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I. Project Objective 

The objective of this work is to provide a single, comprehensive 

source of data on coal conversion systems. This compilation shaq be 

entitled The Coal Conversion Systems Technical Data Book and shall pro- 

v i d e  u p - t o - d a t e  d a t a  and  i n f o r m a t i o n  f o r  t h e  r e s e a r c h ,  d e v e l o p m e n t ,  d e s i g n ,  

e n g i n e e r i n g ,  and  c o n s t r u c t i o n  o f  c o a l  c o n v e r s i o n  p r o c e s s e s  a n d / o r  p l a n t s :  

O t h e r  c o n c u r r e n t  o b j e c t i v e s  a r e  to  i d e n t i f y  t h o s e  a r e a s  w h e r e  da ta  a r e  r e -  

q u i r e d  and to suggest research programs that will provide the required data. 

II. S u m m a  ry  

L i q u e f . a c t i o n  

P r o d u c t  da t a  f o r  c o a l  l i q u e f a c t i o n  p r o c e s s e s  a r e  p r e s e n t e d  in  a s i m p l e r  

f o r m ,  wh ich  is  m u c h  m o r e  s u i t e d  f o r  c o r r e l a t i n g  t h e  e ~ e c t s  o f  c o a l  t y p e  and  

o p e  r a t i n g  pa  r a m e t e  r s ,  b y  u s i n g  t h e  no r m a l  p r o b a b i l i t  7 d e n s i t y  f u n c t i o n  - -  

l [- ] 
% (x) = za z 

T h e  e n t i r e  y i e l d  s t r u c t u r e  o f  a g i v e n  l i q u e f a c t i o n  ' o p e r a t i o n  up  to c o k e  

c a n  b e  e x p r e s s e d  in  t e r m s  o f  o n l y  two p a r a m e t e r s ,  a and  ~ .  I t  s hou ld  be  

p o s s i b l e  tO c o r r e l a t e  t h e s e  p a r a z n e t e r s  wi th  c o a l  a n d  s o l v e n t  t-fpe.s a s  w e l l  

a s  w i t h  o p e r a t i n g  c o n d i t i o n s  to  g i v e  a c o m p r e h e n s i v e  p i c t u r e  o f  t h e  coa l  

l i q u e f a c t i o n  p r o c e  s s .  
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G a si~cation 

The r e s u l t s  of the computations for steam-oxygen gasification of char 

at 15-arm pressure and four reaction temperatures are presented. These 

computations a re also based on the base- case as suznptions of completely 

backznixed gas and solid /low in the fluid bed and the unconverted, but com- 

pletely devolatilized, feed char (X o = 0.0). 

A correction chart is presented to calculate the residence tizne re- 

quired for the same amount of carbon gasification (conversion) in the reactor 

when the feed char is partially gasified (Xo>0.0). 

Another correction chart gives a multiplication factor to convert the 

solids residence time obtained for the "solids backn%ixed model" to the case 

where solids are in plug flow, Gas /low in both cases is assun%ed to be 

backmixed .  

F lu id iza t ion  

A correlation is proposed for the oalculation o£ the n~n~urn fluidiza- 

lion velocity reql/ired for coal and other relat~_d mater;_als used in the con- 

version processes. This correlation +~ts the available data better than an), 

other correlation investigated in this study. 

Various correlations, available in the literature, for estirnating the 

bed expansions are being evaluated. A comparison of some of these -with 

the available data is also presented. 

Combustion 

A model is being developed to describe the sulfur removal from 

fluidized-bed coxnbusto rs. 

Coal, Char ,  and 0 i l  Shale P r o p e r ~ e s  

A l i s t  o£ l a r g e  coal  depos i t s  (~150 m i l l i o n  tons  r e c o v e r a b l e )  is being 

prepared. This vzill cover both the underground mining and the strippable 

reserves. 

A preliminary rev iew of infor..-nation on speci~c heats of coal, char, 

and ash is presented. 

Z 
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N o t i c e  to  R e a d e r s  o f  O p e n  F i l e  

Any c o m m e n t s  abou t  the  m a t e r i a l  p r e s e n t e d  in  t h i s  r e p o r t  o r  sug -  

g e s t i o n s  a b o u t  t h e  f o r m a t  and  the  con~ent  o f  the  da ta  b o o k  as  w e l l  a s  the  

p r i o r i t i e s  o f  t h e  n e e d e d  da ta  a r e  m o s t  w e l c o z n e .  P l e a s e  d i r e c t  any  c o m -  

m u n i c a t i o n s  to Mr. Bipin Aixnaula of ERDA (20Z/634-6643) or'to Dr. A1 

Talwalkar of the Institute of Gas Technology (31Z/ZZ5-9600, Ext. 869). 

111. W o r k  A c c o m p l i s h e d  

A. LIQ L ' E F A C T I O N  

I .  C o r r e l a t i o n  o f  Coa l  L i q u e f a c t i o n  Y i e l d  S t r u c t u r e  

Y ie ld  d a t a  f o r  c o a l  l i q u e f a c t i o n  p r o c e s s e s  a r e  g e n e r a l l y  p r e s e n t e d  in 

t h e  f o r m  o f  C , - C  3 g a s  y i e l d s  f o l l o w e d  by" y i e l d s  and p r o d u c t  p r o p e r t i e s  o f  

cu t s  o f  o i i  p r o d u c t  b o i l i n g  a t  v a r i o u s  t e m p e r a t u r e  r a n g e s .  I t  i s  p o s s i b l e  to  

e x p r e s s  a l l  t h e s e  d a t a  in  a c o n s i d e r a b l y  s i m p l e r  z 'orm m u c h  m o r e  s u i t e d  to  

c o r r e l a t i o n  o f  e f f e c t s  o f  c o a l  t y p e  and  o p e r a t i n g  p a r a m e t e r s  b y  t r a n s l o r m i n g  

t h e  y i e l d  da t a  u s i ng  t h e  n o r m a l  p r o b a b i l i ' . y  d e n s i t y  f u n c t i o n  : 

q (x) z - = exp [- 3 (l) 
~ f~/-#- ZaZ 

The  e n t i r e  y i e l d  s t r u c t u r e  of  a g i v e n  l i q u e f a c t i o n  o p e r a t i o n  up to  c o k e  can  be 

e x p r e s s e d  in  t e r m s  o f  on ly  two p a r a m e t e r s ,  ~ and ~ . I t  sho~'~/d be  p o s s i b l e  

to  c o t = e l a t e  t h e s e  p a r a m e t e r s  wi th  r~:ac tant  p r o p e r t i e s  and  k i n e t i c  d a t a  to 

g ive  a m u c h  m o r e  c o m p l e t e  q u a n t i t a t i v e  p i c t u r e  o f  c o a l  l i q u e f a c t i o n  t h a n  has  

b e e n  a v a i l a b l e  b e f o r e .  

I t  is  known 3 t h a t  d i s t i l l a t i o n  c u r v e s  o f  m o s t  c r u d e  o i l s  h a v e  a c h a r a c t e r -  

i s t i c  S - s h a p e  t h a t  i n d i c a t e s  a r e l a t i v e l y  l a r g e  a m o u n t  o f  o i l  d i s t i l l e d  n e a r  

the  a v e r a g e  o r  m i d - b o i l i n g  po in t  w i th  l e s s  o i i  be ing  d i s t i l l e d  a t  l o w e r  o r  h i g h e r  

t e m p e r a t u r e s .  T h e s e  d i s t i l l a t i o n  c u r v e s  a r e ,  in  fact., a l m o s t  n o r m a l l y  d i s -  

t r i b u t e d  wi th  r e s p e c t  to t e m p e r a t u r e  a n d  show as  s t r a i g h t  l i n e s  p l o t t e d  on 

a r i t h m e t i c  p r o b a b i l i t y  p a p e r .  E x p e r i m e n t a l  da t a  f o r  t he  H - C O A L  o p e r a t i o n  i ' z  

e x h i b i t  the  s a m e  t y p e  o f  b e h a v i o r .  F i g u r e  I shows  e x p e r i m e n t a l  d a t a  f o r  

s e v e r a l  H - C O A L  o p e r a t i o n s  a n d  f o r  a b l a n k  run  m a d e  wi thou t  c a t a l y s t .  
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The straight lines plotted on Figure 1 indicate that the yield structure 

can be expressed as -- 

Cumulative Yield T 
Boiling Below T (°F) = ;. l (T--~)z 

Y B a s e d  o n  W e i g h t  F r a c t i o n  ~ O / 2 ~  e x p  [ -- Z ~z  ] d T  (2)  
of MAF Coal F e e d  

x = N( r-# ) (3) 

E q u a t i o n  2 c a n n o t  b e  e x p r e s s e d  i n  terms o f  e l e m e n t a r y  f u n c t i o n s ,  b u t  n u m e r -  

o u s  t a b u l a t i o n s  o f  t h e  f u n c t i o n  N ( t h e  n o r m a l  d i s t r i b u z i o n  w i t h  m e a n  ~ = 0 

a n d  v a r i a n c e  ~ z = I )  a r e  a v a i l a b l e .  

T h e  p a r a m e t e r s  ~ a n d  ~; f o r  a g i v e n  r u n  c a n  b e  d e t e r m i n e d  d i r e c t l y  

f r o m  F i g u r e  I b y  r e c a l l i n g  t h a t -  

T-. _ o at x =0.~c = ~(0) (4) 

=-i at Y = 0.159 = N (- I) (5} 
o 

T h e  t e m p e r a t u r e s  a t  Y = 0 .50  a n d  Y = 0 . 1 5 9  a r e  r e a d  f r o m  F i g u r e  1 

a n d  v a l u e s  s u b s t i t u t e d  i n t o  E q u a t i o n s  4 a n d  5, r e s p e c t i v e l y .  F o r  t h e  H - C O A L  

c o n c e p t u a ]  d e s i g n ,  ~ = 6 5 0 ° F  a n d  a = 520 ° F .  G i v e n  &t a n d  a ,  i t  i s  a s i m p l e  

m a t t e r  t o  c o n s t r u c t  t h e  p r o d u c t  d i s t r i b u t i o n  c u r v e .  T h e  c u r v e  i s  m e r e l y  a 

s t r a i g h t  i i n e  t h r o u g h  (T = ~ ,  Y = 0 . 5 0 )  a n d  (T = ~ - -  ~, Y = 0 . 1 5 9 ) .  

A l t e r n a t i v e l y ,  ~ a n d  (7 c a n  b e  d e t e ~ e d  n ~ r t e r i c a U y  b y  d e t e r m i n i m g  

X i f o r  e a c h  c ~  p o i n t  o b s e r v a t i o n  f r o m  t h e  e q u a t i o n -  

Yi = N (Xi) (6) 

a n d  f i t t i n g  t h e  e q u a t i o n  

T = ~+xo (7) 

t o  t h e  r e s u l t i n g  p a i r s  o f  ( T  i , X i ) d a t a  u s i n g  t h e  m e t h o d  o f  l e a s t  s q u a r e s .  

R e s u l t s  o f  t h i s  a p p r o a c h  a r e  s h o w n  in  F i g u r e  Z. T h i s  m e t h o d  g a v e  ~ = 6 5 3 " F  

a n d  i f=  5 Z 0 ° F ,  v e r y  c l o s e  t o  t h e  v a l u e s  d e t e r m i n e d  g r a p h i c a i l y .  _.-he s t a n d a r d  

5 
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e r r o r  o f  e s t i m a t e ,  w h i c h  is  an  i n d i c a t i o n  o f  t h e  g o o d n e s s  of  f i t  o f  E q u a t i o n  7 

to  the  o r i g i n a l  d a t a ,  w a s  5 3 ° F .  T h i s  m e a n s  t h a t  t h e r e  is  a p r o b a b i l i t y  o f  

a b o u t  70~o t h a t ,  g i v e n  Y, E q u a t i o n  Z w o u l d  p r e d i c t  T w i t h i n  ± 5 3 " F .  T h i s  ie 

e q u i v a l e n t  t o  s a y i n g  t h a t ,  f o r  the  r e g i o n  n e a r  6 5 0 " F ,  t h e r e  i s  a 70% p r o b -  

a b i l i t y  t h a t  E q u a t i o n  7 w o u l d  p r e d i c t  y i e l d s  w i th in  3 ~  of  t h e  t r u e  v a l u e .  ( F o r  

e x a m p l e ,  a t  6 5 0 ° F ,  t h e  y i e l d  wou ld  be  b e t w e e n  47 ~ and  5 3 ~ . )  T h i s  i s  c e r -  

t a i n l y  w e l l  w i t h i n  t h e  o r i g i n a l  l / m i t s  o f  e x p e r i m e n t a l  e r r o r ,  s i n c e  = m t e r i a l  

b a l a n c e  c l o s u r e s  w e r e  in  t he  9 5 ~  to  I 0 5 ~  r a n g e  and  o c c a s i o n a l l y  w e r e  a s  

l o w  a s  8 5 %  f o r  t h i s  w o r k .  l '  z 

In  a d d i t i o n  to t h e  n u m e r i c a l  r e p r ~ _ s e n t a t i o n  o f  E q u a t i o n  ! ,  t h i s  m e t h o d  

o f  r e p r e s e n t i n g  l i q u e f a c t i o n  d a t a  a s  in  F i g u r e  1 p r o v i d e s  a g r a p h i c a l  e x p r e s -  

s i o n  of several important facts about a given run. The mean temperature,~, 

provides a quick indication of the overall product weight. The "spread 

temperature," Or, provides an indication of bow concentrated the hydrocarbon 

product distribution curve is about the mean temperature,/~ . A fiat curve 

in Figure I will have a low value of o, indicating a narrow product diszribu- 

tion wher3as a wide product distribution wiU give a larger value of (7 and a 

s t e e p e r  c u r v e  in  F i g u r e  l .  

F u t u r e  d a t a  b o o k  w o r k  on c o a l  l i q u e f a c t i o n  wi l l  i n c l u d e -  

a .  C o l l e c t / n g  a v a i l a b l e  da t a  f r o m  the  l i t e r a t u ; e  we  h a v e  s u r v e y e d  and  
f r o m  o u r  c o n t a c t s  wi th  o t h e r  r e s e a r c h e T s  and d e t e r m i n i n g  c h a r a c t e r i s t i c  
p a r a m e t e r s  f o r  t h e s e  d a t a  

b .  C h e c k i n g  f u n c t i o n s  r e l a t e d  to  ]Equat ion  I s u c h  a s  t h e  1 o g - n o r x n a l  o r  
P o i s s o n  d i s t r i b u t i o n s  to s e e  i f  t h e  f i t  to  e x p e r i m e n t a l  d a t a  c a n  b e  i m -  
p r o v e d  

c .  A t ' t e m p t i n g  to  i n c l u d e  r e s i d u a l  o i l  a n d  c o k e  y i e l d s  in  t h e  c o r r e l a t i o n  
b y  s t a t i s t i c a l l y  d e t e r m i n i n g  " c h a r a c t e r i s t i c  cut  t e m p e r a t u r e s "  f o r  
t h e s e  n~.ate r i a l  s 

d. C o r r e l a t i n g  o t h e r  o i l  p r o p e r t i e s  s u c h  a s  s u l f u r  c o n t e n t  w i th  c u t  weight 
(bo i l i ng  p o in t ) .  P r e v i o u s  I G T  w o r k  in t h i s  a r e a  wi th  v e r y  h e a v y  c r u d e  
o i l s  w ~ s  q u i t e  s u c c e s s f u l .  

e .  R e l a t i n g  t h e  two  p a r a n R e t e r s ,  ~t and  (7, to  o p e r a t i n g  c o n d i t i o n s  and 
r e a c t a n t  p r o p e  r t i e s  

L E x p r e s s i n g  a v a i l a b l e  k i n e t i c  d a t a  in  t e r m s  o f  o u r  n e w  p r o d u c t  d i s t r i b u -  
t i on  model 

g. I n d i c a t i n g  a r e a s  w h e r e  f u r t h e r  r e s e a r c h  would  be  m o s t  b e n e f i c i a l .  
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4•a 

£ = 
n 

Y = 

= 

/a = 

O- = 

T = 

X = 

N o z n e n c l a t u r e  

n o r m a l  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  

cuznu la t ive  y i e l d  o f  h y d r o c a r b o n  gas  a n d  Liquid p r o d u c t s  o f  
l i q u e f a c t i o n  e x p r e s s e d  as  we igh t  f r a c t i o n  o f  MAY Coal  F e e d  

n o r m a l  p r o b a b i l i t y  d i s t r i b u t i o n  (/4 = 0, ~z = 1) 

"mean tempe rature," ° F 

"spread temperature," ° F 

upper cut temperature, °F 

defined by Equation 6 

3. Example 

Correlation of experimental data has shown that a particular process 

operating on a specific coal gives a yield structure with mean temperature 

= 800=F and a spread temperature U = 700°F. Determine the yield of 

C5 -180"F oil that can be expected. 

The t e m p e r a t u r e  r a n g e  in  q u e s t i o n  is  + Z 0 ° F  t o  180°F ,  s i n c e  a m i x t u r e  

o f  i s o -  and n - b u t a n e  c o u l d  be  e x p e c t e d  to  b o i l  a t  abou t  Z0°F.  R e c a l l  t h a t  i f  

a v a r i a b l e  T t h a t  i s  n o r m a l l y  d i s t r i b u t e d  w i t h  m e a n  ~z and  v a r i a n c e  c; z , t h e  

va riable -- 

X = T--~ 

will he normally distributed with mean = 0 and variance = I. 

Z0- 800 
X~ - = --1.1143 

700 

N(-z.1143) = o. 13z6 

X = 1 8 0 - -  800  = 

z 700 

[ l ~ r o m  t a b l e  o f  n o r m a l  d i s t r i b u t i o n  ( E q u a t i o n  Z) ] 

--0. 8857 

( - 0 . 8 8 5 7 )  = 0 .1879  

(x._)- N (X,_) = O. O SS3 

8 
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Bo G A S I F I C A T I O N  

1. S t e a ~ - O x y ~ e n  G a s i f i c a t i o n  of  C h a r  a t  15 a r m  

L a s t  m o n t h ,  we d e s c r i b e d  the  s t e a m - o x y g e n - c h a r  g a s i f i c a t i o n  s y s t e m  f o r  

o p e r a t i o n  at  7 0 - a r m  p r e s s u r e  and  fou r  g a s i f i c a t i o n  t e m p e r a t u r e s .  T h i s  

m o n t h ,  s i m i l a r  c u r v e s  to  d e t e r m i n e  the s o l i d s  r e s i d e n c e  t i m e  and p r o d u c t  

ga s  c o m p o s i t i o n s  a r e  g i v e n  f o r  o p e r a t i o n  at  1 5 -a t an  p r e s s u r e .  T h e s e  c h a r t s  

a r e  a l s o  f o r  the  b a s e - c a s e  c o n d i t i o n s -  f l u i d i z e d - h e d  m o d e l  wi th  bo th  g a s e s  

a n d  s o l i d s  in b a c k m £ x e d  f l o w  and  b a s e  c a r b o n  c o n v e r s i o n  f r a c t i o n  in  the  f e e d  

c h a r ,  X o = 0. 

For a given gasification temperature and IS-arm pressure, Figure 3 

presents curves that give the char residence time required to achieve a 

specified feed carbon conversion at different steam feeds to the gasifier. 

T h e  c h a r t s  a l s o  show the  a m o m , t  of  o x y g e n  t h a t  i s  r e q u i r e d  in t h e  f e e d  to  

maintai~n adiabatic operation at any operating condition. The steam and the 

o x y g e n  f e e d s  have  b e e n  n o r m a l i z e d  with r e s p e c t  to  c a r b o n  in  t he  c h a r  f e e d  

to Lnake the charts more generally applicable. Normally, to achieve I00~ 

feed carbon conversion, the solids residence tixne required world be imfim£te. 

Howevez, because part o£ the char feed is combusted with oxygen to supply 

heat to the system, it is possible to achieve I00~ conversion and yet have 

a finite solids residence time. 

9 
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a. Gas Composition Versus Carbon Conversion Cttrves 

Once the gasi/ier has been sized for a given carbon conversion, feed 

steam, and operating temperature, it is necessary to know the quantity and 

the composition of the product gas. The curves in Figures 4, 5, 6, and 7 

show the total number o5 moles of product gas as well as the composition of 

the product gas as a function of feed carbon conversion for a given steam 

feed and operating temperature. Once again, /or a generalized application, 

the curves have been normalized with respect to the carbon in the char feed 

to the gasi~er. Note that this month the gas composition cur~es are no__.~t 

presented on a cumuia*.ive percentage basis as in the last report. 

2. Ad jus tmen t s  for  Var ia t ions  F r o m  the  B a s e  Case 

a. P a r t i a l l y  Gas i f i ed  Char  Feed ,  Xg. ,>0 

In the charts presented in last month's report, the feed to the steam- 

oxygen gasi/ier was devolatilized char from which no base carbon had been 

gasified; that is, X o , the base carbon conversion fraction in the feed char, 

equals 0. In some applications, however, it wo'u/d be desirable to feed 

char from which some of the base carbon had been gasified. The kinetic 

rate equation presented in last month's report provides a basis for adjust- 

ing the required solids residence times for specified conditions of operation 

at X o = 0, to describe the required solids residence times where Xo>0. 

For conditions where the absolute amount of carbon gasified is unchanged 

and all other operating conditions are the same, the difference in residence 

time~ for the case where X o = 0 and X o >0 is shown in Figure 8. This 

figure presents a chart that gives r.he residence time factor -- 

M = residence time for X9 >0 

residence time for X o = 0 

for di/ferent ~'~£tial base carbon conversion fractions as a function ofthe 

corrected carbon conversion ~raction~ The corrected carbon conversion 

fraction, Y, is defined as follows: 

y = ( total carbon [~asified in gasifier ) _ ( oxygen fed to ~asilier), mo._.~l 

carbon fed to gasif/er carbon fed to gasifier tool 

l l  
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U s i n g  c h a r t s  p r e s e n t e d  in  l a s t  m o n t h ' s  r e p o r t ,  t h e  r e s i d e n c e  t i m e  f o r  X o = 0 

i s  r e a d  o f f  f o r  a d e s i r e d  f e e d  c a r b o n  c o n v e r s i o n :  

t o t a l  c a r b o n  g a s i f i e d  i n  g a s i f i e r  

c a r b o n  f e e d  to  g a s i / i e r  

A l s o ,  f r o m  t h e  s a m e  c h a r t ,  t h e  c o r r e c t e d  c a r b o n  c o n v e r s i o n  f r a c t i o n ,  Y, 

is calculated. The residence t i m e  is then m u l t i p l i e d  by M, which is ob- 

tained from Figure 8 at the specified values o£ Y and X o . The gas composition 

and other information do not require any adjustment because the absolute 

carbon gasified is unchanged. 

b. Fluidized-~ed Model: Gas Backed and Solids Plu~ Flow 

In the design charts presented in last month's report, "-he id~-al iluid- 

ized model assumed t.hat both the gas an6 the solids were completely back- 

mixed in the bed. This gas-solids contacting model along with detailed 

l~netlc correlations describing local reaction "rates hav.e been used at IGT 

to predict, with reasonable accuracy, the performance of 4-inch and 6-inch 

fluidized-bed stean-t-oxygen gasification reactors. However, under certaizt 

circu~nstances, it woutd be of interest to characterize behavior in a iluidized 

bed in which the gas is backmixed but the solids are in plug flow. 

The main difference between the two types of gas-solids contacting 

models relates to the solids residence time required in the fluidized bed to 

achieve a speciRed feed carbon conversion for defined temperatures, pres- 

sures, a n d  i n p u t  flow'rates. 

This difference results because, for a solids plug-flow system, all 

solid particles have the same residence time, whereas for an ideally back- 

mixed solids system, solids exiting from the fluid bed have a distribution of 

residence times. Because oi +-he empirical form of the correlation describ- 

ing t h e  overall r a t e  of carbon gasification (]Equation 3 in last month's" r e p o r t ) ,  

t h a t  is- 

£L kT (I x)Z/3 dX z 
- - (- ) 

dt 

17 
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the average solids residence time required to achieve a specific amount of 

carbon conversion under gaseous environmental conditions is different for 

sol.ids in plug flow than for baclu-~--_ixed solids, with the time for backnltxed 

solids generally b e r g  greater. 

All the inforlnation presented in last month's report applicable to the 

solids-backrnixed model can be used for the plug-flow model vcith the ex- 

cepzion of reported solids residence times. The residence times required 

~or plug-flow solids at specified operating conditions, however~ can be 

calculated from the corresponding residence time based on the backed 

solids model, and charts can be prepared to def/ne the necessary adjustments. 

Figure 9 presents a conversion ~actor~ i~ (the ratio of residence t%me 

for plug llow to the residence time for backrnix~ as a function of corrected 

carbon conversion fraction, Y: and initial base carbon conversion fraction, 

X o, defined in the preceding section. 

For a g~.ven total feed carbon conversion fraction, the backrnix 

mode* residence time can be obtained from Figure 3. Then a corrected 

carbon conversion fraction can be calculated from the oxygen consumption 

given in Fignre 3. Using Figure 9, the conversion factor, R, is obtained 

for the corrected final carbon conversion fraction, Y, at a s~ecified value of 

X o . The plug-flow model residence time is calculated by multipl>-ing the 

backn~ix model residence time ~rith the conversion facto,; i~. 

18 
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C. FLUIDIZATION 

I. A'J/niznurn Fluidization 

The Kunii and Levenspiel *° correlation v~ts found to be adequately 

descriptive of most of the pub. fished data on coal and related materials. 7 

Nevertheless, we recognize that a correlRtion that does not require informma- 

tion either of the particle shape factor or the ihcipient fluidized-bed voidage 

will be of greater practical utility, 

Even though the published correlations by Leva, 11 Frantz, 6 Wen and 

Yu, 19 and several others belong to this class, they were shown to be in need 

of adjustment of coefficients to describe the published data within reasonable 

limits. 7 

Of thu experimental data used to test the suitability of the p~blished 

minimum fluidizat£on velocity correlations, the data by Leva et al. 13 and 

Joltes et al. s were exc/uded on the basis of the discussion presented earlier. 7 

To develop m correlation sufficiently descriptive of coal and related 

raaterials, the following form of the Kumii and Levenspiel correlation I° was 

cho sen: 

I .  75 z 150 ( l -  Cmf) 
• ÷ - Ren  - -  Ga. : 0  ( I )  

~ z  3 
~o Cm-~ " E m f  

whe  re -- 

Reznf  = _ D p P g  U ~  (z) 

Ga 

= R e y n o l d s  n u m b e r  a t  m i n i m u m  f l u i d i z a t i o n  v e l o c i t y  

3 
Dp pg (ps-- Og ) g 

z 
g 

(3) 

= G a l i l e o  n u m b e r  

Crnf = 

shape factor 

voidage of minimum fluidized bed 
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Wen and Yu, 19 in attempting to develop a correlation for minimum fluidiza- 

tion velocity, have assigned average values, to the two groups, namely, 

i/(~ - Crn/3 ) and (i -- ~n~)l(~ - ~mf3), for the type of iluidization systems 

under investigation, in the present study, these two groups are treated as 

two parameters, and their values were detern~ined by a nonlinear regression 

analysis of the Kunil and Levenspiel correlatio~ ° with the selected data on 

coal and related materials. As a result, the following empirical values'were 

determined for the two parameters: 

3 = 8. 81 (~) 

and 

i -- Emf 

Z 3 
~0 - Cxn f 

= s. 19 (s) 

Substituting these values in Equation I and sirnplifyin~the following corre- 

lation for Un~ can be obtained: 

i/z 
um~-- ( ~ ) { [(zs. zs) ~ +o. 06SIGa] -zs. zs} (6) 

pg Dp 

A comparison of this correlation with the measured values of ro~,~i~t~o 

fluidization velocity values is shown in Figure I0. 

To evaluate the comparison of the calculated values with the measured 

values, the £ollowing quantity is defined: 

Standard Relative r[( Umf C -- Umll~ i) IUmllvl]~ ]z/z (7) 
Deviation = { 

N--2 

The standard relative deviation for the data shown in Figure I0 was deter- 

mined for the proposed correlation, given by Equation 6, and the correla- 

tions tested for comparison. 7 The percent standard relative deviations cal- 

culated for these correlations are shown in Table I. It is apparent from 

this table that the proposed correlation provides a better estimate of the 
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Table i. SUM/4~RY OF ERROR ANALYSIS BETWEEN THE TESTED = AND 
PROPOSED CORRELATION WITH MEASURED I%IINIMU~#f FLUIDIZATION 

VELOCITY 

S t a n d a r d  Relative 
Co r relation Deviation, 

F rantz 6 52.46 

Kunii- Levenspiel tc 50. 63 

Wen-Yu '9 47. Z7 

Leva *i 37. 13 

Zenz z0 197.3Z 

Proposed Co rrelation zg. 09 

rain/mum fluidization velocity, with :h30 % standard relative deviation. This 

is supported by a comparison of Figure I0 with Figures 7 through II pub- 

lished in last month's report. Based on the above analysis, the proposed 

correlation is recommended for calculating rninimun~ flu£dization velocities 

for coal and related materials for pressures ranging from I to 70 atznos- 

pheres and for the entire range of particle Re.vnolds numbers. 

Z. B e d  E x p a n s i o n  on F l u i d i z a t i o n  

T h e  d e t e r m i n a t i o n  o f  f l u i d i z e d - b e d  he igh t  at  a g i v e n  f lu id  v e l o c i t y  is  

important for the design and operation of fiuidized beds. The fluidized-bed 

expansion characteristics are useful for the design of the transport disen- 

gagen~ent section of the fluidized be~ to estimate solids circulation rate, 

solids and fluid holdup, heat transfer from solids to fluid and walls of the 

container, mass-transfer between solids and fluid, and to predict the 

chemical kinetics and conve rsion in flu£dized beds. 

Several correlations were developed to  estimate liquid fluidized-bed 

expansion ch=r~cteristics, based ou the assumption zhat liquid-solid fluidiza- 

lion is analogous to sedimentation. ~, :4, is However, most of these correla- 

tions are generally applicable to narrow size range particles. Th~ published 

expressions to predict £1uidized-bed height as a function of gas velocity are 

f e w .  Kun i i  and  L e v e n s p i e l  ~o n c t e  tha t  t he  p o o r  a g r e e m e n t  b e t w e e n  the  pub-  

f i s h e d  d a t a  and the  b e d - e x p a n s i o n  c o r r e l a t i o n s  is  c a u s e d  by the  d i f f i cu l ty  in  

~ e a s u r i ~ g  h e i g h t s  of  a v i o l e n t l y  f l u c t u a t i n g  s u r f a c e  o f  t h e  bed .  

Z3 

I N 5 T l T D T E 0 F G A $ T E C H N O L 0 G Y 



3/75 8964  

a. Gas-Solid Fluidized Beds 

From the hydrodynamics of fluidized beds, it is apparent that the bed 

expansion is related in a ccmplex manner to the physical properties of solids 

and fluids, the gas flow in excess of the minimum fluidization velocity, the 

size and velocity of gas bubbles in aggregative fluidization, t h e  bed height to 

diazneter ratio, etc. Superimposed on this complicated relationship is the 

nonuniforra bed density in a ~luidized Bed as identified by the three distinct 

zones, namely, a distrih~or effect zone, a zc of constant bed density, . 

f o l l o w e d  b y  a z o n e  o f  c o n t i n u o u s l y  d e c r e a s i n g  : • d e n s i t y ,  z w h i c h  m a k e s  

i t  d i f f i c u l t  t o  e s t i m a t e  ~ l u i d i z e d - b e d  h e i g h t s .  

A s ~ r y  of the available methods to predict lquidized-bed expansions 

is given in Table Z. The published daza on coal and related materials used 

to t e s t  t h e  suitability of the bed-expansion correlations are given in Table 3. 

b. Appticab[lit X of Proposed Correlations 

The simplicity of the bed-expansion expression for particulate fluidiza- 

tion, developed by assuming a similarity to sedimentation, is very attractive 

for fluidization calculations. The suitability of this correlation to gas-solid 

fluidlzed beds, in particular for coal and related materials, was verified as 

f o l l o w s .  

The relationship between the fluid velocity (U), the corresponding bed 

expansion described by bed voidage ((), and the tezbudnal velocity of par- 

~ c l e s  (Ut) is given b y -  

= (__._u_u)'/" (8) 
Ut 

where n is related to the particle properties and the fluidization system. 4 

Using published data, n was determined by-- 

log u t/Unh 
n = ( 9 )  

l o g  Crn f 
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Table Z. SOME PUBLISHED CORRELATIONS TO PREDICT FLUIDIZED-BED EXPANSION 

Bed 
Diarnete  r, F i u i d i z i v g  

i n c h e s  F l u i d i z e d  Sol ids  M e d i u m  P r o p o s e d  C o r r e l a t i o n  

)Z 3 
l "n  Leva et al.*Z 4Z" 5 and Sand Air, COz ~Lf = ~Umf [ (I- ¢ ~mf ] 

L m f  U (1 - C m f )  z c ~ 

Lewis et at. 14 2. 5and Scotchlike grass Air, water Lmf 0.0187(U- Umf ) 
4. 5 beads -- = l - 

Lf Dp0. s 

Richardson 2.44 BaHotini, Water, U = (c)n 
and Zaki Is ball bearings, glycerol- 

g l a s s  s p h e r e s ,  water ,  oi l  Ut 
l ead  shot ,  
d iv i ny l  b e n z e n e  

n 

n 

n 

Shen and . . . . . .  Lf  
Johnstone 16 = I + 

L m f  

F o r  v e r y  s m a l l  Dp /D T v a l u e s :  

4 . 6  5 Re t <0. Z 

= 4. 40 ( R e t ) ' ° ' ° 3  0. Z < Re t <1 

= 4. 40 (Re t ) ' ° ' l  1 < Re t <500 

= 2 . 4 0  Re t > 5 0 0  

o. o188 (u -  ump 

D 0,5 
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B a k k e r  and 3, 54 G l a s s  b e a d s  Air  
Hee rtje s ~" 

B a s e d  on t w o - p h a s e  t h e o r y  and bubble  
c h a r a c t e r i s t i c s  
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Z. 5 0.00Z69 Z45 Air, Freon 40.0 
0. 0141 
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and :he bed expansion as a function of gas velocity was calculated from 

Equa;'ion 8. The bed height (Lf) at any gas velocity (U) is r e l a t e d  to the 

minimum fluidizing conditions (Lrn f and Czr~ ) in the following manner: 

Lf 1 -- (n~ 

Lmf 1 -- (U/Ut)z/n 
(10) 

A c o m p a r i s o n  o f  t h e  m e a s u r e d  b e d  e x p a n s i o n  w i t h  t h e  c a l c u l a t e d  v a l u e  

f r o m  E q u a t i o n  10 i s  s h o w n  in  F i g u r e  I I .  I t  i s  a p p a r e n t  t h a t  t h e  a g r e e m e n t  

b e t w e e n  t h e  c o r r e l a t i o n  a n d  t h e  d a t a  i s  v e r y  p o o r .  H e n c e ,  i t  c a n  b e  c o n -  

c l u d e d  t h a t  t h i s  s i m p l e  m o d e l  i s  n o t  d e s c r i p t i v e  o f  t h e  f l u i d i z a t i o n  c h a r a c -  

t e r i s t i c s  o f  c o a l  a n d  r e l a t e d  m a t e r i a l s .  

A s  a n  a l t e r n a t i v e  p r o c e d u r e ,  t h e  v a l u e s  a s s i g n e d  b y  R i c h a r d s o n  a n d  

Z a k i  Is  t o  t h e  e x p o n e n t ,  n,  f o r  d i f f e r e n t  r e g i o n s  o f  R e y n o l d s  n u m b e r s ,  

(Re~ = U t - Dp- pg /•), w e r e  used to calculate bed expansion from 

Equation 10. 

T h e  c a l c u l a t e d  b e d - e x p a n s i o n  v a l u e s  u s i n g  t h e s e  v a l u e s  a n d  E q u a t i o n  3 

a r e  c o m p a r e d  w i t h  t h e  m e a s u r e d  v a l u e s  in  F i g u r e  12. No i m p r o v e m e n t  in  

c o n l p a r i s o m  b e t w e e n  the  m e a s u r e d  a n d  c a l c u l a t e d  v a l u e s  i s  o b s e r v e d  i n  

F i g u r e  12 a s  w e l l ,  w h i c h  i n d i c a t e s  t h e  n o n s u i t a b i l i t y  o f  t h e s e  c o r r e l a t i o ~  

to  d e s c r i b e  t h e  a g g r e g a t i v e  f l u i d i z a t i o n  o f  c o a l  a n d  r e l a t e d  m a t e r i a l s .  

W o r k  i s  i n  p r o g r e s s  to  t e s t  t h e  c o m p a r i s o n s  o f  t h e  o t h e r  p u b l i s h e d  

c o r r e l a t i o n s  s h o w n  in  T a b l e  Z w i t h  t h e  m e a s u r e d  f l u i d i z e d - b e d  e x p a n s i o n  

data. 

31 
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Lnl f = 

Lf = 

m _- 

I1 _- 

N = 

Re t : 

lle~n f = 

U = 

u~= 

Un~ C = 

Umf ~ = 

u t -- 
X = 

¢ = 

(inf = 

= 

Pg = 

Ps = 

= 

44 

i. 

. 

. 
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height of minimum fluidized bed 

height of fluidized bed 

constant 

constant 

nun%her of data points 

p~i~le R~-old~ n~ber (~- U t - pg/.) 

particle Reynolds number --(~. ~f - pg /.) 

superficial gas velocity, ft/s 

n%iniznurn ~luidization velocity, ~/s 

calculated n-dmirnu~n fluidization velocity, it/s 

measured minimum fluidization velocity, ft/s 

t e r m i n a l  velocity, £Z/s 

weight fraction of sieved particles 

fractional volunne occupied by bubbles and voids in a +luidized bed 

voidag~ o f  z m h z ~ u m  fluidized bed 

shape factor 

density of fluidizing gas, IB/CF 

particle density of fluidizin~ solids, Ib/cu ft 

viscosity o f  fluidizing gas, lb  Ift-s 
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5. Errata 

In last month's report (Project 8964 February 1975 Status Report), the 

following correction is to be ~oted: 

In Table 3 [page 36), the pa1~icle density range for Curran and Oorin's 

data is 51-222 ib/cu ft instead of 51-1ZZ Ib/cu ft. 

D. COI%IB UST~ON 

A mathematical model is being developed Zo describe the sulfur re- 

movai from the fluidized-bed combustors. 

E. COAL, CHALK, AND OIL SHALE PROPERTIES 

i. Coal .Data Com~lation 

A table showing the location and size of coal deposits large enough to 

be considered as potential sites of conversion plants is being prepared. Its 

purpose is to aid in the select%on of samples for our compilation of property 

data on selected coal samples. A county-seam entry appears adequate for 

stat~s east of the iV~ssissippi because counties there are generally small. 

In Western State s~ counties are often large enough to contain plants in more 

than one field or location, so entry by coal field will be necessary. Entry 

by seam is necessary because sampling is usually done on this basis. 

As a criterion f~,r inclusion of deposits in this table, ~'e have chosen, 

for underground r~ulin B, a'reserve base of 500 million tons or more of coal; 

experts estimate that about half of such reserve-base axnounts can actually 

be produc~-d with current technology. For strip-mining, our criterion is 

150 xr~/lion tons or more of "strippable reserve," as deflned by the Buret- 

of lW/nes, that is, an estimate of the amount that can actually be produceu 

with current strip-mining technology. In those cases where reserves of both 

categories e.~.$ ~ . ~_.n the same country, both will be reported if one or the other 

n'.eet': the c r i t e r i o n .  
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T h e  t ab l e  ha s  b e e n  c o m p l e t e d  fo r  underF~round m i n i n g ,  b a s e d  on d---ta 

o f  a r e c e n t l y  i s s u e d  B u r e a u  o f  M i n e s '  p u b l i c a t i o n .  E n t r i e s  f o r  s t r i p - m i n i n g  

r e m a i n  to  be added .  S ta te  g e o l o g i c a l  s u r v e y  p u b l i c a t i o n s  a r e  be ing  c o n -  

s u l t e d  f o r  the  l a t t e r ,  as  c o u n t y - s e a m  and  c o a l  f i e l d - s e a m  i n f o r m a t i o n  is  no t  

a v a i l a b l e  f r o : n  t h e  B u r e a u  o£ ~J~ine~' p u b l i c a t i o n s .  

2. S p e c i f i c  H e a t  o f  C o a l ,  C h a r ,  and  A s h  

Da ta  on e n t h a l p y  and  s p e c i f i c  hea t  o f  c o a l  and  r e l a t e d  m a t e r i a l s  w e r e  

r e v i e w e d  by  M c C a b e  and  B o | e y  in  1945 ( L o w r y ) ,  9 C l e n d e n i n  and c o w o r k e r s  

in  1949, 4 A g r o s k i n  in 1959, ~ B a d z i o c h  in  1960, 2 K i r o v  in  1965, s and  G o m e z  

and  c o w o r k e r s  o f  t he  B u r e a u  o f  M i n e s  in  1965.  6 T h e  l a s t  s t u d y ,  i n c l u d i n g  

b o t h  o r i g i n a l  w o r k  and  t h a t  o f  o t h e r s ,  was  l i m i t e d  t o  t e m p e r a t u r e s  a t  w h i c h  

t h e  coa l  d o e s  no t  d e c o m p o s e .  H e a t  e f f e c t s  a t  h i g h e r  t e n ~ p e r a t u r e s  have  

b e e n  i n c l u d e d  in  o t h e r  s t u d i e s .  T h e  m o s t  a m b i t i o u s  o f  t h e s e  is  t h e  w o r k  o f  

K£rovS; he  p r e s e n t s  a c o r r e l a t i o n  co~-er ing a l l  r a n k s  o f  c o a l  and t h e i r  

d e v o l a t i l i z a t i o n  p r o d u c t s  a t  t e m p e  r a t u r e s  f r o m  0 ° to  i i  00 ° C. 

K i r o v ' s  c o r r e l a t i o n  s i s  b a s e d  on c o n s i d e r a t i o n  o f  t h e  s p e c i f i c  h e a t  o f  

c o a l  as  t h e  s u m m a t i o n  o f  t h e  s p e c i f i c  h e a t s ,  on a "~eight  b a s i s ,  of  the  c o m -  

p o n e n t s  i n c l u d i n g  m o i s t u r e ,  l o w - t e m p e r a t u r e  v o l a t i l e  m a t t e r ,  h i g h - ~ e m p e r a t u r e  

v o l a t i l e  ~-natter, a s h - f r e e  c o k e ,  and a sh .  

Corre la t ion~_ a r e  s i m p l i f i e d  by  p r e s e n t a t i o n  on  a m o i s t u r e - f r e e  and  a s h -  

f r e e  b a s i s .  V o l a t i / e  m a t t e r  a f t e r  v o l a t i l i z a t i o n  is  c o n s i d e r e d  to  be  e n t i r e l y  

r e m o v e d  d u r i n g  s u b s e q u e n t  t e m p e r a t u r e  r i s ~ s .  T h u s ,  e n t h a / p i e s  of  p y r o l y s i s  

a r e  i n c l u d e d ,  but not  the s e n s i b l e  h e a t  o f  the  v a p o r o u s  o r  g a s e o u s  p r o d u c t s  

o f  p y r o l y s i s .  

K i r o v ' s  c o r r e l a t i o n ,  s e x p r e s s e d  a s  m e a n  s p e c i ~ c  h e a t  a b o v e  0 ° C  p e r  

g r a m  o f  r a w  coa l ,  is  shown  in F i g u r e  13.  T h e  v a l u e s  a f t e r  o n s e t  o f  d e v o l a t i l i -  

z a t i o n  a r e  f o r  c o m p l e t e  d e v o l a t i J / z a t i o n  a t  the  t e m p e r a t u r e  in q u e s t i o n ,  a c -  

c o r d i n g  to the  c o r r e l a t i o n  o f  G r e g o r y  and  IA t t t e john .  ~ D a t a  u s e d  by  K i r o v  

f o r  s p e c i f i c  h e a t s  o f  a s h  and  c o k e  a r e  shown  in  F i g u r e s  14 and 15, r e s p e c t i v e l y .  

D a t a  r e l a t i n g  to t h e  s p e c i f i c  h e a t  o l  v o l a t i l e  m a t t e r  a r e  shown  in F i g u r e s  16 

a n d  17. 
4~ 

13. S. B u r e a u  o f  M i n e s ,  " T h e  R e s e r v e  B a s e  o f  B i t u m i n o u s  Coa l  and 
A n t h r a c i t e  f o r  U n d e r g r o u n d  /vlining in  t he  E a s t e r n  Un i t ed  S t a t e s , "  
IC8655 .  l ~ t t s b u r g h ,  1974. 
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The combination of experimental specific heats of anthracite with 

those of cokes yielded specific heats of the volatile n~atter in anthracite 

(and low-volatile :chars) according to the following equation: 

Cv2, cal/g-°C = 0.71 +6.1 X 10"@t 

These value~ are within The range of those for methane and hydrogen-rich 

volatile rn~tter released by such samples at high %emperatures (Figure 16). 

The specific heat of volatile matter present in excess of I0 ~ was estimated 

from the equation of Cragoe s for a low-temperature tar of speci~c gravity 

I. 04 in the condensed (liquid) phase: 

CVI, cal/g-°C = 0.395+8.1X 10-4t 

/ 
These two equations are for instantaneous specific heats; mean values are 

obtained if the tempe.-ature coefficients are reduced by one-half. A com- 

parison of the correlation with experimental values is shown in l~igure 18. 
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Figure 18. THE LNFLUENCE OF VOLATILE IMATTER (Rank and Petrological 
Composition) ON THE MEAN SPECIFIC I-IEATS OF RAW COALS s 
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We a r e  c r i t i c a l l y  rev iewing  s p e c i f i c  h e a t  da ta  wi th  the  v i e w  to  a d o p t -  

ing K i r o v ' s  a p p r o a c h .  T h e r m o c h e n ~ i c a l  d a t a  on m i n e r a l  m a t t e r  componemts ,  

in c o n t r a d i s t i n c t i o n  to a s h  c o m p o n e n t s ,  a n d  on m i n e r a l  i n t e r m e d i a t e  c o n v e r -  

s ion  p r o d u c t s  a r e  be ing  r ev i ewed ,  wi th  r e s u l t s  to  date  shown in  F i g u r e  19. 

We th ink  tha t  c o n c l u s i o n s  b a s e d  on t h e s e  t y p e s  o f  da ta  shou ld  be  c o m ~ r m e d  

by en tha lpy  d e t e r m i n a t i o n s  on s a m p l e s  o b t a i n e d  by the r e c e n t l y  d e v e l o p e d  

t echn iques  of  l o w - t e m p e r a t u r e  a sk ing .  T h i s  is  o f  g r e a t e r  i m p o r t a n c e  f o r  

r e s i d u e s  f r o m  c o n v e r s i o n  p r o c e s s e s  t h a n  f o r  coa l  i t s e l f .  

We also propose to check Kirov's correlation against experiznental 

da ta  inc lud ing  t h o s e  o b t a i n e d  s ince  his  r e v i e w .  The  l i t e r a t u r e  h a s  b e e n  

s e a r c h e d ,  and  m o s t  o f  the  r ecen t  p a p e r s  on  the  sub j ec t  have  b e e n  o b t a i n e d .  
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Figure 19. IVAEAN SPECIFIC HEAT OF MINERAL COMPONENTS OF COAL AND CHAR. 
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IV. Patent Status 

The work per£ormed during March is not considered patentable. 

V. F u t u r e  W o r k  

We p l a n  to con tac t  s o m e  of  the  e x p e r t s  in the  l i q u e f a c t i o n  a r e a  r e i e r r e d  

to us by the  P i t t s b u r g h  E n e r g y  C e n t e r  o f  the  U.S.  B u r e a u  of  M i n e s .  

We will continue to work in the selected £ive high-priority areas. 

Approved 

W. W. Bod!e, Director 
Process Analysis 

A. Talw~kar, Coordinator, 
Process Data 
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