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INTRODUC 

Background 

ION 

The use of residual fuel oi l  as  a u t i l i t y  boiler fuel i s  coming t o  an end. 
I t s  price has increased by more than a factor of 5 since 1973. 
has become a matter of uncertainty. 
baseload u t i l i t y  boilers, and  the Congress has  been considering mandatory 
conversion of existing oi l - f i red units t o  coal. Not surprisingly, then, u t i l i t i e s  
are aggressively searching f o r  a1 ternative fuels. 

I t s  availability 
Federal policy prohibits i t s  use in new 

One such al ternat ive may be coal-water fuel (CWF). Comprised of finely 
pulverized coal par t ic les  suspended in  water, CWF may contain 65 t o  80 percent dry 
coal by weight. 
highly loaded s lur r ies  i s  t h a t  they a re  quite fluid. 
suspensions: the coal par t ic les  do n o t  s e t t l e  during storage for  several weeks or 
even several months. Although producers d i f fe r  in the i r  methods, these propertles 
are  generally obtained by using a par t icular  coal par t ic le  size distribution for 
e f f ic ien t  par t ic le  packing coupled with the use of certain chemical additives t o  
provide good f luidi ty  and s tab i l i ty .  

The i m p o r t a n t  and somewhat surprising character is t ic  of these 
They are a lso stable 

One of the f i r s t  applications of these fuels in the u t i l i t y  industry may be 
in boilers which were originally designed for  coal f i r ing,  b u t  because of the 
price, avai labi l i ty ,  and convenience of fuel o i l ,  have been f i r ing oil instead. 
In many cases these u t i l i t i e s  never purchased, or have removed coal handling 
equipment, and many no longer have room for  coal storage piles. 
u t i l i t i e s  could be offered a coal-water fuel which could be f i red with only minor 
modifications t o  the i r  fuel oi l  handling systems, the i r  conversion t o  coal f i r ing 
would be greatly simplified a n d  l e s s  costly. The environmental problems 
associated with coal storage piles would also be avoided. 

If these 

Another possible short-term application for  coal-water fuels i s  in uti1 i ty  
boilers which were designed for oil f i r ing.  
i s  similar t o  f i r ing a moist pulverized coal, a number of problems arise. 

However, since coal-water fuel f i r ing  
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The coa l  p a r t i c l e  res idence t ime i n  t h e  b o i l e r  may n o t  be l o n g  enough, a t  f u l l  

load, t o  pe rm i t  good carbon burnout. 
removal system. F i n a l l y ,  t h e r e  a r e  problems associated w i t h  s lagging,  f o u l i n g ,  

depos i t ion ,  and e ros ion  which must be addressed. 
s t r o n g l y  boi ler-dependent,  must be used t o  determine whether and by how much a 

b o i l e r  must be de ra ted  when f i r i n g  coal -water  f u e l .  Use o f  coa l  b e n e f i c i a t e d  t o  
c i r c a  1% ash may lessen  t h e  d e r a t i n g  pena l t y  enough t o  make s l u r r i e s  more v i a b l e  

f o r  t h i s  app l i ca t i on .  

The b o i l e r  may n o t  have an adequate ash 

A l l  o f  these fac to rs ,  which a r e  

I' 

I 

1 
\ 

I n  t h e  f u t u r e  CWF c o u l d  f u e l  new u t i l i t y  b o i l e r s .  Such f a c t o r s  as l a n d  

a v a i l a b i l i t y ,  coa l  t r a n s p o r t a t i o n  cos ts ,  and r e l a t i v e  c a p i t a l  c o s t s  o f  f u e l  

hand l i ng  and combustion systems w i l l  d i c t a t e  t h e  f u e l  choice.  

Before coal -water  f u e l s  can f u l f i l l  t h i s  p o t e n t i a l  r o l e ,  l a rge -sca le  
combustion t e s t s  must be performed. A1 so,  l a r g e - s c a l e  f u e l  p r e p a r a t i o n  f a c i l i t i e s  

t h a t  can produce f u e l s  o f  c o n s i s t e n t  q u a l i t y  and u n i f o r m i t y  f o r  a v a r i e t y  o f  c o a l s  
must be designed and b u i l t .  

I 

To Babcock & W i l cox ' s  (B&W's) knowledge, t h e r e  a r e  a t  l e a s t  seven vendors o f  

coal-water f u e l s  who i n t e n d  t o  market t h i s  product  and who have subscale 
product ion f a c i l i t i e s .  
c u r r e n t l y  pursu ing t h e  technology and cou ld  e n t e r  t h e  marketp lace i n  t h e  near 

fu tu re .  P r i o r  t o  t h e  work repo r ted  here in ,  B&W had performed p r e l i m i n a r y  f u e l  

cha rac te r i za t i on ,  pumping, and combustion t e s t s  on  C W F ' s  f rom two o f  t hese  

vendors. The purpose o f  these f e a s i b i l i t y  s t u d i e s  was t o  determine whether these 
fue l s ,  c o n t a i n i n g  67-72% d r y  so l i ds ,  c o u l d  be handled and burned i n  a manner 

s i m i l a r  t o  r e s i d u a l  f u e l  o i l .  An e x i s t i n g  8 - m i l l i o n  B tu /h r  o i l  bu rne r  f i r e d  a t  

4 - m i l l i o n  Btu/hr  was used d u r i n g  these combustion tes ts .  
i n  des ign t o  burners p rov ided  i n  recen t  u t i l i t y  b o i l e r  o f fer ings.  

It i s  suspected t h a t  many o t h e r  o rgan iza t i ons  a r e  

Th is  burner  i s  s i m i l a r  

Resu l t s  o f  these t e s t s  were encouraging. It was concluded t h a t  s t a b l e  
i g n i t i o n  o f  CWF c o u l d  be ob ta ined  w i t h o u t  t h e  necess i t y  o f  suppor t  f ue l .  The 
range o f  s t a b l e  cond i t i ons ,  however, was more l i m i t e d  f o r  t h e  CWF t e s t s  than i t  

was d u r i n g  combustion o f  t h e  pa ren t  c o a l s  i n  t h e  convent ional  p u l v e r i z e d  form. 
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CWF p r o p e r t i e s  had a profound i n f l u e n c e  on these combustion tes ts .  F o r  

ins tance,  l a r g e  p a r t i c l e s  tended t o  p l u g  t h e  atomizer,  and h i g h  CWF v i s c o s i t i e s  

1 i m i t e d  atomizer  e f fec t i veness .  
c o n t a i n i n g  very  few coa l  p a r t i c l e s  seemed t o  be t h e  most impor tant  f a c t o r  i n  

ach iev ing  s t a b l e  i g n i t i o n .  The e f f e c t i v e n e s s  o f  a tomiza t i on  was g r e a t l y  

i n f l u e n c e d  by CWF v i s c o s i t y ,  which c o u l d  be decreased by p rehea t ing  o r  d i l u t i n g  

t h e  fue l .  
i n c r e a s i n g  temperature, v i s c o s i t y  increases w i t h  i nc reas ing  temperature f o r  

others.  
t he  combustion process p r i o r  t o  t h e  eventua l  f u l l - s c a l e  demonstrat ions o f  t h i s  new 
fue l .  

The a b i l i t y  t o  produce f i n e l y  atomized d rop le ts  

I n t e r e s t i n g l y ,  w h i l e  t h e  v i s c o s i t y  o f  some CWF f u e l s  decreases w i t h  

C lea r l y ,  more had t o  be l ea rned  about t h e  e f f e c t s  o f  CWF p r o p e r t i e s  on  

Ob jec t i ves  

The E l e c t r i c  Power Research I n s t i t u t e  (EPRI), concerned about  f u e l  

procurement f o r  i t s  planned i n d u s t r i a l  and u t i l i t y  b o i l e r  CWF demonstrat ions,  

awarded B&W a c o n t r a c t  t o  r e s o l v e  some o f  these issues. The pr ime o b j e c t i v e  o f  
t h e  program i s  t o  p rov ide  EPRI w i t h  a s tandard coal -water  f u e l  s p e c i f i c a t i o n  w i t h  
which i t  can procure f u e l s  f o r  f u t u r e  tes ts .  Since such a s p e c i f i c a t i o n  would be  

useless w i t h o u t  s tandard f u e l  c h a r a c t e r i z a t i o n  t e s t  procedures, B&W w i l l  a l s o  

recommend t e s t i n g  procedures f o r  use w i t h  CWF's. 
i n  progress,  and t h i s  paper p resen ts  some p r e l  im ina ry  exper imental  r e s u l t s .  

B&W's work on t h i s  c o n t r a c t  i s  
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EXPERIMENTAL APPROACH 

\ I n  at tempt ing t o  meet these  goals,  B&W i s  conduct ing an ex tens i ve  

exper imental  program c o n s i s t i n g  o f  work i n  f o u r  major  areas: 

0 Laboratory  f u e l  c h a r a c t e r i z a t i o n  t e s t s  
Rheology t e s t i n g  

0 Atomizat ion c h a r a c t e r i z a t i o n  
Combustion t e s t i n g  

EPRI has procured CWF's f rom f i v e  vendors t o  p rov ide  a range o f  phys i ca l  

p r o p e r t i e s  rep resen ta t i ve  o f  t h e  expected commercial product.  The vendors a r e  

each p r o v i d i n g  a CWF produced from a coa l  o f  t h e i r  own choice.  

vendor i s  producing a CWF f rom a coa l  prov ided by EPRI f rom i t s  Homer City Coal 
Cleaning P lan t .  T h i s  "c lean"  coa l  was a l s o  supp l i ed  t o  B&W t o  be f i r e d  i n  t h e  

convent ional  p u l v e r i z e d  form t o  p rov ide  a bas i s  o f  comparison o f  combust ion 
\ performance. 

I n  a d d i t i o n ,  one 

-l 

\ 
Exper imental  r e s u l t s  i n  t h e  f o u r  major  areas o f  i n v e s t i g a t i o n  w i l l  be 

c o r r e l a t e d  t o  1 i n k  CWF combustion performance w i t h  CWF phys i ca l  p roper t i es .  T h i s  
i n f o r m a t i o n  w i l l  be used t o  determine t h e  p r o p e r t i e s  a CWF must have f o r  use as a 
b o i l e r  fue l ,  and a s tandard CWF s p e c i f i c a t i o n  w i l l  t hen  be generated. 1 

\ Fue ls  Charac te r i za t i on  
\ 

The f u e l  a n a l y s i s  procedures l i s t e d  i n  Table 1 were used t o  c h a r a c t e r i z e  the  
pa ren t  coa ls  and CWF's. 
and a bas i s  f o r  assessing t h e  e f f e c t s  o f  coa l  p r o p e r t i e s  on  CWF p roper t i es .  

r e s u l t s  o f  these t e s t s  a i d  combust ion t e s t s  and i n  i n t e r p r e t i n g  hand l i ng  and 
combust ion t e s t  r e s u l t s .  

These t e s t s  p rov ide  a bas i s  f o r  comparing d i f f e r e n t  CWF's 

The 

The t e s t  procedures c o n s i s t  o f  s tandard ASTM methods, spec ia l  methods 

developed by B&W f o r  r o u t i n e  e v a l u a t i o n  of f ue l s ,  and a d d i t i o n a l  t e s t  methods 
s p e c i f i c  f o r  CWF's. The CWF v i s c o s i t i e s  were measured by a Haake Rotoviscometer, 
Model RV-100. 
Leeds & Nor thrup M i c r o t r a c  P a r t i c l e  S ize  Analyzers cove r ing  a range of 0.3 t o  300 

microns. 

The p a r t i c l e  s i z e  d i s t r i b u t i o n s  o f  t h e  CWF's were measured by two 
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The Labora to ry  Ashing Furnace (LAF), shown schemat i ca l l y  i n  F igu re  1, was 

used t o  study f a c t o r s  p e r t a i n i n g  t o  ash depos i t  f o rma t ion  i n  b o i l e r  tube banks. 
P r o p e r t i e s  o f  f l y  ash produced i n  t h i s  u n i t  a re  comparable t o  those o f  f l y  ashes 

obta ined from commercial i n s t a l l a t i o n s  when s i m i l a r  combustion c o n d i t i o n s  a re  
maintained. The LAF i s  designed t o  f i r e  l i q u i d ,  s o l i d ,  s l u r r y ,  and gaseous fue ls .  

The LAF has a nominal heat  i n p u t  o f  200,000 Btu/hr .  
p u l v e r i z e d  coa l  and l i q u i d / s l u r r y  feed systems, an approp r ia te  burner  f o r  spec i f i c  
f u e l  type, a r e f r a c t o r y  combustion chamber w i t h  a three-zone e l e c t r i c  guard 

heater ,  a water-cooled heat  exchanger, and a f l y  ash c o l l e c t i o n  system. 

feed system inc ludes  a heated 55 -ga l l on  s torage tank w i t h  an a i r  powered mixer ,  a 
Moyno pump w i t h  var iab le-speed dr ive,  feed l i n e s ,  and a water-cooled burner  w i t h  

i n t e r n a l - m i x  atomizers.  

The LAF c o n s i s t s  o f  

The CWF 

The CWF dynamic s t a b i l i t y  t e s t  equipment c o n s i s t s  o f  CWF sample conta iners,  a 

L i n g  shaker tab le ,  a G-force generator ,  and a random frequency generator. 
s imulated t r a n s p o r t a t i o n  modes and t e s t  c o n d i t i o n s  i nc luded  s h i p  (5-20 HZ and 0.6 

G I s ) ,  r a i l  (5-20 HZ and 0.6 G's) ,  t r u c k  under normal road c o n d i t i o n s  (20-100 HZ 
and 0.6 G Is ) ,  and t r u c k  under severe road c o n d i t i o n s  (100-200 HZ and 0.6 G's) .  
The dynamic and s t a t i c  t e s t  r e s u l t s  p rov ide  i n f o r m a t i o n  on the  s torage and 

t r a n s p o r t a t i o n  p r o p e r t i e s  o f  CWF's. 

The 

Rheology 

Many o f  t he  key phys i ca l  p r o p e r t i e s  o f  a CWF a re  associated w i t h  i t s  f l o w  
p roper t i es .  

t r a n s p o r t  and pumping, b u t  t h e  q u a l i t y  o f  a tomiza t i on  i s  a l s o  expected t o  be 
c o n t r o l l e d  by these p roper t i es .  S ince a tomiza t i on  q u a l i t y  has been shown t o  have 

a tremendous i n f l u e n c e  on t h e  combustion performance o f  CWF's, t h e  l i n k  between 

rheo log ica l  p r o p e r t i e s  and a t o m i z a t i o n  q u a l i t y  must be es tab l i shed .  

Not o n l y  do they determine i t s  hand l i ng  c h a r a c t e r i s t i c s  d u r i n g  

Since i t  i s  expected t h a t  t h e  combust ion c h a r a c t e r i s t i c s  o f  CWF f u e l s  w i l l  be 
s t r o n g l y  dependent on the  q u a l i t y  o f  a tomiza t i on ,  and a tomiza t i on  q u a l i t y  w i l l  
depend on the CWF f l o w  p r o p e r t i e s ,  a suppor t  a c t i v i t y  has been inc luded  t o  
i n v e s t i g a t e  t h e  rheology o f  CWF's. 

s p e c i f i c a t i o n ,  i t  w i l l  be impor tan t  t o  understand how s l u r r y  rheology a f f e c t s  
I n  the  development o f  a CWF work ing 
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t h e  o t h e r  phenomena o f  i n t e r e s t  i n  t h i s  study. 

impor tan t  t o  v e r i f y  t h a t  t h e  r h e o l o g i c a l  behavior  o f  coal -water  f u e l s  can be  
understood i n  terms o f  t h e  a v a i l a b l e  t h e o r e t i c a l  models o f  non-Newtonian f l u i d s .  

I n  p a r t i c u l a r ,  i t  i s  impor tan t  t o  show t h a t  t h e  f l o w  p r o p e r t i e s  o f  these s l u r r i e s  

i n  process p ipe l i nes ,  etc., can be  p r e d i c t e d  w e l l  enough f o r  design purposes us ing  

theory and c e r t a i n  key l a b o r a t o r y  phys i ca l  p roper t y  measurements. 

To f a c i l i t a t e  t h i s  a n a l y s i s  i t  i s  

\ 

I t  i s  be l i eved  t h a t  t h e  t ime- independent rheology o f  coal -water  f u e l s  can be 
, modeled i n  the  f o l l o w i n g  way: 

where: T = shear s t r e s s  
'y = y i e l d  s t r e s s  ( e m p i r i c a l  constant )  
k = emp i r i ca l  cons tan t  

n = emp i r i ca l  cons tan t  
= shear r a t e  

It i s  known, f o r  example, t h a t  most CWF's e x h i b i t  a y i e l d  s t r e s s  ( w i l l  n o t  

f l o w  u n t i l  the  a p p l i e d  shear s t r e s s  reaches some c r i t i c a l  va lue)  and show 
decreasing v i s c o s i t y  w i t h  i n c r e a s i n g  shear r a t e  ( n < l ) .  
c h a r a c t e r i s t i c s  can be handled i n  a s t r a i g h t f o r w a r d  manner us ing  t h i s  model. 

Both o f  these 

1 There are  comp l i ca t i ng  f a c t o r s ,  however. A l l  o f  t h e  emp i r i ca l  constants  i n  

t h e  model a re  f u n c t i o n s  o f  temperature and q u i t e  p o s s i b l y  func t i ons  o f  t ime  as 

we l l .  S l u r r y  f u e l s  a r e  known t o  e x h i b i t  t h i x o t r o p y  ( v i s c o s i t y  decreases w i t h  
i nc reas ing  time a t  cons tan t  shear r a t e )  meaning t h a t  t h e  constants  i n  t h e  

rheo log i ca l  model change as t h e  s l u r r y  f l ows  down t h e  l e n g t h  o f  t h e  p i p e l i n e .  

The approach taken i n  t h i s  s tudy was t o  use ex tens i ve  l a b o r a t o r y  v iscometer 
measurements t o  determine t h e  e f f e c t  o f  temperature,  shear ra te ,  and t i m e  a t  

cons tan t  shear r a t e  on t h e  apparent v i s c o s i t y  o f  t h e  va r ious  coal -water  f u e l s  

tes ted .  Th is  i n f o r m a t i o n  w i l l  be used t o  determine t h e  approp r ia te  va lues f o r  t h e  

constants  i n  the  r h e o l o g i c a l  model corresponding t o  va r ious  f l o w  cond i t i ons .  
Eventual ly ,  these r e s u l t s  w i l l  be c o r r e l a t e d  w i t h  p i p e  f l o w  r e s u l t s  and r e s u l t s  

from t h e  o the r  areas o f  i n v e s t i g a t i o n .  
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Atomizat ion 

A tomiza t i on  c h a r a c t e r i z a t i o n  t e s t s  a r e  performed i n  B&W's r e c e n t l y  Completed 

Atomizat ion F a c i l i t y  (F igu re  2).  T h i s  f a c i l i t y  i s  equipped w i t h  s ta te -o f - the -a r t  
l a s e r  d iagnost ics ,  and p e r m i t s  l o c a l  d r o p l e t  v e l o c i t y ,  s i z e  d i s t r i b u t i o n ,  and 

r e l a t i v e  number d e n s i t y  measurements t o  be made i n  la rge -sca le  sprays. 
dimensions o f  t h e  spray chamber a r e  8 f e e t  x 8 f e e t  x 10 fee t .  Mounted on 

opposing w a l l s  a r e  two & f o o t  x 8 - foo t  p l a t e  g lass  windows which p rov ide  op t i ca l  
access t o  t h e  spray f o r  l a s e r  measurements, v i s u a l  observat ion,  and s t i l l  and 

mot ion p i c t u r e  photography. 

The i n s i d e  

A uni form, a x i a l  f l o w  o f  a i r  c o n t i n u a l l y  sweeps through the  chamber t o  
prevent  the  bu i l d -up  o f  a " fog "  o f  very  f i n e  drop le ts .  

by a l a rge ,  f o r c e d  d r a f t  fan, and i s  s t ra igh tened  and un i fo rm ly  d i s t r i b u t e d  by t h e  
windbox. The atomizer  b a r r e l  i s  i n s e r t e d  through t h e  windbox as shown. A gas 

cleanup system a t tached  t o  t h e  downstream end o f  t h e  chamber removes most o f  t he  

spray d rop le ts  from t h e  a i r  s t ream be fo re  i t  i s  exhausted back i n t o  t h e  

atmosphere. I n  t h e  case o f  CWF, t h e  f u e l  c o l l e c t e d  i n  the  gas cleanup system i s  

pumped i n t o  a l a r g e  h o l d i n g  tank  f o r  subsequent d isposa l .  

Th i s  a i r  f l o w  i s  provided 

A 2000-gal lon s torage tank  ho lds  t h e  CWF t o  be  tested. The tank  i s  equipped 

w i t h  a low-rpm s t i r r e r .  

supply CWF t o  t h e  atomizer,  and i s  capable o f  d e l i v e r i n g  2-20 gal lons/minute of  

CWF a t  a discharge pressure o f  400 ps ig .  

e l e c t r i c  CWF hea te r  which has a 100 KW capaci ty .  
heated t o  temperatures i n  excess o f  250°F. 

A v a r i a b l e  speed, progress ing c a v i t y  pump i s  used t o  

The system i s  a l s o  equipped w i t h  an 
With t h i s  hea te r  t h e  CWF can be  

Loca l  d r o p l e t  v e l o c i t y ,  s i z e  d i s t r i b u t i o n ,  and r e l a t i v e  number dens i t y  can be  

obta ined from t h e  l a s e r  d i a g n o s t i c s  us ing  p a r t i c l e  s i z i n g  i n t e r f e r o m e t r y  (commonly 

r e f e r r e d  t o  as t h e  v i s i b i l i t y  technique).  The method requ i res  t h e  same bas ic  

o p t i c a l  equipment as t h e  dual-beam Laser  Doppler  Veloc imeter  (LDV) technique. The 

v i s i b i l i t y  and LDV techniques can p rov ide  non- in t rus i ve  l o c a l  measurements of  
i n d i v i d u a l  d r o p l e t  s i z e  and v e l o c i t y .  
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A schematic of a dual-beam LDV i s  shown in Figure 3. I t  consists of a laser ,  
beam s p l i t t e r ,  focusing lens, collection optics, photodetector, and signal 
processor. 
volume, a fringe pattern i s  formed by the interference of the two coherent beams. 
As a droplet moves across the measurement volume, i t  scat ters  l i g h t  which i s  
collected and processed by the signal processor. 
in Figure 3, and i s  know as  a Doppler burst. 

A t  the intersection of the two beams, which defines the measurement 

A typical signal i s  also shown 

The Doppler burst i s  made u p  of two components - an AC signal superimposed on 

Droplet s ize  can be determined from the 
a Gaussian "pedestal". 
used t o  determine the droplet 's velocity. 
"vis ibi l i ty"  defined as 

The period of the AC signal and the fringe spacing can be 

L a x  - Imin 

Imax + 'mi n 
Y =  

\ where Imax and Imin are  defined as shown on the figure. I t  turns out t h a t  
\ vis ib i l i ty  i s  a simple function of (D/S) (where D = droplet diameter and  S = 

fringe spacing) over a droplet diameter range of about 1O:l. By changing the 

\ 

\> 

fringe spacing, a different range of droplet diameters can be measured. 

The Atomization Faci l i ty  i s  used t o  characterize the droplet size 
distribution obtained from the same atomizer being used for the combustion t e s t s  
for  each of the CWF's. 
air/fuel ra t io ,  fuel temperature) i s  investigated. Again,  these resul ts  will be 
correlated with the resul ts  from the other areas of investigation. 

1 

1 
A variety of atomization conditions (fuel flow rate ,  

Combusti on 

Combustion tes t s  are  performed in B&W's Basic Combustion Test Unit ( B C T U )  
shown in Figure 4. I t  i s  a water-cooled horizontal furnace w i t h  a nominal f i r ing  
rate  of a b o u t  5 million B t u / h r  when f i r ing pulverized coal. 
chamber i s  cylindrical with a diameter of 4-1/2 feet ,  and i s  8 feet  long. 

The combustion 
I t  i s  

a5 



partially lined w i t h  refractory brick t o  bring flame temperatures more in l ine 
with larger units. 
800°F combustion a i r .  
observations, and provide access for various probes for detailed in-fl ame 
measurements. 

Two separately-fired a i r  heaters are capable of supplying 
A number of viewports mounted on the furnace permit visual 

Coal-water fuel i s  supplied t o  the furnace with a system consisting of a 
500-gallon storage t a n k  equipped with a s t i r r e r ,  a variable-speed 
progressing-cavity pump, and a mass flow meter. An e lec t r ic  heater i s  also 
available for heated CWF tes t s .  A dual-fluid, internal-mix atomizer i s  used t o  
inject  the CWF into the furnace i n  the form of a fine spray. Compressed a i r  i s  
used as  the atomizing fluid. 

The burner being used i s  a research burner having four concentric a i r  zones 
which provide f lex ib i l i ty  in how the a i r  enters the furnace. 
equipped w i t h  devices for  imparting swirl t o  the flow, and another i s  equipped 
with a natural gas burner for  f i r i n g  the furnace a t  ful l  load on natural gas. The 
b u r n e r  i s  also equipped with a bluff body s tab i l izer  for improved ignition 
s tabi l i ty .  

Two of the zones are 

The combustion character is t ics  o f  coal-water fuels must be comprehensively 
studied in order to  achieve EPRI's principle objective -- the establishment of 
specifications for such fuels  with which EPRI can confidently procure the large 
quantities of CWF that  will be needed for future large-scale demonstrations. 
B&W, determining combustion character is t ics  of CWF means performing a standard 
fuel characterization program similar to  many such programs the company has 
performed in the past t o  determine the character is t ics  of other potential boiler 
fuels. Of course, each program m u s t  be tailored t o  f i t  the pecul iar i t ies  of the 
fuel being tested. 

For 

I n  the case of CWF, there a re  a number of important areas in which further 
information i s  needed before these fuels can be demonstrated on a u t i l i t y  boiler. 
Ignition s tab i l i ty ,  the excess a i r  and residence time needed for  good carbon 
uti1 ization, ash hand1 ing and deposition character is t ics ,  flame temperature, a n d  
pollutant formation must a l l  be addressed. And for  the purpose of determining the 
specifications of a CWF boi ler  fue l ,  the way these factors are affected by changes 
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i n  the various CWF properties such as, moisture content, par t ic le  size 
distribution, chemical additives, slurry rheology, and parent coal character is t ics  
must be delineated. 
a l l  of these factors and provide a maximum amount of the needed information. 

I t  i s  the purpose of the combustion t e s t  program t o  address 

Using the BCTU, B&W will re la te  combustion performance in terms of ignition 
s tab i l i ty ,  turndown, excess a i r  requirements, NOx emissions, and carbon b u r n o u t ,  
t o  slurry characteristics such as solids loading, par t ic le  size distribution, 
viscosity vs. shear ra te ,  viscosity vs. time, viscosity vs. temperature, and coal 

type. 
drop, slurry storage and handling character is t ics ,  and qual i ta t ive 
characterization of atomizer wear t o  provide the basis for  recommending a n  
acceptable range of slurry properties to  guide future development work. 

This information will be combined with an evaluation of slurry pressure 
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PRELIMINARY RESULTS 

A t  the time of writing much of the tes t ing has  been completed, b u t  only a 
small fraction of the data has been analyzed. 
results of the ent i re  program i s  therefore n o t  possible. Rather, i t  i s  our 
intention to  present in t h i s  section some examples of the type of resul ts  being 
obtained, and t o  indicate some of the trends t h a t  have been noted thus far .  

A detailed presentation of the 

Fuels Characterization 

ASTM and B&W fuel analysis procedures were applied t o  samples of the parent 

All the CWF's were prepared from 
coals and coal-water mixtures a s  show in Table 1. The resul ts  of selected 
procedures for  the CWF's are  shown in Table 2. 
high volat i le  eastern bituminous coals. Based on the volat i le  content and  burning 
profile of the CWF's, ignition and a stable flame would be expected in a burner 
and furnace designed for similar coals. Other things being equal, ignition and 
flame s tab i l i ty  of CWF's a re  strongly dependent on both volat i le  content and 
atomization quality. 
volat i le  bituminous coals with vola t i le  contents as high a s  possible. 

I t  i s  safe t o  s t a t e  t h a t  CWF should be made from high 

The five CWF's had a wide range of sol ids  contents from 69.3 t o  75.3% and 
Examples of viscosity viscosi t ies  from 510 to  1955 cp (3 100 sec-' shear rate. 

curves (viscosity versus shear r a t e )  will be presented in the discussion of the 
CWF rheology. All the CWF's tes ted were thixotropic (decreasing viscosity with 

increasing shear), while others appeared pseudoplastic (decreasing viscosity with 
increasing shear). 
desirable from a handling and atomizing standpoint. 
responses as a function of temperature. 
w i t h  increasing temperature, while several did the opposite. 

I 

time a t  constant shear), b u t  some appeared d i la tan t  (increasing viscosity with 1 

A slurry which i s  b o t h  thixotropic a n d  pseudoplastic i s  more 
The fuels exhibited different 

The viscosity of several CWF's decreased 

The par t ic le  s ize  dis t r ibut ion (PSD) of the CWF's were n o t  drast ical ly  
different. All the fuels  had a t  l e a s t  98.5% passing 50 mesh (300 microns). All 
the fuels, in general, were coarser than normal pulverized coal ( P C )  which has a 
mass mean diameter of approximately 40 microns. Four of the s lur r ies  contained 



\ 

more f i n e  m a t e r i a l  than normal PC, which has an average Sauter  mean d iameter  o f  15 

microns. Four CWF's had a t  l e a s t  70% o f  t h e  ma te r ia l  l e s s  than 200 mesh (75 
microns).  

Example p a r t i c l e  s i z e  d i s t r i b u t i o n s  a r e  presented i n  a l a t e r  sec t i on .  

I n  general ,  t h e  CWF's had a w ide r  p a r t i c l e  s i z e  d i s t r i b u t i o n  than  PC. 

A l l  t h e  CWF's had s u l f u r  contents  l e s s  than 1%, ash con ten ts  v a r i e d  f rom 1.8 
t o  7.9%. 
decrease ash and s u l f u r  l e v e l s .  The CWF's had almost i d e n t i c a l  dens i t i es .  Four  
o f  t he  s l u r r i e s  had a pH i n  t h e  range o f  7.3 t o  8.6, and t h e  f i f t h  had a pH o f  

6.0. 

Some o f  t h e  c o a l s  used t o  prepare t h e  s l u r r i e s  were b e n e f i c i a t e d  t o  

The f u e l s  were subjected t o  severa l  t e s t s  i n  o rde r  t o  p r e d i c t  t h e  d e p o s i t i o n  

p o t e n t i a l  o f  each. Depos i t i on  p o t e n t i a l  and ash chemist ry  i s  p a r t i c u l a r l y  

impor tan t  because o f  t h e  e f f e c t  on  t h e  s i z e  o f  i n d u s t r i a l  and u t i l i t y  b o i l e r s ,  

furnace heat  re lease  ra tes ,  t h e  des ign o f  hea t  t r a n s f e r  sur face ,  and t h e  number 

and placement o f  b o i l e r  c lean ing  equipment f o r  ash and s l a g  depos i t  removal. 
depos i t i on  p o t e n t i a l  of t h e  pa ren t  c o a l s  and CWF's i s  shown i n  Table 3. 

The 

Slagging p o t e n t i a l  i s  i n d i c a t e d  by Rs va lues (based on  elemental  ash 

a n a l y s i s )  and R v s  va lues (based on ac tua l  s l a g  v i scos i t y / tempera tu re  

r e l a t i o n s h i p ) .  These s lagg ing  indexes i n d i c a t e  t h a t  f u l l - s c a l e  s lagg ing  behavior  
o f  these fue l s  would be l ow  o r  medium. Some impor tan t  observat ions,  however, can 

be noted. S l u r r i e s  A and D showed a s u b s t a n t i a l  increase i n  sodium c o n t e n t  as 

compared t o  t h e  pa ren t  coa l .  The s o f t e n i n g  temperature o f  t h e  CWF's were 230 and 

350°F l ower  than t h e  p a r e n t  coal .  

\ 

F o u l i n g  p o t e n t i a l  i s  i n d i c a t e d  by Rf va lues (based on elemental  ash ana lys i s )  

and s i n t e r i n g  s t r e n g t h  va lues (based on c rush ing  s t r e n g t h  o f  s imu la ted  f u l l - s c a l e  
b o i l e r  f l y  ash produced i n  t h e  LAF). The most impor tan t  obse rva t i on  f rom Table 3 

i s  t h e  increase i n  f o u l i n g  p o t e n t i a l  o f  t h e  CWF's A and 0 compared t o  t h a t  o f  
t h e i r  pa ren t  coals.  S ince i t  has been w e l l  documented t h a t  t h e  sodium con ten t  o f  

a f u e l  p lays  a major  r o l e  i n  i t s  f o u l i n g  behavior,  t h e  severe f o u l i n g  
c l a s s i f i c a t i o n  o f  t h e  two CWF's i s  probably  due t o  t h e  increased sodium content.  

The CWF o f  vendor E a l s o  had a h i g h  f o u l i n g  p o t e n t i a l  based on elemental  ana lys is .  
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The increased d e p o s i t i o n  p o t e n t i a l  o f  two o f  t h e  CWF's and t h e  h igher  

d e p o s i t i o n  p o t e n t i a l  o f  t h e  CWF made from a h i g h l y  b e n e f i c i a t e d  coal  a re  impor tant  

from a u t i l i z a t i o n  p o i n t  o f  view. The type and q u a n t i t y  of chemical a d d i t i v i e s  

used i n  t h e  p repara t i on  o f  t h e  coal -water  f u e l  can have a s i g n i f i c a n t  i n f l u e n c e  on 

the d e p o s i t i o n  c h a r a c t e r i s t i c s .  Whi le the  t o t a l  q u a n t i t y  o f  minera l  ma t te r  i n  the 

coal can be reduced by b e n e f i c i a t i o n ,  t h e  r e l a t i v e  q u a n t i t i e s  o f  chemical elements 
i n  the  remain ing m i n e r a l s  may be a l t e r e d .  Th is  may inc rease  t h e  p o t e n t i a l  f o r  

format ions o f  troublesome, d i f f i c u l t - t o - r e m o v e  b o i l e r  depos i t s  i n  s p i t e  o f  t h e  

lower ash l o a d i n g  du r ing  u t i l i z a t i o n .  

An impor tan t  CWF p r o p e r t y  i s  t h a t  r e l a t e d  t o  the  s e t t l i n g  o f  coal p a r t i c l e s  

under s torage ( s t a t i c )  and t r a n s p o r t a t i o n  (dynamic) cond i t i ons .  F igu res  5 and 6 
show t y p i c a l  s t a t i c  and dynamic t e s t  r e s u l t s  f o r  t h r e e  CWF's (A, B, and D) .  

Several general t rends  can be s t a t e d  based on these f i g u r e s  and o the r  t e s t  
r e s u l t s .  A l l  t h e  f u e l s  e x h i b i t e d  l i t t l e  s e t t l i n g  (based on s o l i d s  con ten t )  o f  the 

l i q u i d  p o r t i o n  of  t h e  sample, b u t  a l l  con ta ined  s e t t l e d  m a t e r i a l  on the  bot tom of 
t h e  conta iner .  

s l u r r y .  

T h i s  m a t e r i a l  was approx imate ly  2 t o  4% of the  t o t a l  weight  o f  

The s e t t l e d  m a t e r i a l  ranged f r o m  a sof t -pack i n  which t h e  s l u r r y  c o u l d  be 

e a s i l y  resuspended t o  a hard-pack which r e q u i r e d  s i g n i f i c a n t  e f f o r t  t o  resuspend. 
The dynamic s t a b i l i t y  o f  t h e  CWF's appear independent o f  frequency (up t o  200 HZ)  
and a c c e l e r a t i o n  (up t o  0.6 G ' s ) .  
t r a n s p o r t a t i o n  agreed w i t h  t h e  c o n d i t i o n  o f  t h e  as-received s l u r r i e s  subjected t o  

ac tua l  t r u c k  t ranspor t .  
and 3 days were a lmost  i d e n t i c a l .  T h i s  would suggest t h a t  t h e  s t a b i l i t y  o f  CWF's 

i s  no t  dependent on the  t r a n s p o r t a t i o n  mode, b u t  can be p r e d i c t e d  from s t a t i c  t e s t  

cond i t i ons .  

amount o f  s e t t l e d  m a t e r i a l  i nc reased  du r ing  a t e s t  p e r i o d  o f  6 weeks. 
e s s e n t i a l l y  no d i f f e r e n c e  i n  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  t he  s l u r r y  

throughout the  sample c o n t a i n e r  i n c l u d i n g  t h e  s e t t l e d  m a t e r i a l  on the  bottom. 

The dynamic t e s t  r e s u l t s  f o r  s imulated t r u c k  

The s t a t i c  and dynamic t e s t  r e s u l t s  f o r  t imes o f  1, 2, 

S t a b i l i t y  was shown t o  be dependent on s torage t ime because t h e  

There was 
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Rheology 

A f i r s t  step i n  the analysis o f  the rheological properties of the various 
CWF's i s  t o  verify t h a t  the pipe flow character is t ics  of these fuels are  
predictable from laboratory viscometer measurements. A viscometer generates a 
"flow curve" relating the r a t e  o f  shear (?)  t o  the shear s t ress  ( T )  applied, o r  
alternatively, t o  the apparent viscosity I ~ ~ ( = T / J )  . Generally, such a curve can 
be used with the equations of motion a n d  continuity t o  predict pressure losses for  
pipe flow. The procedure can be reversed, however, t o  generate a flow curve from 
pipe line pressure drop measurements which can then be compared with the 
vi scometer-generated curve. 

The resul ts  of such a n  analysis for CWF - D are  shown in Figure 7. The sol id  
l i n e  represents the flow curve generated with a rotational viscometer. I t  
indicates a complicated, non-Newtonian, time-dependent rheology. The time 
dependence, as evidenced by his teresis ,  i s  typical of a thixotropic f luid ( i t s  
apparent viscosity drops with time a t  shear). The data points shown in the figure 
are generated from pipeline pressure d rop  da ta .  I t  can be seen that  the two s e t s  
of resul ts  are  in reasonably good agreement. Over the common range of shear rates 
they indicate a f luid whose viscosity increases with increasing shear ra te  ( a  
di la tant  f luid) .  The small difference i n  apparent viscosity between the two 
results i s  probably due to  a s l igh t  difference in water content of the two 
samples, a1 though i t  may be a resul t  of the time-dependent behavior (thixotropy). 
A difference in water content of as l i t t l e  as 0.1 percent could account for  the 
difference. 

I t  can be concluded from these resul ts  t h a t  the flow behavior (pipeline ' 

pressure losses, etc.) o f  t h i s  CWF can be predicted from laboratory viscometer 
measurements and existing non-Newtonian flow models. 
as these will be used extensively to  understand atomization and combustion 
results. 

Rheology t e s t  resul ts  such 
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Atomiza t i on  and Combustion 

Un fo r tuna te l y ,  few r e s u l t s  f rom the  a tomiza t i on  and combustion tasks  are 

a v a i l a b l e  a t  the t ime o f  w r i t i n g .  
been combined i n t o  a s i n g l e  sect ion.  Beyond t h i s  reason, however, t h e  combination 

i s  a n a t u r a l  consequence o f  t h e  i nseparab le  na tu re  o f  t h e  two phenomena. 
become apparent t h a t  t h e  q u a l i t y  o f  a tomiza t i on  has a tremendous i n f l u e n c e  on the 
combustion performance o f  a CWF. 
s tab le,  unass i s ted  i g n i t i o n  o f  t h e  fue l  i s  t o  be obtained. 

d r o p l e t s  ( i n  excess o f  300 m ic rons )  which w i l l  n o t  complete ly  burn, means a lower 
carbon u t i l i z a t i o n  e f f i c i e n c y .  

It i s  p a r t l y  f o r  t h i s  reason t h a t  t h e  two have 

I t  has 

P roduc t i on  o f  very  f i n e  d r o p l e t s  i s  essen t ia l  if 
Product ion o f  l a rge  

It should be apparent f rom the  l a s t  two statements t h a t  d r o p l e t  s i ze ,  and not 

coal p a r t i c l e  s ize,  determines the  s i z e  o f  bu rn ing  p a r t i c l e s  i n  a b o i l e r .  We 

b e l i e v e  t h a t  i s  the case. 

conc lus ion seems unavoidable.  

Even a t  t h i s  e a r l y  stage i n  the  data ana lys i s ,  such a 

I / I  

As an example, cons ide r  t h e  r e s u l t s  shown i n  F igu res  8 ,  9, and 10. F igu re  8 
1 shows d r o p l e t  s i z e  d i s t r i b u t i o n s  f o r  a CWF generated us ing  t h e  Atomizat ion 

F a c i l i t y .  Two curves a re  shown -- one f o r  a CWF f l o w  r a t e  e q u i v a l e n t  t o  f u l l - l o a d  

c o n d i t i o n s  a t  t h e  BCTU ( 4  x 10 B t u / h r ) ,  and t h e  o t h e r  f o r  approx imate ly  
one-quarter o f  t h a t  f low.  Note t h a t  t he  low- load d r o p l e t  s i z e  d i s t r i b u t i o n  i s  

f i n e r  than t h a t  f o r  f u l l  load. T h i s  i s  as expected s ince  t h e  a tomiz ing  a i r  f l o w  

r a t e  was h e l d  cons tan t  f o r  t he  two t e s t s ,  r e s u l t i n g  i n  a h i g h e r  a i r / f u e l  r a t i o  f o r  

t h e  l o w  l oad  cond i t i on .  

(1 

6 

'I 

, 

F igu re  9 shows f l y  ash p a r t i c l e  s i z e  d i s t r i b u t i o n s  c o l l e c t e d  du r ing  t h e  BCTU 

combustion tes ts .  F l y  ash s i z e  f o r  f u l l  l o a d  convent ional  p u l v e r i z e d  coa l  f i r i n g ,  
f u l l  load CWF f i r i n g ,  and lower  l o a d  CWF f i r i n g  a r e  shown. Coal p a r t i c l e  s i z e  

d i s t r i b u t i o n s  f o r  a convent ional  p u l v e r i z e d  coal  and CWF-A are shown i n  F i g u r e  10. 
By comparing t h e  f i g u r e s ,  i t  can be seen t h a t  CWF f i r i n g  a t  f u l l  l o a d  produces a 
coa rse r  f l y  ash than  conven t iona l  p u l v e r i z e d  coa l  f i r i n g ,  w h i l e  f i r i n g  a t  l ow  load  
produces a f i n e r  f l y  ash. Since carbon convers ion i n  t h e  BCTU i s  genera l l y  poorer  

a t  l o w  load  than  a t  f u l l  l o a d  when f i r i n g  p u l v e r i z e d  coa l ,  t he  f i n e r  f l y  ash a t  
l ow  l o a d  must be due t o  a b e t t e r  q u a l i t y  o f  a tomiza t i on  -- which i s  c o n s i s t e n t  

w i t h  t h e  a tomiza t i on  r e s u l t s  presented above. 
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This i s  only one example o f  the kind of information B&W i s  generating as p a r t  
A tremendous amount o f  d a t a  i s  being taken i n  a l l  four areas o f  the EPRI program. 

of investigation, and on a l l  the CWF's. 
information will be available for presentation a t  the National Meeting in  Seattle. 

I t  i s  expected t h a t  much of t h i s  
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Fut 

TABLE 1 

Characterization Tests 

FUEL ANALYSIS PROCEDURE -- 

Tota l  Mo is tu re  
S o l  i d s  Content 
Hardgrove G r i n d a b i l  i t y  

Proximate Ana lys i s  
U l t i m a t e  Ana lys i s  

Higher  Hea t ing  Value 
S u l f u r  Forms 

Ash Fus ion  Temperatures 
Elemental Ash Composi t ion 

Ash S i n e r i n g  S t reng th  
High Temperature Slag V i s c o s i t y  

Burn ing P r o f i l e  
V o l a t i l e  Release P r o f i l e  

BET Sur face Area 
S1 u r r y  Dens i t y  
S1 u r r y  V i s c o s i t y  vs. Temperature 

P a r t i c l e  S i ze  D i s t r i b u t i o n  

0 M i c r o t r a c  

PH 
S l u r r y  S t a b i l i t y  

0 S t a t i c  

0 Dynamic 

PARENT COAL -- 

X 

X 
X 

X 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

CWF - 

X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

X 
X 

X 

x 
X 

X 

X 

X 

X 

METHOD - 
ASTM (D3173, D3302) 

ASTM (D3173, D3302) 
ASTM (D409) 

ASTM (D31721 
ASTM (D3176) 

ASTM (02015, D3177) 

ASTM (D24921 

ASTM (Dl8571 
B&W 

B&W 

B&W 

B&W 
0&W 

B&W 
B&W 

B&W 

Y 

B&W 

B&W 

4 B&W 

B&W 
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TABLE 2 

CWF Properties 

FUEL PROPERTY 

S o l i d s  ( % )  

v i s c o s i t y  ( cp  0 100-1 sec) 

HHV (B tu / l b ,  as rece ived)  
HHV (B tu / l b ,  d r y )  
VM (%, as rece ived)  

VM (%, d ry )  
Ash ( 9 ,  d r y )  
S u l f u r  ( 9 ,  d r y )  

P a r t i c l e  S ize  D i s t r i b u t i o n  

\ 

! 
, 

% < 200 Mesh 
Mass Mean Diameter (mic rons)  

Sauter Mean Diameter (mic rons)  

PH 
Dens i t y  (g /cc )  

A 

75.3 

1955 

10730 
14250 

24.7 

32.8 

7.9 
0.84 

70 
59 

7 

8.6 
1.23 

SLURRY VENDOR 

B 

69.3 

1575 

9910 
14300 

26.5 
38.2 

6.3 
0.87 

78 
44 

9 

7.6 
1.22 

C 

69.4 

1550 

10180 
14670 

24.8 
35.7 

5.9 
0.81 

63 
67 

15 

7.3 
1.20 

D 

69.9 

510 

10180 
14560 

22.9 

32.7 

6.9 
0.77 

78 
48 

8 

8.1 
1.23 

E 

74.9 

520 

11380 
15190 

28.0 
37.4 

1.8 
0.91 

73 
53 

11 

6.0 
1.23 
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Figure 1.  Laboratory Ashing Furnace. 
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Figure 2. Atomization Facility 
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COLLECTION 
OPTICS PHOTODETECTOR TRANSMITTER 

OPTICS 

LASER 

SIGNAL PROCESSOR 
(DETERMINES DOPPLER 
FREOUENCV OF 
SCATTERED LIGHT) 

PARTICLE WITH 
VELOCITY U AN0 
DIAMETER D 

Figure 3. Laser Doppler Velocimeter (LVD) System 
Used to Size Particles by the Visibility 
Technique. 

TEST PERIOD = 8 WEEKS 

I 
TOP MIDDLE BOTTOM 

CWM SAMPLE CONTAINER 

Figure 5. Static Stability Test Results. 
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Figure 9. Fly Ash Particle Size Distributions. 
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Figure 10. Particle Size Distributions - Pulverized Coal and CWF - A .  
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