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SECTION I I I .  TASK 3. COMPREHENSIVE MODEL DEVELOPMENT A~D EVALUATION 

Objectives 

The objective of this task is to integrate advanced chemistry and physic~ 

submodels into a comprehensive two-dimensional model of entrained-flow re~ctor~ 

(PCGC-2) and to evaluate the model by comparing with data from well-documented 

experiments. Approaches for the comprehensive modeling of fixed-bed reactors 

will also be reviewed and evaluated and an ini t ia l  framework for a comprehensive 

fixed-bed code will be employed after submission of a detailed test plan (Sub task 

3.b). 

Task Ou%line 

This task will be performed in three subtasks. The f i r s t  covering the FuTl 

60, months of the program will be devoted to the development of the entrained- 

bed code, The second subtask for fixed-bed reactors wil l  be divided into two 

parts. The f i rs t  part of 12 months will be devoted to reviewing the state-of- 

the-art in fixed-bed reactors. This will lead to the development of the research 

plan for fixed-bed reactors. After approval of the research plan, the code 

development would occupy the remaining 45 months of the program. The third 

subtask to generalize the entrained-bed code to fuels other than dry pulverized 

coal would be performed during the last 24 months of the program. 
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I I I . A .  SUBTASK 3.A. INTEGRATION OF ADVANCED SUBMODELS 

iNTO ENTRAINED-FLOW CODE, WITH EVALUATION AND DOCUMENTATION 

Senior Invest igators  - B. Scott Brewster and L. Douglas Smoot 

Brigham Young Univers i ty  

Provo, UT 84602 

(80!) 378-62a0 and 4326 

Research Assistants Susana K. Berrondo and Gregg Shipp 

0b~ectives 

The objeczives of th i s  subtask are 1) to improve an ex i s t i ng  2-D code 

(~CGC-2) fo r  enZrained coal combustion and gas i f i ca t i on  to be more general ly 

aDD]icabie to va r ia t ion  in coal rank and operating condit ions by incorporat ing 

advanced coal chemistry submodels, advanced numerical methods, and an advanced 

pol]uzanz submodel fo r  both su l f u r  and ni t rogen species, and 2) to va l idate 

zhe improved code. The improved code should be use r - f r i end ly  and operate with 

reasonable run-zimes on a desk-top, engineering workstat ion.  

Approach 

The approach being fullowed is to 1) incorporate and evaluate advanced, 

coal-gemeral and pollutant submodels being developed under Task 2 into PCGC-?, 

2) imprcve doge robustness and user- f r iendl iness,  and 3) implement the 

improved code on a workstat ion with a graphical user in ter face.  

Accomplishmenzs during the last quarter are described below. 

Accomplishments 

WOrk continued on the integration and evaluation of the FG-DVC submodel 

in PCGC-2 and on improving code robustness. Work was also i n i t i a ted  on 

developing a graphical user interface. 

Tnteqrat ion and Eveluation of the. FG-DVq Submod~l 

syszematic approac' was out l ined in the 10th Quarter ly Report (Solomon 

e: a l . .  !989) for  improving the FG-DVC submodel i n teg ra t i on .  This approach 

ca l l s  f o r  invesz igaz ing  the r e l a t i v e  e f fec ts  of v a r i a b i l i t y  in of fgas 

compo~izion and enthalpy ~n order to determine the need for  mu l t i p le  so l ids  
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>,~--er~:=~= . . . .  v a r i a b l e s  S ~ e c ! f i c a l l v . ,  p rev ious  c a l c u l a t i o n s  ("~Dorted.. in zne ~:~ 

~ u a r z e r i v  Repor t .  Solomon eL a l . ,  i 988 )  demonszra t lng  Z~e s i g n i f i c a n c e  of 

seDaraze i y  z r a c k i n c  coal v o i a z i l e s  and char o:.:iC~=iOn o f f g ~ s  were to b? 

re~eazec w i t h  zne ~G-~VC submo~el an~ f u l l  energy ecuazlon s o l u t i o n .  The~e 

c ~ i c u l a z l o n s  were i n i z i a = e d  ~ u r i n g  ~ne pas t  Q u a f f e r .  Problems v.,~:r~ 

:ncounzerec  in  -^~= -~ , --~ r -  nG l co~e , ~  . - -  - - ~ I . .  . .~n~e,==n_:.  a severa changes h~ve b_~n ~IIS~ 

"~A :n -~nes:- chances_ . a con,,ergeC s o i u z i o n  ha~_ been o~za~seo ' f c r  the case o~ 

single solids orc~ress variable wizn the FG-DVC summoCei an~ a fu l l  en,:trC:,, 

oscar !on s o l u : i o n .  The r=su lzs  of  :n~S c a l c u l a t i o n  ~ i ~ i  ~e re~orzed in zh~ 

net<= c u a r z e r l y  f a d e r , ,  a f=er  resu i=s  f o r  zne t ~ O - s o l i d s - ~ r o g r e s s - ~ a r i a b i e  c,;se 

have Gee~ cb=aineo f o r  COmparison. 

v,.-  c f  Zne . . .ems e rcoun te red  du r i ng  tn:e past  Quar te r  i s  ~n& t Lh:~ 

res':'~ua, char f rac%icn  c a l c J ! a , e d  by ~ e  FG-DVC submodel dfC ncz seem ~o m.-Lzc', 

,~e res'=ual char -rac-ioq c~icula~.ed by PCGC-2. !~ was ~,QOugmZ r.h~?. ~,-hiZ. 

- ign- ce related Zc the freciuency of call ing the FG-DVC submodel, o" to Lhe 

"aCt that ~CGC-2 uses a p~d ic 'o r -co r rec to r  ~eezhod for cal.-ula-.imc Zca 

• :~'-DVC can on ly  be c ~ i l e d  once f o r  e~Ch L~r~ -.-r;~Ci~ zrajer=orv ,v~h=-~as . 

.~'_ep. Howeve-. c a i l  i.ng FG-~VC az every  t ime sZep ~n~ us ing a s imp le  Euler  

mezncc i ~, PCGC-2 mim no- seem to a f f e c t  %h~ -~ r e s u l t ,  and t h i s  problem ;s ~ ; ~ i l  

- ~ r  " " • . D o , .  W l ' C m  e>: : r m n e O u  _-, u~..: i ' ; v e s , ~ c a , ~ c n  A s=reaml ineC v e r s i o n  nf  FG- ' ' .  " ' - 

.zar~abies removed f rom the code. i s  expected from AFR ne:.:z Q u a r t e r .  art'; the 

c a l c u l a t i o n  o f  r e s i d u a l  ~nar f rac~ . ion  w i l l  be i n v e s t i g a t e d  ~o:izn :h£ ~ n r , :  

submocel code v e r s i o n .  

~,~n.lnued 9n the s i m u l a t i o n  c f  the t r a n s p a r e n t - w a l l  r : a c . ~ r  ~t ::.=~i 

fo ~ su~;.o~el evaluation. T~e goal is to develop ~ def in i t i ve  comparison, 

: s . .  on experimental data. cf the FG-DVC submCdel w;th ocher devoiatiliz~Lion 

submodels. PrevioL~s reports have described the comparison of simul~;ior, 

results with experimental data. Predictions assuming turbulent flow. baseQ on 

~n assumed i n l e t  zu rbu i~  = inzens i  o f  !0 ~ _ .nc .  ~y percent  have shown aood amre~mer:t 

,.,izn tme data f o r  comu~s:,on of Montana Rosebud coal even thOuoh th= - ~ : r r - r  

was p-eviously thought to be l~miner. These c~Icui~tions h~ve been rerp~.~L#z[ 

wiZi~ assumem intensit ies of 5 and !5 percent to see the effecz of the aS~L~T~.'J 

i n t e n s i t y .  The r e s u l t s  are shown in  F igure  I I Z . A - L .  ~ r e ~ i c z i o n s  ~ssumln,~ 

;~ re  l am inar  f ] o ~  are a lso  shown f o r  comparison. The FG-DVC submo~e :.z~s u.;~c: 

f ~ r  :me d e v o i a z ! l i z a t i c n  ra ,e  in these c a l c u l a t i o n s ,  and e x p e r i m e n ~  d~ta ~re 

~iso shown. 
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Tne resu l%s in ~ i g u r e  .~'- ' I .A-! snow t h - ~  -he  co2e p-e~iC. ' . ions ~re 

g e r e r a ! l y  s e n s i t i v e  ;o ~ne ass,~me'J %~rbulence i n ; e n s i ~ y .  The l o c ~ i o n  5-,- ~.he 

f a m e  f r on  ~ . is  r,,O% s e n s i t i v e  ,Co ~ur~,~ie,~ce .n tens i%y :  however ,  i ;  is ~en,~i_:ve 

zo who-her  zhe f~,ow is ; u r b u ' e n ~  or  laminar .  The zempera ture  #~t~ ~gre~ more 

c' . ,oseiv w i t h  the  - u r D L l e n -  ~_.~e~iczions. The s i n g l e  oa,'.a ~oin~. f o r  ~ r n c , , - -  

agrees equa l - y  we l l  , ~ ,  the !~min~.r p r e d i c t i o n  an~ ~he zu r~u len~  ~ rec i c - . i on  

wlZh 5 :e ' - cen -  i s l e -  i n z e n ~ y .  T~ ~s conc',,uce'~, ~esed o n  zna t e m ~ r ~ , ~ r e  

com~a, ' i scns ,  ~h~t ;~r,~u'em~ m;:.:ing ~s p l ~ y i n g  an i m p o r t a n t  r o l e  ~.m ~.he 

r e ~ - ~ r  a .~d f u e u r  = e f f o r ' . s  , . ; i l l  focus or, ,:s, inc  ~ - 2  ~s ~ ~oc~ ,'_c, h,-~L: 

mcc i=y  ~,~e " r e a c - c r  geome; ry  a n d / o r  c o n d i t i o n s  ~o a c h i e v e  ~amlmar f iG',. .  

Lami~- r  f~O',z ca;~ womld pro,;i~-~ a use fu l  e , , a l u ~ i o m  of the  s~br:,Odel ~ .... :: '  

~ne u~ce~-.a~m-ie.  -- a s s o c i a t e d  w l ; h  ~urbu lence wouIQ ~e ~msem~. A c ~ : , ~ i ~ a i  

"~ -~ : '~ -~c~s wi l~ a ls~ ~e c a r d i a c  ou;  f o r  a d i f f e r e n ~  COal. e . g .  P i ~ t s b ~ r ~  ~;o. 

S. 

Code mm~,, " m~ 

~.,.,~n_r ~rob~em encoun~erec GL:rina_ the ~ S Z  Qua r t e r  ~S Z h ~  Lhe r~-_,~,. . . . . . . .  

~ _ m ~ : ,  was never  c a l l e d  f o r  s m a l l e r  p a r t i c l e s  t h a t  e>:per ience pe r i ods  c:~ 

':e~y low (o r  eves n e g a t i v e )  heaz !ng  ra te  pr io~ to o e v o i a ~ i ! i z a ~ i o n .  Tne~e 

marz:~ies,~ we-=. neared zo h i g h  tempe.a~ures (2000 ~"' and p~ssea compl~e' :L,  

%mro~gr %me t e a t ; o r  w i t houz  r e a c ~ i r g .  Small ~ , a r t i c l e s  e z p e r i e n c e  ~er iods  ,l,- 

ve ry  ~cw cr  n e g a t i v e  h e a t i n g  r a t e  when the i n i t i a l  s o l i d s  t empe ra tu re  iL 

s i g n i f i c a n t l y  less than ,~hat of the  gas. In t h i s  case.  ;no tempera ture  of  ~he 

gas mecreases p r i o r  ;o ~he f lame f r o n t  because the  p a r t i c l e s  act  a~ a h ~ -  

s~nk. S ince the  thermal r e l a x a t i o n  t ime is small f o r  the  sma l i e r  p~r~ ic '~ :S.  

Zne ! r  temoerazbre  ~ n i z i a l l y  i n c r e a s e s  as they ach ieve thermal  eQui~ ibr lum ~.:~cn 

~he gas,  ~nen ~ecreases as t he  " " "  ~ e m p e r ~ u r .  o f  %he gas Gecreases f u r ; n o r ,  ane 

he., i t ~ nc reases  as ~he f l ame  f r o n t  iS approached.  The nea r i ng  ~ac~ i~ 

~ h e r e f o r e  l a r c e  i n i t i a l l y  then Cecreases ant goes n e g a t i v e ,  an~ ti~en ~ - ~ - - , -  

l a r g e  aga in .  The t ime s tep  f o r  c a l l i n g  ~he FG-DVC sabmodel i s  ca lcu l~ :e ,~  i r  

. ~ , . - _  assuming : h a ;  ~he p a r t i  ~ c ,~ temoera%ure i n c r e a s e s  mono~or, i c a l l y .  ~;i~h ,: 

= a i r ; y  cans ;an :  hea t i ng  r a t e .  In the  c~se of the sm~ll  par~ icTe~ en~erim~ :,-:e 

re~ r : - r _  ~ a :  ~ ~em~era~ure c o l d e r  than the Qas._ a v e r y  l a r g e  ~ime ~ - ~ ' : " i .  ~ : ,  ,~ 

t ] ~  r ~ ,  ~ . . . . .  zhan t h e  r e s i C e n c e  ~ime of  the p a r t i c l e s  in  -~= r : ~ c = . r , "  ~,-l~S 

r=~cu~%e~., w~en the hea~ing ra~e became close to ze ro .  ~n~ Z!'~ FG-OVC ~u.,.,~,e~~ ~m,-' 

was neve~ c a l ' e d .  

A r ~''~u~. method Of d e t e r m i n i n g  the t~me i n t e r v a l  fC~ C ~ l i n g .  *~.,. F~-~J;Z 

;~;mC ~,.. has no~ ~ee~ Ca;ermined .  Fur thermore,  i t  i~ no t  ~. . . . . . .  ~,~,, how fr~;;_,,~,;,'.~-" 
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:he submode! ~hou!d be ca! led fo r  s u i t a o l e  accuracy. For t he  t ime being.  :he 

sub~odel i s  be ing ca3!ed at every  t ime step in the i n t e g r a t i o n  of  zhe 

Lagrangian parZ ic~e equat ions .  The cpu t ime consumed by c a l l i n g  the submodel 

zn is  f r e q u e n t l y  does noz ~ee~ to be excess ive ,  but c o n s i d e r a z i o n  to improving 
" ~m g i  a~ the e f f i c i e n c y  w i l l  ~_ yen . a l a t e r  date.  

5nervy E~uatgon 

A s~,bzle problem in z~e use o f  the f u l l  energy equa=ion o p t i o n  became 

amparenz du r i ng  zhe l a s t  qua~zer anG was p a r ~ i a l i y  so lved.  The p rob le~  became 

a~parenz when !z was not iced =hat PCGC-2 was aztempt ing to ~OOk up values i~ 

zhe gas p h y s i c a l  p rooe r t ! es  t ab le  thaz were at  zemDeratures much lower (as 

m~ch a~ 20C degrees Ke l v i n ;  than the lowest  temperature e n t e r i n g  the reac to r  

~300 K~. Of course ,  SUCh tempera tu res  are p h y s i c a l l y  u n r e a s o n a b l e .  The 

=rob~em is abbarent~y causem by an approx imat ion  in  the mezhod f o r  ca l cu iaz ing  

the t ime-average ~ rope r t i es  of  the gas as a f unc t i on  of  the l oca l  compos i t ion .  

e~ha~my, ard :~ r=u ience .  

Fcr an:/ v a - i a b l e  ~. the ~ ime-averaged va lue # i s  c a l c u l a t e d  by 

i n ~ g r ~ z i n g  zne inszancane=us va i~e  over zhe j o i n t  p r o b a b i l i t y  d e n s i t y  

%~cz ion of  the i n l e t  gas mix ture  f racz~on f ,  the coal gas m i x t u r e  f r a c t i o n  ~, 

an~ ~e en=halpy h: 

~ :  ~ f~V,~,h)~(T,TI, h)~TO~ dh 
( ! i I . A - I )  

The t i ~ca  (~) represen ts  Favre averag ing  over t ime (we igh ted  w i t h  d e n s i t y ) .  

The entha:py  is  p a r t i t i o n e d  ~nto the en tha lpy  h a which is  a f u n c t i o n  on ly  o= 

=he mix!mg, a"c the res i dua l  enzna lpy  hr (e f feczs  og r a d i a t i o n ,  expansion 

wo:'k, ga~- to -mar t~c ]e  ccnve=zlon, and n o n - a d i a b a t i c  boundary c o n d i t i o n s ) :  

( I ! l  .A-2) 

n:, hp. and h s are ?.~e en.'h.:'.'D~eS o f  ,.he pure coa~ o f f gas ,  pr :m~rv  . ,  . 

. : ~ -n~ -~ .  ~ • ,u~., Of ,".~ are assu~e~ sma ,~, . . u , ~ . y  ; a s ,  : 'es:.ect ' :ve~v I f  =he f l u c t u a ~  ~ : " 

corn;areal wizh z~e e~fec ts  o- zhe f3sczua- . ions of  ha, zhen E q u a t i o r  I i ' . A - !  

~ £- c o.'t,,e .% 



w h e r e  hr  i s  C O n S t a n t  r e l a t i v e  t o  ~h~ f l u c t u a t i o n s  i n  f ~nG ~ .  

i " "  A - '  , w= - " " ~;m~ a nr ,c~e ÷ i ; , . i ~  . . . .  ,, . r =  (zp. ~ s ,  mc.  and ~! r e p r e s e n ~  t h e  T r a c t ; o n  o f  ' "  - . 

~'. s t a t e  v .cu ;c  se~ ~ u r e  pr-,m,~-v, mas. , . . . .  , ~ ,  =. seconc~-~r.,', ga-~. nu~_ . COal Of-, '- '~S , a r c  

.~ure ~n~=-  c=.s CnO CO~ o = f g a S ) ,  r e s c ~ z c t i v e ! y .  H i s t o r i - a i i y ,  ,% h~s ~£~-, 

a~.zuec zr .az ~.erm:~ r e p r e s e n z i n c  p u r e  D r i m a r y ,  s e c o n d a r y ,  c,r coo3 c f f g ~ s  (~c;~.  

- - [ . A - ' , ' ,  .~ . and ~.. r e s ~ e c . - . i v e ! y )  S h O u ~  be e"~luatE'C,~, a~; nr=O ~ _ . . ~ : : ~  ~'- Z,'=-, 

ec ' r - ieS w ~ l l  o c c u r  o n l y  n e a r  the i n ] a t  ant; w i l ~  h a v e  hod l i t t l e  c h a n c e  ?.a ~ < r ,  

~ ] .~se r . ~ :  f r o m  zKe . . . . .  ~ . ~ "  . . . . r . . . .  : ... . .  .-~ . . . . .  c.incs Hence h shaul ~ ecual n a fo these ,=u,.-es. 

T~i~ has _~een the ~ssu~= io~  used in PCGC-2. Ho>~ever, ,~ s i m i l a r  ~rg~,,=_n: 

COL-'-" a~so . . . . .  ~= "'~'~u~. for %me other terms involving_ incomp~eze mi"~'g..,, I~ .e  . E ~ .  

A . a~s 9:  ~. ~,n~ : . ~ . ,  w i th ,  ~ncompi~,.~ mi;.;inm_ h ~  p r o b a b l , ,  hod ] i ~ : - ~ e  

• 's - "  p.',' = : - , e r ~ a : .  ".:nt- '_r~c~O,n ~¢!=,n . ~ s  e n v ; r o ~ m e n z  ~r:d p r o ~ b ] y  h~.S an ~n: ,  ,~, ~ u ~  -,:, 

Eva' , ' : , ' inc  " ~ -  terms in  E~uations A-:, 8 and 9 a.'. h.=O reduce,- ~,'_- 

nu~%er  C4 ,'.~mes %he p h y s i c a l  p r o p e r t i e s  - ~ l e  , ;~s acces.~ed ~ t  ~ n r e a s o n a ~ ' y  "o'...' 

z e m ~ e r a = ~ r e s ,  Du% d i d  n o t  e l l  ~ - ~ - ~  m . . . . . . .  t h e m .  Some u n r e a s o n a b l e  a t z e m _ ~ s  ,~re ,~Je 

:C  t h e  , z e r -  r ~ - ~ = ~ n ~ ' n =  f u l l y  ,-,,ixec f l u ! c~  ~ , ~ u ~ i o ~  11 ~ " ~" w h i  

m o s t  i m z o r ~ r :  t e  -.~ ,A ~ u i t a b ] e  m e t h o d  ~ e , : ~ l u a ~ i n ~  t h i s  , -~-~ , x i t h o u :  -_,~:,:~ 

a c c e s s e s  ~ .  u : r e ~ s o n a b l e  ~ - , , ~ - ~ :  " ' ==m~,~zures h~s no,= been TOU~12. DuZ the COrtr~Z,u'Lio:~ 

: o  : h e  v a l u e  o ,~ t h e  t e r m  by  ~ o o e r t i e s  .~cces~ed a t  : h o s e  lo~,: t~_mper,'_-,-.ur~:~ i~  

~ r c s a : - T /  , n s ~ g n i g i c a n t .  

Gre~hiCe~ l.!ser ~n3erfaq= 

Prev'.'ous repsrzs have descr,c, ed ~he i~z.!e~n-~:i~ o-" Zre COd- c< 

, - s ~ m e r z i a "  9r~p. ' , iCS z~ackages fo~  ; . i e w i n g  ,zone o,~: r .~z  n~s a ~ c  , b e ~  C:_~ : r~ . := .~ .  

_,.~ . . . .  =~.,~,, = ~n~. _ la_',: CL~a~= - ,  . . . .  d e v e ! o p m e n ~  o -  a craphlC~.~,  u s e r  ~r,-=r~a,:2_ ~,~. Lh~ S~-" 

i , .~.e.  ~ . , . ; ~ ,  ~ ~ '~,ich -~-~.~. Drcgram. be'.h for  ir=.u,Z ar, d o u t p o s t ,  ~...~ a~Z,? ~C," -~, . . . . . . .  ..... ~ .... ~ ~-=,.-_ 

- ~ C  - 



TABLE I l l .A - ]  

I ERt4S RESULTI~IG FROM EXPANSION OF I~QUATIOt! I l l . k ' 3  

~J:n 

I" 

O' 

(,:%p(t,O,hr) 

! 

O' 

I}sa~C~_t I~L~n 

[ddics of pure secondary gas 

Eddies ,ttiLh secondary and coal 
offgas l)uL no primary ,]as 

Eddies of pure coal offgas 

Eddies of" pur(~ primary gdS 

Eddies witll primary and coal 
offgas but no secondary gas 

Eddies with primary and secondary 
but no coal offgas 

Eddies witll primary, secondary and 
coal off gas 

(I l l .A-4.)  

( l l l  ,A.5) 

(1II .k-6) 

( I l l  .A-7) 

( I l l . k - 8 )  

(III.A-9) 

(]ll.A"]O) 



The i n : e f f a c e  takes advanzage o f  the uszr i n t e r f a c e  z o o l k i t  av~-~l, ~L.le cn 

~ne Sun-4 w o r K s t a z i o n .  ! t  i s  a g raDn ics -based  a p p ! i c a z i o ~  ~ha~ rur~ ~ z h i n  

windows. The u~er wi~! be able Zo choose. ~y mea~ of  a menu. any C~zz !s~m 

f.^m-, an inDuz f i l e  f o r  PCGC-2 a~C, cmange i~ ~s needed. The b s s i c  Lode is  ;~eir, c 

w r i s t e n  in %he C compute r language w izh  a For t ran  d r i v e r  Chat does ~ i i  the 

reaming an~ w r i z i n g  orocedureSm A main subrou t ine  c reates  a l l  the windows. 

Ficure. _'..: ' .~-~ snow,.- .~ p r i n ~ u ~  o f  . . . .  ~, = Su~ wor~L~ ~S.'.lO~ ~Ot l i  ~,-cr w i s h  .'.h=~ 

:£$C-2 ~r, z e r f a c e  ~n opera ' . ion .  D~=feren~ - - m - "  • ,_~.Oup=~ v a r i a b l e s  such ~s 3~e,2ram 

Co~arols. ~h:. . d imensions of  .'.he reac.~c-. ~.nd the unde r - r e l  : . , :  . . . . . .  ~ 'on f~czor~ ,  c,~*, 

:e accessed Trom a p=,-_ ~. :he :,a..~ frame Selec'~ina "program ccntro!s ~ ;:iq~ 

z~e meuse, fo~ example,  causes a menu "m pop o~t v;hich has check , ~ a r l - ' ~  , CIFI 

:hose co, ;zro!s  - n o -  are se-eczed (ass ignee  as " t r ~ e "  in :he inpuZ f i l e )  Th-~ 

user car, a ' - e r  ~.ne s o l e d - i o n  s - a t u s  by r e l e a s , n g  zne mouse b~%Zor, over 

Ce~re~  . ~ n ~ . . l  ?e6z~re.  Choosin~ "dimens:.ons" omens ~. winCcw w~ere r.re u~,e 

. r~im~,7~inn= Chocsin~ " u n d e r - - = "  ~ , --~i can change the v~l,Je of ~me reaczo ~ ~ . . . . . . . . . . . . . .  , . . . .  on 

f . :czors"  opens _= w, nQow where the unc.er - re laxaL~on f a c t o r s  can ~e ~iz.-;re,_" b;,, 

mo;,'ng e s l i d e r  hudson ~i,'.h the mouse. 

in aCd i z i en  ~ %he Drogram which ~ o G i f i e s  cede i npuz ,  a code iS c£~nc 

~:":~gpeg...., zo run ~ -~. Tni~ progra~ O..~ains ~e require,<_ Gas~ T~l~s fr,:m 

cu=~ a , i  ~ne ~ i l e - h a n m i i n ~  ~rocedures c o m p ! e ' - l , ,  ~ ~ ~ - tc 

;he user .  mha~ ~S. ~',, c;eans the work ing  d i r e c t o r y  O? ~ o s ~ l e  ~='~,,=r,=,~.... f i ] ~ s  

a~; l i n k s  zme r u m - s ~ e z i f i c  f i ! enames  ~o zi~e i n z e r n a l  names used ~y 9CGC-Z. 

The main program c-ea~es the base f rame and a panel (sno~vn in  upOmr-ri~i':Z 

~ o r t i c n  o f  F igu re  Z I i .A -Z~  where the name5 of th~ f i l e s  Can be ~ ; r i c ~ n .  !n 

zn~s manel " =  - . -~ " ~" • , ~ n . r :  i s  ~ ~utLcq used co s ~ r ~  running PC:u-2 once %no u~,.'=~ h:.s 

g iven names f o r  :he ~ i e s  The mrocram i s  " ' ~  , ,  . . ~n=n c a l l e d  w i : n  the n~mes ,~f z,,e 

f i l e s  as pa rame te rs .  

Dur ing  the  nex t  Q~ar~er .  wet< w i l l  c o n t i n u e  on im=egr~%<m: ~n£ 

• . ~c~ 9 A ne~'. szreem-li~:~ code v£~<~o, ", o: e v a l u a t i n g  :he FG-DVC submc~el ~n r~=,.-_ 

:he FG-CVC submeCel w i l l  ~e i n . ~ c - ~  and zested The r e s i C ~ l  c~ ! -  f~ , :L icr~ 

preCic%e~ ~y PCGC-2 and by ~he FG-DVC submoCel w~il be c o m ~ - e s .  T~e raed ~or 

mu!z iD le  s o l i d s  Drogres5 v a r i a b l e s  w i l l  be i n v e s ~ i g a ; e d  Dy ~ e r f o r ~ i c c  

ca!gul~sioms w i : h  ~wQ S~IIG~ ~r~gress v~r~a~ les  and comsa~in~ %he rea~l%~ ~,:iL~ 

these us ing  a s i n g l e  s o l i d s  progreas v a r i a b l e .  ~ork w~ l !  ~e ! n i ~ i ~ e z  Le 

- 7 ! -  
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UI~[,ER~ELAXAI ] ON FACTCIRo 

ex la l  v e l o c i t y  [SO] 0 l a ~ I R r - - - I  lOB 
r+dta l  v e l o c i t y  [ 50 ]  a ~ - - - J  +oo 
tangential v e l o c i t y  [50 ]  O [ ' - - - - ]  IO0, 
enthalpy [80 ]  0ill~0r---] tOO' 

'eddy d tes l pa t l on  c~te [?B] O ~  lOO 
t h + r m a l  conth=ctlvlty [70 ]  O ~ ' J ~ ' - - ]  100 

,d,.~g force (~0]  0 ~ _ _ _ _ ' ]  leo 

var lanc~ fo r  drag force [?0 ]  O ~  lO0 
k inemat ic v l s c o c i t y  [ 70 ]  0 ~ - - - - - - I  log 

icoal 9as mlmture f r ac t i on  [?D} g I ~ [ - - - - ~  lOB 
var iance for  coal gac m l . tu re  r,.ac. [TO] 0 ~ - - _ ~ J  tO0 

~!'?'!.'l d i r e c t i o n  nortr, al to a~dal d i r e c t i o n  [tOO] B ~ lOB 
i;+'.:-: I ~""~ tvo] o I#IPE] ~0o 

+o.++++ 0 - ,oo 
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.~ui {IOn ImUlmrLy tahl- 
,~nlvn lla'a tam'f ly oq, 

%/ ,~tllVll VDPIAIII:II IIi'AIJ lelirGII Ill 1, 
~ '  .~¢llvll lmrL l r .h t  mi. 
~/  Ilnn l iar [  I t : to  ruoLarL ! I I l l  
%/ l l n r t l c l o  f l u i d  III|. llVlll'y l~ I t l iPat ln l l l l  
%/ ~O|VII c o a l  ll,l'J m l H t u r u  r r a ( :L lu ( l  lJillJ. 
~+' ~o|vn v n r l a l l c l l  f o r  Co~I llilll mll ' ( t t i ro 
~/ .~olvu NHll IIIIU. 

,~tnll pl'Hllram to chnntlu und l i r rn lox l t thm fac to r  
~li|~o ut lh l r l l l l t  l l . ' , r t lu l l )  ~II~I. 

/ Itsl) frozorl m I.  -chang fop llao propn, 
3 1 m p l a r  all]orltl~ for va i /p ronu ,  f l o h /  

J Solve 19nx uq. 
I ln ly  l|tlx nq. u lLh  nn r11P.~IclJl.lttlnm. 

%/{~izar| a t  mlcondary I n l e t  
}I~I r l  n ,  prlmar¥ utrunm 

%/ { ~ I r l  (in su ( : Iml la ry  a t r a a m  . ,  • .: "'.:::'.;'-~'.';:.::-.;.',, 

~/ Dubul! cht ,n lcul  oqu l l l l . ' hm l  In, I. ::S'-:Y': :+.,:,i;:.?'C'~:ii~:':~+:';.::~ 
l,~t,,L arm r l= .  "+ :"Li:O:"/i '~::'." 

+' Na Intahn n llrOt3,'{ml f l  lu .'!":: "'." ,'.~':;..~":~:." " , 
• P~n.Llcla l :orrui :Llnn In  l l l l l ' lJ l ! l l ln l;ltol'n :"-.:.::'~'~.:~::..!: " "i ! 
• s.~v,, ~a,ll. U o, =l'+- ";'.!~':-~i. u ;!:'-"+.':" ~: ;' ;"" 
+" Roa | g r l , l  pl) fntn frti'q daLa f l i t )  ;:.7.';:~.:.":.'.ii:.+'.~:.!~!"~h'!!.:'+-i 
• a l ~.+ . , t r , , . t m m  in r.a~:to, + ;:::{'+:'+'.::;..;:i+.:':"?'i+'+:.'':.[::"+ 
• 14,'+gnutmo,i-ll.lor t , nno , "  m. , Io l  ":'+:".+-.+.::.'.'.:'!:.]~'~]!!-'++.i:.::.: '-'+ 

l'igLlre 111.A-2. Screen dump showin.q windows for PCGC-2 graphical user inLerfdce orl Sun-4 worksLaLion, 



g e n e r a l i z e  ~he code go a ! ]ow p a r t i c l e s  in a,~y i n l e - .  ~,~ori; w~ i l  con~:~,L:~ or~ 

mode~nc  z~e t ra r . s , ,ps re~- t~ . i ,  r e~czo r  ant on e v ~ l u a z i ~ g  ";be g~-DVC submod--:'~. 

S~mulat ioms w i l l  be c s r r i e o  ouz . o r  a di ,~fer~n~ coal and f o r  a Char, #r~ ~i]so 

f o r  dif-. , 'erenz re~_c~or geome%ry anc /o r  condi~.ioms go sugges;  moclifi,;~L{.~:-~s r r, er. 

m ien ;  he~S a r ~ ' e v :  l .~minar f l o w  ~n f u ; u r e  e x p e r i m e n t s  ,.~o~,: ~:~11 -~,-~ 

ror, t i n u e  c~ zne ~evelcmmenZ of  ~he g raph i ca l  user in - .erg~ce.  
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I i Z . B .  SUBTASK 3 .B .  COMPREHENSIVE FIXED-BED MODELING 

REVIEW. DEVELOPMENT. EVALUATION. AND IMPLEMENTATION 

Senior i n v e s z i g a t o ~  - Predrag T. Radulovic and L. Douglas Smoo~ 

Brigham Young Un ive rs i zy  

Provo, Uzah 84602 

(80!)  378-3097 and (80!)  378-4326 

Graduate Research Ass is tanz  - Michael L. Hobos 

Ob.iectives 

The ob jecz i ves  o f  t h i s  subzask are:  i )  to p rov ide  a framework f o r  an 

aCvance~ f i xed -bed~  mode ~ fo r  i n c o r p o r a z i n g  the advanced submodels being 

developem u~cer Task 2. p a r z i c u l a r l y  the l a r g e - p a r t i c l e  submodel (Subzask 

2 . e . ) ,  anc 2; zo p rov i de  a bas is  f o r  e v a l u a t i n g  the  advanced model.  

Deve~oQmenz of  the bas ic  framework of :he model and i n i z i a l  i n Z e g r a t i o n  of  the 

aCvancec submodels was compiezed du r i ng  Phase ! .  During Phase ! ! ,  the mode] 

ane summoCels w i l l  be impr:~ved, exzended, anm app l ied  under Task 4 zo syszems 

~= ; r a c : i c a !  i nze resz .  

Accomolishments 

D~rimG zhe l a s z  q~arze r ,  work conz inued on r e v i e w i n g  numer i ca l  

zechm~ques used in cDmprehenslve f i x e d - b e d  models, o b t a i n i n g  v a l i d a t i o n  d~ta 

from tee ; i%erazu re .  and coding the chemical submodels. Three e q u i l i b r i u m -  

~easeo. moving-bed chemical submodels were w r i t z e n ,  debugged, and p a r z i a l l )  

v a l l d a t e ~ .  The zhree codes are based on t o t a l  e q u i l i b r i u m .  1-zone p a r t i a l  

eQu i l ib r=um,  ant 2-zone pa rz ia l  e q u i l i b r i u m .  The p a r t i a l - e q u i l i b r i u m  models 

~se the f u n c z i o n a l  group (FG) submodel zo p r e d i c t  u i z i m a t e  v o ! a t i l e s  

compos<ziom ( i r c l u C i n g  t a r )  and e izher  the 2-s tep model or FG model ~o pred icL 

u]zimaze v o l a : i ! e s  y i e l d .  The e q u i l i b r i u m  models p r e d i c ;  reasonable e f f l u e n t  

. ~ . . r z i e s  anc w i l l  be use, zo prov ide an i n i t i a l  guess fo r  Zhe 1-D moving-bed 

mo~el. The oeveiopmenz of  the e q u i l i b r i u m - b a s e d ,  f i x e d - b e d  models has 

-~o,~Ce~ f a m i l i ~ r i z y  w i t h  .he chemical submodels ~o be used in  zhe I-D movinc- 

eed mccoy, anz has : , s o  p r , v ; o : c  i n s i g h z  inzo zhe moving-bed cool g ~ s i f i c a z i c n  

~rocess. 

1~he zerm " f i x e d  med" is  in common usage a l though ~he boo i s  aczua l i y  
- i i  ^ ~ , ,  mcvl ~ s l~w:v Fixed b ~  and "moving bed" ~r= used h~re i n te r changeab l v  
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Numer i ca l  TechniGue_s_ 

S o l u % i n n  . . . . . .  Technim~mS The cenerai_ sos of  co,,:~ninc_ " ~ ~ ~ r ~ ' ~  ~ ''1 if#El' 

aQDroDr laze  ass~mpz ions  was p resenzec  in  zhe iOt~  O u a r z e r ! y  ReDor:  ~Sslcm,:n e :  

a i . .  1989) .  A c o m D i l a z i e n  Of s e i e c z e o  m o v i n g - b e d  mod~l~ f rom t he  ~ i : e ~ : z r e  

z n a .  s o l , , :  s i m i l a r  - - -  " e q u a z i o n s  i s  o i v e n  i n  -~ ~ . -_ .  - 

mc~e ls  i n c ] a a e  t h e  , i ; y  o f  De laware  (UD) mo te l  (Yoon e :  ~ : . .  L~77. 

~7m: .c  ~- ! 97~b .  1979a.  . . . .  o ) .  zne ~SM mooe, " (< '~11man..  . . . .  ~c,7~; zne UU . . . . .  , ~ , ~  

f rom Joseph and s~u~enzs az Was~ngzon  U n i v e r s / z y  (Ch0 anO Joseph .  :~_'-~;: !LIT, 

~nC j osemh ,  i 9 8 3 ) .  : h e  WV mote1 f rom Wen ~nd s : u o e n z s  az ~#esz V i r c l r ,  i~ 

~,~'niversizv. (De~ai  and ~en,  .~978: Wen. ..~o82: Wen e~ a l . .  _~9~2). zne AS m~,~.~,~, 

~ : ~  i n  - ~ :  A~m:N f l o w s n e e ~ ! n u  ~vszem ( ~ e n j ~ m i n  ,~mm, Ri "~ :  " ~ -' " " 

1985:  R ina~0 .  e :  ~ I . .  l ~ . :  S z e f a n o .  ! 9 8 5 ) ,  an0 zhe LL mote l  f rom L~,,,rer,,ze 

~ , v e r m o r e  ~:'-~ora~orv. ( }~ [ns ]ow.  ~G7~....~, Ro:sa ano ThorSneSS.  197~: ~ . . . .  ,,~ ~,,~=~ ..... :, _=-_ 

~ ' .  1~78: - ~ =~ , .  1~8z~ 

The ~ ' ~ : i e n  z e c h n i q u e s  f ~ r  zne moOels l i s % e ~  i n  T a o i e  i T Z . S - L  ~ r e  ~: !  

s i m i l a r .  A ~y~ical  s o l u t i o n  methcd fo r  a ~omog~neous. ste~dy-s-~ze c:':.:r 

~as i f i z~z ion  mccel is a~ fo l l ows :  

Z. Assume a va!~e f o r  zne caraon c o n v e r s i o n  i n  : he  s o l i ~  o J t ; u % .  

: - e  r eam: j r  ~o ~he ~Op us ing a numerical  techn ique  such as ~ung~ ~ ~-~','--~,~_. 

. ComDa-E zhe c a r ; o n  f l o w  raze  az :he  top o f  t he  r :  c~or  ~ i Z h  :ha  i=~ ' ' "  

CarDor f eed  tame. 

R ' ? ' ' -  s ~ e ; s  ! - 3  u ~ i  ~ c a ~ c u ~ a ; e d  inpu% ¢~ rJon  ~qua':S a c z u ~ i  c,~recn 

. . . . . . .  g. , ,e~, .S m o t e l s  r ~ u l  -~ an a d 0 i % ! c , , ~ l  i t e r ~ z i c n  l o o p  TCr ~,~Ch 

, f i ~ = . r z ~ , O n  s~ep zo c a ~ c ~ a z e  the  p a r z i c ! e  t e m p e r a t u r e ,  iT d e v o l ~ :  ~ :z~ f:::~ 

. . . . . .  ~ e r : ~ ,  l o o m  ~s  r e q u i r e d  (C~o. 198C':,. 

T'~e SO,: of crcZ.rary "~-':~"-~ :=' "''On ,,~ , , ,  the ~ r,,,,'~,,,~,Z~ 

" ~-bOun~ar 2 ,,a :,'= problem. ~'. of  the too=, ,~-~ ..... 

~-_. Ta:~= T'T B-~ ~xC=_~- ~ne LL ,mO,:~! L':,~: Runqe-Kuz : ,  ~- m~-.,-r,~:: -- 

solve : r =  ~ n ' - ~ J - v ~ l u e  p 3.~:eTS Tr.e LL mode ~ '~ses LSOI2E (g-_ ,# ;  05:_ S-;~'.,~r 
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TABLE I i I . B - I  

NUMERICAL SOLUTION TECHNZQUES FOR SELECTED Z-D MOVZNG-BED MODELS 

M_o_cLeL ~ T _ ~  + rgz_cL~ ~ InteQration Method 

UD !978 I-D, B-T 
homogeneous, 
szeady 

5th order Runge-Kutza (F ibonacc i  
search to match boundary c o n d i t i o n s )  

IB,~ !979 I -D,  T-B 
heterogeneous.  
szeady 

5T.h order Runge-Kuzta-Fe!berg 
v a r i a b l e  s~-zp a lgo r i t hm 

WU 198! !-D, B-T 
heterogeneous.  
sZeady 

4th order Runge-Kutza (Wegszein 
search to match boundary condizions) 

WV i982 !-D, B-T 
homogeneous, 
szeady 

4~h order Runge-Kutta (Secant method 
Zo mazch boundary condi%ions) 

AS i984 !-D, B-T 
~omogeneous. 
.. eady 

~me as UD Model 

' '  i984 1-n N/A LSODE so lve r  
heterogeneous,  
z rans ienz  

n~moce.,.ou, zo equal parz icu la~e  and gas phase tempera tures .  
:Or~er re fe rs  to the ce !cu !az ion  order from top zo bottom (T-B) or 
..c ...... zc zop (B-T) 

TABLE i l i .B -2  

TY:!CAL VALUES FOR CONVECTIVE HEAT TRANSFER COEFFICIENTS ~ 

rm~,~=r-iv~ Mechanism ~:~ U, ~.-~-~ 

Free Conveczion 

Forcec Convezi~n (Gases) 

Forced Conveczion ( L i q u i d s )  

Convection w~zh Phase Change 

.'~7i Mixed Tempera-ure 

C.. : z f o r  Lurgi  Mark ] 

(See Figure i i I . B - ! )  

5-25 

25-250 

50-20.000 

2,500-100,000 

t . l ~ ' 800 K, 900 K, 1000 K, _5uOK 

154, 1!6, 93, 47 

:Typ i ca l  v ~ u e s  are from Incropera and DeWitt (198 ! ) .  Lurgi  va lues are 
cal ~,'' ~ ~ a t e d  assuminc a jackez steam mass f low ra te  of 0.9 kg s "! heat 
z rans fe r  area of 35 m 2, and water wai l  temperature of  495 K. 
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dove, opeC az Lawrence Livermore NaZional Laboratory. Hindmarsh, L~S) to so]',':e 

;he i n i z i a l - v a l u e  problem. 

Consul t~t ion o~ Numerical Methods - Dr. Dov ~ ' i  a~ U~ah S "-.~;e Uni,,~=iLy. .... 

was censulzea wi%h resbec~ ~o sc luz ion  techniques. M u ~ i g r i d  me;hods ~ere 

succes~ ~ ~o ~reat s;eep temperature and r n ~ - r - ~ "  ~ :  . .  . -  .O c~n. ~.~on gradlen~s.  Or. ~ ' -  

~!so suggeszed Drac~icai ~ebu~ging techniques ~ i c n  are ~eing use~ i~ the ~-~ 

~ulveriz:~_. c~de ~eing developed az BYU. Afzer ;he ~..u~t~on ~ " so% ano numerlc~] 

inZegrazion rouZines are coded, the in teg ra to r  ~n~ ~ u ~ t i o n  sets can be te~Le~ 

by assuming am analy~ica!  so l u t i on  Zo ~he so% og e~uations and ~y rev; r iz ing 

the source zerms ant boundary condi t ions to sa t i s f y  the assumed solu~ion. 

-.'valuatiom ~)ata 

Mgvina-BeQ O,,.~ Experimental dB~a are n._d.d fo r  model evaluat ion that  

p rov ide  a c r i t i c a l  measure of the model 's c a p a b i l i t y  in p r e d i c t i n g  -h~ 

de ;a i l ed  ream%or ~erformance. Detai led p r o f i l e  d~Za o# par%icle ~em~erLture, 

gas %emperature, pressure,  gas composit ion, and ~ a r t i c l e  composit ion in ,~,he 

~eac:or bed are ~eeded. Unforzunate ly ,  only l lmit:ed deZai le~ ~az~ e x i s t .  L~ 

ie~s~ in ~he open l i t e r a t u r e .  There are no publ isheC da~a ava i l ab le  fo~- 

se~a:'a%e gas and so l ids  Zempera~ures or gas compos!;ion in the bed. ~ f f l ~ r E  

gas compcsizions and ~emperam~res as we~l as limi%ed temperazure and pressure 

p r o f i l e  da~a may be usec as a p a r t i a l  basis for  model eva lua t ion .  

Dezailec o~erar.ionai Qaza on four American coals gas i f ieG in L~rgi ~.iar!-: 

i !  reaczors in ~ res t f i e ld .  ScoZland are ava i lab le  (E lg in  ard Per!.:s. !~73. 

Z97.~. Ti,e West f le !d  da~a also imclude f l ~ re  ges ana lys is  and gas off-.'.~.~:~ 

~emperature; Th~ four  coals are Z!'..'inois No. ~ (g rea tes t  reserve for  Easzzr~-, 

caking coa ls ) ,  i l l i n o i s  No. 5 (equivalenz to Kentuc~:y No. 9) ,  PitZsburgh I;c. 

(major Easzerr coal wizh a very high swe l l ing  i ndex ) ,  and Rosebud se,~r, 

(subDi~.uminous co~l from Sou'.h-Easzern MonZana). 

F igure Z ' ! . B - Z  gi , 'es oper~ t iona ]  data from the I l l i n o i s  r;c,. 6, 

V e s t f i e l d ,  American coal ~eszs. The I l l i n o i s  L,c. g c~.se ~. ~es~f ielC h~s 5E:.n 

use~ %o valid~.Ze "_~.~=,~ral fi:,:ed-be~ moae!s (e.c._ Voon e t a l . ,  1978b; Cnc ,~n,~ 

Joseph, !98 ! ;  Kim and Joser~h, 1983: Wen e t a l . .  19S_P~. The Rosebud c~s>; cd,~-~;~ 

given in ;-'Igin and Per.Lcs, 1c74) has also Deem used fo r  v a l i ~ i o r ~  (S~ilIn~.~, 

1979; ,r .. ~..er, et al !982).  Data from Elgir, and Perks :~s used ~s impu; fo r  :i-- 

e~, . ' i l ibr ium models discussed below. 
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P Coal (As.received basis) 

; c~mp. I Ior~.L_. ~ k:~'~ I.~,.~ 
- c l-~ ' ~  ~ ". 

I N I o.~6 -" o.o~I t21 
s | o.1o : o.o51 ~et  
Cl I trace : l , z o I  o.05 

'̂++' I o,~o j o 1 5 1  9,,o 
. o ~ ,  I.;4 : o ' ~  nL.n: ~ 

Proxhnato Analysis wl. % 

P'l°islufe I 1o 23 
Nth I o. t o 
Vol~ile Mallor I 3.1.70 
~,,o, Ca,,+O,o,,, /L" %1. 

< , 

PP/Ino & 200.I00O=F 
_.Dovol_.~.~llll._.Zl|l/an. - -  (~6B-.._97B K) 

Oar;Iflcalloa tQOO-1600'F 
(676-t600 KI 

Combustion 20O0+F (1366 K L 

~ "  Oxygen ...... "~  

~ ~ ~ . ~ ~ . + ,  
~_ i .,1o+ °~ ~ '+~+ ~ ~ : , ~ i  o:~ I%1 

Overall Material Balance 

As nu~ivad Coal 
Oxy0o, 
P.~gon 
StoRm 
Tolal 

Dr/Gas 
U|x:ls~azpossd Sleam 
Steam l~om Co,~ 
T~' 
A~h 
l olnl ! 

I i l I  

Ion4t j kiT's 

6.635 : 1.672 
2.006 ; 0.753 
0.212 : 0.053 

16.666 : 4.260 
26,499 ;,.... 6,678 

l 1,264 : 2.939 
13,355 : 3,355 
0,670 i 0.171 
0,583 : 0.147 
0.610 : O.lr56 

26,500 i 6,670 

ILL INOIS #6 
WESTFIELD C O A L  TEST Raw Gas 

++o i ,+8+,, + ++.,,+ B.~,, ,,.+, ,,,+, :o++ 
F Ct'lal / ~ Lock " 7  + 1|2 | I55.G : 73.44 15.54 ~9.1 0.40 : 0. '0 

P+It4 | 37.4 : 17+65 3+73 9.4 0.7/ ' 0.19 
/ m,ent,t,(wt,,x.) / c2u61 2,8 i 132 o.20 07 e l f  o.o3 
| t h , ' - 0 5 " 1 3 0 . l ~ m m )  9{)0 / tl2S I 4.4 : 208 0.44 1.1 0.19 0.05 

Inorl+ | 4+8 + 227 O+4N 1.2 025 006 1 0 . 5 "  - 0 ~," (t3.G ml~) 53 / 
1 0 . 2 5 " - 0 , 1 2 5 " ( 6 3 m m )  0.? | 1t20 1 603.4 ~_204.8 60.27 --- 14.03 3.54 
,.. |,,,~+,.,o.,~5. ,o, , , , , , )++~..~ 80,. .~.~.~._!472.m Ice - , 0 o  2~.3o i+.~, 

l e t  + - 

2 + +++ / j :  ~o Gas, 1125, O,t, rar m-,d Lassos 0.15 
(matori~ h~anco mro~). Also, 
55 O,'~lonc of Im =; tocycl~J. 

/ 
I C + CO2 --> 2CO 

C + hz") --> CO + 112 

C + 2FI2 --> CH4 

xc, o2 -> ~ . ~ c o ,  (2. ~co~ 
" ) o~ Hoe  I . . . .  

r ' 
+co 2000 26~ Ro+o,,,o -I ,{___..__ si.+,_~, 
l -  -I- -t- -b : ,k - -  - -  "Smrto--- l 

romp..'F / ~ Cone., Vol. '/~ / - -  ~ . n ~ . . .  ',t, , o ~  : kO/S- .u....+.+. o 
R.,o+ , . , . ,  o,, ' +,, ,++, 

I J,c+,ol+ I t s . , ,  J__~t6  1 *:6 3.6~:o.e~, 
L . ~  L Tc,..._~]_ i 50o.+o ..~7:,.,,+ I .  'O° 16.67i , ,  

\ /  / 

27.91 
984 
1 +5n 
3.04 
0.43 
0.75 
0.99 

55 45 
ioo 

w ~ N  

i Ion/it 

0.~ 

/ I  
I++"].--I 

I too I 

Ash 
Lock 

~ - 

I ?a, bo, I o.o~. ~ o.%-T-333 
_~h a m  .' o o . "1 - -~ '"  

IbAIsc. Dais Eagllah Unll= SI Unite 

COIllpulaliorlDI dimensions 
P~'ossufo 
blast G~ Tomperaluto 
Coal Inlol lomparoIuro 
Coal (day) tlIIV 
Gas (dr/) III IV 
Fl[,'alhto vuluo el coal 
Healing vaJuo el O,",s 
Ell[cloncy ol gas producllon 
Lurg] IV flo min.d no~ G+zpac~ly 
Lur01 IV .ominM coat food 
dry ga~ copacdy (this run) 
coal toed Ilhis fun) 

10' x 12' 
350 ps?a 

70PPF 
~07°F 

12,770 BTUtlb 
200 BTU;scl 

151./Z MMOTU/h 
! 16.3 MMOTUIh 

76 % 
2/AM~cl/h 
650 Ion~Jd 

0,4 MMsd~h 
160 Ions.,'d 

3.05 m x 3.66 m 
2413 kPa 

644 K 
370 K 

29.7 kl'g 
10,803 kJ/scm 
,14.5 MM watts 
33.8 MM walls 

76 % 
15.7 acnYs 

6.6 k0,'s 
3.15 scmJa 

1,66 k0/s 

Figure I [ I . B - I ,  Information daLa sheet for I l l i n o i s  No. 6, aL Weslfield Scotland (data taken pr imari ly from 
J) Elgin and l et'ks, 1974). 



~_oui!ibrium Chemical S u b m ~  

An imporzan% submodel in the _;-D f i xed -bed  model is  the _n:micai 

s,mmoCe~. A s i g n i f i c a n t  e f f o r t  has bee~ i n i t i a ~ e d  ~ur lng zhe pasz cu~rz~r 

towar~ deveioumemz of t h i s  submodel. The i n i t i a l  z~ru~Z has been on zme ~z: 

;mase ccmuonemz. Three d i f f e renZ  equ i l i b r i um opt ions have been i n v e s Z i g ~ C  

a~c eacq is discussed below. While ~nese submode3 opzions are candidates for 

i~c~ < : ~ - .  . . , . , ,  i~,.zne .~-D f ixed-beG model, zhey also c~n 9e used as overa l l  mo~els 

f~r  :~e enzire f ixed-bed process. Thus. Zne analyses sho~n beio~ apply t ~ s ~  

cbe~icai submode!s to var ious f ixed-~ed processes. 

Tccal E~_~;ilibrium Submode! 

- Prazt and Wormeck ( !976) h~ve developed a code CCR~, 

~ c ~ u S z i c n  ~eaczio~ ~ u i ~ i b r i u m  fo r  ~ lements)  f o r  complex ecu!~ i~r~u~ 

c~m~zazions.  C ~ {  h~s been used a~ BYU fo r  th~ 1. 2. a~d 3 - ~ i m e ~ s l c ~  

Du]ver izec-ccal  comb~sziom codes. CREE is baseC on min imizat ion of G!bDs free 

. _. ~ e , m , n .  e q u i l i b r i u m  s~aZes ~ p resc r ibed  ~emperazure~ one 

Dressures. Dezaii on mulzicomponenz equ i l i b r i um calculaZions can De found im 

Praz~ (197~). 

EQui l ibr ium terminology can ~ mis leading ~hen r e f e r r i n g  %c C!f ferer,  z 

e ~ i l i ~ r i u m  assum;z~ons. Various e q u i l i b r i u m  ~ssum~tions ~ i l l  be b r i e f l y  

C!~c~s~.~ f o r  c~"ar~ty. F rac t iona l  e ~ u i l i b r i u m  invo lves  mul t ip iy inc3 z~e 

e ~ i ! i b r i u m  constants by "a~proach facZors"  to ~atch measure~ composi~icr,~. 

The choice of ~he a~proach fac to rs  is no~ based on any 9hys~cal reas~nir, g. 

Fr~czional equ i l i b r i um re fers  to the models by Gumz (1952). Woodmanse~ [ !97~; .  

and Wem ez a l .  (1982). 

Par%ia! ecu i ! i b r i um refers  to l e t t i n g  cer ta in  react ions or species ~c ~:~3 

ecui i i~r ium• whi~e, ca l cu la t i ng  Other species by other means ~u~m- ~ as kinezic~ or 

~v :St .... ~ "  Zn ~ ' -  ,,ord ~ . - ~ , , , g  no f~ rzh~r  reacz ion,  i :  o~n,~r . . . .  p a r t i a l  e q u i l i b r i u m  

~ss~me~ i f  an), s ~ c ! e s  is comsicerec to be ouz of e a u i ! i b r l u m .  T ~  

non-eau i i i ~ r i um ~ -~" . .  _ . . . .  ~ = . l e s  c~nr~ntra~ions may be found by usinm n ~ r ~ g e n e c u :  

kin~"~cs_~, d e v o ! a t i l i z ~ i o r ,  g a s i f i c a t i o n ,  or o:<idation) or homo~eneo~ ca~= 

Chase k i n e t i c s .  ,40~ moving-bed models in ~he l i z e r a t u r e  m='~,~z= assumed ~i-,÷ 

major gaseous species (CO. C02, H2, and H20) ZO be in e q u i l i b r i u m  #y usi-~ 

zhe waze--~as-smlfz, react:on. Another approach i~ %0 assume ~=,~'ected ~ir, c~- 

species ;o be in e ~ i l i b r i u m  a~d ~o predicz m~jor species ~ i th  homogeneous c- 



~et~rc;eneous k<ne t i cs .  Homogeneous k i n e t i c  model ing of  C0 out of  e c u i ! i D r i j m  

~y assum i~  persia3 e q u i l : b r i u m  has been demonstrated by Colson ( !989 ) .  

T~:  ip, ze r face  ~ : : ~  be.w . . . .  k i n~ :~cs  ano p a r t i  ~ e o u i l i b r i u m  shou ld  be 

-~a, r iT~e~.  The Zherma" ; n - . .  ,a.~ can be e a s i l y  t r e a t e d  by u s i n c  a 

noc~-reac-~ng sDecies w i t h  a~ iden~. ical  hea~ capac izy  in  the e q u i l i b r i u m  

c ~ ] c u l a z l o n .  The conce~%rat ion o f  zhe n o n - e q u i l i b r i u m  spec ies i s  zne,~ 

Gezermi,qe~ by ~he k i n e - i c  equaz ions.  The c o n c e n t r a t i o n  inZer face  i s  noz so 

c~ear i y  ~efine,~. The presence of  the n o n - e q u i l i b r i u m  species can s h i f z  the 

e c u i ! i e r i u m  c o n c e n t r a t i o n .  The e f fec~  of  ~ , o n - e q u i l i b r i u m  spec ies  on 

. ~u ,~Dr :u , . -  species m=v~ be n e ~ i i c i b l e .  _ i f  the k i n e : ~ c  species c o n c e n t r a t i o p  

, :non-e~i] i~r ium specie. ~ concentrazion) is small. The effecz ef 

non-equ'~rium species co~:centration is simulated by the non-reacting species 

which ha'_- a similar par~.~al pressure as the reacting species but is not 

~]~,oweS zo react. 

Toza~ e ~ u i l i b r i u m  r e f e r s  zo a l l  species be ing in  e q u i l i b r i u m .  I f  the 

zDza, szaz i c  enzmalpy,  p ressu re  and a tomic  compos iz ion  are known, the 

e ~ u i i i ~ i u m  c0m~osi t ion can be de~ermined. This  is  the assumption used in  the 

zo~! e~uiliGrium model. 

Model AsEumDtions Figure !!Z.B-2a shows the control volume used for 

z~e zotaR equilibrium cher~istry submodel. The ash temperature, well-mixed 

reaczor  zemperazure Cor z e r o - d i m e n s i o n a l  t e m p e r a t u r e ) ,  and e x i t  raw gas 

zemperatJres are assumed to be the same. The daf coal i s  a lso  assumed to 

comple te ly  reac t .  Complete reac t i on  of  she daf coal i s  e q u i v a l e n t  to assuming 

zhe daf cea~ reac ts  comp!e te ly  e~zner by d e v o l a t i i i z a t i o n ,  g a s i f i c a t i o n  or 

o x i d a t i o n .  There i s  no d i f f e r e n z i a t i o n  in  t h i s  submodel r e g a r d i n g  the 

me:hanism fo r  these chemical processes.  

Tme feec coal and b l a s t  gas composi t ion,  mass f l ow  r~ te  ~nd temperature 

ere i n p u :  parameters.  Reactor geometry is  a l so  s p e c i f i e d  Dy the user .  The 

heaz !oss is  de te rm ined  by e i z h e r  s p e c i f y i n g  an o v e r a l l  heat t r a n s f e r  

coef f~ciemz or by s p e c i f y i n g  the jacke t  szeam f !cw raze.  The wal l  zemperazure 

is  assumed to be equal to  the sa tu ra ted  steam tempera tu re  at the r eac to r  

o~eraz inc  ~ress~re.  The hea t i ng  value of the coal is  e i t h e r  s p e c i f i e d  in the 

im~uz or  ca lcu lazed  from the u]zimaze ana lys i s  us ing Dulong 's  formula (Reid et 

~ . .  197~). 
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Figure ii.T.B-2. Control volume for a) ]-zone to ta l  equi l ibr ium 
mode~, b) !-zone oar~ia! eaui i ibr lum model, ~,~d 
c) 2-zone par t ia l  ec~ui]ibr'~um model. 



Eouations and Solut ion Technioue - The e x i t i n g  raw gas composi t ion and 

temperature can be calculated by doing an overal l  energy and mater ia l  balance 

o~ the contro l  volume shown in F:,~,=. ~ii. .B-2a an~ assuming t o t a l  equ i l i b r i um.  

Tde esergy balance arouno the contro l  volume in Figure i l ! . B - 2 a  is  

( I I i . B - 1 )  

where rh. and h r e f e r  zo mass f low raze (kg/s)  and t o t a l  en tha ipy  ( J / kg ) ,  

r e s p e c t i v e l y .  The subscr ip ts  c, bg. a and g re fer  to raw coa l ,  b l as t  gas 

(szea~ and oxygen) ash "-~ . .  :,,~ raw gas streams, respec t i ve l y .  The t o t a l  enthaipy 

is composed of  the format ion enzbalpy and the sensib le en tha lpy  as shown 

~e!ow: 

h = h ~ + h  ~ ( i ! I . B - 2 )  

where the s u D e r s c r i : t s  o and s re fe r  to  ~he standard temperature (298.15 K) 

ant sens ib l e  enzhalpy from the re fe rence  temperature zo the stream 

temperature. EQuation Z I i . B - I  can be solved for  the t o ta l  or s t a t i c  enth~ipy 

of zhe gas, hg, i f  the e x i t  temperature is known. The s o l u t i o n  technique is  

as follows: 

i 

2. 

3. 
P, - v .  

Guess the e x i t  temperature. ~ .  

Calcu!aze q u a n t i t i e s  tha t  depend on ~ .  (e.g.  hg,.h~, and ] ) .  

Calculate ~ ,  by mater ial  balance and equ i l io r ium assumption. 

Remea: ! -3  u n t i l  guessed T, equals calculated T~. 

The s o l u t i o n  technique described above requires the heat o f  format ion of 

~he d~f coal .  The heat of  format ion of coal ,  hl. : ,  i s  based on the fol low~ng 

rea .~on  a~ given by the GPSA databook (1987): 

C,~H,',OaS/~-(r~+~-'~+J)O2-'>nCO±+~'H20+'~Nz+jS02 (ili .B-3) 

The heat o f  fo rmat ion  of the coal can be obtained by no=ing t h a t  the heat of 

combustion. Da~]~ ' ,  is  the negat ive of  the higher heat ing value of the coal,  

HHV, which is  an input  Da,'ame=er. The heat of ~ombustion is  determined as a 

d~fference of the heat of #arma=ion of  the products and the heat of  formation 
c f  the coal :  
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or .  h}.. = v.; 
i=!  e ? - T ~ .~ 

where v ,~prese~-;ts t he  s z c i c h i o m e t r i c  c o e f f i c i e n t  f o r  Zhe i th DroduC~ ClveF; i~ 

Equat ion  T~ .B '3  anG i = ! ~  ~ " -n - -  ~ fo rma t ion  OT ~02 . . . . .  

r e s p e c t i v e l y .  The p r i m a r y  ~ i sa~van tage  o f  u s i n g  EQua~icn ! ! 1 . ~ - 5  ?mr 

c a ! c u l a ~ i n g  the  h e a t  o f  ~orma~ion Of coal ~ t he  e r r o r  ~ n ~  Zs ¢rmm 

comput i~c  a r e l a t i v e l y  sma3~ number as the  o i f f e r e n c e  eg zwe much l ~ - = = -  

n::mbers tnaz ar~ o f  1~mizec accuracy (Johnson ;am~ . ~-" " 

~he i ] ' i n c i s  NO. ~ COal deoic~e~ i.~ F igure I ! i . ~ - 1  g i ve  170% e r r o r  in  the  ~ a ~  

o f  gorma~ion c a l c u l s : i o n  f o r  : ~  

tme en tha ipy  o f  the  feeC coal is  small in  comparison ~G t~e ~las~ ~as e ~ : t ~ i ~ y  ' 

f o r  d ry -a~h ,  movin~-beC g a s i f i e ~ s  and h~s i i t ~ i e  im#i~ence on =he e c u i ~ i c ~ i u m  

c a l c u l a t i o n s .  Smith ~GSc),_~ . has a l so  de~ermimed ~ e  impac~ mf "~.,. m~_.. c f  

f o r m a t i o n  to be ~mal l  f o r  D u l : e r i z e c  combust ion  case~.  ]~ i s  mmc~rz~im 

whe the r  .,,:'-- hea~ c f  fo~matiom ~ l i  nave e s i g n i f i c a n t _  i~ f lu ,~-~_ f o r  slag~inc_ 

c ~ s i f i e r s  - = ~  _ . h _ _ .  ques~ic,~s can be ~ns:~ered by f u t u r e  s~ns i , . i v i ~y  ~ a l y s e ~  of  

;me moving- ted model .  

The hea~s o f  f o r m a t i o n  anG s e n s i b l e  o n , h a r p i e s  f o r  the bias% ga~ez ~re 

=O~'~d using fREE '~:hic~ uses pc!ymomial f i%s o f  the  JANAF thermoahemie~l ~.~b~e~ 

( S t u l !  anG Propnem. 1971) .  The sens ib l e  en~ha lp ies  f o r  ~ne fee~ coa l ,  h~, c ~  

~a de~ermine~ u s i n g  N e r r i c k ' s  en~ha ipy  c o r r e l a : i o n  [ ! 9 8 3 )  ~o c a l s u l ~ e  

e n t h a l p y  at %he co~l -Fee~ ~em~era~ure ( r e f e r e n c e  t e m p e r a t u r e  is  sz~nda r~ ,  

2 9 8 . ! 5  K;: 

. , -  . , ' , r  -' , , ,  - 

-.zhere 

go(Z) = (:~6;-~) ( i .~ I .  3 -7 ) 

and R = z ~-~ gas . . . . .  ( 83 i4  r kmol-1 a - l ) ,  T "-" ~ , 3:30 ..~ _ o ~ : n .  . -  J s e l l  .'.empe~a~ure (..., 

~r,d !800 are c h a r a c t e r i s z i c  E i n s t e i n  temp,--ra~ures (,'<). Th~ mean ~r.omic 

',,:eight, a. ma~ oe d e f i n e ~  as: 

- 8 3  



.< 

:Z>:.", 
( I , I .B -8 )  

~here #; reDresenzs z~e azomic w e ' ~ z s  of carDcn, hydrogen, oxygen, nizrogen 

~n~ s ~ h u r ,  and Yi is =he u~=imate analysis of ~he coa l .  Following the 

su~geszi~n of ~er r ick  CZ983). K!rCv'S corre l~z ion was used fo-  the spec i f i c  

h~a: cf  %qe a~h: 

Cp: = 7 5 4 +  0 . 8 5 6  ~ ~ °" ° ( ~ ' r ) ,  w h e r e  t ( C )  

Tne =:,-~i . . . .  term zo de,~ir, e ~ Ezuation' i i ! . B  "- is "~ :  heaz ~oss, th, . . . .  o~.,,~" 

T.~e r e - c - o r  w~il ~ - " -" .,, • ~.. ;~;S ~ u a e - i . :  C ~,, be caicu!ate~ d i r e c z i v ,  i f  r.he jackez 

s~.~.~ r'low ~ z e  is kno,~n, or .~v_ zne fo l lowing eouat ion,  i f  zhe o-,eral l  .;_a~= ~. 

~raqs-e c~e~- !~ l .~L.  U ;.~ctzs ~-2 K',;. is known: 

Q=uA(L-L) 
( ! ! Z . B - i 0 )  

where A iS zne water w a ]  sur face area (m2), T~ ano T~ represent the we l l -  

~:xe~ or e x i -  temperature and wa~: ~-., wall zEmperazure, respecz ive ly .  Typical 

va,ues fe, r U are shown in Ta.~ie .,"'.,I.B-2. Values f o r  the overa l l  heat 

~:'a~sfer c o e f f i c i e n z ,  U. range from 50-200 wa~ts m-2 K- l .  AS shown in Table 

' . ' i r .~ -2 .  the overal l  heat t r a n s f e r  is io the forced convect ion range. 

Tota l  E c u i l i b r i j m  Submodel R~S~I~s The simpTe, t o t a l  e q u i l i b r i u m  

submodel was w r i t t e n  to t e s t  the :~ " . . u~ l iD r ium rou t i nes  Agreement between 

several  e q u i l i b r i u m  codes has been achieved wizh CREE, NASACEC (Gordon and 

McBrioe. 1976). and EDWARDS (Selph,  1965). The t o t a l  e q u i l i b r i u m  model has 

~een evaluazed using data obta ined from the American coal tes ts  done at 

Wes t f i e l d .  Scoziand in a dry-ash Lurgi Mark 1 i .  Adequate compositions and 

temperaZures have been p red ic ted .  The e f fec t  of steam f lowra te  on temperature 

and H20/CO moTar r a t i o  has a lso been i n v e s t i g a t e d .  As expected, the 

zemperaZure decreased witi- i nc reas ing  -~0/02 r a t i o .  A lso.  the H2/CO r a t i o  

increased w i th  increas ing H20/O 2. The l a rges t  d iscrepancy is low carbon 

monoxide concen t ra t i on  i,n the product gas. The r e s u l t s  of the t o t a l  

e q u i l i b r i u m  model w i l l  be discussed in more de ta i l  f o l l o w i n g  the descr ip t ion  

of the ! -  and 2-zone pa r t i ~ l  equ i l i b r i um  model. 

- 8 ~ -  



!-Zome Permial E c u i i i b r i u m  Model 

~s.umo,_~or.s - . i g o r e  -"1" : - 2m < . . . .  .~n."..-re ~e~ume __ f c -  

zr, e '.-2c;~e Darz iA l .  e q u i ]  ij:-ium,, m.~-= ; ,  .~.~_.. The mr!marc, c i , f e r e m c e  D;7,.;p= ~, . . . .  z#_. 

zoz~ i  ec, u i ! i D r - ' . u m  mote!  an,~ . . . .  z,~e ~ - - o n . :  p~r'ci''=~ e Q u i ~ m r i u m .  , mote', iL  ,.-_n- 

annY.zion.-, o.: he'cercgeneous ,,'.ioez!c.: f o r  C e v o l ~ i l l z a t i c n .  Oe, ;o i~ ,~ l lZ~t : '~ r  " :  

.s . . . . . . . .  : o  ~ a c e  inszanz=.necus !y  ;.,;-~ ".h~ ,., ielC ~.nc : c m z c s i z i c n  e::~. - - -  

-~.e v , - i - . , a~e  ;;.~-e. z i i e  y ie ;d ,  and c.;:,_o.~'~ < : - ' ,  ~ on. The 2-s~eD ~ e : : o ~ , a ~ i ; i z ! - : ~  

mote:  ,,_-S ;,,ece~. K o . . y = . h ; .  . . . . .  o ~, funCz!Oma~ ~.O'~ u ~ mc, c~el ,.-~'-" ,-,c,:el. 

.~o;cme.n and Hamz,~en. !985;  are ~_~e.cl t o  p r ~ O i c t  z~e ~ t i m a z e  v o l a t i l e  v i e , -  

;~m~._'~ "S r~egim=,- ~S Z,~e ~u - . ,  v . , ,aZ . w~io.hZ l o~s  aS %im~ ~e,zc.~es ~.=.r#-~ 

5c~ i :  ,as :canoe t i m e s  o~ z n e  once- ,z." o n e  h o u r  ,,,,ouic - ;uszi fv  %his aSS~m_~.i.Zr... 

The 'G .- . .ose, i~ u~ec zc., 2red; 2- ~=vo :~ .z ! l l z~ : i on  c~mpCs.;'cit, nS i~cl.~c~,,~ - ~ r  

z -  --"e u t~maze cna"  f r~, '_L.cq.  ~.~i^~ • for.mul i ,<~'~ 

me_:zing va~ue z- ,he cmar and E.7;;e-~on5 : . ; - .B-7 ~nO 8 are u~ec, T.o ,_~:c~:~;z=_c 

-~e r.ea o f  -" . . . . .  icr:  ant  sens:. ',,.e e n z b a l p : :  o f  t he  char  : , ~ ? = - - ~ 7 e , ' ;  ""  

. . . .  W I I i r  F i~r~. .TZ' . , . : -2.~,  t~.r ~. a ~o,::e.~ "C~ De recirzuq~ZeC ir}-O zne r?-~c.'_o 

T~e r e c i r c ~ S a - e C  ~ : r  , - a c t i o n  i s  5ss~mez tO r e a c t  ;,;iLh ;~£, O . n e r  ec, u , : i z , - i ~ , -  

gases ~me z~, r e c i  - ' -~c ~. " on • - " r~u,.~ ' . ~ c - "  iS s o e c i f i e ~  b,- ~.ne u.~e,. 

. , , i e l  ~ _ ~ n _ e _ ' . ~ v D l e t i l i . z ~ ~ ~ m o ~  T~,~ u i z i m ~ - £  v o l ~ z i l e ~ ,  • ,.. c=z :~mine  ,-_ 

v - =  + 
( ~ i I . ~ - i " )  

where Y ann k r e f e r  zo zhe i n s t a n t a n e o u s  y i e l d  o f  v o l ~ % i l e s  ~nc A r r h ~ n i u s  r.~Z7 

c 'emstanzs ,  r e s p e c t i v e l y .  The s u b s c r i ~ t ~  r e , a t  zo t h e  ]OW- ~n~ i~iq?,-  

z e m ; e r a z u r e  r e ~ c z i o z s  which d e s c r i b e  t h e  2-S mode l .  The o r e d i c z e d  ulzim.zZe 

v o l a z i l e s  v i e ! ~  i s  a f u n c t i o n  u ,  - = m ~ r ~ - . - ~  

The u l z i m a t ~  v o i a z i l e s  y i e l C  ~nc com0osi ?.i on f o r  tree Fr~ model  c,~n b~_ ~ 

d e t e r m i n e d  to ~e: 

I O, t b r  a11 i e x c e p t  CH.~OH, nvC. a n d  Sorg 
coS. ' = 5  

[(I f o r  CH :, OH, t~vC,, ~xld S e r f  ( ; ~. i .  ~:- ! ,_ ;, 
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. -~,--~-. ( i I I . B - 1 3 )  

( i i i  .B-I- ~) 

where m~.c. ~i.,. and ai,~ are zhe u l t imate  weight f r a c t i o n s  of char. t a r  and 

1~-~- ~se~ znaz compose the iz~ functional crou~ respectively. Other 

. . .  . ~ are xo v# k~. and ~= which 

,.p. es.,_ z!,e ~lzimate to. formine f~aczion, the inizia~ fraction of the i ~ 

=snCz~ona:- " " ~.D~"",'. d~sz~" , '~ . :ed Arrhenlus rate constant for the i~a functional 

=~o'~ amd cis - "=~ ' '~ .  Ar~hemius rate constant fo r ;he tar . . . . . .  . . . .d , respectively. The 

s~mscri=zs CHsOH. nvC. amc ~.~ refer to the methanol, nonvolazile carboe, amd 

organ ic  s u l f u r  funczie'~a~ g"oups, r e s p e c t i v e l y .  The u l t ima te  v o ~ a t i i e s  

ccmzosizlcm orec i fzed ~y the FG mo~e~ is a func t ion  of temperature h is=ory.  

"he cist~!muze¢ raze cons:ants were determined by a seven-poinz Gaussian- 

Lecencre Quadrature (Abramowizz and Stegun. !972) .  FrequenCy f a c t o r s ,  mean 

acz iva t i cm energ ies ,  ane standard dev ia t ions  of  a c t i v a t i o n  energies were 

o~aineC from Seric ez e l .  ( i987) .  

The 2-S moCel can be combined with the FG model to predict volaziles 

CO ..... s;~ion u)~" ~ :  .... f o l i ow ing  eqbation: 

I -  CY,~-~.~}] 
x ° = l +  

( I ! ! . B - ! 5 )  

Tne ~ ~.n. pa r t ,a ,  ecu i l i b , ' i um mou., has been programmed to use the 2-S model 

or F~ motel for  y~eld.  The FG model is used to p red i c t  v o l a t i l e s  composit ion 

f o r  both the 2-S model and the FG model. 

Solution Techniaue - Figure !i l .B-Zb shows the control volume used for 

the l-zone part ial-equi l ibr ium model. The ash temperature, well-mixed reactor 

temperature (or zero-dimensional temperature), and exi t  raw gas temperatures 

are assumed to be the same. Similar to the total equilibrium model, the daf 

coal is also assumed to completely react. Complete reaction of the daf coal 

is equivalent Zo assuming that the daf coal reacts completely ei ther by 

devolazil ization, gasif icat ion or oxidation. The total equilibrium model does 
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ec:  c i = f : ~ : ~ - ! . ~  ~ : .  . . . , .  . .  beuween =he mecn: .n isu fo ~, zXe<e,, - chemic-= ~ ~ : : e ~ : e s .  

~o,..;ever zne ! - z o n e  p a r z l a i - = " " : l i b r i u m  m, OO~l ~ l l o : z s  G e v o l a z i ' i z ~ - i c n  ..... -' 

~ y i n c  - = k s  p i : c e  s e p a r a t e l y  f r om  g a s i f i c a z i ~ , n  anc o : . : : , ~ ,  r'Ci:.-.~ 

2 e v ~ . : z - ' i z a - i c n  anc c r y i n g  a re  ass,:med ~.o occur a ~ . zhe s~me - e m ~ e r ~ - . c ~  ~ 

ox i ca= i cn  ant c:.si~'i~.:z~on. (zh, is  aSSump,-.ion ~s. r=,axed-" ~n zre .~-zc~e, 2 ~ - : - ~ -  

ecJ'~!z~iJ,.-. ,  m e c e l )  F u r z n e r m o r e .  zhe mass evc lveG ~ iur inc  elf,, ~ . . . . . .  ,- 

= e , : o l a z i l l z a - i c n  ~s assumeC go m ix  i C e a l l v  ,,.~i=h %h~ , ~ , ~ : ; ~ - , r : , , . m  - ' , : ~ , -  - -  - 

_ - r e v l c ~ S  ; .  

:,~'----nces a - o ~ n z  zne gas . i - i t . : .  - = ~  zone - - ~ .... 

aS~.,-=C_ . %C Ze ~'';"~',,::,,~_,~ = . . . . .  -~,~ :=~,~:.',l~.. . ='~r_.-,.,.,. ICZL i r  ".no .~,,~. :nz- eme-_=;; : ; =  

- r r o ~ - - r  .=ue wa~i e re  c ~ i c ~ l  ---~,~ . . . . . .  s i m i l a r l y  ~S i n  zh~ ~ o - ~ ' - e Z u i ' ! 3 r i  ~-,, m=_=--': 

e.~C~=-  f 2 r  Un= !nC','~','_'3n c? t a r  r e c y c l e •  The FG model ~ e z , c . . ~  ".n=. ~:-~ 

• "e .uce ' .  2 = ' ! i z a - i . ~ ,  ~ f - a t - . ! . -  o f  ,'.,e =~" i~ ~ ,~,',E: 

"~ . . . .  ,~-" r e - " - - ~ l - m c e C .  The ~ , r : . .  o n ' - - ~  o f  rec~r~.~ la leC"  ' z a r  i s  s~ec~=~e= ::., -he 

. . s O " .  

9 
~ °  

Ca I - . , , u . u : .  u on Te -'_, c o~; k~. h. ~, C)• ~=.',C 

m# :. 

Ca!cula=-.- T~ ~ mazer i~  ~ ~ i a n c e  a~d e G ~ . i l i D r i u m  assumpz ion  

Re.-_ea= 1-3 u n z i l  guesserl  T. e ~ u a l s  c a l c ~ l a z e d  T~. 

! - Z o n e .  PmK.,.±al E e u i l i b [ i u m  M ~ ~  - mreQ ic= ions  o f  C# ~ a~-J :~ ir~ 

=he g ~ s i f i e r  ea f iuenu  ~ere  s l l g h = i y  improved  over  ~he ~ota l  e ~ i l i = r ~ j m  m~C~!. 

EA~= uempera=ure p red ic%im~s  were a l s o  improved .  A f t e r  comoar in~  r e s u i = s  f~Dm 

~ne zwo ! - z o n e  m o d e l s .  ~t ~as d e c i d e C  uo d i v i c e  t he  g e s i f i e r  ~nZO ~'.~0 

z e m p e r a = u r e  z o n e s - - a  C r y i n g / d e v o l a ~ i l i z a t i o n  z o n e  ~nC ,Ln 

o x l d a z l o r / g a s i f i c a z i o n  zone .  TemDe~azure r e s o l u z i o n  suc r  as 2 - z ~ e  or  I -D  

m o c e i s  s n o u l c  p e r m i Z  l . ' w e r  d e v o l a ~ i l i z a ~ i o n  z e m p e r a ~ u r e s  and h ic r ,~ . r  

g a s i f i c a = i o n t c x i c a = i o n  ~ e m ~ e r a = u r e s .  C o n s e q u e n t l y .  v c l a z ~ l e s  y i ~ l ~  ~ d  

c o m p c s i z i o ~  w i l l  De C i f f e r e n z  ~Nan _~-zone p re~<c t i ons ,  . A l s o .  zhe :~ ,~ i ie r iu~ .~ ,  
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CO ~rn~ ra= ie  i n c r e a s e s  wi~h i n c r e a s i n g  %empera~ure l e a d i n g  to  b e t - e r  

agreemen~ w i t h  measure~ e f f l u e n t  concen=ra~ions. 

2-#gne Pa r t i a l  EGu i l i b r i um Model 

~_~_~ua~ions and S o luCion TechniQue Figure i 11 .B -2c  shows the c o n t r o l  

'=oiume useG f o r  =he 2-z0ne p a r t i a l  e q u i l i b r i u m  model. The p r imary  d i f f e r e n c e  

.~.~een~=-,, the ~.-zone o a r = i a l  : q u i l i b r i u m .  model and the 2-zone pa r t i a l "  

e c u i i ~ J r i u m  motel i s  cnat  ~ e v ~ i a t i l i z a = i o n  and d r y i n g  are assumed to ~ake 

~iace a- the ex i~  .:,~:-:-,~:._m . . . .  ~ . . . . . . . .  ~ .  which i s  d i f f e r e n ~  - ~ n  ~he e~u,,.~.~um-':~ 

zone =em=erature. T~:. Gas l f l ca~ ion  and combustion are assumed to take ~ a c e  

~: t , ~  e = u i i - ~ r i u m  zemperaz~re. -'-:n= enerev., balances arourd the zwo zones .,.=~= 

s : - : 'a ' , ,  tc ~rev ious lv .  d iscusse~ ~=r=?cv,~... _=~ances.h-" 

T~e ~ .~= '~ .~  -e=!,n!=u ~ .. f~"~. the _9-zone. par~ ia l -ec ,  u i l i ~ r i u m ,  model i s  as 

~z 

Z. 

5. 
c~ 

7. 

Ca '= '~ ia - :  a u a r t i t i e : .  =.no- ce~end on ~re (e.  g. v o l a t i l e  y i e l d  anc 

~ .  . . . . . .  n . n . : :  . -  Of char and entha lpy of  tne t a r ) .  

~-~.:s - r  m_ ec~ u~'~ i=riu..~, zene temperature.  T..¢. 

_: =~'a-e c~uan-~t:es ".at.- cement on ~ r  (e..~. h'.o Q, and a~). 

Ca '=ui~-e T~..-, Dy mater ia l  balance and e q u i l i b r i u m  assumpt ion.  

Re_'e-'" 3-5 ~r, t i i  gue'sec ir~ equals ca l cu la ted  T.#. 

Ca 'cu 'a -e  ~'~ ~-i.=h energy Ja!ance around d r y i n g / d e v o l a t i l l z a z i o n  zone by 

using ~ne secan~ me=hod. 

~=.~--=--.:~ .~-7 u n t i l  guesse~ T~ equals ca l cu la ted  T~. 

=.'ergy re~u i re~ fo r Grying a~d sens ib le  en=halpy of  the feed coal are suppl ieG 

te the = r y i n g / d e v o l a = i i ~ z a = i o n  zone. The wa l l  heat l oss  as we l l  as the 

sens ib l e  en=naiDy loss  in  =he ash is  a t t r i b u t e d  to the e q u i l i b r i u m  zone. !n 

r e a l i t y ,  =hese q u a n t i = i e s  should De p a r t i t i o n e d  between the two zones. The 

s o l u t i o n  =echnique des=r ib=d . : r equ i res  two i t e r a t i o n  loops .  Convergence 

f o r  ~ne 2-zone p a r t i a l  e q u i i D r i u m  model is on the order  of  seconds on a Sun- 

386i wo rks ta t i on  com~uzer. 
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. . . .  ~ , o n s  - :m~u~ ~ . . . . .  t a r s  f o  ~ cne ~ e s z f l e l ~  ~ r e z ! C Z i o r s  

w e r e  c Z z s i n e :  f r o m  E l c l n  ~nc marks  C197~) .  The p r e c l c z e d  e x i :  :e ; , - .~e-~, :~-~: :  

5mS COmSC~C:CnS. . Tor : ~ e  :CZai-:-~i._ ~ , ' ,  ~,,:-, l - zone  ~ . ~ . ,  _~ , , 

6 Ca ~=._ ~'so SnOwS ~,eci~z~ons- ~ =-cm YOC~ e:  .~l. ( :~, 'o, . '  PreOlCZ!nm. S q":m i ; -  

. . . . . . . . . . . . . . .  - . . . . .  ZX~ l i : e ' S Z ~ r E .  T~E 

. . . .  . . _, .. ,, , e = s ~ , . .  v ~  ~ - -  T : e  

~ : s e : " :  case  : c  w~ZX~n 5 ::-cr==~ K e " : i m  Tree e n ~ c  ,, -=- ,~ '~ , -  Z3 Or',, L-e  , : :~ !  

: " y ~ s e v c l a : i ' i z a : i  ^ "  Co" = : 0  ~e 3~"~ . Th~ " = ~ :  . . . . .  

R 2 s e ~ c  c~s~  w ~ : ~  :me 2 - z 2 ~ 9 .  s ~ ' ~ i ~ - s q u i i a g ' i L . m  ~ c : e :  w e r ~  : -  : : z e  

T :_mmer= -u re  S e n s i z i v i , - _ v  tO S,-..eZml'!.]:,'vqe~_ R ~ -  F ! c ~ r e  : ' . : . S - - ' ~  : ' , : , . ,  :~,£ 

= = - = r -  Ca 5 " = = ~ 1 " : "  

- ' - =  . . . .  : ' , e  ~: .:em~.era c ÷ : ' e : - s e s  , , ; i : h  i r ,  c - e _ : s i ~ C  S :~am,  . - .  = x . . . . . = . .  e { :  , : u ' e  F! . . . . .  e . ' : : , 5 -  

" -  r-~sc _._~"~ws : ~ e  : ÷ m z e r ~ _ . . , = .  m f  -me e c u ; l i ~ r i ~ m  z m n e  mr=~': - ' ' ~ _  .~  ~ , ~  Z".' : - ' e  7 . -n - . - "  

m a c e " .  The , . - z o r e  e x ~ "  . ' .SmS. : -aZ~r~ iS  bour_<e~ ~" " ~  . ~y , . , , .  ~ - z O n e  e : ' , ! :  ~_n.~ 

~ - ; ~ ' -  C f  ~ - - ' a m l  . . . .  ~ e r  : h e  mo ;~  /CO Tt,~. : . : , - _ ~ -  . . . . . . . .  Ox- - . , .  e~.~i- ] ~ r  r~z ,~  o f  ,x: 2 . 

~ . . . . .  " / , . v  r : : - : o  , , , ' ~ - h  

~r, c r e a s ' n c  . . . . . . .  =-= ' - - ' ^ - .v - ; , , .~  = . n .  Toe D a r : f a l - e q u , l ' D r i ~ m l  m o d e l  c-"zes. 8n S - s ~ : - . , e :  

c u r v e  w :z ! .  zn÷ ~2 /C0  r a z l o  a p s r c ~ c h i n c  ~ l i m { z  Of  g z , : r o x , , , , . ~ = l y  _ 2~;r~ 

i i , . ' . ~ - ~ c  shC,~;S ~Ja~  f rom,  v a r i o u s  CCa;S f r o m  Ru,zo :ph  ( 1 ~ 7 8 ) .  A l l  o f  - h e  

e2.:;'.'liP, r L;,,, .... .~ .  s seem zo p - e c i c :  zne co r rec t  ZrenC 
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I l l i n o i s  # 6  at  W e s l f l e l d  

2-step model for yield (Kobayashl klnellcs) 
50 FG model for volatile composition 

T exit, K 
.~ • Elgin& Perks 864 
.~ 40 

~ [ ]  Yoon el el. --- 
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[ ]  1-Zone 936 
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e c u i l l b r i u m  models seem zo p r e d i c t  the c o r r e c t  t rend .  The 2-zone model seems 

Zo g ive  be%ter abso lu te  values f o r  the H2/CO r a t i o .  

Effect of Pressure on Raw Gas Composition Figure ! ! I .B-5 shows the 

effect of gasification pressure on the composition of the raw exit gas. The 
i~fluence of pressure is most noticeable for the total equilibrium model. The 

aadi%ion of devolati l ization tends to dampen out the influence of pressure. 

This can be explained by the fact that the FG model was developed primarily 

for smali part ic les. There are no part icle size or pressure effects in the 

model. Large-particle submodels being developed under Subtask 2.e should 

provide particle size and pressure effects for the equilibrium codes. 

.~_i_qnificance of Equilibrium Submodels 

The equilibrium chenical submodel options have provided additional 

insight into the moving-oed process, j us t i f i ca t i on  for development of 

accurate large-part icle submodels that predict the effects of pressure and 

~art icie size has been demonstrated. Accurate effluent predictions can be 
made by providing additi.,nal spatial resolution. All equilibrium models 

predict adequate raw gas compositions with best results from the 2-zone, 

part ia l -equi l ibr ium model The 2-zone model wi l l  be used to provide an 

accurate exit temperature and concentration guess for the I-D model. 

Plans 

Heterogeneous gasification and oxidation kinetics wi l l  be coded into the 
2-zone. par t ia l -equi l ibr ium model. The interface between kinet ics and 

equilibrium wi l l  be investigated fur ther .  Differences between global 

equilibrium and local equilibrium wil l  be explored. A simplified version of 

the FG-DVC model for large particles provided by AFR wil l  be coded into the 2- 

zone, partial-equil ibrium model. After obtaining suff icient experience with 

the chemical submodels to be used in the moving-bed code, development of the I- 
D. moving-bed code wi l l  be ini t iated. The I-D code wil l  include the FG model, 

2-S model and simpli f ied version of the large-part ic le.  FG-DVC model, a 

simQlified char oxidation/gasification submodel based on the shell-progressive 

or ash-segregation submodels, and a gas-phase chemistry submodel based on 

partial equilibrium. 
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