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I. P r o j e c t  O b j e c t i v e  

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

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

entitled The Coal Conversion Systems Technical Data Book and shall 

provide up-to-date data and information for the research, development, 

design, engineering, and construction of coal conversion processes and/or 

plants. Other concurrent objectives are to identify those areas where 

data are required and to suggest research programs that wiU provide the 

required data. 

IL S u m m a r y  

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

We c o n t i n u e d  to r e v i e w  the  l i t e r a t u r e  on Liquefac t ion  to  d e t e r n ~ n e  

the c u r r e n t  a v a i l a b i / i t y  o f  data  on  v a r i o u s  a s p e c t s  o f  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 .  

M e e t i n g s  a r e  p l a n n e d  wi th  the  E R D A  m o n i t o r  on  I / q u e f a c t i o n  (Ra lph  

~/L P a r s o n s  Co. > and  o t h e r  E R D A  c o n t r a c t o r s  i nvo lved  in  c o a l  l i q u e f a c t i o n  

WO rk~ 
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Ga siltation 

A set of curves describing steam-oxygen gasification at 70-atrn pres- 

sure is presented. The range of operating variables covers four tempera- 

tures (1750", 1800 °, 1850 °, and 1900°F) and four stear~/carbon molar ratios. 

Carbon conversion is given as a function of solids residence time, and 

the produc~ gas composition is given as a function of carbon conversion~ 

The computations a.~e based on a ~lu£d-bed model assuming that the 

solids a.n(i the gas are in "backrnixed" flow. The associated gasification 

kinetics are also described. 

Fluidi~_ation 

The evaluation of various correlations for estimating the minimum 

fluidization velocity £or coal and related mate.rials is given. 

Coal, Char, and Oil Shale Properties 

In discussions with Penn State pe. rsonnel, arrangements were made to 

obtain analytical data from their PSOC series for compilation in the data 

book. ~- pre~ary list of large deposits (~I09 tons) has been prepared, 

for which analytical da~_a will be obtained. 

Some of the correlations used for calculating the heat of combustion of 

chars were eva1_uated by comparing the data obtained from chars from the 

cRf/erent stages of the I-IYGAS operation. These chars were produced from 

a single lignite s o u r c e .  

M i s c e l l a n e o u s  

L e t t e r s  w e r e  s e n t  ou t  to  v a r i o u s  p e o p l e  i n v o l v e d  in g a s i ~ c a t i o n  s t u d i e s  

for their data that can be included in the data book. 

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

Any c o m m e n t s  abou~ 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  s u g -  

g e s t i o n s  about  t he  f o r m a t  and  the  con t en t  of  t h e  da t a  b o o k  as  we l l  a s  t h e  

p r i o r i t i e s  of  the needed data are  most  ~-elcome. P lease d i r ec t  any c o m m u n i -  

cat ions to  M r .  B ip in  A L m a u l a  o f  ERDA ( Z 0 2 / 6 3 4 - 6 6 4 3 )  o r  to  Dr .  A1 T a l w R l k a r  

of  the Ins t i t u te  o f  Gas Technology (312/Z25-9600,  ext .  869). 

Z 

I N S T I T U T E  O F  G A S  T E C H N O L O G Y  
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Ill. W_ork Accomplished 

A. LIQUEFACTION 

We are continuing our literature search on coal liquefaction to deter- 

mine the availability of data on various aspects of conversion of coal to 

l i q u i d s .  T h e  da ta  f r o m  d i f f e r e n t  r e p o r t s  a r e  t a b u l a t e d  in  v a r i o u s  c a t e g o r i e s  

f o r  e a s y  r e f e r e n c e  f c r  e v a l u a t i o n  s t u d i e s  tha t  a r e  to  fo l l ow.  

Table 1 gives a sumrc_ary of the results of the search carried ou~ so 

far. 

Meetings are planned with Bureau of Mines' personnel in Pittsburgh, 

P, alph ~v~. Parsons Co., and Fluor Engineers & Constructors, Inc., to dis- 

cuss the coal liquefaction section of th. ~ data book. The meetings will ccver 

the following specific areas: 

i. 

2. 

3m 

4. 

5. 

L i q u e f a c t i o n  da t a  a v a i l a b e  a t  t he  l o c a t i o n  

Availability of the other relevant information-- sources and the form 
of available data 

Presentation of data in a usefttl form 

Expected future information that might be included in the data book 

Data book format in general. 

B. GASIFI CATION 

G e n e r a i  e q u a t i o n s  h a v e  b e e n  d e v e l o p e d  at  I G T  t h a t  d e s c r i b e  the  

k i n e t i c s  o£ c o a l  g a s i f i c a t i o n  r e a c t i o n s ,  i, z T h e s e  e q u a t i o n s  can  be  u s e d  to  

d e v e l o p  e n g i n e e r i n g  c o r r e l a t i o n s  t ha t  d e f i n e  the  e ~ e c t s  o£ p e r t i n e n t  d e s i g n  

v a r i a b l e s  on  g a s i f i c a t i o n  r a t e s  o v e r  a wide  r a n g e  o f  c o n d i t i o n s  a p p l i c a b l e  t o  

m a n  7 g a s i f i c a t i o n  p r o c e s s e s .  M o r e o v e r ,  t he  e q u a t i o n s  when  c o m b i n e d  w i t h  

a s u i t a b l e  m o d e l  of  t h e  g a s / s o l i d  c o n t a c t i n g  s y s t e m  c a n  be  u s e d  to d e v e l o p  

w o r [ d n g  c h a r t s  tha t  a r e  u s e f u l  f o r  d e s i g n  o f  c o m m e r c i a l  g a s i f i c a t i o n  s y s t e m s .  

T h e  in/o~--mation u s e d  in  d e v e l o p i n g  t he  k i n e t i c  e q u a t i o n s  c o m e  f r o m  

l a b o r a t o r y  ~ -he rmoba lance ,  m o v i n g - b e d  g a s i f i c a t i o n ,  a n d  f i u i d i z e d - b e d  g a s i f i c a -  

t i o n  t e s t s  p e r f o r m e d  at  I G T .  In  add i t ion ,  e x p e r i m e n t a l  s t u d i e s  p e r f o r m e d  by  

i n v e s t i g a t o r s  a t  o t h e r  l a b o r a t o r i e s  have  p r o v e d  u s e f u l  in  fo rmula tLng  t he  

m o d e l .  

i N 5 T I T U T E O F G A S T E C H K O L C G Y 
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Table I,  Part i. PRELIIv[INARY SAMPLE OF COAL LI0 

P r o j e c t / R e ~ r t  T,de 

H-COAL 

O ~  g,~D Report N e . ~  
P ro iec t  H~,COA~ R e p ~  
~-~ Proe~m~ Deveto~ment. 
H y d r ~ t s ] r ~  Researc~  

Co.~aol Syethettc F~el 

n'~ent of ~ S ~  C o a l . / ~ u e -  
1 ¢ ~ n  P r o ~ c s . ,  OCR 

Solvent 
P r o p e r ~ e ~  

Coa[ T ) T . ~  
Studied 

Slur  t7 Physica l  
P rope r t i e s  P rodur t  

and Hea t -  L~qusd 
Trans fe r  Data Rate Data Ytetd .¢truc~ure Catalyat P rope r t i e s  

z o I v e n t  
types,  hyero-  
Ke=atedlmd 
~e.hydrogen- 
a t e d  

LUinols No. 6. 
Utah D-Seam. 
Nor th  Dakota 
llgrnte 

Ultmaate ha;egrat; deactivation CataLyst age.  p ress t ; re .  Si;:c, componhon; "APL ~. s u t ~ r .  
av~y$cs ,  data, pres su re ,  tern- ter~peratttre,  space .M'oC~ + CoO o~ d~stLLlation ¢u.-ve. 
Sp Gr  pera ture ,  solveutlcnal  velocity, cata iye:  size;  alt.urana'- Ni.Mo on gas chrornato.  

rataos, catalyst type sulvent/ct~al ra t ios ,  alt~mina graph.to data .  
and st~:e recycle e~cc¢ o~ hydro-  

t rea t ing  

~Iventlcoal ratio.  
recycle 

5¢s~-t ;p  a~d L ~ t i ~  
Olmerattot~s a~ Cre~a~ 
PHo~ P l tm.  OCR. I:L~D 

l~ook 

]~ lot.Scale D~vei~ment 
?~ ~h~ CSF i~,eoce~., 
OCt- Report No. ~9. 
v , l ,  ~ Boo~ 

~G~. ~Lay 19TO. 

[P ' r~ j e~  Seacote 

~ro le t t  S e a c o k e -  
Phase L1 Yi.~t], Repc~, 

( Cg~ - I ~ - r , ve l l  

Decsmbe ~" lq6~L 

ViscowiD ~ , 
~Sp Clr  

phen.xnt:h ra - 
~ene 

I ~elau~d mL-,e 

Colorado 
high-votxtile 
b ~ m l n o ~  

V.scoshy,  
< ~ rboni=at/on 
data 

Batch Temperature°  p re s su re ,  MoO= 5p G r .  u l t imate  
cata;yst/so~vcn~ rat io,  amaJ.y~ei., distXUa- 
He/coat rat io,  coal  s ize tton cu rves ,  

~, suLfur, S~b 
chromacogral~h cL~_. 

P r e s s u r e ,  tempera-  Pr©ssure,  t empera ture ,  Cobalt Sp Gr ,  dlsdl]atxo 
cure. H: /o i l  ra~o for catt ly~t type ~hydroge~a- carbonyl, curves .  8as  
coa l -der ived  liq=ids tion or coa l -der ived  Co-Mo chromatographic  
hydrogenar/on Iiq~uds) data 

Viscollcy, Tcrnpcrature ,  ,olvent Tempera ture .  solvent Hydrogenation, $p Gr,  v iscos i ty ,  
hea ter  L~ ° type (L'uei~ral) typ~ catalyst aging e/~cct o~ hydro-  

treaUng 
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; OF COAL LIQUEFACTION DATA AVAILABILITY 

p rodw<¢ P.-o~ur~ P r o d u c t  S ~ h d /  
L~ c ,~d Ca. ,  Sot 'd  : 4 q ' " d  

r ' r ope r '~e l  . P~a~e~le..........._..~m P r o p e r t t e l  SeFara.~0n 

~ t ~ l t d l l i l c , ~  cur-~e, size ~is?.l,.i. 
o~ lm~ r.h rorr~l¢O. ~ o n ,  

,~tL e, of ~ 7 ( r o -  .. cap l c t : l em  

" l l ¢ o l i i V ,  ~ h  
• • rbO ¢ l i i t l iO  ~ r~lll t P-b~- 
d i l l  i iO i i  

Hydro¢1~ne 
AP clara.  
I ~  r . m e i h t l i  W 
~ I e r  c a k c l  

SUlcui o~" 
Dew- |o~m~nt  

~ i l o t  pla~¢ 

Pro¢eml 
FIg~.,~,~ 

D e r i d e d  ¢lo~u 
lh©¢; ~or 
c o m m e r c i a l  
pl~¢ deli lah 

t~ l t l  .',. ~1 i l  a~id 

D ~ r . ~ c d  : n a i i l  a~d 

¢OZ[IZnC teMP. 9la=~ 

Cou.* ~ t a  

Colt  eitlm,%te 
for  ¢ o r n ~ r ¢ i ~ L l  
pia~z 

:flu c K ~o~.  
dl:Dl#,.~ F, 
F i s c h e r  
& l i l y  

k r o r ~ l l ~ t  r l p ~  
dlla 

H y d r o c l o n e  

r f~ , c iency  

E75030511a 

.2 
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Table I, Part Z. PREL!IVIINARY SAMPLE OF COAL LIQU 

Prolecq IRe~ort  T+tle 

Lx~q[hrzy. P. W.. ' ~ m -  
;~osium on Co4~ 14ydeo&eu. 
~ ' io~.  DeSilU o~ ~ r e h e a t c r s  
an~ ~ s t  ~z r .b~nJers  for  
G o ~  Hyd~oscnauo= P L s a ~ "  
Tr~n~s ~.m. Soc.  b4ec~ E ~ .  
7.~..58b-q~ (19b~) ~ 4 ~  
A ~ C  ~74~. 

Hsrs t  e t  i / ,  
PJ in t  Ju54f Op~t'&.l~m£ CoE:s 

P eotsne 
Co~! Hvdrone~a~,:oo. v, S. Ira. 
A~l l l lu l t  1 ~)49. 

S l u r r y  ]~nyszcal 
P r o p e r ~ e s  

So:ven~ Co~l Types  ~nct H e a t -  
Pr~pe  r ~ e s  ~ u d l e d  ~, tans  fe r  DOt= 

MetJ~Anol • Wyoa~J~ I 
b k t ~ L m ~  

• M O ~  
lubbi t  ~ o u x  

• Ill,soL 8 
tn tum~no~  

• ~ l b u r l + h  

nous 

No. ~1 
• ~U~.n 8 Ci ty  

Hyd  r ° l e~ l t ec~  • ICe~ud~k? 
JPbeuaustJs r&cene lNo. 
(:2~m~ca.t • 1indiana/~o. 6 

• m~ '~ i*  ~o .  6 
• l o w e r  ~ e k o ~ e :  
• n ~ u o i s  No. 4 

e ]~tXlbuts]l  
Maeb~es 

* Red C'o=n Koc~.e 
• Lyons M~. 
• ~d~ode n 

~ r e scc~ t  
• Ohlo ~o .  8 
• )4c+.11~ Creek .  

N o . ?  

• ~ h l o  ,~o. l Z  
• O ~ ' o  No. 2 ~ .  
• Chio ~o .  6 

C~vmn e t  Id.. "The  ]~eLILLoc C o ~  L lq '~d  
o~ C=IL C l s / r / c t e  tLIQ¢I tO I~'OCIUt~ Sl'Om 
COn! ~ q ~ C - c ' ~ o n  ~ehsv~or . "  p r ev ious  rvass 

N a . l  s u b m ~ e d  t~  
NSF. A l r e e m e l ~ t  l~o. ZL6. 
Pen~sy~.v&ma ~L~te Univ.. 
hL~rch 1974. 

'The Re ls~on  o f  
e ~ - r s c ~ c n x ~ c s  to C~-t 
L~que fJc~ion ~ b ~ v ~ o  r." 
Re t5 NO.2 subnq[~ed r~ 

P~m~llylvasldl ~ U I ~  U m v .  
AII l~ l t  1~74. 

Gsven e t  al . ,  ' ~ e p e u d e n c e  
of Cc~ t  L.tquefacuoo B e -  
hav ior  oa CO4I ~ n s r a C ~ c r -  
.~a~cL"Repor¢ sub•Steed  to 
4~P~ Co~tr&~ NO. 1 4 - 0 t -  
O0O]. 3q0. Peu~s  y lv~u~t 

~ r a c e n e  
G ~  

L~II~InIILe IzI~Ly l+ll 

P.le D~-nt~J 
a~a~yllz8 

Proo~cs  
L~qme 

I~atm Data Ysel~ St~sc~uee ~ t s l ~ r M  P r o ~ r t l e s  

Contzn~ous.  T. 

6,s t  ch 

Solvent to  coa t  Pwr+.o, 
5 S c l v ~ o e  
% H y d r o c r a c k m  i 

Solvll~oo 
5 Hyd roc r+sclc~ I 

| tO~  Ox ide  o r  1rol l  
o-~de lind ~rlm 
sLdtzze fo r  P l n + l ~ + l b  
¢O4~o 
M o l y b d e n u m  cleicm,Ltod 
on aCtZVIIA~ f l lLLet 's 
ear th .  

G ~ t l  p ~ o p ~  ry  
¢ ~ l L y l t  

GxJ~ proprU~y~ ~y 
c I t~2y s t  

7 

t 
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P r o ~ c ~  pro~uc~ l~roducc S o l z d l  
Laq~a~ ~ So l id  LAqt~d S t a t u s  o f  P r o c e s s  

p r ~ p e r ' ~ ,  ~ ' ~ - ~ ' ~ e ~  ... ~ ~ D e v e l o p m e u t  F l o w  Shee t  
h ~ t t e r l a l  . Ind 

~ e r ~ y  ~znce C o ~  D 2 t a  

~ y c d  cok~.~i .c~&uc s i z e  o£ • OveraLt  f l o w  
of  .-be h o t  c a ; o h -  .%0. 000 b b l / d a y ,  d l a g e a ~  
pot boC~om L: ~ plan~ ace m .c'Low .beet S.oe 
~>roduc'c b u i l t  Lm Wes~ v a r i u u a  p l a n / s  

G e t ' m a n y  

~.~azc~a! balance 
(overzn  pt~n~) 

Capt.| snvebn, ncnC and 
o p e r z t i n  E cost. - '~t~. 
30.  GO0 b b i / d a y  

£Icz~c~:~O. .c~It r a2 icn  
an,a~y s~s 

Bed©h- s c a l e  

5 c l v a  - t ~ .  ~ Fzt~ racoon 
J~e J ~dt~ ~. 

d e n ~ e r ~ t -  
Lzect reaLdce 

~ e a c h - m c * l e  • ~ t ¢  r ia l  balance 
on bench- aca|e 
hqueL~c~on run 

~ I t  ra 'Aou ~ e ~ c h - s c a l e  

E75030511b 

2 
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Table 1,  Part 3.  PRELI/VLINARY SAMPLE OF COAL L 

Pro,e~t IRepor~ T i t l e  

Sch~e|LnSer et a~"P,  eL~t~ve 
Ac l i~ . t?  of  LmpreK:~ated 
~n~ ML~zd Molyb~eu~z~ 
~t ldHyat l  for  C o ~ |  Hyd-o -  
8 e n ~ o L "  U.S.B.~4.  K e p o r t  
Z n v e l t s l l ~ o m  6 0 Z l .  

~ l e l o m c h  e t  a2. So |vea~ 
U.ed i~ ~he ~ r ~ o n  o [  
C o a l  
P r o c e s s  ~e8 .  ~ e ~ l o p .  _9 
/~o. £ Xlm+0J J L u u ~ r y .  

"Lsq~cLsc:zon and Ch~m~.c~  
ReFL~Lqg o f  Coal"~A ]5~eL~e 
£Cerl~y P r a l r s x n  R~por~) 
l~t~eUe. Col4;mbu:~. J,~.y 
1974. 

WU l n d  ~r.~rch. '~-[ydrolema* 
t io~ o~ Coa l  ,rod T ~ : , "  U. S.  
B u r e a u  of  Miues ~,vU~ 6.~3.__~. 
1968. 

}.lal~sau Har~r i  ec e l .  
"KLnela¢ ~,*udy o f ' ~ ' - - r ~ n ~  

Dis  ZOILz/OU of  HJp~+-Volat~e 
~umn~O~Ul Co:J+ Seb~mt~ed 
• o OCR. C o u t r l c ~  ~o.  1 4 -  
000l*Z~l ' .  Umvers icy 0*7" 
~'G1~-~% ~. 

Pro jec t  "Western ~ - -  
I ~ T  ~Jsterum Repor ts  

A ~ d e r n o n  e~ a l ~ '~FZ l s b  
Heltuq~ ~ u t d ~ m a  
Pyto[yll~ll  ~ [  Co~I'* 

C3~cn I Cb~n Cbu~ ,  V.  e : a L .  

F . ~ r a c ~ o n  by  "~c~tr~J~m 
W|tb Utzrasc~tc Zrr~c~-  

$1¢r ~-y 17ny S~cl~t 
P r o p e r t i e s  P r o d a c ~  

Solve:m: C ~ • I  .Types ~m~ Men:- i~qw, d 
• . Pro~er~es ~t~zdted Tt'&r~sfer Data R• te  D~t~ Y~eld ~r~tctt;.-e C l t l l y l t  P r o ~ r ~ i e e  

• ~otl~u,,  pozn; ~,~Znl c o ~  Y i e l d  • s  • l u n c ~ o ~  o~ 0. S 5  ~ e t  C*rroms 
• ~ e n o i t y  P~.c~sb~rsls a o n p o [ a r  sotubLSU.zy i r e s  
• ~ o l ~ l A  ~" JeLl~f l  ~ l ~ £ ~ N t 4 t  r 

*OIUI~LZy 

A S u m m a r y  of  ~ a J - r  ~qoef~ctLon P r o c e s s e s :  I.  Ac[~v~ou~ Le l~ lUt l$  P r o c e | l e *  
~. Solvent R c ~  . = r o c e l l l ~ l  
~. C a r l y l e  Hydrolea&~Lcm P~oce l l ~s  
4. P£1cber -~ to~ l¢~  P r O C i l l ~ l  
$. P~--~;y~¢ o r  C a r 1 ~ l i ~ c a ~ o n  P r o c e s s e s  

A Kev~ew o£ ~eveLopmen~ of  ~ o ~ t  ~ d  T a r  14ydrcaec~t lon  Te¢]uJ0~ogy: c o v e r s  (~u de tJ~l )  
1. H i s t o r y  
~, P r ~ r y  Hycrelelu l~o~, 0£ C ~ :  
3. H)-drolela, Uo.~ o5 MLd~e O i l  
4. ~udcMlt~ ~t l.~cimd l~aee  H y d l ~ l e ~ t ~ o u  
c~. ~ d u ~ t r i . t  V a p o r - P h s s e  l ' l y d ~ l e ~ a n  
6. O v e r l / l  R e l u L t l  05 T w o - P h J s e  Hydrogeckqt~on 
T. Equ~ p ~ e m  

K l n e ~ c  d a t a  o~ s o l v e n t . r - ~ r a ~ o =  o~ co~1 by T e t r a h n  : s  r e p e ~ e d .  T e t  r sJ i~  I I  
ueed. P r o p -  
e . ' ~ e s  of  
va r:oua otbo r 
4' ~|v¢ =tJ &re 
reported. 
P ro~er l~es  a r e :  
• ]Ek~LIm£ po la r  
• % e x t r a c t i o n  

A repor t  on hi l th-4~er~y ~3nh heL~:z K a~d hydrmten •.-¢ F44uma Ipyro|ya8 of  Ib'etstelrll ~ t e d  State0 ¢O~L 

KiJaeUcs oJ[ c:oal c x t r s c t z ~  by Z. ~. 3. 4 ~¢¢rs]sydroneptlLb~ene ( te t~ t lm)  Lmder t l ~B .uez :ce  6~ ~ltr&oom.¢ w-dye, 
vms studied, at  W e  d~.~eren~ temperatures.  

t 
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/ - r o e u ~  ~ t ' ~ d ~ c l  ]P r ~,.d a.~:'c SoLd/  
l ~ q  uad ~ s  5olr~d .T...t q~£ d S r.a..~.s ,~,f 

P r o ~  ~ l e .  ,, Prn ~e ~ies ~ ~ D ~ ' ~ t n p r n e n ~  
.Z~'FOC~S~ 

FIo~" S h e e t  

B l o c k  d;asrltm 

Er,~. r~  ~r B a l a n c e  

• ~ss ba /~mce  o f  
-c~tl, i b ' ~ ' gs "  u e a m  
¢ o a l  ;,~ a.uZO e ~r..'e 

G| ¢o~L 
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Table I, Part 4. PRELLk~INARY SAMPLE OF COAL LIQUEF" 

Pro~ec~ /Repor t  T~tle 

Wiser. W. H., 
A K.Coetkc C o z = p a r ~  
o£ C o * l  Pyr~ lysLs  am~ 
Coa l  ~ s s o l w ~ o o  

Q s d e r ,  S. ~ .  ~t  n L .  

Kemo~a~ o+ S + . ~ r .  
O ~ J ~ n .  aJ~4 N~t~-~lten 

C o a l - T i t . "  OCK Con'.f~c: 
14-01-000 i - Z T l . ~ s t y  
o f  

P r o 3 n c t  W e l t e r ~  CO&L. 
R e s e a ~ : h  amd D ~ v s | o ~ n ~  
l ~epo~  .I;o. lS, '- '=ouvers~ou 
o :  C o : ,  Into L i q u ~ . .  F ina l  

14-01-0040 I -ZTI .  Uc~ ~c r s ~ y  
o'. r u ~ .  

'~Jolveot Re~u~:£ o f  C ~ I :  
~ a c l q ; r o ~ d  L , ~ r m ~ : ; o ~  on 

~o." EJ~RI." Con t r ac t  
No. ~ -  [ 2 3 - ;  ---i--~T~-. ~ s m ~ t  
|q?4 .  

L ~ q u l a ~ o c  o~ K ~ p ~ r o v ~ t s  
~ 1  by S01vem ~er -m.d  

P r o c e s a  and H - C ~ L  
, P r o c e i i l J I I ;  (or  ] ~ 1 : ~  
( r t ~ c ; , r . c  Pt:wer  Rese&rc~ 
Lust~tute) Com:r,  c t  .'qo. 
~ ~ r  1974. 

P r o d u ~ i ~  o.  r Gas-'o-~--c~ 
F r o l :  A ~ l t r l ~ b , u  B r o ~  
C4~1 oy t h e  H - C ~ J ~  

~';ftl~b World  P e t r o l e m  

PTo~er t~cs  
~ L I  Types  

Llklh bASh- 
vo la t ; l e  

co~|  

S ]c rTy  P~ys:ca i  
P rope  rt~ee Pr~c~vct 

Hea~. L~qmd 
T r l n l f e ~  ;31-+I P ~ e  D1t~ Yleld  S e l l . l u r e  Ca~l lwlt  P r ~ : ~ l ~ l  

• A c o m p i m m n  La p r e s e m e d  o !  ¢mL p y r o l ¥ 1 L i  at t m p e r z u r e l  r u i n  I .* rem ~0q" ~.0 40T 'C  
sad tJ~e~r~L d ~ l s o t ~ o n  o~[ coaJ us ".etr~Lm &: ~ m l ~ [ ~ t m t c s  r ~ m l ~ a l  fr0~i l  3 ~ "  ;~ ++ 50"C. 

• A mo~e!  i l  preee= ted  r.ha~ ~ l l : e l  "-be t~+ p r O C l l l ( I  ~ Irq~,&~,nl ~ke I+.~LI.~O~;e +~ t~l~ 
l~=o~t~rl~el  be t~ee~  t ~  t ~  p t ~ c e l s e l .  

K.mef.sc~ o ~ b y d r o - r e n l O ~ l J  O-*S. O. *% a re  de tc r=n~ed .  

F:~l~dameal~l I I ~L~C da~l  f o r  ~ . '~ ly~i  l, ~ O ! ~ n t  ex t  factions, and I b .~ ro iu ra~ . toa .  
ZnCI;~ ualed for  h y d r o z ¢ u t ~ o n  c a t . y e t .  

A l ~ h r | c e n c  oi~ • Wei~ ~ o a l  i o l ~ o u .  

• ][I~=r~Qc~I • nbno~s  P;o.b 
aaalys~e 

• D~nt P.l~lt :on 

• J~s~lyssu of 
cu:.o 

• H e a l ~  4 va lue  

J~n~krlcell~P 0~1 K & i ~ r o ~ t s  ~ 0 w  s e v e n t y  
• A.L=I S T a r r y  coaJ (Utah l~ . lh  ,¢verzr , ) .  
• £1en~enr~l a ~ a )  

• D ~ s ~ L l ~ o n  
O An&tv l t l  0:[ 

L.SbOT'a'a'a'a'a'a'a'a'a~ry.ica.ie e ~ e T ~ l ~ e = : l  W~TI ¢ i . ' r~ed  O~C ~u~xng: 1. S o l v ~ l ~ - r e n M d  ¢O~| ~ r ~ c e s :  

¢oa! (©e. ~ rate 

AU3~ r&JJa~ 
b rown  co - I  

, ' ~ m ~ c a t a l y ~ ¢  * - - r  
. ~ : l ' e m -  re~JSed 
¢ c ~  preceee 

Comme r c ~ l  
cst .s ly l¢ fa r  
¥.* CCJU. 

Z. i tLI Ih-  and | o w * e e v e r ~ y  HoC~A ' . .  P r o c c s i  

C o m m c  rcmsJ 
byd roe4Kss~zc~n 
c i t a l y s t  

n AP5 £rs~,"~y 

• V~KOO~y  
• S O l l r e ~ q  I m. 
• ~ ; ~ l r o S e r .  noW.e~ 
• H f l l t . ' I  I V ~ l t ~  
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COAL LIQUEFACTION DATA AVAILABILITY 

P r o t ~ t  Preducz Prod tmt  S o t l d l  
Laq,~d Ca, .~o',d Liquid  

497=C 

of the 

Stattul of 
D~,.velepmem 

P z ~ © m s  
Fk,~, ~.,*, Cos~ ~ t a  

C. H, .¢. ~ Sl~¢'~r.seoFtc 
phenol ~ ~. analws~u (vn~'- 

• V~xcoS*~y phatte chro.'na- 

" N*traKert ~ n ~  
• heat~ K v~lJ, Ue 

E75030511d 
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Table I, Part 5. PRELIMINARY SAMPLE OF COAL L] 

p r o ~ c t ~ e t m r t  "ri t i¢ 

H o C O A ~  by ~ r i r . a S l  
OLI Co." p r e l m f ~ d  Jar 

01 *OO~l .  I i l l l l .  *~4.~ n e..lus 
0 "~ Pr~p3~ct NO. 6 |Z0  
A p n i - A ~ t  ~967.  

.Seslvlrmz 
P r ~ r ~ e m  

" l ~ r ~ .  J. A .  ~._LL. Spec:~AI 
E q t p a w ~  m "~-- C . 6 ~ - H y d r o l l n -  
a ~ , ~  Deznon,~. v l ~ r . ~  . u l m ~ ' "  U..5. 
Beumau of M ~ e e ( t ~ 5 0 }  J a m t ~ r y  
JtJ~C 2726. 

¢3 .J.r ry ~r.y 8~¢~ 
P r o p e  t~a~ e 

C4~L T y p e s  I ~ d  14eat.- 

"~111 Fepo.~lL ¢oll~psrltJ ~ 1 ~ c  t ~ l  ~ b~" ~ r t m m  B.eoeA~:h lw'_ 
amd by ~ - i . c J m  ~ ~ .  ~ ec :nm~Lc e ~ l l ~ m  i s  dlLoclmsed us d~.aJatl. 

,For 9S~- cosmeresol  

a p p ~  I h r  

I - Z  '~  . s r o m  ¢ua.J4. o r  

p rode. t.~rlo 8 

/ 
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I~IPLE OF COAL LIQUEFACTION DATA AVAY_L~ABILITY 

I A ~ m d  GaB M b d  I A q m d  SG~.I ~ o~ 
P - o ~ r ,  P,,...p,,.~i,,,..,,, ~ ~ I~evel"Pme"t  

.~ beuch~nc~de  
~ t S  
I p i lo t  ; p l a ~  

P r o c e s s  
Y3ow ~ t - t  

Block d ~ c r a m  fo r  
v l i t~oui  i~eCLiolaJ 
o~tbc  process 

$ ~ t e ~  and 
Em~ t r y  Balm~ce C o ~  13~tJ~ 

ECol~o~t C egt:Lt~atel 
(based ,an 30, 000 bbl/cl~y) 
196T cost.  ~tw~ on 
lO0,  O(,.O bbl lday 

A ~tnonJtt~tttnn 
plant ~t 

• D,cuu |cd  d ~ & r ~ . ~  
o i  v~:~m.m e q m p -  
m~n~ ua¢~ ~ t~c  
ply.:  

• O v c r a U  ~-c~ 
cha s r a m  o t  t l ~  
p r o o c J l  
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1. 

~ b 4  

~ i s c u s s i o n  o f  G e n e r a l  Coa l  G a s i f i c a t i o n  R e a c t i o n s  

a .  D e v o l a t i l i z a t i o n  

When a c o a l  o r  coa l  c h a r  c o n t a i n i n g  v o l a t ~ e  ~_a t t e r  i s  i n i t i a l l y  s u b -  

j e c t e d  to  an  e l e v a t e d  t e m p e r a t u r e ,  a s e r i e s  o£ c o m p l e x  p h y s i c a l  and  c h e m i c a l  

c h a n g e s  o c c u r  in  the  c o a l ' s  s t r u c t u r e ,  a c c o m p a n i e d  by  t h e r m a l  p y r o l y s i s  r e -  

a c t i o n s  t ha t  r e s u l t s  in  d e v o l a t i l i z a t i o n  of  c e r t a i n  coa l  c o m p o n e n t s .  T h e  d i s -  

t r i b c t i o n  o f  ~he e v o l v e d  p r o d u c t s  of  the  r e a c t i o n s ,  wh ich  i n i t i a t e  a t  l e s s  t h a n  

7 0 0 ° F  and c a n  be  c o n s i d e r e d  to  o c c u r  a tn~os t  i n s t a n t a n e o u s l y  a t  t e r n p e : a t u r e s  

g r e a t e r  t han  1 3 0 0 ° F ,  is  g e n e r a l l y  a f u n c t i o n  o£ the  t e m p e r a t u r e ,  p r e s s u r e ,  

and  gas  c o m p o s i t i o n  e x i s t i n g  d u r i n g  d e v o l a ~ i z a t i o n  an~ o f  t he  s u b s e q u e n t  

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

l i qu ids )  p r i o r  to  q u e n c h i n g .  

b. R a p i d  R a t e  Me thane  F o r m a t i o n  

When  d e v o l a t i l i z a t i o n  o c c u r s  in  t h e  p r e s e n c e  o f  a ga s  c o n t a i n i n g  h y d r o -  

g e n  at  an  e l e v a t e d  p r e s s u r e ,  in  a d d i t i o n  to  t h e r m a l  p y r o l y s i s  r e a c t i o n s ,  c o a l s  

o r  coa t  c h a r s  c o n t a i n i n g  v o l a t i l e  m a t t e r  a l s o  e x h i b i t  a h igh  a l t h o u g h  t r a n s i e n t  

r e a c t i v i t y  f o r  m e t h a n e  f o r m a t i o n .  A l t h o u g h  s o m e  i n v e s t i g a t o r s  h a v e  s u g -  

g e s ; e d  tha t  t h i s  p r o c e s s  o c c u r s  s i m u l t a n e o u s l y  wi th  t h e r m a l  p y r o l y s i s  r e a c -  

t i o n s ,  s t u d i e s  done  wi th  a g r e a t e r  t i m e  r e s o l u t i o n  i n d i c a t e d  t ha t  t h i s  r a p i d -  

r a t e  m e t h a n e  f o r m a t i o n  o c c u r s  a t  a r a t e  w h i c h  is  a t  l e a s t  an  o r d e r  o f  znagn i -  

rude  s l o w e r  t h a n  devo la t i l i za t ion~  In ~his s e n s e  i t  o c c u r s  a l t e r  devolatL1iza-+ion- 

The  a m o u n t  o£ c a r b o n  g a s i f i e d  to  m e t h a n e  dur ing  the  t r a n s i e n t  h igh  

r e a c t i v i t y  i n c r e a s e s  s i g n i f i c a n t l y  wi th  i n c r e a s e s  in  h y d r o g e n  p a r t i a l  p r e s s u r e .  

At  t e m p e r a t u r e s  g r e a t e r  t han  1700*F,  the  t r a n s i e n t  r e a c t i v i t y  f o r  r a p i d - r a t e  

m e t h a n e  f o r m a t i o n  e x i s t s  on ly  b r i e f l y .  

c. C h a r  G a s i f i c a t i o n  

A f t e r  t he  d e v o l a t i l i z a t i o n  and  = a p i d - r a t e  m e t h a n e  f o r m a t i o n  s t a g e s  a r e  

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

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

t u r e ,  p r e s s u r e ,  gas  c o m p o s i t i o n ,  c a r b o n  c o n v e r s i o n ,  and  p r i o r  h i s t o r y .  

T h e  c o a l  g a s i f i c a t i o n  k ine t i c  m o d e l ,  t h e r e f o r e ,  a s s u m e s  t h a t  t h e  o v e r a l l  

g a s i ~ c a t i o n  o c c u r s  i n  t h r e e  c o n s e c u t i v e  s t a g e s :  I) d e v o t a t H L z a t i o n ,  Z) r a p i d -  

ra t~  m e t h a n e  forzna t~on ,  and 3) t o w - r a t e  g a s i ~ . c a t i o n .  T h e  r e a c t i o n s  i n t h e  

t h r e e  s t a s e s  a r e  i n d e p e n d e n t .  F u r t h e r :  a f e e d  coa l  c o n t a i n s  two  t y p e s  o£ 

c a r b o n -  v o l a t i l e  c a r b o n  and b a s e  c a r b o ~  V o l a ~ l e  c a r b o n  c a n  be  e v o l v e d  

s o l e l y  by  ~ h e r m a t  p y r o l y s i s ,  i n d e p e n d e n t  o f  the  g a s e o u s  m e d i u m .  B a s e  c a r b o n  
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remains in the coal char a f t e r  devolatilization is complete. This carbon 

can be s ubsequ~ntly g a s i f i e d  in either the rapid- rate methane fo rmation 

s t a g e  or t h e  low-rate gasification stage. 

Initial mounts of volatile and base carbon are estimated from st~..ndard 

analyses o f  the f e e d  coal char: 

C v ( v o l a t i l e  c a r b o n ) ,  g r a m s / g r a m  f e e d  c o a l  

= C t ( t o t a l  c a r b o u ) ,  g r a m s / g r a m  f e e d  c o a l  

- -  Cb ° (base carbon), grams/graln feed coal (I) 

where C ° represents the total carbon in the feed coal obtained from an 
z 

ultimate ana!Tsis, and Cb* represents the carbon in the fixed carbon fraction 

of the feed coal as detern~.ned in a proximate analysis. Note that Cb* does 

-~ ..... ~ zh~e ~__xed carbon fraction because the fixed carbon fraction includes, 

in addition to carbon, other organic coal components not evolved during 

standard devo!atil/zation. 

When an analysis of the fixed carbon fracZion £s not ava~.lable or an 

estimate of organic coal co~nponents prese.~t in the fixed carbon fraction 

cannot be made, then Cb* can be approxir~aated with the expression: 

Cb° = 0.96 (fixed carbon fraction), g rams/gram feed coal. 

The  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 ,  X, i s  de igned  as  -- 

base c a r b o n  gasified Cb° -- Cb 

base carbon in feed coal char C .  ° -i-, 

(z) 

w h e r e  C b = b a s e  c a r b o n  i n  c o a l  c h a r  at an  i n t e r m e d i a t e  l e v e l  o f  g a s i f i c a t i o n ,  

grams/gram feed coal char. 

This deitui%ion is  u s e d  in  c o r r e l a t i o n s  in  t h e  fo l l owing  s e c t i o n  to  de- 

scribe carbon gasification kinetics in the low-rate regime. 

Z. Love-Rate Gasification Kinetics 

As discussed above, for practical purposes coal chars undergo low- 

rate gasification oDly a.~ter the devolatilization and rapid-rate methane forma- 

tion reactions are completec~ Results obtained %vit]R the thermoba]alzce indi- 

cate that at greater than 1500°F char reactivity over a major range of car- 

bon conversion in the low-rate stage is substantially the same whether 
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d e v o l a t i l i z a t i o n  o c c u r s  in  n i t r o g e n  o r  in  a gasi : [ying a t m o s p h e r e  u n d e r  t he  

s a m e  c o n d i t i o n s .  T h e r e f o r e ,  in  th i s  m o d e l ,  l o w - r a t e  c h a r  g a s i f i c a t i o n  i s  

c o n s i d e r e d  as  a p r o c e s s  e s s e n t i a l l y  i n d e p e n d e n t  o f  d e v o l a t i i i z a t i o n  c o n d i t i o n s  

wi th  o n e  i m p o r t a n t  e x c e p t i o n :  *..he t e m p e r a t u r e  of  d e v o l a ~ l i z a t i o n .  I t  w a s  

found  t h a t  the  r e a c t i v i t y  o f  a c h a r  a t  a g i v e n  t e m p e r a t u r e ,  T,  d e c r e a s e s  w i t h  

i n c r e a s i n g  p r e v i o u s  t r e a t m e n t  t e m p e r a t u r e ,  T , w h e n  T > T .  T h i s  e f f e c t  i s  
o o 

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

T h r e e  b a s i c  r e a c t i o n s  a r e  a s s u m e d  to  o c c u r  w i t h  c h a r  in g a s e s  c o n -  

t a i n i n g  s t e~-a  and h y d r o g e n :  

R e a c t i o n  I: HzO + C = CO + Hz 

R e a c t i o n  11: ZHz + C = CI'I4 

R e a c t i o n  HI:  Hz + HzO + Y C = C O  + CH~ 

R e a c t i o n  I is  t he  c o n v e n t i o n a l  s t e a m - c a r b o n  r e a c t i o n  which  is  t he  o n l y  

one  t ha t  o c c u r s  in p u r e  s t e a m  a t  e l e v a t e d  p r e s s u r e s  o r  wi th  g a s e s  c o n t a i n i n g  

s t e a m  at  l ow p r e s s u r e .  A l t h o u g h  at  e l e v a t e d  t e m p e r a t u r e s  th i s  r e a c t i o n  i s  

a H e c t e d  by t h e r m o d y n a m i c  r e v e r s i b i l i t y  on ly  f o r  r e l a t i v e l y  h igh  s t e a m  c o n -  

v e r s i o n s ,  t he  r e a c t i o n  i s  s e v e r e l y  i n h i b i t e d  by  t~e p o i s o n i n g  e H e c t s  o f  h y d r o -  

ge n  a n d  c a r b o n  m o n o x i d e  a t  s t e a m  c o n v e r s i o n s  f a r  r e m o v e d  f r o m  e q u i l i b r i u m  

f o r  t h i s  r e a c t i o n .  

R e a c t i o n  II, t he  o n l y  ~-eacticJn tha t  cou ld  o c c u r  L~ p u r e  h y d r o g e n  o r  in  

h y d r o g e n - z n e t h a n e  m i x t u r e s ,  d e p e n d s  g r e a t l y  on  t h e  h y d r o g e n  p a r t i a l  p r e s -  

s u r e .  At e l e v a t e d  p r e s s u r e s  i t s  r a t e  i s  d i r e c t l y  p r o p o r t i o n a l  tG the  h y d r o g e n  

p a r t i a l  p r e s  s u r e ,  

The  s t o i c h i o r n e t r y  o f  R e a c t i o n  I l l  l i m i t s  i t s  o c c u r r e n c e  to  s y s t e m s  in  

w h i c h  bo t h  s t e a m  and  h y d : ' o g e n  a r e  p r e s e n t .  A l t h o u g h  t h i s  r e a c t i o n  i s  t h e  

s t o i c h i o m e t r i c  s u m  o f  R e a c t i o n s  I and ~I, t h i s  m o d e l  c o n s i d e r s  it to  be  a 

t h i r d ,  i n d e p e n d e n t  g a s i ~ c a t i o n  r e a c t i o n .  R e a c t i o n  III ,  a r b i t r a r i l y  a s s u m e d  

to  o c c u r  in  the  d e v e l o p m e n t  o f  t h i s  m o d e l  to  f a c i l i t a t e  c o r r e l a t i o n s  o f  e x p e r i -  

m e n t a l  da ta ,  has  a l s o  b e e n  s '~gges t ed  by  o t h e r  i n v e s t i g a t o r s .  

T h e  c o r r e l a t i o n s  d e v e l o p e d  to d e s c r i b e  k i n e t i c s  in  t he  ~ow-r~te  g a s i f i c a -  

t i o n  s t a g e  a r e  su~-n~.:na~zed a s  f o l l ows :  

dX/dt = f L k T  ( I - - X )  zl~ exp ( - a X  z)  (3) 
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where -- 

k T = k~ + kid + k m (4) 

Here, k I , k//, and kll I are rate constants for the individual reactions 

considered. It is assumed that each of the three reactions occurs independ- 

ently but that the rate of each is proportional to the same surface area term, 

(I -- X) z/3 and surface reactivity terms, exp (-~XZ). 

individual parameters in Equations 3 and 4 are de~qned as functions 

of temperature and pressure according to- 

f L  = fo exp (8467/To) (5) 

k I 

k ii 

PCO PHz 
exp (9.0Z01 -- 31, 70S/T) ( I -- ) 

[ i + exp(--Z2. Zl60 + 44, 7871T) (_._/__.I +16.35 I°~2 

PHzO PHzO 

+ 43.5 Pco )]z 

(6) 

l°ZHz exp (Z. 6741 -- 33, 076/T) ( 1 Pc~ 
l:,z K E 

H~ LI 

[ : + PHz exp (-- i0.45Z0 + 19,976/T) ] 
(7) 

a = 

IN/z PCH4 PCO 
Hz PHzO exp (IZ. 4 4 6 3 -  44, 544/T) ( 1 - ) 

. . . .  

[I + exp (-- 6.6696 + 15,198/T) (1 °*/z + 0.85 + 18.62 l~cHs 
Hz PCO PHz 

52.7 PHz 0.521 l~/Zi_!z PHzO 

I + 54.3PHz 

+ 

i + 0.707PHz c + O.SOPH,*/z PHzO 

) ] z  

(8) 

(9) 
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whe r e  - -  

KEI, KE~ 

PHz" PHzO 

K E • 1].I 

T 

T 
o 

• P C O '  

= e q u i l i b r i u m  c o n s t a n t s  f o r  R e a c t i o n s  I ,  11, a n d  ILl,  
c o n s i d e r i n g  c a r b o n  a s  g r a p h i t e  

= r e a c t i o n  t e m p e r a t u r e ,  °R  

= maximum temperature to which char has been 
exposed prior to gasification, °R (if T <T, then a 

o 
value of T = T is used in Equation 5) 

o 

= partial pressures of Hz, HzO, CO, and CH 4, arm 

f = r e l a t i v e  r e a c t i v i t y  f a c t o r  f o r  l o w - r a t e  g a s i i ~ c z # . i o n  
o w h i c h  d e p e n d s  o n  t h e  p a r t i c u l a r  c a r b o n a c e o u s  s o l l d  

V a l u e s  o f  f a r e  b a s e d  on  t h ~  d e f i n i t i o n  f = 1.0 f o r  a s p e c i f i c  b a t c h  
o o 

o f  a i r - p r e t r e a t e d  I r e l a n d  m i n e  c o a l  c h a r .  S a m p l e s  o f  t h i s  c o a l  c h a r  o b t a i n e d  

f r o m  diPfer~-nt  a i r - p r e t r e a l m n e n t  t e s t s  e x h i b i t e d  s o ~ e  v a r i a t i o n s  in  r e a c t i v i t y  

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

v a l u e s  o f  f s o  d e t e r m i n e d  r a n g e d  f r o m  a p p r o x ; J ~ . a t e l y  0 .88  to  1.05~ R e s u l t s  
o 

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

h a v e  i n d i c a t e d  t h a t  t h e  r e l a t i v e  r e a c t i v i t y  f a c t o r ,  fo ' g e n e r a l l y  t e n d s  t o  i n -  

c r e a s e  w i t h  d e c r e a s i n g  r a n k  a l t h o u g h  i n d i v i d u a l  e x c e p t i o n s  t o  t h i s  t r e n d  e x i s t .  

V a l u e s  h a v e  b e e n  o b t a i n e d  w h i c h  r a n g e  f r o m  0 .3  f o r  a I o w - v o l a t L l e  b i t u m i -  

n o u s  c o a !  c h a r  t~  a b o u t  I 0  f o r  a N o r t h  D a k o t a  l i g n i t e .  

T h e  r a n g e  o f  t h e  r e l a t i v e  r e a c t i v i t y  f a c t o r ,  fo ~ . f o r  d i f f e r e n t  t y p e s  o f  

c o a l s  w i l l  h e  p r e s e n t e d  i n  f u t u r e  r e p o r t s  o f  t h i s  s t u d y .  

3. St.j-~.,m-Oxygen-C]~r GasLfication in  F, l u id i zed  Bed. 

/n many coal  gasi£icat ion processes,  coa! char  is g a s ~ e d  ~ t ~  steazn 

and oxygen to produce a synthesis gas. Because o f  i ts wide app l ica t ions ,  

we ~ t i a l l y  appl ied I G T ' s  gasi f icat ion model  to ~evelop in fo rmat ion  usefu l  

in  the desig~Jag of  f l~c f ized-bed reactor~ ~o gas i fy  char wit/', s t eam-o~ rgen  

n ~ x t u r e s .  

a .  F l u i d ~ . z e d -  B e d  M o d e l  

B e f o r e  u s i n g  t h e  k i n e t i c s  c o r r e l a t i o n s ,  i t  i s  n e c e s s a r y  to  d e s c r i b e  t h e  

p h y s i c a l  n a t u r e  o f  t h e  g a s - s o l i d  c o n t a c t i n g  i n  t h e  f l u i d i z e d  b e d .  F i g u r e  I 
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shows the fluidized-bed model used in developing the information presented 

he r e .  
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" /he  m o d e l  a s s u m e s  t h a t -  

I .  T h e  f l u i d i z e d  b e d  c o n s i s t s  o f  t w o  d i s t i n c t  z o n e s :  a c o m b u s t i o n  z o n e  
a n d  a g a s - s o l i d  b a c k m i x e d  z o n e .  

2. T h e  c o m b u s t i o n  z o n e  i s  a s s u m e d  t o  h a v e  n e g l i g i b l e  v o l u m e ;  t h e  o n l y  
r e a c t i o n  in  t h i s  z o n e  i s  t h a t  o f  c a r b o n  c o m b u s t i o n  t o  p r o d u c e  c a r b o n  
d i o x i d e .  C h a r  t h a t  u n d e r s o e s  c o m b u s t i o n  in  t h / s  z o n e  p a s s e s  o u t  o f  
t h e  s y s t e m ,  b u t  no t  b a c k  t o  t h e  b a c k m i x e d  z o n e .  B o t h  c o n ~ u s t i o n  
g a s e s  a n d  s t e a m  go  u p  f r o m  t h i s  z o n e  i n t o  t h e  b a c k r n i x e d  z o n e .  H o w -  
e v e r ,  t h e r e  i s  e n o u g h  u n b u r n e d  c h a r  c i r c u l a t i o n  f r o m  t h i s  z o n e  to  t h e  
b a c k r n i x e d  z o n e  s o  a s  t o  c a r r y  h e a t  e v o l v e d  f r o m  c o m b u s t i o n  i n t o  t h e  
b u l k  o f  t h e  b e d .  

3. I n  t h e  r e m a i n d e r  o f  t h e  f l u i d i z e d  b e d ,  t he  g a s  a n d  t h e  s o ] / d s  a r e  
p e r f e c t l y  b a c k x n i x e d ,  and  e s s e n t i a l l y  a l l  r a t e - c o n t r o l L i n g  s t e a m - c a r b o n  
a n d  h y d r o g e n - c a r b o n  r e a c t i o n s  o c c u r  in  t h i s  z o n e .  

4. The composit£on of the gases and the solids throughout the backmixed 
zone are the same as those o£ the char entering the combustion zone 
and the product gas exiting the gasifier. 

O p e r a t i n g  e x p e r i e n c e  w i t h  t h e  p i l o t - p l a n t - s c a l e  f l u i d i z e d  b e d  a t  I G T  

i n d i c a t e s  t h a t  i n  a w e l l  f l u i d i z e d  b e d ,  w i t h  an  L / D  r a t i o  o f  u n d e r  4 ,  t h e  

a s s u m p t i o n  o f  b o t h  g a s  a n d  s o l i d  b e i n g  c o m p l e t e l y  b a c k m i x e d  i s  i n  g o o d  a g r e e -  

m e n t  w i t h  e x p e r i m e n t a l  e v i d e n c e .  F o r  c a s ~ s  w h e r e  t h e  g a s  i s  b a c k m i x e d  

b u t  r/~e s o l i d s  a r e  in  p l u g  f l o w ,  a c o n v e : s i o n  f a c t o r  w i l l  b e  p r e s e n t e d  n e x t  

m o n t h  to  a d j u s t  t he  i n f o r m a t i o n  b e l o w l w h i c h  i s  f o r  t h e  m o d e l  i n  w h i c h  b o t h  

t h e  g a s  ~ n d  t h e  s o l i d  a r e  p e r f e c t l y  b a c k ~ . ~ x e d .  

B e s i d e s  d e f i n i n g  t h e  a b o v e  t w o  m o d e l s  - k i n e t i c  a n d  g a s - s o l i d  c o n t a c t -  

ing  - a f e w  m o r e  c o n d i t i o n s  h a v e  to  b e  f i x e d  b e f o r e  a 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  c a n  b e  c h a r a c t e r i z e d .  T h e  f o l l o w i n g  c o n d i t i o n s  h a v e  b e e n  

a r b i t r a r i l y  f i x e d  f o r  e a s e  ix, c a l c u l a t i n g  a n d  p r e s e n t i n g  t h e  d e s i g n  i n f o r m a t i o n  

g i v e n  l a t e r  in  t h i s  s e c t i o n :  

I .  T h e  f e e d  t o  t h e  g a s i f i c a t i o n  s y s t e m  i s  a c o a l  c h a r  t h a t  d o e s  n o t  c o n t a i n  
a n y  v o l a t i l e  c a r b o n ;  t h e r e f o r e ,  n o  d e v o l a t i l i z a t i o n  r e a c t i o n s  o c c u r  in  
t h e  s y s t e m .  F u r t h e r ,  r .one o f  t h e  b a s e  c a r b o n  h a s  b e e n  c o n v e r t e d  in  t h e  
f e e d  c h a r ;  t h a t  i s ,  X o,  t h e  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 ,  e q u a l s  0.  
L a t e r  o n  i n  t h i s  s t u d y ,  a m e t h o d  ~ i l I  ~ e  p r e s e n t e d  t h a t  w i l l  a l l o w  t h e  
c o n s i d e r a t i o n  o f  c a s ~ s  w h e r e i n  t h e  f e e d  c h a r  X o > 0  i n  t h e  f e e d  c h a r .  

, T h e  ~eed  c o a l  c h a r  h a s  b e e n  a s s i s n e d  a r e l a t i v e  r e a c t i v i t y  f a c t o r  f o r  
l o w - r a t e  g a s i f i c a t i o n ,  f o ,  o f  u n i t y .  T h i s  c o r r e s p o n d s  t o  t h e  r e a c t i v i t y  
f o r  a i r - p r e t r e a t e d  I r e l a n d  m i n e  c o a l  c h a r .  A p r o c e d u r e  to  h a n d l e  f e e d s  
h a v i n g  a r e l a t i v e  r e a c t i v i t y  f i z c t o r  l e s s  t h a n  o r  m o r e  t h a n  u n i t y  w i ] / b e  
d e s c r i b e d  l a t e r  in  t h i s  s t u d y .  ( T h e  r e l a t i v e  r e a c t i v i t y  f a c t o r s  f o r  d i f -  
f e r e n t  r a n k s  o f  c o a l s  w i l /  a l s o  b e  p r e s e n t e d  l a t e r  i n  t h i s  s t u d y .  ) 
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. 

4. 

The gasif/cation system operates adiabatically at the specified tempera- 
ture. The heat requirement for the system to maintain the temperature 
is provided by combustion of the feed oxygen with a part of coal char. 
Heat losses from the system are assumed t o  be negligible. 

The product gas is assulned to saT/sly the water-gas shift reactio:l 
equilibrium at the system operating temperature and pressure. 

b. CarbonConversion V,e,,,c,s, us  Solids Residence, Time Curves 

With the tv;o modsls and the above assun%ptions~ the steam-oxygen-char 

gasiflcation system can now be characterized. The design infornlation pre- 

sented here is in a form that can be readi1_y used by a design engineer to size 

a ~asLfier and specify steam and oxygen feeds. 

For a given gasification temperature and 70-atrm pressure, Figure Z 

presents curves that give the char residence t i m e  required to achieve a 

speci~ed feed carbon conversion at different steam feeds to the gasifier. 

The charts also show the amount of oxygen that is required in the feed to 

maintain adiabatic operation at any operating condition. The steam and the 

oxygen feeds have been normalized with respect to carbon in the char feed 

to make the charts maore generally applicable. Normally, to achieve i00 

feed carbon conversion, the solids residence time required would be infinite. 

However, because part of the char feed is combusted ",~th oxygen to supply 

heat to the system, it is possible to achieve i00 ~ conversion and ye. + have a 

finite solids residence time. 

c. Gas Composition Versus Carbon Conversion Curves 
, ,,, 

Once the gasifier has been sized for a given carbon conversion, feed 

steam, and operating te_n!perature~ it is necessary to know the quantity and 

the con~position of the product gas. The curves in Figures 3, 4, 5, and 6 

show the total number of ~r~oles of product gas as ~vell as the composition of 

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

feed and operating temperature, Once again, for a generalized appl~cation, 

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

to the gasifi~r. Additionally, the gas composition curves are sh'own on a 
/ 

cuu~ulative percentage basis. 
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We s h o u l d  n o t e  t h a t  the p r o d u c t  g a s  d o e s  no  t c o n t a i n  a n y  h y d r o g e n  

sul~de or nitrogen. Any nitrogen or other imerts in the feed oxygen can be 

directly added to the product gas as they would norn~ally pass through the 

gasifier without any changes. The amount of sulfur evolved from the feed 

char, however, de~ends on various otier parameters; in this section, we 

have assumed that the sulfur i n  the feed char does not react i n  the system. 

Later in this study, a procedure for the accounting of the evolution of sulfur 

from feed char will be included. 

In the next. monthly report, we vJill include conversion factor charts 

to account for- 

]. A ~eed char in which X o ~ 0 

2. /% gas-solid contacting model in which solids are in plug flow 

3. Evolution of sulfu~ from feed char. 

~Ve will also give an example of a worked-out design that wiU show 

the use of the design information presented up to now. 
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Bair, W. G., Lee, B. S., Schora, F. C., Huebler, J., and Linden, 
H. R., "Production of Pipeline Gas by Hydrogasification of Coal, 
Vol. I, 1954-1964,:' IGT Res. Bull. No. 39. Chicago, Novenuber 197Z. 

C. FLUIDIZATION 

i. Evaluation of ]vIinimurn Fluidization Correlations 

A comprehensive list of published correlations to estimate the mini- 

rnuzn fluidization velocity, using the physical properties of the flu~dizing 

n~_ediurn and solids, is shown in Table Z. Except for the correlations by 

Baerg 3 and Narasirnhan, 19 the remaining correlations can be shown to be 

similar in form ,under certain conditions. The correlations containing 

similar-form fluidization parameters differ by the value of their coefficients 

and exponents, which %vere usually determined to be adequately descriptive of 

the fluidization system under study. 
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T a b l e  2 ,  P a r t  1 S O M E  P U B L I S H E D  C O R R E L A T I O N S  T O  P R E D I C T  M I N I M U M  F L U I D I Z A T I C  

Bed Pa ct lc le 
D1amete r D~amete r 

Inves~ga to r  s Inches F~m d~zed Solzds | r iches 

Wil!nel~nn and Z 97 and ~ea sand socony 0 0116- 
Kwauk aS 5 75 beads glass beads 0 197 

lead shots e tc  
Johnson E ~o . . . . . .  

F[u~chz~g 
Mechu_~n 

A-r w a t e r  

Proposeo Cor relatcon 

Graphzcal  co rrelat~on 

DpZ~ g p~-pg) ~m 
~f [ 

18.. I ÷ 0 5 1 

for Re  

Urn f 0 171 Dp I --en~ 

3 
B a e r g e t a l  5 5 ~ r o n p o w d e r  sand 0 0023 ~- 

$ c o ' c h h k e  beads  0 0345 
alumu~a c r a t i n g  
catal) st 

IV~]ler and Z 0 SICz S~Oz 0 0038- 
Logv~J~uk ~s s~hca ge l  ~ z O 3  0 0098 

van Heerden  3 35 Coke I ron oxlde 0 0038- 
e t a l .  ~ c a r b o r u n d u m  0 0Z59 

Z e ~  2 6  - - 

Goroshko e~ a L  9 -- 

L e v a  *s Z 5 a.=d 4 Sand c a t a l y s t  0 00Z0Z- 
anthraczte  0 03819 

A~r 

COz aLr 
ethane I ~  

COd aLr 
Ar  CI-I. 
town gas  

ALr He 
co~ 

0 36_ )I z~ 
Umf "~ - -  [ D p p B  

Pg 

for Re  

Umf = 0 001Z5 

for Re 

z 

Umf = 0 001Z3 
E ~  

G raph~cal c o t  re la t ion  

Um / = ;z Ar  

pgDp 150 ( i - -  e m f )  

emf~ 

z g Dp~ pg ( p $  - - p g }  ~. 

where  

Ar  = 

for Re 
] 

Um f = 0 00088Dp:  ~ ( ~ s - P g ) ~  8 

pgo ~ ~ 0 6B 

Z9 I 
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l u ~ z i n g  
,~Vle ~ urn , 

'% "¢v'~te I" 

~)2, J i  r .  
H e  

3z, a'- ,  
=, C.~.  

• n g a s  
6 

v 

i 

r. He, 

. . . . . . . .  Pr0~,0sed Co r relat ion 

Graphical  co r re la t /on  

.t 

% ~  ~ p~-p~) ~m.f 5 [ ] 
I + 0. 5 (! - ¢m£) 

for Re <Z 
P 

Um/ = 0. 171 D o (e--~)~ [ gz Ps ~m/s  
P l-~=~ ~ 0 - ~ ) { 1 + o . s ( 1 - ~ ) }  

0. 361 )l. z3 
Urn / = - - -  ( D p P B  

Dg 

for Rep >2 

for ~ep < 20 

U~ = 0, 00125 
DpZ (Ps - PB )o.9 ~g o.~ g 

for gep < $ 

D2 PBm g 
Un. ~ = 0.001~3 , . , ~ '  

for R.ep <13 

G raphigaZ co r relaT/on 

Um ~ = ~ Ar 

pgDp 1so G - ~ = ~ )  + /~ .v5  

¢m¢~ "I~-~ 3 
whe r e 

,A.r -- 

A I, 
/z 

Un~ = 
0.00088 DpL- u ( P s -  P~ )~'~ 8 

pgo.~ p.o.. 

for  Rep <I0 

B75030512a 
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Table Z, Part Z. SOME PUBLISHED CORRELATIONS TO P R E D I C T  ~ U I ~  FLUIDIZA~ 

~ v e s t i g a t o  r "  

Na rasin~uan '9 

B e d  Pa r~c ie  
D i a m e t e r ,  D i a m e t e r ,  F 1 u i d i z i n g  

i n c h e s  F 1 u i d i z e d  SoLids inches IVie diu.,'~. ,.. P ro.vosed C o r r e ~  

(0. z31 sog 
Dp ~g 

[ (l * 2. '.z x ~0" ~ "  

whe re 

N~et Dp U t pg 4, 

D z (p-- 
Fra~tz e 1-12 Ca:alys:, sand 00". 0O018"l 2 l~Z'ethaneAr', and ~" Uz=d = 0. 001065 P Pl 

n'~cxtu r e  of P 
gases j 

Wen and Yu z' 4 G!ass baUs and 0.08- Water ~Tmf = [ ' ~  ] [ /" [ (]J 
• t~,l bans o. as Dg Dp 

D a v i e s  and, -- Cata/ysts -- Air 
Ki cha r d s o n  s 

Ku~ii and 
l.a~vens~el * 4 

whe ~, Dp' o~ ("s - P~ ) 
NGa = pz 

u ~  -- o. OOOTS Dp z (D, - D s ) 

Z 

u ~  = ~ ( p . -  pl)  s t .  
150  /A I 

I. 75 pg 

1 .75  D D PR 150 (1 -- ¢¢ 
~ t ~ ( ~  ~ Um.fz ÷ z 3 

= N '  ( " , -  ! 

51 I 
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Me chum 

~hc r e  

me .  a~d Um£ -- 

Proposed Correlation 

'~a Se $ 

Wal: e r 

4z.gp__ (o.z31 log D 9 ÷ z .4zT) x 

[ (z + .~. 12 ~= iO "s - 0 . 5 5  Na% )I/z _ I ] 

np u. pg /# 

f o r  ~ e p  <3Z 

Um~ = [ i ]  [/{ (33. T) z + 0.0408NG a 

w h e r e  D 3 

~ G a  - ~ ~ . r  

~=~ : o. ooo78 D ;  (Ps - Pg ) g /# 

Z 

150 # 1 --  Czn£ 

£or  R e  <ZO 
P 

c = g eraf 3 
1.75  pg 

1 ,75  Dppg 

f o r  R e  >1000  
P 

i s 0  (z - ¢=~) 
U ~ c z  + z 3 Uzn /  

D z = p ( P ~ - P g )  g 

/4 

f o r  ZO< ~ e p  <1000  

] - s3.7 3 

BTSO30512b 
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Table 2, Part 3. SOME PUBLISHED CORRELATIONS TO PREDICT ,%£1NIMUM FLUIDIZAT 

Bed ~ r t i c l e  
Di~n~ete r.  D i a u ~ t e r .  F l m d i z m g  

I n v e s ' i g a t o r s  inches  F l m d i z e d  Sol ids  roche= M e ~ i u ~  ~>roposec ;.~orl 

1::~Lla.~ ~--,d Z. c) A l - p o w d e r .  i r o n  0.00Z3° A / r  0.000701 
R a j a  Kao ~' p o w d e r ,  sand .  0 .0434  Urr ~ = 

i ~ | y e t y  r ene  

K ~ a r  --rid Z. Z ~I/xZures o f  sa l t .  - -  Ai'r Umf  
~ n  G u ~  '3 sand.  s~q~ar. 

: r~gneT.i le  tr. 
diHe ren t  c o m b - ~ a -  
l ions  

O. O0.~-~,~ Dav  j Pg ' 
= ( 

Dp Ps 

33 I 



8 9 6 4  

""~DICT M/IqlMUM FLUIDIZATION VELOCITY 

Propose~ Cor.-ela~ion 

~. o~.o:ol Dp" ~ p. - p~ ) g 
Umf, -- 

~or Rep <20 

D 0.0054~ :.v Pg( Ds --~g) g ~.~, 
Um ~ ~ ( av ) 

Dp PS /~ ~: 
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T h e  m a t h e m a t i c a l  s i r r ~ l a r i t i e s  b e t w e e n  a f e w  o f  t h e  g e n e r a l l y  u s e d  

c o r r e l a t i o n s  a r e  d i s c u s s e d  in t h e  A p p e n d i x .  

D u r i n g  t h e  p a s t  m o n t h ,  a c o m p u t e r  p r o g r a m  w a s  w r i t t e n  t o  c a l c u l a t e  

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 i e s  us: .ng s o m e  o f  t h e  w e l l - k n o w n  c o r r e l a t i o n s  

and  t o  c o m p a r e  t h e m  w i t h  p u b l i s h e d  d a t a  on  c o a l  a n d  r e l a t e d  xr, a t e r i a / s .  T h e  

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

s h o w n  in  T a b l e  3. T h e  c o m p u t e r  p l o t s  c o m p a r i n g  t h e  c a l c u l a t e d  v a l u e s  w i t h  

t h e  m e a s u r e d  v a l u e s  a r e  s h o w n  i n  F i g u r e s  7 t h r o u g h  11.  S e v e r a l  i n t e r e s t i n g  

o b s e r v a t i o n s  c a n  b e  d r a w n  f r o m  t h e s e  ~ i g u r e s  

I t  c a n  b e  s e e n  t h a t  t h e  c a l c u l a t e d  v a l u e s  f o r  R e  <Z0  u s i n g  F r a n t z  8 a n d  
P 

K t ~ n i i - L e v e n s p i e l ' s  -'4 c o r r e l a t i o n s ,  s b o ~  in  F i g u r e s  7 a n d  8, r e s p e c t i v e l y ,  

s h o w  g o o d  a g r e e m e n t  w i t h  t h e  m e a s u r e d  r ~ _ n i m u r n  f l u i d i z a t i o n  v e l o c i t i e s .  

1! i s  o b v i o u s  f r o m  F i g u r e s  7 a n d  8 t h a t  t h e r e  a r e  c e r t a i n  s e t s  o f  d a t a ,  f o r  

e x a m p l e  t h e  m e a s u r e d  v a l u e s  b y  L e v a  e t  ai . ,  ~6 F e l d m a n ~  e t  al.., 7 J o n e s  e t  a l o ,  I I  

e t c . ,  t h a t  a r e  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  the  c a l c u l a t e d  v a l u e s .  T h e  r e a s o n s  

f o r  " .he i r  d i s c r e p a n c i e s  a r e  d i s c u s s e d  in s u b s e q u e n t  p a r a g r a p h s .  On t h e  o t h e r  

h a n d ,  b o t h  L e v a ' s  I s  a n d  W e n  a n d  Y u ' s  z4 c o r r e l a t i o n s ,  s h o w n  in  F i g u r e s  I 0  

and  9 ,  r e s p e c t i v e l y ,  in  g e n e r a l ,  c a l c u l a t e  a l o w e r  v e l o c i t y  t h a n  the  m e a s u r e d  

d a t a .  T h i s  d i ~ e r e n c e  c a n  b e  e x p l a i n e d  by  c o m p a r i n g  t h e  c o e f f i c i e n t s  o£ 

F r a n t z '  s 8 c o  r r e l a t i o n  w i t h  t h o s e  o£ L e v a  t 5 a n d  W e n  a n d  Y u '  s z4 c o r  r e l a t i o n  

a s  s h o w n  in  t h e  A p p e n d i x .  11 i s  c o n c e i v a b l e  t h a t  t h e  e m p i r i c a l  c o e f f i c i e n t  i n  

F r a n t z ' s  c o r r e l a t i o n  s i s  a d e q u a t e l y  d e s c r i p t i v e  of  t h e  t y p e  o f  s o l i d s  c o n -  

s i d e r e d  i n  h i s  i n v e s t i g a t i o n .  B y  c o m p a r i n g  t h e  c o e H i c i e n t s  o f  t h e  c o r r e l a t i o n s  

a s  s h o w n  in  t h e  A p p e n d i x ,  i t  i s  o ~ - A o u s  t h a t  W e n  a n d  Y u ' s  24 c o r r e l a t i o n  w i l l  

p r e d i c t  a b o u t  42~,  l o w e r  n ~ i n i m t u n  f l u i d i z a t i o n  v e l o c i t y  c o m p a r e d  w i t h  F r a n t z : s  8 

c a l c u l a t e d  v a l u e  f o r  P~ep <Z0.  S i m i l a r l y ,  L e v a ' s  c o r r e l a t i o n  Is  w i l l  r e s u l t  i n  

v ~ : u e s  t h a t  a r e  a b o u t  ~0~, l e s s  t h a n  t h o s e  c a l c u l a t e d  f r o m  F r a n t z ' s  s c o r r e | a -  

l i o n .  T h i s  i m p l i e s  t h a t  t~e  c o e f f i c i e n t s  in  b o t h  L ~ v a ' s  15 a n d  W e n  and  Y u ' s  z4" 

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

t h e i r  c o n ~ . p a r i s o n  w i t h  p u b l i s h e d  d a t a  o n  c o ~ l  a n d  r e l a t e d  m a t e r i a l s .  

E v e n  t h o u g h  F r a n t z ' s  s c o r r e l a t i o n  c o . . ~ p a r e s  w e l l  w i t h  d a t a  f o r  R e p < Z 0 ,  

i t  i s  a p p a r e n t  f r o m  F i g u r e  7 tha= m o s t  o f  t h e  m e a s u r e d  v a l u e s  f o r  R e  > ~ 0  
P 

do  not_ s h o w  g o o d  a g r e e m e n t  w i t h  c a l c u l a t e d  v a l u e s .  B e c a u s e  F r a n t z ' s  s c o r -  

r e l a t i o n  i s  s h o w n  i n  t h e  A p p e n d i x  to b e  g o o d  o n l y  f o r  R e  <~0 ,  t h i s  d i s c ~ e p ' - n c y  
P 

i s  n o t  u n e x p e c t e d .  H o w e v e r ,  i f  t h e  c o e f f i c i e n t  in  W e n  a n d  Y u ' s  z4 c o r r e l a t i o n  
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Table 

InveutlKators,  , 

Agarwal  and 
5 tor row 1 

Leva e t a l .  16 

yen Hee rden 
eL e l .  L~ 

Jones et a l / t  

Cur ran  and 
Gorin s 

Feldmann 
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Tarman eta.___![, zz 

Knowiton tz 
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3. SOURCES O]~' FLUIDIZATION DATA FOR COALS AND RELATED MATERIALS 

J~ed Partlch~ Particle 
Diamutcr, Fluldlzcd Diameter, Density, 

Inches _ ~  _ _ . ~ C J _ _  lbJcu It _ 

l ,  64 Coal O, OI Z,I. ~lZ. H.t 
O. O~,t. 

4,0 Anthrac i t e  O, OD,~- l-~-i ;~3 
0 04 

3.3 5 Coke, 0, 00 17- I 1 .* 
O, 0Z6 

3 Coal, char  0 .0055-  71-BO 
O. O! B? 

l ,  2 Ligni te ,  O. UO/.H- 51 - l ~.  
cha r ,  0,0173 
dolomi te ,  
p e r l c l a s e  

3, 69 Char 0. 0052- 16-2J 
O. I I $  

Z, 5 Side ri te O. 0048- Z4 5 
0. OOB.I 

11.5 Coal, char, 0.0096- "t3-'~45 
li/~nit e, 0, Ol 13 
sider i te 

Incipient Operating 
F i~d i~ed-Bad F|t~ldizing Teznpe refute, 

Vgldlee . 5h I I ~ L . ~ . g . r ~ .  Medium "k" 

Reported as porosity 0.67 A i r  ?0-80 
of  set t led hod 

ReFerred O. 6Z 5 ° l ie,  a i r  70-80 

Rel~oltedas porosi ty 0.6~5 a i|Z* a i r ,  70-80 
of settled hod CO~, Ar  

Reported ao porosity 0.625 s NI 70-80 
ol  settled bed 

Calculated I tem bed Included In the Ha, I1~, CO z 70-80 
expansion data r epor t ed  average 

part ic le dlamele r 

Calculated (rein O, 625 e COz 70-t~0 
se t t led  bed height 

Reported 0.74 A i r ,  CO,t, I1~ ,  70-80 
Freon 

Calculated f rom bed For ~.ua|s (rovn N,~ 70=gO 
expansion data FtB~]re 7 and 

side r i te | tom 
Tern ; an  et a____.ll, 

Operating 
Pra l l t l r e {  

0 

0 

0 

0 

0 

O-IO0 

O-tO00 
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Figure 7. COMPARISON O F  FRANTZ'S CORRELATION WITH MEASURED M/NIMUM 
FLUIDIZATION DATA 

G', 



CO 

, ]k3|  

,E4il 
,I+91 
*I~II 
,1031 
,g551 
,O01I 

-,040~ 
-J~R89 
-*1369 

=... -,~80H 
.: ",J?EH 

-,37fiS 

" '  ",b20~ 
m, -.568~ 

-,hl6II 

-,808H .- ,  
I "~ 48 
"~ -,g527 
~--~ - | ,0007 

~:~ -1,0967 
f~ 01 ,1~47 

-101~Z7 
01,2407 

u. -1.2887 

-1,3R47 

cl -I,~801 
-i,SEE? 
" i ,5766 
-! ,6Z4~ 
-1 ,G726 
- | , 7 2 0 ~  
- i ,768b 
- h 8 1 6 ~  
-I,~64b 
"I,912& 
" 1 , 9 6 0 6  
-2*OOEb 

- Z , l O ~ 6  
"~,1526 

! 
-1,947 

& 

,I A A&* 
J e  

t ~& ~.] .~,&& /4ArERIAL SYMBOL REFERENCE 

L t ~,,.L & . . . . . . . .  / ~ COAL ? AGARWAL AND STORRO~ t 
L ~[ . ~  ANTHRACITE L LEVA eIQI, 16 

• . ~ COKE I VAN NEERDEH el al. ~3 
l /  1 J~ CHAR l JOHE$ el o1." 

L & / LIGNITE -I" CURRAHA"Ho GORIH s 
I. / I ~50~ BURN.OFF CHAff $ CURRAH AHD GORIH s 
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is increased to match the coefficient in Frantz's correlation, s the data cor- 

respondmg to Rep>2-0 match as well with the calculated values as do the data 

points for Re <Z0. This improvement in comparison is conceivable because 
P 

t_he g~neral form of ~Aren and Yu's correlation, shown in Table Z, covers the 

entire range of Rep. 

The Kunii and Levenspie114 correlation, derived more rigorously 

• %'hen compared with other correlations, covers the entire range of Re values. 
P 

The calculated values in Figure 8 are obtained by solving the quadratic equa- 

tion shown in Table 2. Unlike Frantz' s correlation, 8 the Kumi£ and Levensl~el 

correlation 14 shows good agreement even with most of the measured values 

for Re >20. 
P 
The grap~:ca! correi&tion by Zenz, z6 shown in Figure A-l, is developed 

for particulate fltddization of mostly spherical particles and materials like 

glass beads, cracking catalysts, and bau:dte. The bed voidage at incipie,~t 

f!uidization conditions is critical in employing this correlation ~o calc~a%e 

~e minimuan fluidization velocity. The usual lack of such data, as shovnct in 

Table 3, combined with the difficulty of using a graphical procedure makes 

it ]~ard to calculate minimum fluidization velocities ~rithin a narrow range of 

precision . Figure Ii shows that, in general, the calculated values are up 

to 3 tin%as or more greater than the measured values. This deviation is 

attributed to the nonavailabiHty of accurately n%easured bed voidages at in- 

cipient fluidization and the difference in behavior of gas-solid ~luidized beds 

from particulate ~luidization. 

The empirical correlations shown in Table Z can be broadly divided 

into t%vo categories. The =.rst set of equations requires information on the 

density and ~scosity of the +3_uidizing mediu~ul and the density and average 

diameter of fluidized solids. The second set of correlation needs additional 

inforrnation on the shape factor and the incipiently fluidiT-ed-bed voidage to 

estiznate the minimum fluidization velocity. Thus, Frantz, s Wen and Yu, z4 

and Leva's Is correlations belong to the ~irst set while Kunii and Levenspie114 

and Zenz's z6 correlations belong to the second category. 

4Z 
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Z. Evalua~o_n  of Minimum Fluidizatio.n Velo, c£.ty D a t a  

As seen  in the  Append ix ,  the g e n e r a l  f o r m  o f  the  pub l i shed  c o r r e l a t i o n s  

to estiz~ate the mi~murn fluidization velocity can be written as- 

= z. (Ps- Pg) s (A-6) Umf Dp z 

i- 

Un~  is  s e n s i t i v e  t o  the  a v e r a g e  p a r t i c l e  d i a m e t e r  Dp . In coa l  p r o -  

c e s s i n g ,  a wide size distribution of particles is frequently encountered, and 

therefore it is important to calctt~ate an appropriate average diameter. Of 

the different types of average diameters, 4, ty, ze Kurtii and Levenspie1.4 rec- 

ozru~end the use of a mean particle diameter characteristic of the specilqc 

s u r f a c e  a r e a  o f  the m a t e r i a l .  By f u n d a m e n t a l  d e r i v a t i o n ,  t hey  c a l c u l a t e  t h e  

s u r f a c e  m e a n  Far t£cle  d i a m e t e r  as  _ 

= I (,o) Dp ~ X 

i m . pl 

Most of the data used to verify the models, as shown in the Appendix, report 

average particle diameters defined by Equation 10 , except for Leva et aL ,*s 

who calculated a mean diameter using- 

-dp = ~Xi • dp i (11) 
i 

F o r  a g iven  s ize  d i s t r i b u t i o n ,  "d is  g r e a t e r  t h a n  D , and ,  as  a r e s u l t ,  t h e  
P P 

c a l c u l a t e d  m i n i ~ u r n  f l u i d i z a t i o n  v e l o c i t i e s  fo r  a n t h r a c i t e  coa l  r e p o r t e d  by  

L e v a  et  a,].. Is a r e  s i g n i f i c a n t l y  h i g h e r  t han  *-he m e a s u r e d  v a l u e s  a s  shown  in  

F i g u r e s  7 t h r o u g h  I I.  I t  i s  a p p a r e n t  tha t .  i f  the  a v e r a g e  p a r t i c l e  d i a m e t e r s  

for  t h e s e  da ta  a r e  r e c a l c u l a t e d  us ing  E q u a t i o n  10, t he  c o m p a r i s o n  b e t w e e n  

the c a l c u l a t e d  and m e a s u r e d  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 i e s  ~ be i m p r o v e d .  

T o  estin~_ate the  m i n i m u m  £1uidization v e l o c i t y ,  t he  p a r t i c l e  d e n s i t y  o f  

the  f t u id i z ing  so l id s  m u s t  be a c c u r a t e l y  d e t e r m i n e d  wh i l e  t he  dens i t y  o f  t he  

~luidiz ing m e d i u m  i s  not  c r i t i c a l  for  l o w - p r e s s u r e  o p e r a t i o n s .  N e v e r t h e l e s s ,  

in h i g h - p r e s s u r e  f l u i d i z a t i o n ,  the c o r r e c t  d e n s i t y  o f  t he  f lu id iz ing  medium-. 

s h o u l d  be  used ,  

-;3 
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A prec ise  est imat ion of the v i s c o s i t y  of  the f [u id iz ing n~ediurn i s  

essent ial  to calculate the n~n/mum f lu id iza t ion  veloci ty.  In general,  the 

effect of tempera tu re  is much more s ign i f i can t  on v iscos i ty  than pressure.  

~5¢ca~se coal processing involves fluidization ~th mixtures of gases, at 

high temperatures (up %0 Z000°F) and high pressures (up to IZh0 psig), a 

re:i~ble n kethod of estimating viscosity must be used. 

I~ ]5"igures 7 through i0 %ve see that the calculated values using the 

tehtec] co~rel&tions differ signi~cantly from the measured values reported 

by Feldrnann et a_~[. 7 This is autributed to the method by which these investi- 

gators estimate particle density froxn particle size. The fact that the 

pzrticle density decreases ahrupt£y at a particle diameter of about 0.005 in. 

~th decreasing particle size may be unique to the chars used by these 

investigators: The possibility of the interlocking of char particles du=~ng 

fluidization, envisioned by Felda~ann et ai., ~ could very well be an additional 

f~ctor in e~q21~inir-g the deviation of the calculated values from the measured 

vs[Ues. Ho~vev~r, measured values of particle densities of representative 

s~rnples and an appropriate estimate of ~n average particle diameter could 

reset LI better agreement between the co'. r~' ions and the data. 

The COF~D char ~luidization dat~ by Eones et al. n show consistently 

lower calculated values inFigures 7 tb ,h I0. The important reasons for 

this diScrepancy include the segregat of particles by size and the effect 

of he:~ h~ight encountered by these investigators. The segregation of particles 

presented a dif/iculty to 3ones et a____~l. II when they measured the point of incipi- 

ent ~luidization. l%:orking v~ith increasing bed heights, they reported mostly 

increasimg mining_tun/luidization velocity values, %~hich cannot be predicted 

bY %he available correlations. Compounding these problems is ~he possibility 

that the coefficients in the tested correlations may be inadequate in describing 

the ~lui~]/zation system that Jones et al. ** used. 

A problem s£n~ilar to the varying b~d heights is encountered in verifying 

the nsodels for rniniznun~ fluidization with the high-pressure /luidization data 

fro:~n Tm~,~an et al......_~, zz and Knowlton. ,z The tested correlations, being de- 

Veloped ~ron% at -~ "spheric fluidization data, have no provision to adequately 

describe ~lid~z~d beds ol~rating az higher pressures, except in terzns of 

the de~s~.ty of the f~u~dizinE mediun%. For exaxnple, in the experin%ents 

44 
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conduc t ed  by K n o w l t o n ,  Iz even  though  the  f l u i d  d e n s i t y  c h a n g e s  f r o m  abou t  

0.07 to 5 Ib/cu ft, the magnitude of the term (Ps -- •g ) in Equation A-6* does 

not change  s i g n i f c a n t l y ,  in p a r t i c u l a r  f o r  d e n s e  m a t e r i a l s  l ike  s i d e . - i t e .  How- 

e v e r ,  we s ee  f r o m  t h e  r e s u l t s  of  t h e s e  i n v e s t i g a t o r s  tha t  the  i n c i p i e n t - b e d  

vo£dage d e c r e a s e s  w i t h  an i n c r e a s e  in  o p e r a t i n g  p r e s s u r e .  T h e  K u n i i  and  

LeVensp i e l  c o r r e l . a t i o n ,  t4 which i n c l u d e s  the  i n c i p i e n t - b e d  v o i d a g e  i n  a d d i t i o n  

to t he  shape  f a c t o r ,  i l l u s t r a t e s  a b e t t e r  c o m p a r i s o n  with t h e s e  m e a s u r e d  

v a l u e s  in c o n t r a s t  to  the  c o r r e l a t i o n s  d e v e l o p e d  by  L e v a ,  ~s F r a n t z ,  s and  Wen 

and Yu. z4 As e x p l a i n e d  b e f o r e ,  the c a l c u l a t e d  v a l u e s  fo r  T a r m a n  e t  a l .  zz 

and F~uowlton's d a t a  Iz do not  show any  c h a n g e  -~ith p r e s s u r e  when  u s i n g  the  

L e v a ,  Is Y r a n t z ,  s and  Wen and Yu z4 c o r r e l a t i o n s .  H o w e v e r ,  by i n c l u d i n g  bed  

vo idage  a t  i n c i p i e n t  f l u l d i z a t i o n ,  the Kuni i  a n d  L e v e n s p i e l  c o r r e l a t i o n  14 c a l -  

cu l a t e s  a d~_creas ing  m / n i m u m  f lu idiza t ; .on  v e l o c i t y  wi th  i n c r e a s i n g  p r e s s u r e ,  

which  is  £n a g r e e m e n t  wi th  ~.he r e p o r t e d  e x p e r i m e n t a l  da ta .  F r o m  F i g u r e  8 

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

us ing T a r m a n ' s  zz and  Knov, l ton ' s  iz da t a  a r e  ~ ' i th in  e 1 0 ~  of  the  m e a s u r e d  

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 i e s .  

In t h e  p r e s e n t  i n v e s t i g a t i o n ,  the  s h a p e  f a c t o r ,  e v e r  w h e n  i t  w a s  n o t  

ava i lab l~ ,  was  d e t e r m i n e d  f r o m  F i g u r e  IZ,  u s ing  t he  p r o x i m a t e  a n a l y s i s  o f  

coa l .  z W h e n e v e r  t h e  p r o x i m a t e  a n a l y s i s  w a s  not  r e p o r t e d ,  a v a l u e  o f  0 .6Z5 

was a s s i g n e d .  16 T h e  inc ip i en t  f l u i d i z e d - b e d  v o i d a g e  was c a l c u l a t e d  f r o m  the  

r e P o r t e d  p a r t i c l e  a n d  b u l k  d e n s i t i e s ,  when  s u c h  da t a  w e r e  u n a v a i l a b l e .  Th i s  

m e t h o d  o f  c a l c u l a t i n g  m i n i m u m  bed  v o i d a g e  i s  known to r e s u l t  in  v a l u e s  l e s s  

than  the ~nc ip i en t  f l u i d i z e d - b e d  vo idage .  T h e r e f o r e ,  the  i n h e r e n t  d e f i c i e n c i e s  

wi th  such  s o u r c e s  o f  da t a  m u s t  oe r ecogn iz~ .d  in  c o m p a r i n g  t h e m  w i t h  t h e  

Kunii  and L e v e n s p i e l  c o r r e l a t i o n ,  14 w h i c h  i-~ s e n s i t i v e  to shape  f a c t o r  and  the  

bed  vo i dage  a t  t he  o n s e t  of  f l u id i za t i on .  

In F i g u r e  8, t h e  L e v a  et  s/._.__~, da t a  16 on a n t h r a c i t e  show t h e  usua~ high~ r 

c a l c u l a t e d  v a l u e s ,  and  the  da ta  by J o n e s  e t  a l . ,  11 wi th  i n a d e q u a t e  i n f o r m a t i o n  

fo r  us ing  t he  Kun i i  a n d  L e v e n s l ~ e l  c o r r e l a t i o n ,  14 r e s u l t  in  m i n i m u m  f l u i d i z a -  

t i on  v e l o c i t i e s  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h e  m e a s u r e d  v a l u e s .  T h e  d a t a  

r e p o r t e d  by F e l d m a n n  e t  a___!l., 7 do not  i n c l u d e  i n / o r m a t i o n  on  s h a p e  ~ a c t ~ r s .  

See  the  A p p e n d i x .  
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Figure IZ. RELATION BETWEEN SHAPE FACTOR, e, AND PERCENTAGE 
VOLATILE MATTER (d.a.f.) OF COAL z 

H o w e v e r ,  the  combina t ion  of  the  a s s m n e d  value  o~. the  shape  f ac to r  and the 

m e t h o d  d e s c r i b e d  e a r l i e r  to  d e t e r m i n e  the pa r t i c l e  dens i t y  has  r e su l t ed  in 

Calcu la ted  va lues ,  using Lhe Kuni i  and Levensp ie l  c o r r e l a t i o n ,  14 to be  in 

f a i r l y  good a g r e e m e n t  wi~h the m e a s u r e d  va lues  as  shown in F igu re  8 ,  e x c e p t  

f o r  t h e  two points at  v e r y  lo~v m i n i m u m  f lu id iza t ion  v e l o c i t i e s .  

The  ex p e r imen t a l  data on  coke  r epo r t ed  by  van H e e r d e n  z3 contain m o s t  

o£  the r equ i r ed  i n fo rma t ion  and si-~ws exce l len t  a g r e e m e n t  with the Kun!i and 

L e v e n s p i e l  c o r r e l a t i o n  j4 a s  shown  in F i g u r e  8. 

Th~ ca lcu la ted  m i n i m u m  fluidizat ion v e l o c i t i e s  us ing  the F r a n t z  ~ and 

the  K1mii and Levenspie114 c o r r e l a t i o n s  are up to abou t  50% g r e a t e r  thou the 

~ e a s u r e d  data  r e p o r t e d  by C u r r a n  and Gorin  s i o r  m a t e r i a l s  o f  d i f fe ren t  

d e n s i t y .  The ca l cu la t ed  v a l u e s  show b e t t e r  a g r e e m e n t  with the l ighter  m a t e -  

r i a l s  l ike l ignite cha r  and 6 0 ~  c a r b o n  b u r n - o f f  c h a r  c o m p a r e d  with h e a v i e r  

~ t e r i a l s  like dolon~ite and p e r i c l a s e .  It is c o n c e i v a b ! e  ~.hat e i the r  the F h y s i -  

~al. p r o p e r t i e s  o f t h e s ~  so l ids  o r  the e m p i r i c a l  c o e f f i c i e n t s  in the t e s t e d  

~ o r r e l a t i o n s  a re  not a d e q u a t e l y  d e s c r i p t i v e  o~ the  d e n s e  m a t e r i a l s .  

4~ 
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B a s e d  o'~ this ex tens ive  d i s c u s s i o n  compar ing  the p u b l i s h e d  c o r r e l a t i o n s  

with m e a s u r e d  minirnu0m f lu id iza t ion  data ,  ~or coal  and r e l a t e d  xnater ia ls ,  

spec i l ic  r e c o m m e n d a t i o n s  wil l  be  p r o p o s e d  in subsequen t  m o n t h l y  r epo r t s .  

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

B 

D = 
a v  

D f  = 

D = 
P 

l~e = 

P 

Umf = 

U t = 

X = 

( m r  -- 

= 

pg 
PS =" 

P B  = 

Ps = 
a v  

PBm --- 

= 

g e n e r a ! i z e d  shape f a c t o r  

]larx~1onic mean  d i a m e t e r  of  m ix tu re ,  It 

p a r t i c l e  d i a m e t e r  of  a s i e v e d  f rac t ion ,  It 

a v e r a g e  par t i c le  d i a m e t e r ,  ft = 

g rav i t a t i ona l  c o n s t a n t ,  f t / s  z 

(x ~Dr) 

p a r t i c l e  Reyno ld ' s  n u m b e r  = (Dp • Urnf .  p g  / p )  

r ~ u ~ a  f luidizat ion v e l o c i t y ,  f t / s  

te  rrninal  ve loc i ty ,  I t / s  

~ e i g h t  f r ac t ion  of  s i e v e d  p a r t i c l e s  

vo idage  of m i n i m u m  f lu id ized  bed  

shape  fac tor  

dens i ty  of f luidizing gas ,  I b / C F  

p a r t i c l e  dens i ty  of  i lu idiz ing so l ids ,  11)/cu ft 

s e t t l e d  bed dens i ty ,  I b / c u  It 

a r i t h m a t i c  av e r age  dens i ty  of  m ix tu re ,  ~ / c u  ft 

b ed  dens i ty  at m a x i m u m  p o r o s i t y ,  I b / c u  It 

v i s c o s i t y  o£ f luidizing gas ,  I b / f t - s  

4"I  
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r raLa 

In  l a s t  m o n t h ' s  r e p o r t  ( P r o j e c t  8964 J a n u a r y  1975 S t a tu s  R e p o r t )  t he  

fo l l owing  c o r r e c t i o n s  a r e  to  -~a n o t e d :  

I .  

2a 

5. 

4. 

in  T a b l e  2, Z e n z ' s  8 r a p h i c a l  c o r r e l a t i o n  was  m e n t i o n e d  bu~ no t  i n -  
c l u d e d  in the  r e p o r t .  Tk i s  i s  t he  sam-_ c o r r e l a t i o n  g i v e n  in  t h e  
A p p e n d i x  in  t h i s  m o n t h ' s  r e p o r t  ( F i g u r e  A - l ) .  

]n  T a b l e  3, t he  f l u i d i z i n g  m e d i u m  f o r  the  d a t a  o f  J o n e s  e t  aL,  s h o u l d  
be  c h a n g e d  f r o m  " C O  • H z, s t e a m "  to  "Nz. " 

In T a b l e  3, t he  p a r t i c ! ~  d i a m e t e r  r a n g e  f o r  van  H e e r d e n  e t  a l .  ' s  d a t a  
s h o u l d  r e a d  "0 .0037-0.  026 i n c h .  

In T a b l e  3, the  p a r t i c l e  d i a m e t e r  r a n g e  f o r  T a r L n a n  e t  a l .  ' s  da t a  s h o u l d  
be  "0.  0048-0 .  ~ 8 4 "  i n s t e a d  o f  "0.  0048 to  0. 0 0 5 3 "  as  r e p o r t e ~  
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D. CO!M~USTION 

A meeting is planned with Gilbert Associates to discuss this section of 

the data book. 

E r r a t a  

In last month's report (Project 8964/anu~ry 1975 Status Report), the 

particle diaz~eter limit for Equal-ion 4 should read "d > I. 5 znzn" instead 
P 

of "d ~ l. Snuzu" 
P 

E. .CQAL, CI-L%I%. AND .O,ILSHALE PROPERTIES 

i. Data .C0mpila~on 

We c~nferred with Professor "W'. Spackznan and his associates involved 

in work on coal properties at Pennsylvania State University. Our proposed 

use of Penn State's data for a compilation of properties of selected coal 

~aznples (Table ~ in the Project 8964 December 1974 Status Report) was the 

main topic of consideration. 

Penn State people suggested thzt we include the free-swelling index and 

ash-fusibility data in the compilation. Channel and run-of-znine samples 

representing large deposits capable of sustaining a coal conversion plant will 

be selectcd from Penn State's PSOC series for inclusion in the compilation. 

These data ~vil! be augmented by additional information from other sources 

such as U.S. and state geological surveys and %he Bureau of Mines. iDenn 

State ~ endeavor to fill in the missing Gaps in these data to complete the 

coznpilation table by including these samples in its PSOC series. 

Penn State is in the process of verifying its computer record of data 

on its present set of samples. It expects to give us data on samples repre- 

sentiug the 50 largest deposits of its set as soon as possible. We have also 

begun to compile a list of large (~. 109 tons) coal deposits in the United States 

to compare with the Penn State list. This list, prepared from an early 

1950's study, is given in Table 4. 

A schedule of proposed data transznittal, current and f~ature, has been 

r e q u e s t e d  from Penn  State. 
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State 

Colorado 

LIlinois 

Indiana 

.~entuc k-y 

_Montana 

Table 4. COAL DEPOSITS 

County  

Northwest Gunnison 

Central Las .a.nizr~s 

Del t a  

Moffat- R£~ B~.nco 

Roult 

Perry 

SaLine 

Northern Christian 

Macoupin 

Sou~.heaste r n  
M o n t g o m e  ry  

St. Clair 

Sangamon 

Gibson-Fike 

Sul l ivan  

Vande  rb u r g h -  
Warrick 

M u h l e n b e  rg- Mclean 

H o p k i n s -  C h r i s t i a n  

Webster 

Pike 

Ha r l a n -  L e t  che  r 

F l o y d - I V m g o ~ i n  

Mu s s e I s h e l l -  
Y e U o w s t o E e  

Cen t  r a l  R o s e b u d  

S o u t h w e s t e r n  C u s t e r  

R£ c h l a n d -  D a w s o n -  
Wibaux  

Rosebud-Bighorn 

Powder Rive r 

S o u t h e a s t e r n  B i g h o r n  

Southern Rosebud 
Bighcrn 

T r e a s  u r e -  B igho  rn 

Rar_k 

hvCb 

hvAb 

SubA 

hvCb 

hvCb 

hvBb-hvCb 

hvAb- hvBb 

hvCb 

hvCb 

8964 

IN THE UNITED STATES ~ 

R e s e r y e  s Re cove  r a b l e ,  
-~ 10 s ,.,(biUion) tons 

I. 859089 

I .  969641 

0.963276 

2. 347832 

I. 510974 

1. 022846 

O. 801624 

0. 899764 

i .  866784 

hvCb 

hvCb 

hvCb 

hvBb 

hvCb 

1. 

0. 

I. 

I. 

2. 

220676 

919120 

612940 

370877 

084892 

hvCb 

hvBb  

hvBb 

h v A b - h v B b  

hvAb 

hvAb 

hvAb 

1. 

I .  

1. 

0. 

2. 

i. 

1. 

258032 

,,3,4.6 

401016 

784986 

560579 

089054 

0 6 0 8 2 5  

S u b A - S u b B  

S u b B - S u b C  

S u b B - S u b C  

I t  

1. 

1. 

261249 

870758 

307768 

T .i gv.ite 

S u b B - S u b C  

SubC-  L i g n i t e  

SubC 

0 . 8 2 9 6 3 8  

0 . 9 9 7 0 9 0  

1 . 9 5 8 6 1 6  

1 . 5 5 0 3 2 4  

SubC 

SubB-SubC 

1 . 9 2 2 3 3 4  

1 . 0 2 0 7 2 4  
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Table 4, 

State 

2qorth and 
South Dakota 

Ohio 

Pennsylvania 
(Bituminous) 

Utah 

West Virginia 

Wyoming 

Cont. 

8964 

COAL DEPOSITS Ii-~ THE UNITED STATES* 

Reserves Recoverable, 
Cc~ty Rank ~ !,0 9 (bil!ion) tons 

Billings, Stark, Lignite i. Z44!82 
Dunn, Slope, Bov~man 

Williams Lignite 0.7 51758 

Belmont hvAb I. 572850 

%Va shingzon hvAb i. 481944 

Camb ri~ Ivb-mvb I. 586676 

Eastern Armstrong hvAb 0. 76426Z 

Southwestern Indiana hvAb 0.7559Z8 

Central Carbon hvAb-hvCb 0. 795804 

~aleigh Ivb-mvb 0. 998Z07 

Wyong/ng 0.80 56'74 

Mcdowell Ivb-mvb 1. Z 0731Z 

South l~anawha hvAb 0. 870370 

Fayette 

Logan- Wyoming hvAb I. 458191 

Boone- Raleigh mvb-hvAb i. 44_8090 

Central Sweetwate r hvCb 0. 884296 

Source- Ford, Bacon & Davis, Inc., "The Synthetic Liquid Potential 
of the United States, " Summary Report for Bureau o~ Mines, 
Department of the Interior. New York, l%~arch 3, 195Z. 
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Other properties of coal than those selected for compilation were also 

discussed briefly. Penn State is obtaining in/ormation on the mineral matter 

in its PSOC series. Studies on 57 coal samples have already been published-- 

OCR Research and Development Report No. 6__.1, Interixn Report iNo. Z.j Eight 

m a j o r  e l e m e n t s  and Z2. t r a c e  e l e m e n t s  w e r e  d e t e r m i n e d  i n  t h e s e  s a m p l e s .  

In a d d i t i o n ,  s e m i q u a n t i t a t i v e  m i n e r a l o g i c z . l  a n a l y s e s  w e r e  r e p o r t e d .  

Dr. Frank Vastola furnished information on the Penn State computer 

bank o f  literature on carbon and associated materials. Literature on coal, 

starting with 1973 and 1974, is being added to the bank and is expected to be 

read 7 in April. We have requested bibliographical information on gasifica- 

tion reactivity, specific heat, and thermal conductivity of coal, coke, and 

char from this service. 

We discussed the type o£ char data that can be included in the data book 

with Dr. Phil Walker. He pointed out the difficulties involved in obt ~aining 

genera I. char data since char properties depend on the history of char. This 

includes method of preparation, temperature, atmosphere, and residence 

time of the process, as well as the starting material. The possibility o5 m" - 

cluding properties of "standard" chars produced in various conversion pro- 

cesses was discussed. This may also prove to be difficult because the oper- 

ating parameters required to characterize the char may not be available. 

Z. Heats of Combustion of Chars 

In the course of analyzing chars obtained from the different stages of 

HYGAS ® ope.~ation, we have the ultimate analyses and heats o£ combustion for 

124 samples of chars from a single lignite source. The composition ranges 

of the chars and the average composition of the original coal are as follows: 

C h a r ( R a n £ ~  
wt% 

Original Coal (Av£) 

Ash 13-51 II. 6 

C 46-78 61.3 

H 0.4-4 3.7 

S 0.05-1.1 1.0 

1N O.Z-I. 3 1 . 0  

O (by di//e rence) 1.5-13 36 

C (conversion) 10-85 0 

Hea t  o f  C o m b u s t i o n ,  
]Stu/ lb 6 ,800-12 ,800  10,000 
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The calculation of the heat of combustion from the char compoai~on is 

necessary in t h e  design of coal gasification systems. Therefore, the ac- 

curacy of some correlations that have;been used for coals was tested with 

these chars. The four expressions u~ed were as follows: 

Mott and S p o o n e r l  

I--I c = 144.54C + 610. ZH + 40.5S- 62.50 

Dulong I 

H = iz~5.44C + 6Z0. Z8H + 40.5S -- 77.540 
c 

B o i e  z 

H = 151.ZC + 499.8H + 45.0S +Z7N- 47.70 
c 

Grum~=l and Davies 1 

H c = [654. 3 H/(100 -- ash) +4Z4.6Z] (C/3 + H--O/3 + S/8) 

I n  t h e  a b o v e ,  H i s  t h e  g r o s s  h e a t  o f  c o m b u s t i o n  i n  B t u / l b ,  a n d  t h e  
c 

c o m p o s i t i o n  i s  e x p r e s s e d  i n  w e i g h t  p e r c e n t .  I n  t h e  f o l l o w i n g  t a b l e ,  t h e  

accuracy of these correlations v¢hen applied ~o lignite chars, are compared. 

A v e  r a g  e S t a n d a  r d  
D e v i a t i o n ,  C o r r e c t i o n  D e v i a t i o n  

B t u / l b  T e r m  A/~e  r C o  r r e  c t i o n  

!~ott and Spooner I 113 --70 79 

Dulong ~ iZ7 --59 I01 

Boie z 362 --36Z 88 

G runuznel and Davie s i 84 +Z3 80 

Used as is, that of Grurm~el and Davies I has the lowest average 

devia~.on. In the others, consistent deviations account for a significant 

portion of the observed deviations. The correction terms indicated, if 

applied to the calculated value= make the uncertainty o2 the other correla- 

tions comparable vtith that of GruE0_rnel and Davies t as shown in the standard 

deviations. 

Sin~ple modification of any of the above correlations by the addition of 

]/near composition terms (such as changes in the coefficients of the above 

¢orrelation~) results in expressions with a standard deviation of about 70 

Btu/ib. Other modi/ications are being eval-.,ated for a more signi~cant im- 

provement in accuracy. The contribution of the uncertainty in the %11tirnate 
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analysis toward limiting the accuracy of these correlations is also being 

exaEnined. 

Refe_ r e n c e s  C i t ed  

I. $e lv ig ,  W. A. and Gibson,  F.  H.,  "Calor££ic  Value o£ C o a l , "  in  L o w r y ,  
I-L H . ,  E d . ,  C h e m i s t r y  of C o a l  U t i l i z a t i on ,  Vol. 1,  139. New York:  
Jo~..~ "W'i~ey, 1945. 

Z. van Krevelen, D. W., Coal, 416. Amsterdam: Elsevier, 1961. 

F. I~LS CEL LANECUS 

Letters were sent out to various people involved in gasification studies 

for kinetic or other data that they may have that could be included in the data 

book. A sample of presentation of IGT data was also included as an exaxnple. 

A list cf persons contacted and the responses received so far are given 

in T a b l e  5. 

IV. Patent Status 

The work performed during February is not considered patentable. 

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

Data  c o l l e c t i o n  and c o r r e l a t i o n  w£II be con t inued  in the  s e i e c t e d  h i g h -  

p r i o r i t y  a r e a s .  

We will  m e e t  i n  iv£arch wi th  G i l b e r t  A s s o c i a t e s  ( c o n c e r n i n g  i l .u idized-  

bed c o m b u s t i o n ,  l o w - B t u  g a s i f i c a t i o n ,  and IVI_HD), the B u r e a u  o f  Mines  in 

P i t t s b u r g h ,  R a l p h  M. P a r s o n s  Co. ,  and F l u o r  E n g i n e e r s  and  C o n s t r u c t o r s ,  

inc .  ( c o n c e r n i n g  l i que fac t ion )  to ge t  t h e i r  inputs  in t h e i r  r e s p e c t i v e  a r e a s  o f  

expe r t i s e .  

° .  

A p p r o v e d  - ~ ~, 

W, W. B o d l e ,  D i r e c t o r  
P r o c e s s  A n a l y s i s  

S igned  

A~ T a l w a l k a r ,  C o o r d i n a t o r ,  
P r o c e  s s Data  
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Table 5. LIST OF PEOPLE CONTACTED 
INVOLVED IN GASIFICATION STUDY 

8964 

Name 

M r .  Bob Grace  

M r .  A. 3, F o r n e y  

C=m~ny 

Bituminous  Coa l  R e s e a r c h .  inc .  

U.S .  Depar t rnenl  of the ~"*-.rior 

M r .  R. J. Bel t  

M r .  George  Curx'an 

Dr .  Alan Sass  

D~. 3. F .  3ones 

Dr .  R. T r a c y  Eddinger  

D r .  W. I~. G o l d b e r g e r  

Dr .  George  T.  S'~aperdats 

Morgantov-'n Energy Rese;Lreh 
C e n t e r  

CONOCO Coal  Developmen~ 
C o m p a n y  

G a r r e t t  Resea rch  & De~-eloprnent 
Company 

F M C  C o r p o ~ i o r ,  

FMC Cot'po rat ion 

B a t t e l l e  MernoH-~l Ins t i tu te  

The M. W. Kellogg Company 

M r .  F r a n k  Cannon K o p p e r s  Co . .  Inc.  

M r .  Ronald J.  M e G a r v e y  Appl i ed  Technolo~T C o r p o r a t i o n  

M r .  Denn is  ~ s t l a ~ d  D a v y  P o w e r  Gas 

Mr.  Richard  3. Ruthe r fo rd  Ri ley  S toker  C o r p o r a t i o n  

l~ r .  Pau l  Rudolph Lurg i  Minera lo l t echn ik .  GmbH 

Re.~onse 

Agreed  to ~ sugge.~ed 
d i scuss i on  mee t ing  

Work i n  gasL~ca r i on  
k i n e t i c s  a r e a  no~ 
p r o g r e s s e d  ~;~ffie~en~! F 
for  da ta  book pe r s e n t ~ t l on  

Data ~ot -~va;labte in 
su i tab le  fo rm 

R e f e r r e d  to  OCR 
Resea rch  a n d  D e v e l o p -  
m e n t  Rel~oz~ No. 38. 
Subsequent ~ 'ork  
not ava iL~bIe  fo r  
d i s semina t ion  

IGT l~'cter f o r w a r d e d  
to L a k e l a n d  o f f i c e  f o r  
c o m m e n t s  
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A P P E N D I X .  C o m p a r i s o n  o f  Some P u b L i s h e d  Co ~" r e l a t i o n s  f o r  
C a l c u l a t i n g  ~ ~ F l u i d i z ~ . i o n  V e l o c i t i e s  

The  g e n e r a l l y  u sed  c o r r e l a t i o n s  to c a l c u l a t e  m / h i m =  f l m d i z a t i o n  

v e l o c i t y  t a r e  s i m p l i f i e d  and  surru=~a1"ized be low:  

D ; ,  Iz ( P s - - P E )  °'~4 g 

p o . ,  ~6 . * .  

L ~ v a ' s  Corre la te .on:  zs 

U m £  ~. O. C4)088 (A-l) 

F r a n t = ' s  Correlation: ~ 

umf : o. oeJo6s vp ~ (~s-Pg) g (A-Z) 

Wen atnd Yu ' s  C o r r e l a t i o n :  ;4 
(~or Re <Z0) 

P 

%.. : o.ooo61 ~ :  (P*-  p~) g (A-3) 

K~,--nii and  L e v e n s p i e I ' s  
C o r  r e l a t i o n :  ;4 
( io r  Re <Z0) 

u,~ = o.oo6~ ( A - 4 )  

(x - ern f ) 

In the  g r a p h i c a l  c o r r e l a t i o n  pub l i shed  by  Z e u z ,  z s h o w n  in F i g u r e  A - I ,  

z ) I13 equa l  to  I0,  can  be  the  c o n s t a n t  vo idage  Lines up  to  iog n (C D - R e p  

a s s i g n e d  a s lope  o f  abou£ 2 . 0 .  F o r  t h i s  r eg ion ,  t h e  re la t ior~ship b e t w e e n  the  

c c o r d i x ~ t e s  can  be sLmpliJSed to  the  fo l lowing f o r m :  

U = d  

~'~e r ";- i s  a c o n s t a n t  d e p e n d e n t  on the  n u i d i z e d - b e d  vo idage .  

(.~- 5) 

41" 
See P r o j e c t  8964 J a n u a r y  197S S ta tus  R e p o r t .  
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Figure A-I. MODIFIED PLOT OF DI%AG COEFFICIENT FOR SEDIMENTATION; 
FLUIDIZATTON AND WIND TUNNEL TESTS OF SINGLE P.A-W.TICLES AND 

SUSPENSIONS z6 
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It c an  be  s e e n  t h a t  E q u a t i o n s  A - I  t h r o u g h  A - 5  a r e  o f  the  s a m e  g e n e r a l  

f o r m  g iven  by  - 

" Dp" (ps - pg ) .g  (A-S) 
Umf = 

and d i f f e r  by  the  v a l u e  o f  t h e i r  c o e f f i c i e n t s .  I t  i s  c o n c e i v a b l e  t h a t  t h e s e  

c o e f f i c i e n t s  w e r e  d e s c r i p t i v e  of  the  p h y s i c a l  s y s t e m s  t e s t e d  by i n d i v i d u a l  

i n v e s t i g a t o r s .  B e c a u s e  E q u a t i o n s  ~ - I ,  A - 2 ,  A - 3 ,  and A - 4  w a t c h  Kun i i  

and L e v e n s p i e l ' s  c o r r e l a t i o n  fo r  Re <Z0, we  c a n  c o n c i u d e  t h a t  t he  c o r r e s -  
P 

ponding c o r r e l a t i o n s  a r e  s a t i s f a c t o r i l y  d e s c r i p t i v e  of  a f l u i d i z e d  b e d  up  t o  

a p a r t i c l e  R e y n o l d ' s  nu~_be r  o f  20. 

~lqote: R e f e r e n c e s  f.~r t he  A p p e n d i x  a r e  l i s t e d  a t  t he  end o f  t he  s e c t i o n ,  
"C.  F L U L D I Z A T I O N ,  " in the  m a i n  b o d y  o f  t h i s  r e p o r t .  ] 
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