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1. Xntroductton • - 

The l i q u e f a c t i o n  of coal  l eads  to  the  format ion  o£ Umn~rous pro-  

ducts. Xt is therefore difficult to describe explicitly each chemical 

reaction step since the stoichlometric relations are not well understood. 

It is Eenarally accepted that tile performance of a coal liquefaction 

reactor can be modelled by lumpin8 the products into "klnetlcally similar" 

fractions. The products are usually Erouped according to their solubility 

or boilln E points. Once the lumped product parameters are identified, 

the performance prediction of the reactor-, requires the knowledge of 

(a) reaction paths correlating reactants, and products and (b) hydro- 

dynamics of the reactor. 

In a continuous coal liquefaction reactor, coal slurry (coal + 

solvent) and Eas (hydrogen) flow throuEh a column (either coll or verti- 

cal tube). The reactirn mixture first passes throuEh a preheater ~here 

its temperatut-e is raised to around 425°C. The slurry then passes through 

the main reactor where the temperature and pressure are kept essentially 

coasuant. The extent of conversion depends on the total residence time 

in the preheater and reactor, 

The purpose of this research program was to fit experimental data 

on coal liquefaction to k/netlc net~aorks. The data are ob~alned 5y the 

Department of Energy (DOE) at Pittsburgh Energy Technology Center (PETC) 

coal liquefaction unit. Figure 1 is a schematic drawing of the liquefac- 

tlon unlt at PETC. Kentucky (Homestead) coal and a coal derived solvent 

from their 400 Ibs/day unit ':qere used in the experJ~nents. Tables X and 

IX give the analys~ of the coal and solvent. The products of liquefac- 

tion were cha rac te r i zed  as  Preaspha l tenes  (P) ,  Asphal tenes  (&) o Oils  (0) ,  

Cas (G) and unzeacted coa l  (C), accordinE to  t h e i r  s o l u b i l i t i e s ,  as  



o u t l i n e d  5 y  S c h u l t z  audHi ma .  

~. Hathenm. t i c a l  M o d e l ~ '  

_ 

(1) 

2.1 Residence Time Calculatlcns 

The residence of the slurry was calculated after accouutln~ for 

the slurry holdup In the reactor. 

t ~ ~ m  

u. E 
(z) 

t = r e s i d e n c e  t ime o f  s~:urx-y,, s e c  - 1  

L = l e n g t h  o f  r e a c t o r ,  m 

c£ = holdup of slurry, dimensionless 

u£ = superficial liquid velocity, m/sac 

The slurry holdup was calculated by first calculatlnE the gas 

holdup (cg) and 

¢~ = 1 - Cg (2) 

Two different expressions vere used for the calculatlons of the 

Eas holdup, and the results were compared. The expressions used were 

(A) (Shah et al.) (2) 

-,,,-here 

and 

- o . o 7 o n  • v o.s2/~o.oe (3) 
g 

V = gas  v e l o c i t y ,  c= / s e¢  g 
D = d i a m e t e r ,  c~ 
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(B) (Bonnecaze et a l . ) (3 )  

~ e r e  

(z-:~) 
~ g ' l - ~  S 

= transltlonal veloclty of llquld slug, ft/sec 

UNS - no-sllpvelocity, ~ ft/sec 

QE = volumetric flow rate of gas, fc3/sec 

Q~ = volumetrlc flow rate of liquid, ft3/sec 

= cross-sectlonal area, ft 2 

X : Q~/(Q~ +Q g). 

(~) 

( ~  

= [ c  z + ausR] Uss U~s 
(e:)_ 

for uphill slug flow, ~ -1 

C 1 - 1.22 

~here  

PG - o .325  (z  - ~ "sR 

g m a c c e l e r a t i o n  due to  g r a v i t y ,  f e / s e c  2 

p£ - l i q u i d  d e n s i t y ,  l b / f t  3 

0 G ~ Eas d e n s i t y ,  l b / f t  3 " 

D - d t m n e t e r ,  f t  

UBR - bubb le  r£ce  v e l o c £ t y ,  f t / s e c  

(z) 



4 

The r e s u l t s  o b t a i n e d  for ¢8 by t h e  two methods were not  v e r y  

different. ~ For example at 450°C 

c by method (a) : 0 .300 g 

by method (b) : 0 .243 

Method (a) was chosen f o r  a l l  c a l c u l a t i o n s .  
/ 

2.2  Smootheuin~ of  Expe r imen ta l  Data 

An a t t empt  was made t o  f i t  a n a l y t i c a l  e x p r e s s i o n s  t o  the  e x p e r i -  

m e n t a l  data. However, our results showed that except for unreaeted coal, 

no other data could satisfactorily be represented by any analytical ex- 

pression. The least square criterion was used to fit the data, 

Sum of  squa re s  o f  e r r o r s  (SSE) 
N T 

: I ( % - c . )  2 
i ,= l  

(s) 

v h e r e  N T = number of  d a t a  p o i n t s  

C E - e x p e r ~ e n t a l  d a t a  

C M - model p r e d i c t e d  d a t a  

To o b t a i n  an a c c e p t a b l y  smal l  v a l u e  o f  SSE, compl ica ted  e x p r e s -  

s i o n s  • rAth many c o n s t a n t s  were needed.  Such e x p r e s s i o n s  p r e d i c t e d  ex-  

t r e m e l y  er roneous  r e s u l t s  f o r  space tJ~nes a t  which e x p e r i m e n t a l  d a t a  were 

n o t  a v a i l a b l e .  Hence i t  was dec ided  to  u se  a l l  t h e  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 .  

The expe r imen ta l  d a t a  f o r  on reae t ed  c o a l  cou ld  v e r y  ~ e l l  be 

r e p r e s e n t e d  by an e x p o n e n t i a l  f i t  of  form 

c M - e ~  ( -  a t )  (9) 
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Xt was confirmed t h a t  t h e  optimum r a t e  c o n s t a n t s  o b t a i n e d  by us ing 

all data, agreed with the value obtained for the constant ~ In all cases 

( : , -  kl+k#k3+k4). 

2.3 Kinetic Models 
o .  

The t y p e  o f  equa t ions  which r e p r e s e n t  the  k / n e ~ i c  model  depend 

on the reactor configpraCion used. The length to diameter ratio of the 

coal llauefactlon reactor at PETC is around 700, hen-~e ~I,.. ~I~.. condi- 

tions a r e  s ssumed to  p r e v a i l .  

For  t h i s  stuL~y, r e a c t i o n s  o f  d i s s o l u t i o n  end. c o n v e r s i o n  of  i n t e r -  

media tes  a r e  cons idered  to  be f i r s t  o r d e r  and i r r e v e r s i b l e .  Three mathe- 

m a t i c a l  models  based on preassumed k i n e t i c  networks i n v o l v i n g  un reac t ed  

coal (C), preasphaltenes (P), asphaltenes (A), oils (0) and gases (G), 

are Investlgated and compared with the experimental data. The models are 

illus~rated as follows. 

(A) .~[odel 1 (4 .constant model) 

c kl P k~ A k3 

C 

0 

t h e  d i f f e r e n t i a l  e q u a t i o n s  t h a t  r e p r e s e n t  the  r a t e  of  d i sappea rance  

and f o r m a t i o n  o f  t he  s p e c i e s ,  i n  t h e  above model a r e  a s  f o l l o w s  

dtd--C._ c~ +,k 4) c, (lo) 



e. 

dP 
- ~ c ,  - k:,.P (11) 

dA ~- -  ~2~' - k3o (12) 

and 

dO " 
~= kso (13) 

dG 
~ - - k 4 c '  (14> 

where C' - C - u (15) 

and u = u n r e a c t i v e  £ r a c t i o n  o f  c o a l .  

I n i t i a l  c o n d i t i o n s  us ing  w e i g h t  f r a c t i o n s  and on m o i s t u r e  and 

ash free coal basis, are 

at t - 0 

C - 1  

P = A ~ O = G ~ O  
(16) 

I t  i s  n e c e s s a r y  t o  ~nco~pora te  t h e  concep t  of  u n r e a c t i v e  f r a c t i o n  

of  coa l  b e c a u s e  w i t h o u t  i t  t h e  model  would p r e d i c t  z e ro  conceu t~a tCon  o f  

c o a l  a t  long  r e s i d e n c e  t imes ,  a l t h o u g h  t h e  d a t a  show a f i n i t e  v a l u e  f o r  

C a t  l o n g  t ~ n e s .  For  a l l  cases  u i s  assumed t o  be i ndependen t  o f  t em-  

p e r a t u r e  and e q u a l  t o  1 .25 p e r c e n t  o f  C. 

(B) Model  2 (3 c o n s t a n t  ~ d e l )  

k k 

~ k 3 

G 
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This model is essentially the same 'as model 1 except that pre- : 

asphaltenes and asphaltenes are grouped as one species. The differential 

equation and initial conditions that describe this model are 

dC k 4) C '  ( 1 7 )  
= - (k I + 

d(P+A) 
dt = ~c' - k2(P+A) 

01 

dO d-Z" k2(P+A) 

(18) 

(19) 

dG. k4 c, C20) 

and tffiO C=I 

P+A=O=Gffi0 

(C) Model 3 (10 constant model) 

(21) 

G 

klO k7 

0 -.  Ck  k p P 

A 
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Thi s  mode c o n t a i n s  msx~num number of  c o n s t a n t s  and was expected  

to  g ive  t h e  b e s t  f i t  t o  t h e  d a t a .  This  model was s e l e c t e d  so t h a t  t h e  

goodness o f  f i t  f o r  the  o the r  two models can be compared t o  the b e s t  

fit possible. 

Equatlons: 

~'dC ~= - (kl. -I- k 2 ÷ k 3 + k4) C' (22) 

dP klC' - (k s + % + ~,) P (2S) ~-~= 

~.= k2C' + RSP - (k S -4-k 9) A (24) 

d~a~ " %0' + %p + %A - ~0 o (2S) 

dca~ .~ k4 c, ÷ kz P + %A + kloo (26) 

The i n i t i a l  c o n d i t i o n s  a r e  t h e  same as i n  equa t i on  (16) .  

2 .4  Computer S~nu la t i ou  

The i n t e g r a t i o n  of  t h e  d i f f e r e n t i a l  equa t ions  were t a t t l e d  ou t  

v i t h  t h e  a i d  o f  a X n t e r n a t i o n a l  l~a thema t i ca l  and S t a t i s t i c a l  L i b r a r y  

(~Lo.) package  pzogtam, DVERK. The r a t e  c o n s t a @ s  were o b t a i n e d  by us ing  

a computer code developed f o r  n o n - l i n e a z  eou t iuuous  o p t ~ n i z a t i o u  problem. 

The p a t t e r n  s e a r c h  method developed by Hooke and 3eeves (4) was used  t o  

o b t a i n  t h e  b e s t  v a l u e s  f o r  t h e  c o n s t a n t s .  De ta i ]~  o£ th~a  t e c h n i q u e  a r e  

p r e s e n t e d  by Krishnmnurthy° (5) 

The ] .eas t  square  c r i t e r i o n  was used  to  .~t:imum v a l u e s  o f  t h e  r a t e  
l 

c o n s t a n t s .  The o b j e c t i v e  f u n c t i o n  was d e f i n e d  as  
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N t Nch 

1 1 
- (27) obj .  fu  ~ t  Nch 

1 1 

3. Results and Discussion 

The optimum rate constants and the objective functions obtained 

are presented in Tables fiX, ~V, and V. As expected the objective func- 

tion for the i0 constant model are the minimum in all cases. However, 

the rate constants do not follow any particular trend. Hence we conclude 

that although the l0 constant model mathematically fits the data best, 

it does not represent the physical nature of the process. 

Comparing models I and 2~ model 1 gives an overall lower value 

for the ob~ectlve f~nct~on, although for 2 isotherms, namely" 450 and 

400°C, model 2 shows lower sum of squares. ~t should be noted that al- 

though model 1 has 4 degrees of freedom, it models preasphalt,~nes and 

asphaltenes as different species, unlike model 2. It is also clear that 

model 2 provides a poor fit for the isotherm at 425°C. 

Zt Is evident that the optimum rate constants obtained for models 

I and 2 exhlblt Arrhenlus-type temperature behavior, in almost all cases. 

The rate constants were fitted to the Arrhenlus law and the result~ are 

included in Tables II~ and IV. The rate parameters are compared with 

those obtained by CTonauer et al. (6) and Shalabl at al. (7) in Table Vl. 

Most of the ~InetIR parameters differ substantially from.the values cal- 

culated he re .  Th i s  i s  n o t  surpr~s inE because  t he  coa l  and s o l v e n t s  used 

i n  a l l  s tud£es  a r e  d i f f e r e n t  from each o t h e r .  
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F i E u r ~  2 tO 3~ ~ shine: the e ~ p e r i m e u t a l  and model p r e d i c t e d  d a t a ,  

~/e the Arrhenlus plots ~or the constants are illustrated in Figures 

4. Conclus ion 

Three k fne t i r -  n e t ~ r k s  have been f i t t e d  t o  t h e  e x p e r i m e n t a l  d a t a  

on c o a l  l i q u e f a c t i o n .  The p h y s i c a l  n a t u r e  o f  t h e  p roces s  i s  w e l l  r e p r e -  

s en t ed  by models 1 and 2, while although model 3 gives the best mathema- 

tiQal fit but is conceptually inconsistent. ~odel 1 gives a better fit 

to the data compared to model 2. The rate constants have been correlated 

by the classical Arrhenlus law. 

The kinetic parameters ubtained by other investigators do not 

compare well vlth those obtained in this study. This is expected due 

to the different types of coals and solvents used in different investi- 

gations. 

37 t o  44 .  



Nomenclature 

A 

Ap 

C 

C' 

D 

E 

g 

@ 

k 

L 

NCh 

N T 

0 

P 

Qg,Q£ 

R 

t 

asphal tenea,  Era/Era(total ) 

c r o s s - s e c t i ona l  area ,  f t  2 " 

coal  ( t o t a l ) ,  gin/gin(total ), 

r e a c t i v e  par t  of  coal  as def ined in  equat ion (15),  gin/gin(total ) 

experimental data 

model predicted data 

diameter ,  cm 

actlva~ion energy, cal/g-mol 

acceleration due to  Eravity, ft/sec 2 

gases,  Em/Em(total ) 

Ra~e constant, rain -I 

frequc, ncy factor, min -I 

length o£ reactor, m 

number of species 

number of data points 

oils, Era/am(total ) 
h 

preasphaltenes, Era/Era(total ) 

-tolmn~tric flow r a t e  of  gas and l i q u i d ,  f t 3 / s e c  

gas law constant, cal/g'mol ~K 

space time, rain 

unreactive f:action of coal, am/Era(coral ) 

bubble r ise v e l o c i t y ,  f t /aec 

superficial l i q u i d  v e l o c i t y ,  m/sec 
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up.s 

g 

no-slip velocity, fz/sac 

terminal velocity of liquid slug, ft/sec 

gas velocity, cm/sec 

C~ek Letters 

Cg 

Pg 
P£ 

cons tan t  def ined  in equat ion (9) 

cous tau t  def ined iu  equa t ion  (6) 

gas holdup 

liquid holdup 

defined in equation (5) 

gas density, Ib/ft 3 

llquld density, Ib/ft 3 
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A p p e n d i x  

Xn t ~  Bection a prog~mn l l s t J ~ g  i s  p resen ted .  
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REVISED PEOGRAH 

C * * * , = * * * * * * = = * * t * * !  RODEL ******************************** 
C * 
C THIS PROGRA~ CALCULATES ~HE R~TE CONSTANTS FOR PLUG FLO~ 
C :~. (DOE PROJECT) 
C' , * 

C" '" 

C "' * 
SUBROUTINE ~ODEL (~eY~KZZZZZ) 

C' • 

C • 
THZS SUSROUTINE ZS C~LLED EY EXPLORE TO READ THE * 

C I N I T I A L  DATA AND TO EVALUATE THE OEJECTIVE FUNCTIO~ * 
C * 
C * 

C i 
C * 
C X IS THE VECTOR OF THE AAIE CONSTANTS * 
C * 
C V ZS TH~ OBJECTIVE FUNCTZOb , 
C WHICH Z$ DEFINED IN Q~JPU * 
C 
C • 
C,- . . . . . . . . . . . . . . . .  : ~  
C * 
C • 
C PROGRA~ CONTROL : 
C KZZZZZ : I READ THE I N I T I A L  DATA A~D RETURN 
C • 
C KZZZZZ : 2 DEFINE A~D EVALUATE THE CONSTRAINTS • 
C RETURN • 
C • 
C 'KZZZZZ = 3 DEFINE AqD EVALbATE T~E OBJECTIVE FUNCTION * 
C AND RETURN * 
C '- KZZZZZ = 4 MRZTE OPTIOnaL OUTPUT AND RETURN * 
C * 

C • 
***************************************************************** 

2 DZHENSZON GC25),GB C25) pPD(25) ,  SC (25 )  sXC25) ,XDU~HY C25)sX~ZN C25) ~ 
1 XHAXC25) 

3 DIMENSION Q C 6 ) j X 1 ( 2 5 )  
4 CO~MON DELTAnDXjEFACIEPSLKsGjGRADX~PNLTYgSCeSIGM~OjSZG~AleTI~Et 

1 XDUHHYe~PZNeXMAXsYDUNMYpZDUMMY 
COMMON ZGRADsIOBJeIOUTtZTmZTNAXeJEG~JZNEQtKCLZNB,KNIN~HmN,KZNIKOUT 

6 DOUBLE PRECISXON DELTAsDXsEFACeEPSLN~GeGBgGRADX~PDsPNLTYsPROFI7 
7 DOUBLE PRECISION Q=SCt$ZGNAO~SZGHAZtTI~E~XeXDUR~YtX~AXtX~Z~ 
B DOUBLE PRECISION YsYCb~YeZDURR¥ 
? COMRONIKK/ XX 

10 COH~ONIAAAI NK 

C • 
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12 

13 

C * 
GO TO ( l O e Z O e 3 g e S O ) e  KZZZZZ 

C • 
C • 

C • 

10 CONTINUE 

C , 
C , 
C , 

CALL lt~D~1" 
C 11 
C , 

C 
C , 

REIURN 
C 
C 

:15 
16 

C 

20 CONTINU~ 
GC1)=XCZ)÷XC2)+XC3)÷XC~)-O.I~gB6 

C GCZ)=XC5)+XC6}+XC7)-O,O2068-OoO217¥-0.1 
C GC3)=XC8 )+XCg) -  0 ,02666055  

17 

18 

19 
ZO 
21 
22 

"23 

C 
C 
C 

C 

C 
C 

C 
C 
3~ CONTZNUE 

C 
C 

• d~O. 

: ~ ' C  • 

C 
C 

DO ~0 I= I~HK 
X l ( Z ) = X ( Z )  
CONTINUE 
GALL CHECK 
CALL OBJFU¢¥) 
MRITECO6~B~5) ¥ '  

G 

C " * 

C 

RElJ~RN 

t 

RETURN 

S 
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26 
27 
28 
29 
3,. 
31 

3Z 
33 
3'~ 
35 
36 
37  
38 

C 
C : , 
5~ CONTIkUE ,, 

C 4( 
C- 4( 
C .THE OPIZMUM SET RATE CONSTANTS A~D 4( 
.C THE F INAL  OBJECTIVE FUNCTICN , 
C ARE WRITTEN, ¢ 
C' 4( 
.£ • 

• - W R I T E ( 6 ~ l O O 2 8 )  
DO 60 IJL=I~NK 
WRZTEC6~IO030) I J L ~ X ( I J L )  
CONTINUE 
WRZTEC6~I~05~)  Y 
WRZTE{8~ IO040)  ( X ( L ) ~ L = Z s J I N E Q )  

60 

C 
C * 
C , 4( 

C_____ 

C 
C 

10010  
ZOO20 
1~C30 
1004~ 

4( 

4( 
RETURN 
FORMAT( ° YYYYYYYY ° ~ £ )  
FORMAT('Z'~" KINETIC PARA~ETERS's/° %20C'* ' ) ,F"  " jZ~( '¢° )91/ )  
FORMAT(" °~° KC°tI22 ") = " , I t / )  
FORMATC(IIEZ3,T)) 
FORIAAT.(" "m" FINAL OBJECTIVE FUNCTION: ° t E s / / / / / / / / / / / i )  

END 



1 

2 
3 

5 
6 
7 
8 

? 
10 
11 
12 
13 

14 
15 

16 
17 
18 

REVISED PROGRA~ 

SUBROUTINE INDAT ":'-- 
C 
C 
C~,.= 

C 
C 

~ C  
C 

C 
• C ° " 

C 
C 
C 

C 
.C 'C 

C 
C 
C 
C 
C___ 

G 

============================================ 

THIS SUBROUTINE IS CALLED BY NOCEL 10 READ THE INITIAL DATA 

. ~ = ~  

COHPONENT NUHBER 

COAL 1 
PREASFHALTEhE5 2 

ASPHAL]ENES 3 
OILS 4 
GASES 5 

CON~ON/AA/ NTsHKeNCHESP~TEeC 
GOHHON/AAA/ N~K 

D~ENSZON CZNTCS~220)~RFR~CfS)~IICS~25)~IH(5~20) 
DZ~ENSZO~ TECIO~)~C(5~IOC) 

REAL ZZ 
RE~L Z~ 

C 

C 
C 
C 
C 
C 
C 

NT = NUHBER OF EXP.DATA 
NK = NUHBER OF RATE CCNS]AN]S 

NCHESP : NURBER OF CHEBICAL COHPONENTS 

IFCZ3oGT.O) GO TO 10 
Z3:1 

READCI6sZOClO)N]j~KjNCHESP 
NHK=NK 
CONTINUE 10 

C 
¢ 

HEXP=NT 
N=NK 

C 

T E ( K )  = EXPeRESIOENGE TIME 
GCJjK) EXP,WTeZ OF THE CHERICAL COMPONENT J AT THE RESIDENCE TZ~ 

IFCIS.GTeO) GO TO 50 
I S = l  

DO 40 K=lmNT 

C 
C 
C 
C 



19 
2~ 
21 
22 
23 
2,; 
25 
26 
Z7 
28 
29 
3r., 
31 
32 
33 
3k 

• . . .  

ZO 

4o 
~0, 

10010 
10620 
1C03~ 

e ~M 

READCZ're e*)TE(K)s CC(J: K) e J : l  t NCHESP) 
SUP,=O';C. :. 
DO 20 J=..lvNCHESP 
SUH=SUH.e-CCJmK) 
CONTINUE 
DO 30 J=ljNCH~SP 
C(J jK)=C(JIK) ISUM 
CONTZNUE 
M~ITE(6 ~IOC30)K~TE(K) j (C(J ~K) s J=l  ~NCHESP) 

CONTZNUE 
CONTINUE 
RETURN 

FO~NAT(3Z). 
FORMAT(" °~FZ.~=3rSEl~o8). 

FORMAT( ' . . °a I4sFlO.3/ "  °sSE15.41) 
END 



REVZSEO PROGRAm4 

1 

2 
3 
6 
5 
6 

8 
9 

10 

11 
1 2  
13 

15 

~6 

C 
C 
C 
C "  

SUBkOUTZNE O~JFU(Y) 
C 
C 

C 
C. 
C 
C 
C 
C 
C 
C 
C 

C 

THIS SUBROUTINE !S C~LLED BY ~ODEL 

THE PURPOSE OF THIS SUB~DUTZNE IS 1HE EVALUATION 
OF THE OBJECTIVE FUtlCTZQN~£EFZ~EC AS: 

CO~.MON/AA/ NTgNKtNCHESPsTE,C 
D", ~.ENSION C(Ss 100) ='TE(IO0) 
D',HENSZON XC25)ITT(5 ~2~)t E (5 oZC)s C0(5 slC)eM(S ~20) ,  INT (Se 1~. ~ 20) 
DZP.ENSION I I (S jZS)eCK¢Ss lO0)  
REAL I I s INTsKK(11 )  
CORMON/CC/ CH 

C 
C 

C 
c a m ~  ~ a m ~ a m ~  mm ~ m m m m ~ m m ~ m m m  i i I m m m  m m l l m m a m l a m l  am i I m l ~  i l a m ~ m  ~ i m  ~ l ~ l  i ~  ~ ~ ~ ~ ~ ~ I ~ l ~  m ~ 

C 

C 
C 
C 
C 
C 
C 
C1- 
C 
C 
C 
C 
C 

HEZGHTING OF THE OBJECTZVE FUNCTION 

E ( J g I )  ; IS THE OBJECXIVE FUNCTION 

MCJ~I) ; IS THE MEIGHTING FACTOR 

DO 30 I : l j N T  
DO 30" J=lgNCHESP 
ECJ~I) = C ( J f I ) ' C ~ ( J s Z )  

ECJel) = ABSCE ( J , Z ) )  

E ( J m I ) = E ( J , T ) S t 2  
I F ( E ( J ~ I ) e L T o l . E * l O )  GO TO 10 
~RZTE(6t lO010) J t I g E ( J j I ) B ( K K ( L I ) s L I = l o N K )  
CALL EXIT * 
COfiTINUE 

IFCC(JpI)eEQeO,.O) GO TO ZO 

C. 

C 

10 
¢ 
C 

o 



17 

18 

~9 
2," 

21 

22 

23 

2~ 

25 

2b 

27 

26 

29 
3C' 

32 
33 
34 
35 

C 
C 
C 

C 
C 
C 
C 
C 
C 

C 
20 
YJ 
C 

C 

C 

C 

C 
C 

C 
C 
,~  
C 

C 
50 
C 

C 

C 
10010 
10C2~ 
10035 

WCJsI )  = 1 , . I C C J j Z )  

M C J s I ) = I ,  

~ ( d ~ I )  =ABS ( i t C J j I ) )  

MC,J~,I) = t t C J g I ) * * 2  
GO TO 3~ 

CONTINUE 

DO 5~ J=Z j4  

MCJsZ) = 1e9 

TOT = 0 ,0  

T = 0 ,0  

DO 4~ I = l t f l T  

T = T 4 E C J , I ) * t ~ C J g I )  

coNTINuE 

TOT = TOT • T 

CONTINUE 

Y=TOT 
WRITEC06~ZOOZC) ¥ 
H~ITEC~6zBb. ~3 Y 

RETURN 

FORHAT{ ° ERROR ° s 2 1 2 s E l O o k s l O E l O e k s t )  

F O R M A T C ' I # # # I m l J # I I #  Y°aE)  
END 



REVZSED PRCGR~H 

1 

2 
3. 

5 
6 
T 
8 
9 

11 
12 

13 
14. 
15 

16 

Z'T 
18 
19 
20 
21 
22 

23 
2~. 

25  
Z6  
2 7  

; 28  
2 9  
~0 

• 3 I  

¢ 
C 

C 
C 

SUBROUIZNE CHECK 

C 

C 
C 
C 

OZHENSZON YCS)sWORKCZOS)jIkCRKCS)eCCCZk)tMCSjg) 
EXTERNAL F 
COM~ONIAAI NTsNKpNCHESPmTEmC 
GO~RONIFFICOjK~NCHEStNKIpZZZZ(5~ZO)sZL(5~20) 
REAL K ( 2 0 ) ~ 1 ( 2 0 )  
DZ~ENS1DN C0C5~2~)~C~C~100)~TE(100)~C(5~100) 
COHRONIKK/ KZ 
COHHONICC/ CH 

C 
C 
C 
C 

C 

20 

OPEN (UNZT=563 
NCHES=NCHESP 
NK]=NK 

DO 10 I=1~20 
K C I ) = K ~  ( Z )  
CONTZNUE 

T~AX = TE(NT) 

DO 20 I=IjNCHESP 
Y ( I ) = C ( I D 1 )  
C ~ C I ~ I ) = Y ( I )  
CONTINUE 
TOUT=OoO 
MKITE(56 j lO040)  TOUTI (Y(Z )~CNCI~ I )g I= Ip5 )  

G 
C 
G THE CONFZGURATION HATRZX ZS READ 

C, 

C. 
C 
C 

NCHESP = 5 
NEQN = NCHESP 

ZF(ZZeGTeO) GO TD 40 
Z2=1 
DO 30 Z=ltNC~ESP 
DO 30 L=IBNK 
READ(IOslO020) CO(Z,L)eLLeZD 
ZZZZ(Z~L) ~ LL 
Z L ( Z j L )  © ZD 

N R Z T E C 6 j Z O 5 )  C O C Z t L ) B Z ~ L j Z Z Z Z C Z j L ) t Z L C Z s L )  



"-3Z 
33 

3~ 
~0 
C 
C 
C 
C 
C 

CONTINUE 
CONTINUE 

C 
C 
C 
C== 

3'; 
35 
36 
37 
38 
39 

41 
4Z 
k3 

~5 
re6 
47 

48 
k? 
50 

C 
C 
C 
C 

Z~TEGR~TZON 

5~ 

T=~,O 
TOL=O,OO01 
IDN=Z 
LL=Z 
TOUT=CoC 
CONTINUE 
LL:LL+I  
ZF(LL.GTo~T) 60 TO ~ 
TOUT=TE CLL) 
CALL DVERKCN~HESP~F~1tY~TOLT~TOLBZDN~CCgNCHESPsMPTER) 
DO 6C LZ=I~5 
GHCLZJLL)=YCLZ) 
CONTINUE 
~RZTEC56~ZO0k~) TOUTjC¥CZ) jCCI jLL) jZ= l t5 )  

6£ 

C 
GO TO 5~ 

75 CONTZNUE 
CLOSE (UNIT=56) 

C 

C 
51 RETURN 
52 1C01G FORHAT C19E) 
53 1002~ FORHATC ° "~F3.OsZZI)  
54 10030 FOR~,ATC". 7HE VALUE OF 1'FLAG = °s3) 
55 1C04C. FOR P, AT ( "  °s12E) 
56 1005r" FO~HAT(" "sF3®O ~2X~4CZXpZS)//) 
5"7 10060 FORHATCZO E.) 
58 END 



REVISED PROGR~ 

1 
2 
3 
4 
5 
6 
'7 
8 
9 

1C~ 
11 
1Z 
13 

15 
,16 
1'7 
18 
19 
2C 
2Z 
22 
23 
2k 

C 
m m w m m w m m w ~ m m m m ~ w w w m m m m m m m m w m w w  

C 
C REACTIONS RATES FOR EACH OF THE CHENZCAL 

SPECIES ' 

C ZS CgLCULATE • " . 
¢ AS THE PRODUCT OF THE CONFIGURATION 
C HATRIX BY THE VECTOR OF RA1E 
C CONSTANTS 
C 

C 
C 

.tO 

2C 

3.'3. 

40 

SUBROUIZNE F(NsT~YsYPRIRE) 
COEHQNIFFICOsKjNCHESPsNKjZZTT(SsEO)jZL(Sj20) 
DIMENSION C0(5 j 2 0 )  sY (N) ~¥PR IR E(I~) 
RE~,L KC20) 
TT=O.O 
DO 1(' I=ZjNCHESP 
ZF(¥ (.7)-LT.O,,O) YCZ)=O.O 
yT=YT-I-y (1") 
C .rl. f, TZNUE 
DO 20 Z=] jNCHESP 
YCZ)=YCZ)/YT 
crJ~TZNUE 
DO 4,0 Z:Z,NCHF'Sp 
SUP.:C .O 
DO 3P, L=ZsNK 
F.,*..C=Z °0 
ZF(ZLCZgL)°GT,,O) FAC=Y ( Z L E Z I L ) )  
LL :ZZ~ I  CZ sL)  
SU~,=SUH+CO(Z t L ) * K ( L ) ~ ¥  (LL )$  FAC 

CONTINUE 
YP~ZHE (T)=SUH 

CO.NTTNUE 
RETURN 
EtJO 



Table'S- Coal Analysis 
J 

Homestead K), Coal 

Summary of 14 Analyses 

Moistuce Free Basis 

f 

Proximate Analysis 1 

Volatile Matter 

Fixed Carbon 

Ash 

Ultimate Analysis 1 

C 

H 
N 

S 

O (by diff.) 

Ash (hi temp.) 

Summaw 

~B.I~ 

~.5,9B 
' o r  

].5,99 

6).15 

4.:~0 
1.1~ 

5.41 

10.00 

16,,01 

wt % 

wt % 

wt % 

wt % 

Heating Value 2 

Sulfur forms 2 

Sulfate 

Pyrltl= 

Organic 

1average of thkteen analyses 

2average of eight analyzes 

11279 

1.3B 

2.0B 

2./;) 

Btu/lb 

wt% 

wt % 

wt % 



TABLE II 

FB-60 FEED VEHICLE ANALYSIS S~¢~EY 

"Source: 

H 

N 

Vehlcle o51 from operations on 400 ib/d unit 

Homestead Ky coal 

2000 psi8 

no catalyst, empty reactor 

Ultimate Ana!Tses .Dperation FB-601 0 

C 85.49 wtZ 

7.87 

1.4 

0,60 

Fe 2 .46 

perationFB-573 

85.83 ~ Z  

7.27 

1.43 

.63 

.34 

.Solvent AualTsi,~ ' Su~a:~;, 

O¢ls 

Asphalt~ne 

Benzene Xnsolubles 

Ash on ~ ~rnsols 

68.83 vI:Z 

26.45 

4.72 

41.6 

57.5 ~cZ 

34.5 

5.7 

39.47 

1Aver~Ze of n~e  analyses. 

2Fe determined eeparate~.y. 

3Average o~ ~our analyses. 



TABLE 711 

RATE CONSTANTS FOR MODEL 1 

C 

k 
A 

0 

3 

Mode3 1 (4 constant model) 

Temperature °C 450 425 

k (ml. -1) 0.1548 0.1478 
1 

k 2 0.1226 0.1293 

k 3 0.0636 0.0224 

k 4 0.0157 0.0065 

Obj. £n 0.0469 0.0958 

400 

0.0992 

0.0573 

0.0175 

0.0026 

0.1262 

Arrhenius f i t :  T in  OK, R = 1.98 c a l / g - m o l ° K  

k 1 = 76.26 exp {-8.819 * 103/RT} 

k 2 - 1.39 * 105"exp { -  1.97 * 104/RT} 

k 3 - 1.71 * 106 exp ~2 .479  * 104/RT} 

k4m 6.75 * 105exp {-2.549 * 104/RT} 

375 

0.0806 

0.0280 

0.0426 

0.0022 

0.0298 



TABLE ZV 

RATE CONSTANTS FOR MODEL 2 

G 

I 
C ---~P+A----~ 0 

Model 2 (3 constant model) 

Temperature °C 450 425 400 375 

k I (min -1) 0.1548 0.1478 0.0992 0.0806 

k 2 0.03944 0.01247 0.00787 0.01009 

k 3 0.0157 0.0065 0.0026 0.0022 

obj. fn. 0.04072 0.2439 0.1123 0.0698 

~rhen~us fit: T in oK, E = 1.987 cal/g-mol°K 

k 1 = 76.26 e ~  {-8.819 * 103/RT} 

k 2 = 8 . 1 3 *  107 exp { -3 .1  * Z04/RT} 

k 3 - 6.75 * 105 exp {-2.549 * 104lET} 



TABLE Y 

RATE CONSTANTS FOR MODEL 3 

G 

0 P 

l~del 3 (i0 conseau~ model) 

Temperature °C 450 425 400 

k I (eLan -1) 0.1792 0.0321 0.0352 

k 2 0.0 0.079 0.0431 

k 3 0.0024 0.043 0.0208 

k 4 0.0 0.0093 0.003 

k 5 0.0011 0.0 0.0085 

k 6 0.0307 0.011 0.0 

k 7 0.0058 0.0 0 .0  

k 8 0.0 0.0006 0.0028 

k 9 0.0 0.0 0.0002 

klo 0.00226 0.0 0.0 

obj. £n. 0.026 0.032 0.0191 

375 

0.0636 

0.0 

0.0204 

0.0 

0.0169 

0.0 

0.0 

0.0 

0.0 

0.0073 

0.016 
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