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1. 1NTCC)DUCTION 

Over the  l a s t  two decades, f l u i d i s a t i o n  has bn-come a widely 
accepted and reasonably well-understood means f o r  b r ing ing  about mass and 
h c a t  t r a n s f e r  i n  t h e  chemicai. and petroleuni p r o c c s s k g  i n d u s t r i e s .  

Whcre uniform t expe ra tu ra ,  good mixi.cg, h igh  h e a t  t r a n s f e r  r a t e s ,  
l a r g e  a reas  of r e a c t i o n  s u r f a c e ,  and mob i l i t y  of r e a c t i n g  s p e c i e s  are 
impor tan t ,  i.t would be  d i f f i c u l t  t o .  envisage a more s u i t a h l e  process ing  t o o l .  
I t  cannot,  of course ,  be i n f e r r e d  t h a t  such systews do not  have many p r o b l e m ,  
o r  t h a t  al.1 t he  p o t e n t i a l  b e n e f i t s  of f l u i d i s e d  bed process ing  systems have 
been success fu l ly  r - a l i s e d .  The l i t e r a t u r e s  c m t a i a  nany d i s s e r t a t i o a s ,  
(e.g.  S q u i r c s ,  1361) w r i t t e n  by those  who have encountered d i f f i c u l t i e s  i n  
coming t o  terns w i t h  f l u i d  beds.  

Tlie purpose of t h i s  paper i s  t o  o u t l i n e  t h e  p o t e n t i a i  b e n e f i t s  of 
f l u i d i s c d  combu?tion, mainly ir. the f i e l d  of p w e r  gcne ra t ion ,  and pa r t i cu -  
l a r l y  when i t  i s  c a r r i e d  ou t  under p re s su re .  We a l s o  i n d i c a t e  some of t h e  
problems t h a t  have t o  be overcome t o  r e a l i s e  tnese  b e n e f i t s ,  and o u t l i n e  
some of t h e  inves t iga t io i i s  be ing  made t o  s o l v e  them. 

2. FEA'flJRES OF FLUIUISED COMSUSTION 

The f l u i d i s e d  bed f o r  a combustion system can be Formcd from any 
i m r g a n i c  p a r t i c u l a t e  ma t t e r ,  e.6.  minera l  u a t t e r  frcm c o a l ,  crushed 
r e f r a c t o r y ,  limes tone o r  dolomi t r  . 
good r e s i s t a n c e  t o  a t t r i t i o n ,  o therwise  excess ive  q u a n t i t i e s  of ma te r i a l  
would need t o  be f ed  t o  make up f o r  e l u t r i a t i o a  of f i n e s  and t o  main ta in  
bed l e v e l .  

The p a r t i c ?  es should p r e f e r a b l y  have 

Coal ( o r  o i l )  i n j e c t e d  i n t o  t h e  f l u i d  bed i s  burned a t  h igh  r a t e s  
of h e a t  r e l e a s e  and the  r a t e s  of h e a t  t r a n s f e r  to '  surfa1:es immersed i n  the  
bed a r e  much h ighe r  than :he average r a t e s  a t t a i n e d  i n  ?.onventional furnaces .  

F lu id j sed  combustion i s  no t  an e n t i r e l y  new technique .  
l as t  t h i r t e e n  y e a r s ,  f l u i d i s a d  combus t i o n  sys tcms have been descr ibed  f o r  
burning d i i f i c u l t  f a e l s  such as  a n t h r a c i t e  f i n e s  (St.ouff, 1957) ,  l i g n i t e  
(Panoiu and Caeacu, 1 S 4 2 ;  Novotny, 1963) and washery t a i l i n g s  (Fasso t t e ,  
1961). P l a n t s  descr ibed  by Godel (1963) and by 0kar:iws and Suzuki (1959), . 
which have apparent ly  nrovzd succesq fu l ,  d i f f e r e d  from t h e  p re sen t  concept 
i n  t h a t  t he  comb-stion t enpe ra tu res  v e r e  h igh  enough t o  f u s e  t h e  a sh ,  and a l l  
t h e  h e a t  r e l e a s e  v a s  reccvered from t h c  gas l eav ing  the  bed, us ing  more or 
less conventional b o i l e r  h e a t  exchmgr  su r face .  Anott.er s u c c e s s f u l  p l a n t  
(von F r i e s e ,  1961) conta ined  coo1,ing tubes i n  t h e  bed t o  redxce  c l inke r ing ,  
and about h a l f  t h e  t o t a l  si:eaz ou tpa t  was genera ted  in t h e s e  tubes .  

Over the  

111 t h e  preaenr  coicepr of f l u i d f s e d  combustion, x s t  of t h e  h e a t  i s  
ex t r ac t ed  f r o n  t h e  bed i n  t.h<.s way. Though foreshadowed to some e x t e n t  
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h\r t!le l i i t l e - p u b l i c i s e d  a c t i v i 5 e a  of t h e  i$adisr.h2 AaLlin uric! Soda Pa>r ik  
(1957) and of Csmbustion Engineering Inc .  (1;571, t h i s  concept iarge2.y S-ieX; 

cr-,fi i-nveatigations s t a r t e d  abo~t t  si:: yea r s  ago i n  t h e  U.%. a t  t k  resea rch  
l a b c r a t o r i e s  of t h e  Cen t ra l  El .ecir ic i , ty  Generaring nczrd  ( Y o t t e r i l l  and 
E l l i 3 t t .  1954!, and continxed EL che C m t r a l  Researck Establishmerit CCRE) ok 
t he  Nat iona l  Coal Board 2nd a t  t h e  B r i t i s h  Coal U t i l i s o t r o n  Research Associa- 
t i o n  (BCURA). The work a t  X U %  vas o r i g i n a l l y  aimed a t  developing 
s,ilall packaged i n d u s t r i a l .  b o i l e r s  (Barker,  Roberts and Wright, 1969),  i?tierem 
t h e  o t h e r  a c t i v i t i e s  have been concerned wi th  f l u i d i s e d  combustion of ccrai 
f o r  l a r g e  power p l a n t  (McLaren and kfillirrrls, 1969). For t h e  l a s t  txo yea r s , .  
BCITRA have a l s o  been i n v e s t i g a t i n g  flu.;dlsed combus t i o n  tinder p re s su re ,  
p r imar i ly  f o r  power product ion  (Hoy and Rober t s ,  1969). 

F l u i d i s e d  combustion of o i l  has  been pioneered i n  t h e  U.K. by Esso 
(Moss, 1968). The sys tem proposed, u sua l ly  known as t h e  "Chemically Active 
P lu id i sed  Bed Combustor", involves  burning r e s i d u a l  o i l  i n  a i l u i d i s e d  bed 
of l imestone o r  dolomite,  which absorbs su lphur  dioxide.  
regenera ted ,  wi th  recovery  of t h e  su lphur ,  by t r e a t n e n t  i n  a s e p a r a t e  s t age .  
A similar arrangement has  been proposed f o r  burn ing  f i n e l y  pu lve r i sed  coa l .  

The lime is 

2.1.  Potential-Alvantages of  F lu id i s sd  Combustion 

The p r e s e n t  concept of f l u i l i s e d  co rdus t ion  has m n y  advantages 
over conventional combustior. systems. By ope ra t ing  f l u i d i s e d  
combustors vnder h igh  p res su re ,  many a d d i t i o n a l  b e n e f i t s  can be  gained. 
The m s s t  imports..: of t h e s e  a r e  t h e  r educ t ion  of p l a n t  s i z e  and t h e  
p o s s i b i l i t i e s  f o r  improving thenual  e f f i c i e n c y  and s impl i fy ing  some f e a t u r e s  
of f l u i d  bed ope ra t ion .  

A l l  t h e  p o t e n t i a l  b e n e f i t s  accrue  from t h e  fo l lowing  key f e c t o r s :  

a.  The l a r g e  s u r f a c e  a v a i l a b l e  f o r  r e a c t i o n ,  long s o l i d s  
r e s idence  t i m e ,  and e x c e i l e n t  s o l i d s  mixing, enable  
high combustion e f f i c i e n c y  and i n t e n s i t y  to be  achieved 
a t  combustion temperatures a s  low as ~ ~ O O - N O O ~ F  
( 700-10OO0C). 

b.  The f l u i d  bed provides  h igh  r a t e s  of h e a t  t r a n s f e r  t o  
immerse2 su r f  aces. 

Combustion I n t e n s i t y  and Ef f i c i ency  - The combustion i n t e n s i t y  (rate of  heat 
release p e r  u n i t  bed volume) is p ropor t iona l  t o  t h e  mass v e l o c i t y  of combus- 
t i o n  e i r ,  and t h e r e f o r e  t o  t h e  f l u i d i s i n g  v e l o c i t y  and ope ra t ing  p res su re .  

F lu id i sa t io r ,  v e l o c i t y  depends mainly on t h e  p a r t i c l e  s i z e  d i s t r ibu -  
t i o n  of t h e  material t h a t  forms the bed. 
a d d i t i o n  t o  t h a t  a s s o c i a t e d  w i t h  the c o a l  i s  supp l i ed  t o  t h e  bed, the  s i z e  
c o n s i s t  of t h e  bed m a t e r i a l  w i l l  depend upon t h e  s i z e  of t h e  ash  a s soc ia t ed  
w i t h  t h e  coa l  and i ts  r e s i s t a n c e  t o  a t t r i t i o n .  P l u i d i s e d  combustion i n  i t s  
sircplest form t h - i e f o r e  i s  b e t t e r  s u i t e d  f o r  burning, uncleaned coa l s  than  

Unless ino rgan ic  m a t e r i a l  i n  

f o r  burn ing  low-ash clean coa ls .  - L Y  

The ope ra t ing  range  i s  from t h e  lowest v e l o c i t y  needed t o  maintain 
f l u i d i s a t i o n  t o  the ve loc iLy zbove which e l u t r i a t j o n  is. excess ive .  
t k e  lower l i m i t  is r e l a t i v e l y  i n s e n s i t i v e  t o  p re s su re  (Fig. 11, inc reas ing  
t h e  P res su re  can i n c r e a s e  t h e  q u a n t i t y  of l oa t e r i a l  e lucrTated  from t h e  bed 
(Fig.  2) .  With o p e r a t i o n  under pressure ,  t h - m f o r e ,  r a t h e r  n o r e  car rycver  
material has t o  b e  r ecyc led  tc  a t t a i n  t h e  same l e v e l  a f  combustion e f f i c i ency .  

Though 
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'Xh? f l i * i d i s a t i o n  :relocit ies >:!d heai re7 ezsc r a t e s  r e l e v a n t  t o  t h e  

t h i e e  s i z e  rangzs of coa l  t h n t  h3vz beer. used i n  most of t h c  U.K. i nves t iga -  
t i o n s  a r c  as fo l lows  : 

Noniinal c o a l  s i z e  range  in .  1 / 1 G  - 0 1/8 - 0 114 - 0 
F l u i d i s i n g  Veloc i ty  range f t l s  1 - 4 2 - 3  5 - 1 2  

Heat r e l e a s e  rate 106Btu/fL2h 9.09-0.36 C.i&@.81 0.45-1.08 

I (Bed temp 8oO°C; JO% excess a i r )  

Combustion i n t e n s i t y  depends upon two f u r t h e r  f a c t o r s ,  ( i )  t h e  
minimum depth  of bed needed t o  g e t  good d i s p e r s i o n  of t h e  f u r l  a d  t o  complete 
r e l e a s e  and combustion of t o l a t i l e  matter; t h i s  i s  t h e  main f a c t o r  a t  
atmospheric p re s su re ,  and ( i i )  t h e  depth of  bed r equ i r ed  t o  accommodate the  
h e a t  t r a n s f e r  s u r f a c e  needed f o r  a t t a i n i n g  t h e  chosen bed tempera ture ;  
is t h e  main l i m i t i n g  f a c t o r  a t  h igh  p res su res .  

t h i s  

A t  atmospheric p r e s s u r e  combustior. e f z i c i e u c i e s  i n  excess  of 99% 
have been obta ined  when burn ing  1/16"-0 c o a l  i n  beds about 2 f t  deep 
(McLaren aiid Gi l l i ams)  . Combustion i n t e n s i t i c s  i n  excess of  0.1 m i l l i o n  
Btu / f t3h ,  some ter, t i m e s  t hose  a l lowable  i n  convent iona l  b o l l e r  p l a n t ,  a r e  
achieved. 
f i v e  times h ighe r ,  a l b e i t  a t  some s a c r i f i c e  of  combustion e f f i c i e n c y .  

At high  p res su res  t h e  p o t e n t i a l  r educ t ion  i n  b o i l e r  s i z e  is  

. 
Burning l/4"-0 c o a l  t h e  combustion i n t e n s i t y  can b e  a t  least  

dramatic (F ig .  3), a f l u i d i s e d  bed b o i l e r  opera ted  i t  15-20 a t m  could be  
about 1115th t h e  volume of a convent iona l  b o i l e r  ope ra t ing  a t  a tmospher ic  
p re s su re .  

The s i z e  of t h e  b o i l e r  'envelope' ,  however, is n o t  s o l e l y  d i c t a t e d  
by combustion i n t e n s i t y  a t t a i n e d  i n  t h e  bed and the space  needed f o r  t h e  
h e a t  t r a n s f e r  su r f ace .  Fac to r s  such as (a)  the amui i t  of ' f r eeboa rd '  needed 
above the  bed t o  minimise e l u t r i a t i o n ,  (b) s i z e  and l o c a t i o n  of steam headers  
and ( c )  arrangement of ho t  gas  duc t ing  can also have a n  impor tan t  e f f e c t  on 
the o v e r a l l  s i z e  of t h e  p l a n t .  

C lea r ly  the minimum s i z e  of containment w i l l  ba ob ta ined  w i t h  t h e  
p a r t i c l e  s i z e  range  t h a t  g ives  t h e  h i g h e s t  f l u i d i s i n g  v e l o c i t y ;  the cond i t ions  
a s  regards  heat t r a n s f e r  un fo r tuna te ly  are t h e  converse of this. 

Heat T r a n a  - The t o t s 1  h e a t  t r a n s f e r  c o e f f i c i e n t  between a f l u i d i s e d  bed 
and a n  immersed a a r f a c s  is p r imar i ly  a f u n c t i o n  of p a r t i c l e  s ize ,  b u t  it is 
a l s o  in f luenced  by t h e  t e q e r a t u r e  of  t h e  bed 2nd of t h e  immersed s u r f a c e ,  
and by t h e  a b i l i t y  of bed m a t e r i a l  t o  c i r c u l a t e  f r e e l y  ( i . e .  on the c loseness  
of tube  packing).  The t o t a l  h e a t  t r a n s f e r  c o e f f i c i e n t ,  which comprises 
r a d i a t i v e  and convec t ive  components, can  be  up t o  10 Zitzes h ighe r  t han  i n  
convent iona l  gas-to-surface h e a t  exchange s y s t e m ,  depending on  p a r t i c l e  size 
(Fig.  4). For example, i n  f l u i d i s e d  combustors burn ing  1/16"-0 c o a l ,  h e a t  2 t r a n s f e r  c o e f f i c i - n t s  t o  water cooled tubes  of approx. 90 B t u / f t  
ob ta ined  w i t h  tubes 2 i n . a p a r t ,  r i s i n g  t o  100 B tu / f t2  h OF w i t h  tubes  6 in .  
a p a r t .  A s  Fig. 4 Shows. h igher  h e a t  t r a n s f e r  c o e f f i c i e n t s  are ob ta ined  with 
h ighe r  tube  t e q e r a t u r e s .  

L 

h OF are 

A f u r t k e r  Lac to r  t h a t  adds to  'she sav ing  i n  heac t r a n s f e r  s u r f a c e  
' o b t r i n e d  w i t h  i l u i d i s e d  combi-stion i s  t h a t  t h e  whole of t h c  s u r f a c e  of  t h e  tubes 
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Fml:t.rsed i n  the bed ( a n d , t h c s e  absorb c .  70% ?f t h e  h e a t  of  t h e  fuhl) .  i s  
n.v.silablE f o r  h a a t  c r a n s f c r ,  Ichcreas only h a l €  of tile: su r f ace  c f  t he  tubing 
of a convcr,ti.on?l boi1z.r fi;rzzcO- i r ,  e.xposed t o  t h c  corubustion gases.  

Operation under p r c s s u r c  does no t  a f f e c t  t he  h e a t  t r a n s f e r  t o  tubes 
immersed i.n the bed. Neve r the l e s s ,  f u r t h c r  sav ings  i n  h igh-a l loy  tub ing  
a r c  achieved  by o?erac ion  unZsr pres su re ,  because t h e  gas tu rb ine  absorbs 
mst of the hea t  r e q u i r e d  t o  reduce the tempera ture  of th.e gas  leav ing  t h e  
bed t o  700-75CoF (375-40OoC).  
exposed t o  teniparatures above 750°E (430oC), as compared wi th  conventional 
p . f .  f i r i n g  f o r  a 120 1.M b o i l e r ,  can be seen  i n  Fig.  5. Although t h e  p r e s s u r e  
process r equ i r e s  a l a r g e r ,  more expensive economiser t o  recover  h e a t  below 
?5O0F (4OO0C), t h i s  i s  a s m a l l  cons ide ra t ion  compared wi th  t h e  sav ings  i n  
cos t  f o r  t h e  h igher  a l l o y  tub ing  achieved wi th  f l u i d i s e d  combustion. 

The es t imated  o v e r a l l  sav ings  i n  tgbe s u r f a c e  

Although t h e  h e a t  exchange s u r f a c e  r equ i r ed  i n  f l u i d i s e d  beds 
burning 1/16"-0 coa l  i s  about  h a l f  t h a t  f o r  a coa l  f eed  of 1/4"-0, t h e  tube  
savings thus obtaicec! have t o  be  se t  aga ins t  t he  h igher  containment cos t s  
f o r  t h e  f ive - fo ld  i n c r e a s e  i n  hec! p l an  a r e a  t h a t  would be  needed. 

For b o i l e r s  i n  l a r g e  c e n t r a l  power p l a n t ,  w i th  adkanced steam 
cond i t ions ,  p a r t i c u l a r l y  those  opera ted  under p re s su re ,  the  choice may be 
f o r  t he  f i n e r  coa l  s i z e  because  of t he  msjor sav ings  i n  high temperature 
a l l o y s  t h a t  would accrue. 
hcwever, would need l i t t l e  o r  no h igh  a l l o y  tub ing  s i n c e  advanced steam con- 
d i t i o n s  would seldom De used; f o r  t hese  it is  probable  t h a t  t h e  sav ings  i n  
space and containment c o s t s  would make coarse f u e l  the  l o g i c a l  choice.  

I n d u s t r i a l  b o i l e r s  opera ted  a t  atmospheric p re s su re  

I n  e i t h e r  e v e n t ,  f l u i d  bed combustion can r e s u l t  i n  b i g  sav ings  
i n  tiibing requirements and t h e  compact n a t u r e  of the  tub ing  and of contain- 
ment t h a t  can be  achieved  would f a c i l i t a t e  a maximum amount of f ac to ry  pre- 
f a b r i c a t i o n ,  wi th  consequent sav ings  i n  e r e c t i o n  cos ts .  

Bed Temperature - A t  t h e  temperatures c u r r e n t l y  favoured f o r  f l u i d i s e d  com- 
bus t ion  systems in  t h e  U.K., t h e  vapour p r e s s u r e s  of t h e  a l k a l i  components of  
ash  known t o  p lay  a p a r t  i n  f o u l i n g  and co r ros ion  of h e a t  t r a n s f e r  su r f aces  
a r c  s e v e r a l  o rde r s  of magnitude lower than  a t  ?he temperatures i n  conventional 
combustion systems, and as a r e s u l t  sodium concent ra t ions  i n  t h e  gases  from 
f l u i d  bed combustors are dbOUt 1 ppn, equ iva len t  t o  l e s s  than  1% of t h e  sodium 
content  of t he  f l ie l .  This is  i n  c o n t r a s t  t o  t h e  lOZ that  has  been recorded 
wi th  p . f . - f i r ed  b o i l e r s ,  o r  38% f o r  a cyc lone- f i red  b o i l e r  (Ounsted, 1958). 
The potassium con ten t s  of gases  from f l u i d i s e d  bed combustors are t p p i c a l l y  
less than those  of sodium. 

Combustioa of  r e s i d u a l  o i l  i n  "chemically a c t i v e  beds" can r e s u l t  
i n  a similar dramat ic  reduct ion  i n  t h e  concen t r a t ion  of f o u l i n g  c o n s t i t u e n t s  
i n  t h e  combustion gases ;  d e p o s i t i o n  compounds of sodium, vanadium, and 
su lphur  on superneclters has l ed  t o  e"en grea tbar  r e s t r i c t i o n s  on superhea t  
temperatures f o r  o i l  f i r i n g  than  f o r  coa l  f i r i n g .  
t h e r e f o r e  be  t h e  key t o  t h e  resumption of advances i n  supe rhea t  temperature 
f o r  bo th  coa l  and o i l  f i r i n g ,  and hence t o  r e a l i s i n g  t h e  improvements i n  power 
genera t ing  e f f i c i e n c y  p r e d i c t e d  i n  t h e  p a s t  (e.g. Downs, 1955). 

F lu id i sed  combustion may 

For f l u id i se l l  combustion under ? l e e s u r e ,  the low concen t r a t ion  of 
fou l ing  cons t i t aon tc  i n  the combustion gases  g ives  hope that t h e  gases  can be 
expanded through gas t u r b i n e s  wi thout  l o s s  of performance. 
success fu l  ope ra t ion  o i  s o l i d  f u e l  f i r e d  gas  tu rb ines  has been prevented by 
u l d c  focllno, o r ,  i n  t h e  extreme, by choking of t h e  passagevays through t h e  
b l ade  sys tern. 

I n  t h e  p a s t ,  
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E r o s i o i  of coai - f i i re l  gas Curbines has  a l s o  b e m  a problem i n  =he 
p a s t ,  and from this p o i n t  of viet: icv bed teizperai-ure i s  a l s o  an ad.?anLa;e; 
a sh  particles i r o m  a bed opx-nl-icg a t  ib7O”F (&OO°C) stow EO s i g n s  o f  f u s i o n  
and a r2  similar I n  t ex to-e :  appearance and composition t o  those  produced 
by asliing i n  co i i ren t iona l  1abora to .q  ash ing  €urnnces. I n  Gddition t c  being 
l e s s  ab ras ive  the71 ncrmal p . f .  conbibustor asla, f lu id-bed  a sh  i s  ccarser and 
is  s impler  t o  s e p a r a t e  from t h c  coicbustion gases ;  
reason t o  b e l i e v e  t h a t  turbi i le  b l ade  e r o s i o n  w i l l  no t  be a problem. 

there Ls t h e r e f o r e  good 

I f ,  however, t he  low fou l ing  and e ros ion  p r o p e n s i t i e s  of t h e  gas r s  
could be  sus t a ined  t3 apprec iab ly  h ighe r  bed tempera tures  than  1470°F (8C)O°C), 
a d d i t i o n a l  advantages would accrue ,  e.g.  ( i )  a f u r t h e r  r educ t ion  i n  h c a t  
t r a n s f e r  s u r f a c e ,  ( i i )  h ighe r  gas tu rb ine  , e f f i c i e n c y ,  and ( i i i )  s imp le r  
cond i t ions  f o r  ackiev ing  a h igh  ccnhus t ion  e f f i c i e n c y  when burn ing  t h e  coarsez  
grades  of coa l .  
p r e s s u r i s e d  systems, b u t  z t  t h e  p r e s e n t  s t a t e  of t h e  a r t  i t  would not  b e  
prudent  to  p r e d i c t  t h i s  p o s s i b i l i t y  f o r  p r e s s u r i s e d  s y s t e m ,  p a r t i c u l a r l y  as  
t h e r e  is  ev idence  t o  show t h a t  p a r t i c l e  temperatures can be  apprec i ab ly  
h ighe r  than  t h e  mea= hed temperature.  

Higher bed t enpe ra tu res  may u l t i m a t e l y  be  f e a s i b l e  f o r  non- 

Bed ternperatlire is a l s o  important from t h e  p o i n t  of  view of 
emissinn/rctenti .cn of t h e  oxides  of su lphur  and n i t rogen .  
and thereabouts ,  t h e  concen t r a t ion  of ox ides  of n i t r o g e n  may be  less than  
100 ppm. 

A t  1470°F (80J°C) 
. 

Emission 0: su lphur  as SO2 can be  reduced to  less than  1OX of  t h e  
su lphur  con ten t ‘o f  t h e  coa l  (McLaren and William) by adding l i m e  t o  t h e  bed 
equ iva len t  t o  r a t h e r  less chan twice t h e  s t o i c h i o m e t r i c  q u a n t i t y ;  
reduces emiss ion  of n i t r o g e n  oxides.  

l i m c  a l s o  

There i s  g r e a t e r  t o l e rance  of bed tempera ture  from t h e  p o i n t  of  v i e r  
of su lphur  r e t e n t i o n  (F ig .  6 )  however, t han  t h e r e  is f o r  v o l a t i l i s a t i o n  of 
a l k a l i s .  

3. SOME APPI.II:Ai‘ION$ FOR l%UIDISED COMBUSTION UNDER PRESSURE 

The power gene ra t ion  i n d u s t r y  i s  a major consumer of coal and 
r e s i d u a l  o i l ,  and i n  s p i t e  of compet i t ion  from n u c l e a r  power, i t  would be  
s u r p r i s i n g  i f  throughout tile world f o s s i l  f u e l s  f a i l e d  to  re ta in  the  g r e a t e r  
p a r t  of the power s e n e r a t i n g  market f o r  a t  least ano the r  20 y e a r s .  Most of 
t h e  work on f l u i d i s e d  conkus t ion  has consequently been c a r r i e d  o u t  w i th  t h i s  
i n  mind, and almost 311 o i  t h e  p o t e n t i a l  a p p l i c a t i o n s  of p r e s s u r i s e d  f l u i d  bed 
co&ust ion  d i scussed  h e r e  are concerned w i t h  power genera t ion .  

3.1. Combined Power Cenera t ion  Cycles 

The thermal e f f i c i e n c y  of pobier geneLatioa processes  is mainly 
de t e re ined  by t h e  p r a c c i c a l  l i m i t a t i o n s  on t h e  tempera ture  range  over which 
t h e  work ing . f lu id  conve r t s  h e a t  energy t o  power. 
working f l u i d s  have been s p e c i f i e d  by Meycr and F i s c h e r  (1962) and by R e t i  
(1965), who concluded tha: 1-10 knom f l u i d  possesses  a l l  t h e  r equ i r ed  p r o p e r t i e s .  
Steam, however, has  more of t h e  d e s i r e d  p i o p e r t i e s  t nan  any o t h e r  s i n g l e  f l u i d .  

The p r o p e r t i e s  of i d e a l  

The problems of  i r ic recs ing  the temperature of  h i g h  p r e s s u r e  steam 
ha.ve a l r eady  been mentio:ied. 
p re s su re  s team t u r b i n e  cxhaust teEpera tures  below t h e i r  p r a s e n t  l e v e l s  of  
aromcl 80 - 50’“ o r  25 - 35°C wi thout  r e s o r t i n g  t o  unecononica l iy  l a r g e  
condmsers  and coo l ing  water flows. 
cgnvcnt iona l  cyc lc s  have t h e r e f c r c  rear‘npd t h e i r  l i z i t s ,  p a r t i c u l a r l y  f m  

There is l i t t l e  p rospec t  of reducing  low- 
. . 

The tempera ture  range and effic1er.c). of 



Combined Gas-Steam Cycizs - There a r e  b a s i c a l l y  two t:rpes: 

a. Kxhaust-fired b o i l e r s ,  i n  w;ilch t h e  combustion a i r  t o  a 
more o r  less coixen1:ional b o i l e r  i s  rep laced  by t h e  h o t  
bu t  oxygen r ich  exhaust gas from a gas tu rb ine  power p 1 a . t .  

b. Supercharged b o i l e r s ,  i n  vhich the  b o i l e r  furnace  ope ra t e s  
a t  hi;h p r e s s u r e  and che combustion gases  a r e  expcnded 
through a t u r b i n e  tna+ provides  power to  drive'  t h e  combus- 
t i o n  a i r  conqressor  and an  a d d i t i o n a l  c l t e r n a t o r .  

Both systems have t h e i r  advaca tes ,  and t h e i r  t:iermodynamic and econcmic 
p r i n c i p l e s  have hecn d i scussed  by Se ippe l  and Bercuter (1961) and by Sheldon 
and McKone (1962;. 
t o  provide  a worthwhile improvcmcnt i n  e f f i c i e n c y  and c a p i t a l  c o s t  in-so-far 
as combus t i o n  of coa l  vas ccncerned. and experimental  work 2nd thermodynamic 
s t u d i e s  a t  3CURA have cancen t r a t ed  on t h i s  system. 

T h e  supcrcharged combined c y c l e  appeared t h e  mosi l i k e l y  

An arrangemeat of a supercharged b o i l e r  cyc le ,  based on  a compression 

Cecause t h e  combiistior. a i r  is heated  by compression to  over 5C)OOF 
r a t i o  of 8 : l  and a gas t u r k i n e  e n t r y  tempera ture  of 1380OF (750OC) i s  shorn. i n  
Fig. 7. 
(approx. 25OoC), a l t e r n a t i v e  ways have t o  be found f o r  recover ing  hea t  from t h e  
t u r b i n e  er2ioust. I n  Chc arrangement shown i n  Fig.  7, some of t h e  f eed  h e a t e r s  
of t h e  s t anda rd  120 a' s team cyc le  have been rep laced  by a low i e v e l  economiser. 
Although t h e  redcced e x t r a c t i o n  05 steam f o r  feed  hea t ing  g ives  a poorer s t e a  
tu rb ine  h e a t  rate,  t h e  power 0utpt.t is inc reased  by about 5 NW. The calcu- 
l a t e d  h e a t  r a t e  f o r  such an  arrangemcnt (8580 Btu/kWh) , thcrinal e f f i c i e n c y  
39.8% based on t h e  g r c s s  c - . l o r i f i c  va lue  of t h e  coal) would b e  about 450 Btu/ 
kWh (about 2 percentage  p o i n t s  i n  thermal e f f i c i e n c y )  b e t t e r  than  f o r  a 
convent iona l  steam p l a n t .  

Opera t iox  o w r  a v i d e  l o a d  range  should  b e  f e a s i b l e ,  a f e a t u r e  of  
F a r t i c u l c r  advantage f o r  z i t e s  n o t  se rved  by power d i s t r i b u t i o n  networks. 

T h i s  system, though no t  o f f e r i n g  dranratic improvements i n  e f f i c i e n c y ,  
would providc  a good s t a r t i n g  p o i n t  f o r  i n t rod*-c ing  t h e  power indus t ry  t o  
advanced cyc le s ,  2nd to f l u i d i s z d  combustion 0; c o a l  and r e s i d u a l  o i l .  A 
p a r t i c u l a r  advantaae of  t h e  conki1ied c y c l e  over  pure  gas t u r b i n e  c y c l e s ,  
from t h e  po in t  c f  v i c v  of us ing  Chese f u e l s ,  is t h a t  any C a l l  o f f  i n  tu rb ine  
Dower from depos i t i on  QI- e ros ion  has a much s m a l l e r  e f f e c t  on t h e  output  of 
t h e  whole p l an t .  

Cas - Potassium -_-_ - Steam Cyc1.e - I n  thi.s cyc le ,  potassium would b e  used f o r  
"topping" a c o n w n t i x m l  stenm cyc le  by comblning t h e  f u n c t i o c s  of a potassium 
condenser wi th  those of a s t e e m  b o i l e r ,  supz rhea te r  and r enee te r .  
i s e d  "aid bed combusa r  would ? rovide  a f avourab le  hcn t i cg  system fl jr  

A press*ir-  
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g?ne ra t in#  t h n  pocassiuE v;.;rour, sicce f i r , : s id-  ccr i -os im trould be i PSS than 
w i t n  o t h r  cnivbustion s y s t e m .  
e f2 i c j ency  54.64) have been p r o j e c t e d  by Fra;s (1965j f o r  a sys tem v i t h  
n u c l e a r  h e a t i n g  oE polrassium vzpour eo temperaiu$el; of 1'40% (838OC) a t  
29 p s i a .  
t o g e t h e r  w i th  s t ack - ios ses ,  r e c a l c u l a t i o n  of tho- d c t a  g ives  a h e a t  rate of 
about  7100 Btu/klJh (t i ieimal e f f i c i e n c y  482). Though t h i s  i s  a l a r g e  
improvement ove r  convent iona l  p l a i t ,  I t  might n o t  coinpensate f o r  t h e  
h ighe r  c a p l t a l  c o s t s  l i k e l y  t o  be incu r red ,  acd t h i s  cha l l eng ing  system must 

I awai t  
I t empera tures .  

Fea t  r a c e s  05 6250 fliu]kkIl: ( th r r r?n l  

Taking i n t o  account t h c  currcnfriy ecvisaned  f l u i d  bed t e q e r a t u r e s ;  

t he  next  gene ra t ion  of f l u i d  bed combustors o p e r a t i n g  a t  h ighe r  

Ref r ige ran t  Cycles - The use  of r e f r i g e r a n t s  as "bottoming" f l u i d s  has  been 
sugges ted  by a number of au tho r s  f o r  reducing  Lhe c a p i t a l  c o s t  or  improving 
?he e f f i c i e n c y  of steam cyc le s  (e.g. Aronson, 1961) and gas t u r b i n e  cyc le s  
(Hicks, 1965; Bindon and Carmichael, 1468). Fased on an exhaus t ive  ana lys i s ,  
Eaves and H z d r i l l  (1968) concluded t h a t ,  f o r  U . K .  cond i t ions  wi th  conventionai 
coubustion systems, bo th  c a p i t a l  and o p e r a t i n g  c o s t s  of combined cycles using 
r e f r i g e r a n t s  were u n a t t r a c t i v e .  The s i t u a t i o r ,  might be changed w i t h  
p r e s s u r i s e d  f l u i d  bed combustion; by us ing  l i m e  t o  remove s c l p h u r ,  low s t a c k  
temperatures g i v h g  h ighe r  e f f i c i e n c i e s  would b e  p o s s i b l e . w i t h o u t  r i s k  of 
low-temperature co r ros ion .  

I 

3.2. ,Pure Gas Turbine  Cycles 

P res su r i sed  f l u i d  bed combustion p o t e n t i a l l y  conve r t s  "d i r ty"  bels 
t o  acceptab ly  "clean" f u e l s .  I n  a d d i t i o n  t o  i ts  a p p l i c a t i o n  t o  combined 
cyc le  power p l a n t ,  t h e r e f o r e ,  it has a t t r a c t i o n s  f o r  coa l  c r . r e s i d u a 1  o i l  
f i r i n g  of  pure  gas t u r b i n e  cyc le s  which a t p r e s e n t  need c l e a n  f u e l g ,  nuc lea r  
energy o r  l a r g e  c o s t l y  a i r  heaters. 

Simple Open Cycles - 
loss  than  combined c y c l e  p l a n t .  Attempts t o  develop d i r e c t l y - f i r e d  coal-  
burn ing  gas tu rb ines  ove r  t h e  p a s t  two decades (Cox, 1951; Rozcnberg, 1962; 
Wisdom, 1964; Nabors, Strimbeck, C a r g i l l  and Smith, 1965; Smith,  Strimbeck, 
Coates and McGee, 1966) have  been b e s e t  w i t h  d i f f i c u l t i e s  of b l a d e  e r o s i o n  
and f o u l i n g  by ash; 
combustion. Simple open c y c l e s  are c h a r a c t e r i s e d  by h igh  a i r / f u e l  r a t i o s ,  
and to  avoid excess ive  f l u i d  bed c ross  s e c t i o n s ,  most of t h e  excess  a i r  would 
need t o  be i n d i r e c t l y  hea ted  i n  tubes immersed i n  the bed (Fig. 8). Although 
f l u i d i s e d  combustion may s u c c e s s f u l l y  overcome t h e  main p r o b l e m  t h a t  have 
prevented s u c c e s s f u l  f i r i n g  of t u rb ines  by c o a i  and r e s l d u a l  o i l  t h e  number of 
a p p l i c a t i o n s  whore t h e  a d d i t i o n a l  c o s t  of t h e  combustion sys tem would be 
j u s t i f i e d  may b r  l imi t ed .  

Semi-closed Cycles - These are c h a r a c t e r i s e d  by having a high-pressure  closed 
c i r c u i t ,  us ing  r e l a t i v e l y  s m a l l ,  cheap turbomachinery, w i t h  a b leed  of  a i r  
o r  gas t o  an open cyc le  gas t u r b i n e  o p e r a t i n g  a t  l o w e r  ? r e s su re .  They have 
good s t a r t - u p  and port-locd c h a r a c t e r i s t i c s ,  acd b e t t e r  h e a t  rate (e .g .  
10700 Btu/kWh or 322 e f f i c i e n c y )  than  s imple  open c y c l e  p l a n t ,  (Gasparovic,  
1967) bu t  t h e i r  . x i n  p o t e n t i a l i t y  is  i n  t h e  f i e l d  of  peak-load power genera- 
t i on .  P r e s s u r i s e d  f l u i d  bed cumbustion could be  used i n  semi-closed cyc les  
i n  a number of ways ~ h i c h  can b e  ca t egor i sed  as : 

These a r e  more s u s c e p t i b l e  to the e f f e c t s  of p r e s s u r e  

these  d i f f i c u l t i e s  should be minimiked by f l u i d i s e d  

(a) Cycles w i t h  d i r e c t  f i r i n g  of the c losed  c i r c u i t  (Fig.  9) 

(5) Cycizs w i t h  i n d i r e c t  hea t ing  of t h e  c l o s e a  c i r c u i t  and 
d i r e c t  hea t ing  of t h e  spen c i r c u i t  (Fig. 10) 
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C l o s e ?  C;rc:-qc - Sever31 p. C.-firn-c c losed ci.;- :;:c:.c $,lanes have beell c m -  
si:ruc'ied (1;Lllcr n : d  Cae'i l ,?r ,  1961 ; .'\,IC:. :.96?). 1.n sone of  t h c s e ,  chrt 
,,e.l+- re;e,:tcd by t h e  2i.r L.cic,rc recrq-cerzjcm ha: i-sctd f o r  uork-. o r  d i s t r i c ?  
: t - : t t l n y ,  givinc. high kea: i : t l l j .zatiol;  e f f ic ie - .cy .  Thz a i r  h e a t e r s  w c r e  
: o q e  a,id cost1.y (Bamwrt znJ I'<;.C!::~, !.966). 
wi.th pr6s::xri:;cd f l u i d  bcd con!!iisti.c.n :or Ileatin:: t h e  a i r  a d  genera t  is;: 
ndditi.cmiil power (Fig.  11). Heiicni is a b e t t e r  c1.nsr.d c y c l e  f l u i d  th511 ;lir 

bvcause of i t s  h i g h e r  s p e c i f i c  be:: :I:;? r e t i o  of- s p c c i f i c  h e a t s  a', constexit 
p r e s s u r e  and volume, i t s  lower r.io:cc;iI 31' vmi.ght, i t s  h igher  thermal. co:iduct- 
i v i t y  and i t s  chemical  i n e r t n e s s .  
c y c l e  p l a n t  i . s  being  consc-curtcd a t  Gerschacht ,  b'. Gcrziany (Keller and 
Schm?'dt, 1967). Its h e o t  rate of 522C 3tu/k!lh (57% thermal  e f f i c i e n c y )  w i t h  
a hel ium t u r b i n e  e n t r y  temperature  of' 135d°F (73O"C), cosrld probably bc~ 
c l o s e l y  matched i f  thc nuclear i leat  source  were rep laced  by a p r e s s u r i s e d  
f l u i d  bcd conlbustor. 

. .  
X.lajcr sav ings  shoslci be possihic 

!h 5 Xi nilclear  hezzed he.1iu.n clased. 

A i r  S torage  - F l u i d i s e d  combustion under pressi t re  w o u i d  b e  a s u i t a t l o  mean-, 
f o r  f i r i n g  a i r  s t o r a g e  power schzmes (Sca.1-Lava11 f o r  y a k  load  power pro- 
ductior-. The arrangcmcnt voul t i  b e  a s  slio-m i n  Fig. 12. Air, conrprcssed t o  
appro". GOO p s i a  us ing  off-peak e l ec t r i ca l  puwcr, would be s t o 7 c d  i n  a stib- 
te r ranenn cavern under a c o n s t a n t  head provided by a lake, r e s e r v o i r  o r  sea. 
Peak power would be genera ted  by an i n d i r e c t l y  i ica t rd  gas t u r b i n e  fol lowed 
by a d; rec t ly  f i r e d  gas t u r b i n e  system, w i t h  a hext consumption of 4350 E t u i  
kWb (thermal ef Ciciency 79%) 

_____ 

3.3 .  Continuous Reforming of Hydrocarhons 

Reforming of l i q u i d  and gaseous hydrocarhons is a major feature, of  
processes  f o r  making ammonia, e thylene  and town gas. 'Reforming' is  probably 
n misnomer because, as i s  well known, t h e  process  tak ing  p l a c e  i n  t h e  hea ted  
tubes  of a continuous reforming u n i t  i s  l a r g e l y  c a t a l y s r d  thermai decomposi- 
t i o n  o f  higheii hydrocarbons t o  a mixi ure  of  l o v e r  hydrocarbons,  carbon ax ldes  
and hydrogen. 
t h e  temperatures and p r e s s u r e s  t h a t  a r e  used. 

The re la t ive  prop3r t ions  of  t h e  gases produced depend u p o i ~  

The e q u i l i b r i u m  temperatures  g e n e r a l l y  range from l%OO°F (650OC) 
fo r  manufacture nf town gas  t o  over  1800'F (lOOO°C) f o r  product ion  of ammonla 
synLhcsis  gas and hydrogen. Tube w a l l  temperatures  requi red  i n  reformer 
u n i t s ,  which could b e  h e a t e d  by f luLdised combus t i o n  furnaces ,  would t h e r c f o r e  
b e  i n  t h e  r m g e  i400°F (750'C) to 2COO"P (llOO°C). 

The reforming i q u i l l b r i a  are favoured by o p e r a t i n g  at  high p r e s s u r e ;  
M e t a l l u r g i c a l  sonsiderc-  f o r  example, the y i e l d  of methane can  b e  increased .  

t i o n s  arc of  maj.>r importance i n  des ign  Gf t h e  p l a i t ,  s ince  a t  t h e  p r e s s u r e s  
(up t o  600 psi)  and tempera tures  used the  tube metal creeps.  By o p e r a t i n g  
a fl.uj.dised combusti.on f u r n a c e  ucder  pressure ,  t b e  p r e s s u r e  d i f f e r e n c e  across  
t h e  tube  w a l l s  could b e  reduced o r  el iminated.  C a p i t a l  c o s t s  could the teby  
b e  reduced becauge thinner-wal led tuh ing  cculd  be used, the m n t e r i a l s  be ing  
chosen mainly wi,h regard  t o  r e s i s t a n c e  t o  cor ros ion .  Maintenance c o s t e  couid 
a l s o  b e  lowered, s i n c e  t h e  r e d u c t i o n  i n  c r e e p  would g i v e  a l a r g e  (e.g. t.enfold) 
i n c r e a s e  i n  tube l i f e .  

4. DEVELOPMENT OF THE CObIBUSTION SYSTEM_ -- 
I n  a system t h a t  haa so many p o t e a t i a l  advantag:?s aver o t h e r  com- 

b u s t i o n  systems fOK c o a l  and r e s i d u a l  o i l  tl1s-e a r e  i n e v i t a b l y  s G m c  p o b h f f i .  
Wr do n c t  know of any t h 2 t  arc 1ib.clj t o  he  unsc lvable ,  b.Jt an apprec iab le  
dmount of development work has hben dono, and more may be leetied to rrnrure 
t h a t  the s u l u t i o n s  do pot dcLrar . t  s i g n i f i c a n t l y  from the savings  in cost  Lh;? 
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t h e  b c n e f l t s  of t i e  systkm sl;n.;ld brir.g. 

A n a j c r  re.-?arch e f f o r t  is i n  p rogres s  a t  t h e  Leatherhead rene3rch 
1.sboratories 0 6  WIJPL, . m d  tlie Chel.';cnham resea rch  labora tox  ies of t h e  NCR, 
aimed a t  p rcv ing  the  ' v j r t u e s '  and over,-.oming t h e  p o t e n t i a l  'vicesf. The 
p i l o t - s c a l e  e q c i p r r x t  i nc ludes  (a) a p rossu r i sed  combus Lor w i t h  a bfd a r e a  
of 8 f t 2  capable of burning 5CO l b / h  of i/16"-0 coa l  a t  5 a t m  p r e s s u r e ,  
(E'ig. 13); (b) a b o i l e r  wi th  a bed a re2  of 12 f t 2  capable  of burning 
1200 l h / h  cjf 4'l-O coal  a t  atmospheric p re s su re ;  and ( c )  t h r e e  o t h e r  p l l o t -  
sccle corrbsstors capable  of c a r r y k g  out  long term ( e . g .  1000 h) t es t  
programmes. 

4.1. The Programm 

These reaehrch  programmes inc lude  i n  t h e i r  ob jec t iv - s :  
( a )  min in is ing  t h e  nunber c f  coa l  i n j e c t i o n  p o i n t s  needed t o  o b t a i n  good 
d i s t r i b u t i o n  wi thout  the  need f o r  excess ive ly  deep beds.  
h igh  p res su re  l o s s ,  and t h e  l a r g e r  t h e  number of coa l  i n j e c t i o n  p o i n t s  t he  
more expensive is  t h e  d i s t r i b u t i o n  system; 
(b) evolv ing  t h e  optimum mesns f o r  r e c y c l i n g  incompletely burned p a r t i c l e s  
so as  t o  o b t a i n  a h igh  combustion e f f i c i e n c y .  The des ign  o f  t h e  space  
above t h e  bed is  also important from t h i s  po in t  of view; 
(c)  explor ing  means f o r  improving d a s t  c o l l e c t o r  performance. Two s t a g e s  . 
of dus t  c o l l e c t o r s  a r e  used on  t h e  p i l o t - s c a l e  p r e s s u r i s e d  combustor. The 
cleaned gases con ta in  only a small p ropor t ion  o r  p a r t i c l e s  l a r g e r  t han  10 pm, 
and t h e  concentraLion of d u s t  pass ing  ove r  t h e  cascade downstream of t h e - d u s t  
c o l l e c t o r s  i s  much lower than f o r  prev ious  s o l i d  f u e l  f i r e d  gas t u r b i n e s .  
Although the  p r e s s u r e  l o s s  over  t h e  c leaning  system i s  accep tab le ,  lower 
p re s su re  l o s s  i s  d e s i r a b l e ;  
(d) e s t a b l i s h i n g  t h e  b e s t  procedures f o r  p a r t  load  opera t ion .  Opera t ing  
over a wide load  range i l l  a system i n  which the  main f a c t o r  that  c o n t r o l s  
h e a t  abso rp t ion ,  namely bed temperature,  can on ly  be  v a r i e d  ove r  a s m a l l  
range p resen t s  a c e r t a i n  amount of d i f f i c u l t y .  Two main methods have been 
followed ( i )  t o  s top  f l u i d i s i n g  p a r t s  of t h e  bed ( i . e .  t o  compartment t h e  
bed) and ( i i )  t o  expose p a r t  of t h e  tub ing  t o  gas  from t h e  bed by a l t e r i n g  
bed l e v e l  (hea t  t r a n s f e r  c o e f f i c i e n c s  t o  tubes  i n  t h e  bed are s e v e r a l  times 
those  to tubes above the  b e i ) .  

Deep beds e n t a i l  

Operation Over a wide load range i n  t h e  combined c y c l e  w i l l  r e q u i r e  
some c a r e  i n  matching combustion and h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  
f l u i d  bed t o  t h e  p r e s s u r e ,  temperature and mass flow c h a r a c t e r i s t i c s  of  
t h e  gag tu rb ine .  
i n d u s t r i a l  gas gene ra to r  and Fig.  15 shows the c a l c u l a t e d  e f f e c t s  on air- 
f u e l  r a t i o s  ( o v e r a l l  and i n  t h e  bed) of  fo l lowing  one method of l oad  c o n t r o l .  
Achieving t h i s  should n o t  involve  an excess ive ly  expensive c o n t r o l  system. 

F ig .  14 shows t h e  par t - load  c h a r a c t e r i s t i c s  of a t y p i c a l  

A n  expanding p a r t  o f  t h e  programme involves  a comprehensive series 
of i n v e s t i g a t i o n s  t o  opi i in i se  o p e r a t i n g  cond i t ions  wi th  a d d i t i o n s  of l ime 
( a s  l imestone o r  dolomite) t o  t h e  bed t o  reduce atmospheric p o l l u t i o n  by 
su lphur  and n i t r o g s n  oxides.  
A i r  P o l l u t i o n  Cont ro l  Assoc ia t ion  provides  f o r  a f u l l  exchange of informatioi .  
on these  and o t h e r  aspects of t he  r e sea rch  programme. 

An agreement between t h e  NCS and t h e  Nat iona l  

4.2 The S t a t e  of t h e  A r t  

The p i i b t - s c a l e  p r e s s u r e  combustor has  been ope ra t ed  s u c c e s s f u l l v  
f o r  s e v e r a l  hundred hours.  Combustion e f f i c i e n c i e s  of  99% be  achieved. 
and few ope ra t ing  d i f i i c u l t i e s  have been experienced w i t h  t h e  f l u i d  bed. 
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f l ca t  t rn t i s f e r  races t o  tub,.s ii; tile :;?a .:I3 s i a i l a r  t o  t h x c  cxpcctec! frcr.? 
t e s t s  a t  ;:tlnubphcric. oressue.  'he coin5ust icr ,  ggses c t  ayprox. 1400"F 
(7sCoc) iiave 'Jeer, pzssed ovei' 2.w Gosj.xiis c5 .r,,:>tic tu ib i .ne  klzdc c a s c a h ;  
t h a t  c u r r z n t l y  i n  usc i s  G scgr.sn'; :rm the f i r s t  s t a g ?  *"tor xoh' of a 
marine v.?rsiol~ of an a e r o  ecginP. 
and tile leav ing  v e l o c i t y  about 1SOoO ft/s. 
a t a r g e t  t ube  downstrcam of t t e n  hxt; occui-rcd. Vcr:. l i t t l e  zsh has depos i ted  
on t ~ i c  silr.?acc.s, an? deposi t ;  t h z t  have f o r m 2  c m  be  z a s i l y  reno..-eci by 'on 
l i n e '  c lcaning  method; c.o~i.lcilly u s e d  f o r  gas  tur:,irc c o q n e s s o r s .  

Trw approcch -1?1c:c;tjj is abozt 400 ft/s 
hc crosi.on of t h c  bladc;, o r  01 

There 5.s cause for. cag t lous  optimism as t o  the  t echn ica l  succcss of 
t h e  process .  The nexC s t a g e  of proving t h i s  i n v o l v ~ s  long term running of 
a gas t u r b i n e  on gases  from c7 f l i i i d i scd  combustor. This  x i l l  he an expensive 

process  can be  j u s t i f i d  economicslly. 
F r o j e c t  and one of mar.y prc-requisites i s  for rles$gil studies to  show t h a t  t h e  I 

The s i z e  and t h e  c h a r a c t e r i s t i c s  of ;he gas turLines  1.ikely t o  be 
a v a i l a b l e  i n  t h e  next  5 - 10 yea r s  cos ld  h e  a d s m h a n t  f a c t o r ,  b e c m s e  the  
c o s t  of developing t u r b i n e s  s p e c i a l l y  f o r  t h e  FrDcess v o a l d  be ?rnhibit j .ve.  
High p res su rc  r a t i o s  (e.g.  15 : l), good p a r t  l oad  cha rac ' i c r i s t i c s ,  3nd a i r  
mass f lows  of  300 l b / s  upwards a r e  a m n g s t  t h e  f ea t i l r e s  desi .red.  
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Fig. 1. Minimum fluidising velocity : effect of pressure. 
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Fig.2. Size of particle eluc’ria-Led : effect of pressure 



- n -  

I 

Fig.3. Comparison of boiler size : pressurised 
fluid bed v. conventlal p.f. 
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Fig.4. Fluia bed heat Transfer coefficiects 
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Fig.5. Comparison of tube surface oreas 
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Fig. 6. Retention of ash constituents 
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Econo m i ser 

Fig.7. 140 M W  Gas- steam turbine system 
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Fig.8. Open cycle plcrnt 
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Fig. 13. Experimental presswised fluid bxi  combustor 
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