10309-F 2000 r p ~  6 r u n s  BROIIDCUT FUEL 6 AL-10309-F 2000 r p n  4 r u n s  

RUN4 BHP P a r t  NOx 'HC' CO ClFR 
292 8 . 7 1  0 .0047 0.0957 0.2379 0 .0800 2 2 . 5 9  
294 5 . 5 8  0.0057 0.OS78 0.1733 0.0600 29 .83  
296 2 . 4 5  0.0058 0 .0329 0 .1463 0 .1275 41 .29  
361 6 . 8 7  0.0049 0 .0447 0.1401 0.1300 22.58 



1 3 . 3  4 5 6 7 8 9 1 0  

BHP 

FIG.D.16FI BRORDCUT FUEL 6 BSFC VS BHP 
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6 B  BRORDCUT FUEL 6 BSEC VS BHP 

RPN 

RPN 

RPH 

LECKMD 

o 1600 RPN 



TRBLE D.17 BRORDCUT FUEL 7 

BROADCUT FUEL 7 

RUN# BHP BHEP BSFC BSEC RdNGE 
302 7.94 74.02 0.502 9367 13.07 
303 7.12 66.35 0.536 10004 12.24 
304 
305 

5.35 49.85 0.611 11398 10.74 
3.96 36.90 

306 
0.715 13326 9.19 

2.41 22. SO 1.073 20006 6.12 
366 7.10 66.14 0.583 10877 11.26 

ROADCUT FUEL 7 AL-10310-F IS00 rpm 
RUN# BHP BHEP 

4.97 
BSFC 

61.74 
BSEC 

$80 4.25 52.80 
0.569 

300 3.06 37.97 0 651 
0.536 tlb%h 

364 5.37 66.71 0 ?SSI 12144 
365 2.93 36.37 0.820 15289 

10281 

BROADCUT FUEL 7 

5 r u n s  

AFR 
24.86 
26.31 
30.84 
35.64 
38.81 
24.49 

RANGE AFR 
11.53 
12.24 35. 5 
10.08 

28.34 
40.84 

11.91 27.41 
8 .01 33.92 

EMISSIONS 

6 r u n s  

3 r u n s  

RUN# BHP P a r t  NOx 'HC8 CO AFR 
298 4.97 0.0114 0.1220 0.1775 0.0385 28.14 
299 4.25 0.0039 0.0907 0.1728 0.0455 35. 35 
364 5 -37  0.0032 0.0800 0.1325 0.1350 27.41 

BROADCUT FUEL 7 4 r u n s  

RUN# BHP P a r t  NO x 'HC' CO AFR 
302 7.94 0.0067 0.1.020 0.2174 0.0590 24.86 
304 5.35 0.0057 0.0539 0.2053 0. 1410 30 -84 
306 2.41 0.0050 0.0300 0 . Q294 0.2470 38.81 
366 7.10 0.0046 0.0623 0.1416 0.2300 24.49 
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FIGwDm17R BRORDCUT FUEL 7 BSFC VS BHP 

l O 3 4 5 6 7 0 9 1 0  

BHP 

F I G m D m 17B BRORDCUT FUEL 7 BSEC VS BHP 

LLCEND 

+ 1660 RPN 
o 1660 RPH 
+ 2600 RPN 




