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1. Introduction

Tﬁe liquefaction of coal leads to the formation of numerous }mo-
ducts. It is therefore difficult to describe explicitly each chemical |
reaction step since the stoichiometric relations are not well understood.
It is generally accepted that the performance of a coal liquefaction
reactor can be modelled by lumping the products into “kinetically similar"
fractions. The products are usually grouped according to their solubility
or boiling 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 cﬁal liquefaction reactor, coal slurry (coal +
solvent) and gas (hydrogen) flow through a column (either coil or verti-
cal tube). The reactirn mixture first passes through a preheater where
its temperature is raised to around 425°C. The slutry then passes through
the main reactor where the temperature snd pressure are kept essentially
consvant. The extent of comversion depends on the total residence time
In the preheater and reactor.

The purpose of this research program was to fit experimental data
on cosal 1ique£action to kinetic networks. The data are obtained by the
Department of Energy (DOE) at Pittsburgh Energy Technology Center (PETC)
coal liquefaction unit. Figure 1 is a schematic drawing of the liquefac-
tion unit at PETC. Kentucky (Homestead) coal and a coal derived solvent
from their 400 1bs/day unit ‘vere used in the experiments. Tables I and
II give the analysis of the coal and solvent. The products of liquefac—
tion were characterized as Preasphaltenes (P), Asbhaltenes {a), 0ils (0),

Gas (G) and unreacted coal (Cj, according to their eolubilities, as



outlined by Schultz and Hima.(l)

2. Mathematical Modelins;

2.1 Residence Time Calculations

The residence of the slurry was calculated after accounting for

the slurry holdup in the reactor.

1€
L
L=< 1)

t = residence time of slarry, aec-l

[
n

length of reactor, m

[y ]
L]

2 holdup of slurry, dimensionless
u, = superficial liquid veloecity, m/sec

The slurry holdup was ecalculated by first calculating the gas

holdup (e ) and
73
g =1~ £y ' (2

Two different expressions were used for the calculations of the

gas holdup, ard the results ﬁere compared. The expressions used were

(A) (Shah et a1.)(®

e, = 0.07032 - \7!‘_,‘“'52/13"'08 (3)

where
vg = gag velocity, cm/sec
D = diameter, cm

and




where

(B) (Bonnecaze et al.)(3)
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transitional velocity of liquid slug, f£t/sec
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Bee ™ no-slip velocity, —ﬁ;—% ft/sec
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volumetric flow rate of gas, ft3/sec
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volumetric flow rate of liquid, ftalsec
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A.P = cross-sectional area, ft:2
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for uphill slug flow, & =l

vhere

Cl = 1,22

P
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upe = 0.325 (1 - p’z) gD

acceleration due to gravity, fl:lsec2

(]
8

1iquid density, Ib/Et>

gas density, 11:/5:'::3 .

o
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diameter, ft

Uge = bubble rice velocity, ft/sec
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The results obtained for €g by the two methods were not very

different. For example at 450°¢

L

Eg by method (a) : 0.330
. by method (b) : 0.243

Method (a) was chosen for all calculations.

1

i

2.2 Smoothening of Experimental Data

An attempt was made to fit analytical expressions to the experi-
mental data. However, our results showed that except for unreacted coal,
no other data could satisfactorily be rei:resented by any analytical ex-

pression. The least square criterion was used to fit the éat.a.

N
T
Sum of squares of errors (SSE) : ) (c; - cu)z (8)

i=1
where NT = number of data points
CE = experimental data

cu = model predicted data

To obtain an acceptably small value of SSE, complicated expres—
sions with many constants were needed., Such expressions predicted ex-
tremely erroneous results for space times at which experimental data were
 not available. Hence it was decided to use all the available experimental
data.

The experimental data for unreacted coal could very well be

represented by an exponential fit of form

Cy = exp (- at) (9



‘ It was confirmed that the optimum rate constants obtained by using

all data, agreed ﬁt‘n the value obtained for the constant o in all cases

(o = k1+k2+k3+k4) .

2.3 Kinetic Models

The type of eq:xations which rei)resent the kinelic model depend
on the reactor configuration used. The length to diameter ratio of the
eoal liquefaction reactor at PETC is around 700, honee plug £low condi-
tions are assumed to prevaill.,

For this study, reactions of dissolution and.conversion of inter—
mediates are considered to be first -order and drreversible. Three mathe-
matical models based on preassumed kimetic networks involving unreacted
coal (C), preasphaltenes (P), asphaltenes (A), oils (0) and pases (G),
are investigated and compared with the experimental data. The models are
illustrated as follows.

(A) Model 1 (4 constant model)

k X K
c. I p 2 A 3 9
C— — —_—
¢

1he differential equations that represent the rate of disappearance

and formation of the species, in the above model are as £ol'1ows

g—% =~ (g + k) C 10)



€ e -
at klc kzP {(11)
dA -
a " klP - k30 (12)
do -
at k30 (13)
and
86 _ . et
at kAC as)
where C'wC-u : (15

and u = unreactive Iraction of coal.

Initial conditions using weight fractions and on moisture and
ash free coal basils, are

at t =0

C=1
(16)

Pm A =0=Gw=0
It is necessary to incurpcrate the concept of unreactive fraction
of coal because without it the model would predict zero concentration of
coal at long residence times, although the data show & finite value for
C at long times. For all cases u is assumed to be independent of tem-
perature and equal to 1.25 percent of C.

(8) Model 2 (3 comstant model) -



This model is essentially the same as mpdel 1 except that pre-

asphaltenes and asphaltenes are grouped as one species. The differential

equation and initial conditlons that describe this model are

- dc

L A - an
Lz:'-‘*l - k;c' - kZ(P+A)’ (18)
L « &, (e1) | ' (19
r | 0

and t=0 C=1
(21)

P+A=0=t=0

(C) Model 3 (10 constant model)




Thiz mode contains maximm number of constants and was expected
to give the best fit to the data. This model was selected so that the
goodness of fit for the other two models can be compared to the best

£it possible.

Equations:
dc .
=~ Uy +k +ky+ k) C (22)
Lok - (ke + K+ k)P (23)
at = Ky 576" 7 )
.d_A-kc'+1'cP-(k + k,) A (24)
dt- 2 5 8 9
O ke +xP+EA-K O (25)
at = *3 & * kgh ~ kg
98 | ¥,0' + kP + kA + ky 0 (26)
dt = "4 7 9 10

The initial ct'mdit:lons are the same as in equation (16).

2.4 Computer Simulation

The integration of the differential equations were carried out
with the aid of a International Mathematical and Statiﬁtical Library
(IMS) package program, DVERK. The rate constat;ﬁs were obtained by using
a computer code developed for nmon-linear continuous optimization problem.
The pattern search method developed by Hooke and Jeeves(l') was used to
obtain the best values for the constants. Detalls of this technigue are
presented by Kr:!.shnamurthy.(S)

The least square criterion was used to -optimum values of the rate

!
constants. The objective function was defined as




3. Results and Discussion

The optimum rate constants and the objective functions obtained
are presented In Tables IIX, IV, and V. As expected tﬁe objective func-
tion for the 10 constant model are the minimum in all cases. However,
the fate con.stants do not follow any particular trend. Hence we conclude
that although the 10 constant model mathematically fits the data best,
it does not represent the physical nature of the process.

Comparing models 1 and 2, model 1 gives an overall lower value
for the objective fumction, although for 2 isotherms, namely 450 and
laOOOC, model 2 shows lower sum of squares. It should be noted that al-
though model 1 has 4 degrees of freedom, it models preasphaltines and
asphaltenes as different species, unlike model 2. It is also clear that
model 2 provides a poor fit for the isctherm at 425°¢.

It is evident that the optimm rate constants obtained for models
1 and 2 exhibit Arrhenius-type temperature behavior, in almost all cases.
The rate constants were fit:t;ad to. the Arrhenius law and the results are
included in Tables III and IV. The rate parameters are compared with
those obtained by Cronauer et al.('6 ) and Shalabi et al.U) in Table VI.
Most of the kineti: parameters differ substantially from.the values cal-
culated here. This is not surprising because the coal and solvents used

in all etudies are different from each other.
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Figures 2 to 37 show the experimental and model predicted data,

while the Arrhenius plots for the constants are i1llustrated in Figures
37 to &4.

4. Conclusion

Three kinetic networks have been fitted to the experimental data
on coal liquefaction. The physical nature of the process is well repre-
sented by models 1 and 2, while although model 3 gives the best mathema-~
tical £it but is conceptually inconsistent. Model 1 gives a better fit'
to the data comp'ared to model 2. The rate constani:s have been correlated
by the classical Arrhemius law.

The kinetic parameters 9bt'ained by other investigators do not
compare well with those obtained iIn this study. This is expected due

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

gations,




Nomenclature

A asphaltenes, gm/gm(total)

AP cross-sectional area, ft:2

c coal (total), gm/gm(total)'

c' reactive part of coal as defined in equation (15), gm/gm(tot al)
CE experimental data

CM model predicted data

D diameter, om

E activation energy, cal/g-mol

g . acceleration due to gravity, ft:/fsec:2
¢ gases, gn/ & (total)

k Rate constant, min~t

k ~ frequency factor, min~ T

L iength of reactor, m

NCh number of specles

NT number of data points

° oils, gn/gm (total)

P preasphaltenes, gm/gm(total)

Qg,Qz volumatric flow rate of gas and liquid, ftslsec

R gas law constant, cal/g°mol %k
t gpace time, min
u unreactive fraction of coal, gm/gm(,..n1)

Upr bubble rise velocity, ft/sec
superficial liquid velocity, m/sec
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Uyg no-slip veloecity, ft/sec

-

Uy terminal veloeity of 1liquid slug, ft/sec

Ns gas velocity, em/sec

Graek letters

o constant defined in equation (9).
) constant defined in equatlon (6)
eg gas holdup

€y liquid holdup

A definad in eguation (5)

pg gas density, 1b/ft:3

liquid density, 1blft3
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Appendix
In this section a program listing is presented.



Poa

Qoo S N

REVISED PROGRAM

Chastanekxtsrcsreest/ MODEL /0%t dkeststbbriss et soe It ssstkbes
c *
C THIS PROGRAM CALCULATES THE RATE CONSTANTS FOR PLUG FLOWM

C - . {DOE PRDJECT)

c *
c*t:*satt*tstst:*:t*tttt*tttttatsttntt:¢:¢::at:tttttttptt*ttt*taw
c ' : *
c *

SUBRDUTINE NODEL (XyYaK22222)

< *
C *

CHRSRXEXEX LT ERRERSKASAEIRA DSV EE XX XBRR R RN EXEER SRR UREERETRESNE

EFEEEXXBERTRE LR XX EEEREERE G R A XK EIE LA ERE AP AR AN EER LT R Rk kN

B o o T s G e ot S U ST S Y @ SAY o M S G B9 Y B e ke e S S v P B M SR A 0 e S s i S N S e S ST D M S S
E A A 2ttt A A At e b S 2 1 2 1 1 1+t § £ 1}

*KZ21ZZ = 3 DEFINE AND EVALUATE TkE DBJECTIVE FUNCTION

THIS SUSROUTINE IS CALLED BY EXPLORE TO READ THE
INITIAL DATA AND TO EVALUATE THE OEJECTIVE FUNCTICN

X IS THE VECTOR OF THE RATE CONSTANTS

Y IS THE OBJECTIVE FUNCTION
WHICH IS DEFINED IN GRJFU

PROGRAM CONTROL @

KZZ2Zz = 1 READ THE INITIAL DATA AKD RETURN

Kz22271 = 2 DEFINE AND EVALUATE THE CONSTRAINTS
RETURN

AND RETURN
KZZ2ZZ = 4 WRITE DPTIONAL OUTPUT AND RETURN

OO0 OOOO OO0

S e e e e ey s e S S S D i D e i SN S it ST W Y . = S G W W S Sy THD SN SN G G Sn U0 S SR (i e AT e gy SN S e aaa e Shie s e i s et S e e e Ty
T T oG S S e B A e R S e S VR T e S e e e e T e S Y S S T AR R A e N A R TR e e A W ST A A A T e e e e e T

L IR R JF B BN NE BE R BE BN R BE BE NE SR BE R BN BN ONE BL BN NN BN BE W S

c#3*#*****3*****It*t*#t**t**#*****t*tt*##titt#t*tt*##*#t#t*tttt#t.

C

. =C

¢

CLEAXN LR KX EXRXEERIEXERERARES R I LB LA R UL RSB EKEE R LR R R AR RS ECERE N

Y

DIMENSION G(25),GB(25)3.PD(25)5SC (252X (259 XDURMY(25),;XMINC25),
i XAMAX(C25)
DIMENSION QC6)2X1(25)
COMMON DELTASDXsEFACSEPSLASGsGRADX 9PNLTY 9SCoSIGMACSIGFALTIME,
1 XDUMMY s XFINg XMAXs YOUMBYZDUMNY
COMMON IGRADSICBJsIOUT9IT,ITHAX pJEQeJINEQaKCLINB XKNINyM;N»KIN,KOUT
DOUBLE PRECISYON DELTADX3EFACYEPSLNsGsGByGRADX 9PDgPNLTYPROFIT
DOUBLE PRECISICN QQSC'SIGHAOQSIGHAI|TIﬂpr.XDUH37.XHAx'XHIh
DOQUBSLE PRECISION YsYLUKMYZDUMMY
COMMON/KKZ X3
COMMAONZAAAZ RK

} &
*

2222422223 222222 32 2222322232322 2 123332222342 2323 23T



C &

c *
60 TD (10,20,530,5C)y K22222

[ *

o *

(22123 IF ISP 2233 3333292222822 2222223223223 33 33 :23°33 2 2% ¥
CHEEFREXLI AR ABEREIRE XN REPSERXERRX AL E X XX RERRASR AR BEEERE R KRS Rk 4%

c : *
.. R *
10 CONTINUE
c:::::======================================================= ===%
&
Cc *
c *
C *
CALL INDAT
c *
C *
c========= i P R 1 P Y T 3 3 T T T F ¥ T ¥ ¥ T 1 T ¥ F T 3T g o ]
C x
C %*
RETURH
C *
c »
c============================================= 1+ 43 P4 1 3 3 5 5 31 ]
c *
2% CONTINUE
GCid=XC1)+XC2I+X(3)+X(C4)=0.1458B6
C GC2)=X(5)+X(HI+X(T)~0.0206B=0021T77=0.1
c 6(3)=X(8)+X(9)= 0,02666255
c==‘.========================== 1 Pttt -+ 3+ < 5 ¥ 1 T3 ¥ t
C %
C *
Cc %
c========== a3 - T+ P 1 T+ P X+ X+ LT T 5 T X T T X Y ¥ N x
C *
RETIRN
C *
c *
c======================= ========================"—‘========= sSx=mok
c *
c *
3¢ CONTINUE
c=========================‘.".'=================================8 ===%
C *
C ‘ *
o DD 40 I=1,N%
- X1€ID=x<I>
. 40 CONTINUE
CALL CHECK
e, CALL DB8JFUCY)Y .
Y MRITE(069845) Y
C ) , *
C *
c====================================== 13t 1+ + ¥ F 1 =============*
C : *
. RETURN
3
%
S L it T e e s e e T



25

26

28
29

r
[

31

32
33
34
35
36
37
38

c %
C .
5¢ CONTINUE
e P e e e S L T T T L T T Ty
c *
C- ]
c “THE OPTIMUM SEY RATE CONSTANTS AMND *
C THE FINAL OBJECTIVE FUNCTION %
C ARE WRITTEN. *
c *
L *
“. WRITEC6,10920)

DO 60 IJL=1,NK

WRITEC651003C) IJLsXCTJL)
69 CONTINUE

WHRITEC6s10052) ¥
c RRITECS,10049) TNCLYsL=145JINEQ)

*
c *
c %
C====================================== 3 3+ ittt 113+t > t3¥3
I FTETITLITIZ 223 12 1] t##*tt*t#**tttt#t*#t EE 2 2332 33 23T I3 I I XT3
C============== it L+ F 44+ 1 3+ + X T F TP T3 4+ £+ 35 ¥ X 73 E- 3 ]
(B3 3ITTYITEFT L] REFEXXEEKEREERFREEF SRR REE R I REE LR TR R KSR KRR KT &
c:======================================= i1ttt -t 3 &+ T+ 1+ ]
C &
C %
RETURN

10010 FORMAT(C” YYYYYYYY®5F)
o020 FORMAT("1 "9 KINETIC PARAFETERS "3/ “520C°%°),7° *,25(°%"),77)
1¢€30 FORRATC® “,° KC%9125°) = "gE4¢4)
16048 FORMAT((11E13.7T))
10C5C FORUATC" *4° FINAL OBJECTIVE FUNCTION= “sEo02/7777777777)

END
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REVISED PROGRA¥

c

(o .

o T e S A e P P EE S P s e e e Y LT T
g .

s C THIS SUBROUTINE IS CALLED BY MOCEL T0 READ THE INITIAL DATA
8 . :

&

C.

. C‘
c=======‘================================================================
C
c .
¢ ceenCOBRONENT NUABER
C :

.C COAL ' 1
e PREASFHALTEANES 2
c ASPHALTENES 3
C 0ILS 4
c GASES 5
C
c======================================‘_‘================================
C

COMMON/AAZ NT NKNCHESPTE,C

COHMON/AAAZ NNK

DIFENSION CINT(55220)sRFRACCS),1I(54252;5;IM(5,20)

DIMENSIGN TEC102)9C(55100)

DIKENSTION T1C1C)

REAL I

REAL INM
C
c===.========================================‘-============================
C
C
C NT : NUMBZR OF EXPe4DATA :
C NK ¢ NUMBER OF RATE CCNSTANTS
€ NCHESP ¢ NURMBER OF CHEMICAL COMPONENTS
C

IF(13.6T.9> GO TO 10

I3=1

READ(16510C10INT s NKyNCHESP

NNK=NK
10 CONTINUE
[ .
c

MNEXP=NT

N=NK
c L
ot e e e D Lt S L PR e S e TR T TP T 1
c .
c TE(K) 3 EXP.RESIDENCE TIME
g CCJsK) EXPeWTe® OF THE CHEMICAL COMPONENT J AT THE RESIDENCE TIH

SUSROUTINE  INDAT

IF(X5,6T.0) GO TO S0
I5=1 . i
DO 40 K=1,4NT



20

3-“.:

40
50

10010

10020
16039

READ(24 3#2TE(K) 3 (C{JsK) 9 J=1 g NCHESP)
SUM=Q U~ ¢
DO 20 J=14NCHESP
SUN=SUMAC(JsK)

CONTINUE

DO 30 J=1sNCHESP

CCJ3KI=CC(IsKI/SUN

CONTINUE

WRITEC65210C20IK,TECK) 3CCCI9K) 9J=1,NCHESP)
CONTINUE

CONTINUE

RETURN

FORMAT(3Y) .

FORHMAT(” “9F10.395E14.8).

FORMATC® *;TI44F1Ce3/° °35LC15.47)
END
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REVISED PROGRAM
c
C
c
c-
. SUBROUTINE OBJFUCY)
c
c
c====================================== 3+ P T - 4 -+ 3 31 4+ 434 31 3 -3 -4
C
c. THIS SUBROUTINE XIS CALLED PY MODEL
(o
c
c THE PURPOSE OF THIS SUBRDUTINE IS THE EVALUATION
C OF THE OBJECTIVE FUNCTIONSsCEFINEL AS:
1 o
¢
C
c================================================== 3+ P49 St S -1+ 11T ¥t ¥
C
COMMON/ZAAZ NTSNKsNCHESPL,TESC
DIMENSION CC5,100),TECID0)
DIMENSION X(25)5TT(5920G)5EC552C)sCOC5510)9W(5920)9INTC5,15%,20)
DIMENSION IX(5,25),CM(5,100)
REAL JISsINTsKKC11)
CORKON/ICCZ CH
C
C
c — _ -
L - -
C WEIGHTING DOF THE OBJECTIVE FUNCTION
C
c ) ‘
C ECJsI) 5 IS THE OBJECYIVE FUNCTION
¢ b
c WCJsI) 5 IS THE WEIGHTING FACTOR
c ’
C
c========= 3 1 T 3 1 3 ================================ H——1 1+t 1+ 7 53
c
Cc
c
C
c . .
DD 30 I=14NT )
DO 30 J=1sNCHESP
ECJIsI) = CC(Je1)=CNCJyI)
C .
[ ECJ91)= ABSCECJ91))
*
c .
) ) ECJI)=ECJIsT)%s2
IFCECIsI)elTo1.E+1D) G0 YO 10
WRITE(C6910010) JeIsECIIDCRKKCLI),LI=]1,NK)
- CALL EXIT ) .
10 CONTINUE
c .
C

IFCCCIrI)eEQaDa0) GO TO 20



17

18

19

"
.

21
T 22
23
24

25

26
27
28

29
¢

31

32
33
34
35

CwNAN O

OoOhotoe o0om

©” 2

L]

(-]

VG L0 OO0 O O O

10C15
10622
16030

W(JsY) = 1,7CCds1D
H(J;I)=1.
NCJSsY) ?ABS (H(JI;XI2)

HCJLT) = WCJ,IIha2

G0 TO 3¢
HEJsI) = 140
CONTINUE
T0T = 0.2
DD 50 J=244
T = Qa0
DO 40 I=14NT
T =T+ EQ,I)*NCI, 1)
CONTINUE
TOT = TOT + T
CONTINUE
=TDT '

WRITECC6,10020) ¥
WRITE(S64B865) Y
RETURN

FORMATC® ERROR “9212,E10¢4910E10e457)
FORMAT("@232232322°E) ’
FORMATC REERFRANENNE  Y',E)

END



REVISED PROGRAW

c
C 2
1 SUBROUTINE CHECK
c .
c
2 DIMENSION Y(S)sHORKCZOS)sIkDRK(S),CC(Z4).H(5;9)
3 EXTERNAL F _
4 COMMON/AA/ NT4NK,NCHESPTE sC
5 COKMON/FF/CDsKyNCHES sNK1» IXTT(5,20)5IL (55200
6 - REAL K€20),K1(20)
T DIMENSION COC5520)5CHCE,106)5TE (10€),CC5,100)
8 COMMON/KKZ X1
9 COMMON/CC/ CHM
A G
c================================================== ===
an OPEN CUNIT=56)
11 NCHES=NCHESP
12 NK1=NK
c
c
c :
13 DO 10 I=1,20
14 K(I)=K1CI)
15 1y CONTINUE
c
c
C
c
16 THAX = TECNT)
c
17 DO 20 I=1,NCHESP
18 YC(I)=CCIy1)
19 CHM(I,1)=YC(I)
ac 20 CONTINUE
21 TOUT=040
22 WRITE(56510040) TOUTsCYCIDsCHCI21291=1,5)
4
c -
. c======='==‘—‘========================================
C
¢
c THE CONFIGURATION MATRIX IS READ
c
£
23 NCHESP = 5
24 NEQN = NCHESP
c
2s IFCI246Te0) GO TO 40
26 12=1
27 _'DD 30 1=1,NCHESP
, 28 DO 30 L=1,NK
29 * READ(10,10020) cocI.L).LL.Io
30 IITICI,L) = LL
. 31 ILCI,L) = 10

(oKl g

) HRITE(61105) co(I,L) aIsLsIIII(I;L)aIL(IaL)



32
33

34

35 =

36
37
38
39
45
41
42
43
44
45
46
47

48
49
5(

51
52

54
55
56
57
58

3 CONTINUE
& CONTINUE
C
C
C
c
C
(====cz==zo=S=sszcooossSCE ST e R S NS S S S S ST S S S S S SRR SSSS RS SRS
C
C
C
o E T e e e e e
o
c INTEGRATION
c
c
=% 0
TOL=0.06001
IDN=2
LL=1
v 0UT={, of
58 CONTINUE
LL=LL+]1
IFCLL.GTaNT) GO TO TC
TOUT=TECLL)
CALL DVERKCNCHESPoFsT9YsTOLTsTOLIDN,CCyNCHESPsWIER)
D3 &0 LI=3;S
CMCLILLLI=Y(LI)
6C CONTINUE
WRITECS61G042) TOUTSCYCI)sCCTsLL)sI=145)
C
G0 TO 59
73 CONTINUE
CLOSE C(UNIT=56)
Cc
C
C
RETURN
1¢¢Qic FORMATC10E)
1002¢ FORMAT(" "sF3.0,2I1) ;
10030 FORMATC? THE VALUE OF IFLAG = °51)
1004¢C FORKAT(® “512E)
1o005r FORMAT(" “3F3.092X94(2X315)77)
19060 FDSMAT(IOE)
EN
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REVISED PRODGRAM

S K

3z

REACTIONS RATES FOR EACH OF THE CHEMICAL
SPECIES '

IS CALCULATE '
AS THE PRODUCT OF THE CONFIGURATION
MATRIX BY THE VECTOR OF RAYE
CONSTANTS

SUBROUTINE F(NyT.YsYPRIME) )

CDHMDNIFFICD.K,NCHESP,NK.IIII(S,20).IL(5,20)

DIMENSION CO(5520)sYCND,YPRIKECN)

REAL K(20)

YT=0e0

Do 10 I=14NCHESP

IFCY(I)elTa0al) YCID=04C

YT=YT+¥(X)

CONTINUE

De 20 I=1,NCHESP

YCID=YCID/YT

CORTINUE

DO 49 X=1,NCHESP

SUk=( 0

DD 30 L=14NK

FAC=1,0

IFCILCIoL)aGTel) FAC=Y(ILCISLY)

LL=IITICI,L)

SUH=SUH+CO(I.L)tK(L)*Y(LL)‘FAC
CONTINUE

YPRIME(TI)=SUM

CONTINUE

RETURN

END




Table'i-r Coal Analysis S;Jrnmai'y

Homestead Ky Coal
Summary of 14 Analyses

Moisture Free Basis

Proximste Analysis:l

Volatile Matter 36.13 wt%
Fixed Carbon ) 65_.98 wt %
Ash 15.99  wt%

Ultimate A.nalysis:l

c 63.15  wt%
H 4,30
N . 1.13
s 5.4}
O (by diff.) 10.00
Ash (hi temp.) ~ 16.01
. Hesting Value? _ 11275  Btuflb
Sulfur formsz
Sulfate ’ . 1.38. wtb
Pyritic . Z.08 wt %
Organic , o 2.483 wt %
J‘average of thirteen analyses
2

average of eight analyses




TABLE IX

FB-60 FEED VEHICLE ANALYSIS SUMMARY

"Source: Vehicle oil from operations on 400 1b/d unit
Horestead Xy coal
2000 psig

no catalyst, empty reactor

Ultimate Analyses Operation FB-601 Operation 1'8—573

c 85.49 wt% 85.83 wt%

H 7.87 ‘ 7.27 |
N 1.4 1.43

S C.60 .63

7e? 46 .34

Solvent Analysis Summary

0ils 68.83 wtZ 57.5 wt%
Asphaltene 26.45 | 34.5
Benzene Insolubles 4.72 5.7
Ash on @ Insols 41.6 39.47

lAverega of nine analyseé.
z!-‘e determined separately.

3Average of four amalyses.



TABLE III

RATE CONSTANTS FOR MODEL 1

Model 1 (4 constant model)

Tenmperature °c 459
k, (oin 1) 0.1548
k2 0.1226
kq 0.0636
k& 0.0157
Obj. £n 0.0469

Arrhenius £fit: T in °K, R = 1,98 cal/g-mol °r

425
0.1478
0.1293
0.0224
0.0065
0.0958

400
0.0992
0.0573
0.0175
0.0026
0.1262

k; = 76.26 exp {-8.819 * 103/rT}

5
kz = 1.39 * 10

‘ k3 - 1,71 * 106

5
k

= 6.75 * 10” exp

-exp {- 1.97 * 10%/rT)
exp 152.479 * 10%/RT)

{~2.549 * 10%/RT}

375
0.0806
0.0280
0.0426
0.0022

0.0298



TABLE IV
RATE CONSTANTS FOR MODEL 2

G

T

C —P+A—> 0

Model 2 (3 constant model)

Temperature °C 450 425 400 . a75
k, (atn™) 0.1548 0.1478 0.0992 0.0806
k, 0.03944 0.01247 0.00787 0.01009
k, 0.0157 0.0065 0.0026 0.0022
obj. fa. 0.04072 0.2439 0.1123 0.0698

Arrhenius fit: T in °K, R = 1.987 cal/g-mol°K
k) = 76.26 exp {-8.819 * 10°/rT}
) 7 4 LY
k2 = 8.13 * 10° exp {-3.1 * 10" /rRT}

ky = 6.75 % 10° exp {-2.569 * 10%/RT}




TABLE ¥
RATE CONSTANTS FOR MODEL 3

Model 3 (10 constant model)

Temperature °C 450 425 400 375
ky (min D) 0.1792 0.0321 0.0352 0.0636
k, 0.0 0.079 0.0431 0.0
k, 0.0024 0.043 0.0208 0.0204
I, 0.0 0.0093 0.003 0.0
ks 0.0011 0.0 0.0085 0.0169
kg 0.0307 0.011 0.0 - 0.0
k, 0.0058 0.0 0.0 0.0
kg 0.0 0.0006 0.0028 0.0
k 0.0 0.0 0.0002 0.0
k0 0.00226 0.0 0.0 ' 0.0073

obj. fn. 0.026 0.032 0.0191 0.016
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- FIGURE 2:° Model 1: Unreacted Cosl (Temperature 450°¢)
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FIGURE 3: Model 1: Preasphaltenes (Temperature 450°c)
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FIGURE 6: Model 1: Gases (Temperature 450°C)

60




1-0

0.8

0'2

60 80 100
‘ SPACE TIME (MIN)
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FIGURE 15: Model 1: Oils (Temperature 400°C)
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FIGURE 18: Model 1: Preasphaltenes (Temperature 375°¢)
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FIGURE 30: Model 2: Unreacted Coal (Temperature 400°¢)
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