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DATA REDUCTION 

Schaefer et al. (1983) have used the following methods to calculate 

linear gas and slurry velocities from the metered values of the HRI PDU runs. 

a. Gas Velocity 

The gas velocity is calculated assuming ideal gas behavior. Gas 

velocities were calculated at the PDU reactor inlet and outlet and these 

typically were within 10% of each other. This implies that contraction or 

expansion effects were negligible. 

b. Slurry Velocity 

The superficial liquid velocity is 

components, slurry feed and slurry recycle: 

computed by summing its two 

UL m slurry feed AVinternal recycle 

where ~ volumetric flow rate 

UL m slurry superficial velocity 

A = PDU cross-sectlonal area 

The fresh slurry feed was assumed to have the same density as the recycle 

slurry at reactor conditions. This assumption was based on comparisons of the 

density of the slurry in the mix tank with that of the recycle slurry, both at 

room temperature. The densities were found to be comparable. The internal 
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recycle rate was measured by a Venturi meter, which was first calibrated with 

water and then adjusted to an assumed density of 0.85. 

x ~internal recycle = (meter gpm/ft 2) 70.85/PactualX A 2.8xi0 -3 v GP-M v 

c. Catalyst Bed Expansion: was calculated using the formula 

% bed expan§ion = (expanded bed height - initial bed height) 
(iniJtial 5ed height - 8") 

The 8" offset accounts for the height taken up by the plenum chamber and 

distributor plate. The settled initial bed height for all the fluid dynamic 

tests was determined to be 78" and this was also taken to be height at minimum 

fiuidization. 

Physical Properties of Slurry 

Slurry densities and viscosities determined for the PDU runs as well as 

the Richardson-Zaki parameters are shown in Table A-I. 
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Table A-I. Physical Properties of Slurries and 

Richardson-Zakl Parameters 

HRI 

Period 

Catalyst Slurry Slurry Terminal 

Density, Density, Viscosity, Velocity, 

~Icc 8mlcc mPa.s mls 

Index 

n 

04B 1.55 0.837 6.83 0.117 3.29 

10A 1.55 0.947 13.68 0.082 3.62 

27B 1.62 0.941 6.76 0.108 3.28 

34B 1.64 0.987 10.76 0.092 3.47 

41B 1.67 0.880 8.44 0.116 3.35 

42A 1.67 0.902 9.99 0.108 3.42 

42B 1.67 0.888 9.08 0.113 3.38 

43A 1.68 0.900 15.2 0.095 3.62 

43B 1.68 0.894 7.19 0.119 3.28 

44A 1.68 0.880 8.43 0.117 3.35 

44B 1.68 0.914 3.64 0.134 3.03 

45A 1.68 0.954 14.24 0.091 3.58 

45B 1.68 0.947 10.96 0.I00 3.46 

46A 1.69 0.938 10.40 0.103 3.43 
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Use of Simulator 

To use the simulator, the user must provide the following information: 

Design parameters and operating conditions 

Length of reactor (m) 

Diameter of reactor (inches) 

Reactor pressure (psi) 

Reactor temperature (OF) 

Recycle gas flow (SCFH) 

Hydrogen concentration in recycle gas (vol %) 

Makeup hydrogen flow rate (SCFH) 

Slurry feed rate (ib/hr) 

Slurry recycle rate (GPM/ft 2) 

Richardson-Zaki and related parameters 

Terminal velocity of particle (ft/s) 

Richardson-Zaki index, n (-) 

Rise velocity of single bubble (ft/s) 

Voidage at minimum fluidlzation (-) 

Height of bed at minimum fluidization conditions (m) 
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© Catalyst properties 

Catalyst density (gm/ce) 

Catalyst length (inches) 

Catalyst diameter (inches) 

Weight of catalyst loaded (gm) 

Physico-Chemical Data 

Density of slurry (gm/ec) 

Viscosity of slurry (Pa.s) 

Surface Tension of slurry (dyne/cm) 

Heat of dissolution (cal/gmole) 

Solubility constant (-) 

Q Kinetic Parameters 

Arrhenius frequency factor for hydrogen consumption kinetics (I/see) 

Activation energy for hydrogen consumption kinetics (cal/gmole) 

Number of reacting species (excluding H 2) (-) 

Total number of reactions (excluding H 2 consumption) (-) 

For each reaction: 

Arrhenius frequency factor (i/min) 

Activation energy (cal/gmole) 

The above input data are entered via an interactive program, INPUT.FOR. 

A file called iNPUT.DAT and another called KIN.DAT are created on executing 

this program, as well as a file called CKECK.DAT which contains the user's 

responses to the input entry program° The files INPUT.DAT and KiN.DAT 

provides the data to the main program, !TSL2.FOR. 
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The following subroutines are used in the simulator. 

SUBROUTINE NAME 

HYDRO 

HOLDUP 

INPUT 

INPUTI 

REATEM 

RUNGE 

PURPOSE 

Calculates mass transfer 
coefficient and Peclet number 

Calculates gas and slurry holdups 

Reads input data on design, 
parameters, operating conditions 
e t c .  

Reads input data on coal 
liquefaction kinetics 

Defines the differential equations 
for the mass balances 

Integrates system of simultaneous 
first-order differential equations 
using Runge-Kutta method. 

The output from the simulator is contained in the following files: 

DATA.DAT 

KIN.DAT 

OUTPUT.DAT 

H2GAS.DAT 

H2LIQ.DAT 

SPCONC.DAT 

Input data 

Kinetic data 

Output summary 

Hydrogen gas profile 

Hydrogen liquid profile 

S p e c i e s  concentration profile 
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O~ 
U1 

C 

C 
C 
C 

C 

C 
C 

C 
C 
C 
C 
C 

C 
C 
C 

PROGRAN TO SIMULATE THREE PHASE EBULLATED BED REACTOR, WHICH 
CONSTITUTES THE SECOND STAGE IN THE tIZLSONVILLE INTEGRATED 
TWO-STAGE LIQUEFACTION ( ITSL)  PROCESS. 

IMPLICIT REAL*• (A-H, O-Z ) 
I FLAG- 1 
CALL INPUT(IFLAG) 
IF ( IFLAa.  EQ.O) GO TO t0 
CALL INPtrr 1 
CALL REATEN 
VRITE(8,200) 
GO TO t l  

10 VRITE(6.  I00)  
100 FORNAT(BX, 'CONVERGENCE WAS HOT OBTAINED IN SUBROUTINE HOLDUP'./. 

* 6X, 'PROGRMI TERNINATED', / / )  
200 FOffftlAT(70('-e),/,21IX.'SII4JLATION COMPLETEe,/, ' IO(' 'e),/ ,  

1OX, 'OUTPUT IS CONTAINED IN THE FOLLOWING F I L E S ' . / .  
i tOX, n INPUT DATAe, T80, t DATA. DAT e , / ,  

1OX. 'KINETIC DATA ',T~O, 'KINDAT.DAT' , / .  
lOX, 'OUTPUT SUOMARY'.TBO. r0UTPUT.DATe,/. 
lOW, 'HYDROGEN PROFILE (GAS PHASE) ' . T 6 0 ,  'H2GAS.DAT" . / ,  

• IOX. 'HYDROGEN PROFILE (LIQUID PHASE) ' .TSO. 'H2LIQ.DAT' , / ,  
• fOX, 'SPECIES CONCENTRATION PROFILE' .TliO, 'SPECIE.OAT' , / , 7 0 (  ' - '  ) ) 

11 CONTINUE 
STOP 
END 

SUBROUTINE HYDRO(UG,AKLA,PEL ) 

. . . .  THIS SiJIIROUTINE CALCULATES THE PECLET NLMBER AND THE VOLUNETRZC 
MASS TRANSFER COEFFICIENT. 

UG - GAS VELOCITY, I t /S 
UG1 - GAS VELOCITY. ¢~/s  
UG2 - GAS VELOCITY. f t / s  
AKLA - NASS TRANSFER COEFFICIENT, l / s  
PEL - PECLET NUNBER [ - ]  

INPLICZT REAL*8 (A-H, 0 -Z)  

UG I =UQ* 100. 
UG2=UG/O. 3048 
PEL=5.06+42. • I eDEXP ( -38.48.UG2 ) 
RKLA'O. 021i2*UGI 

RETURN 
END 

SUBROUTINE INPUT (IFLAG) 

THIS SUBROUTINE READS THE INPUT DATA ON THE PHYSICAL DIIIENSZONS 
OF THE UNITS, PHYSICAL MiD THERNAL PROPERTIES NiD HYDROGEN ¢ONSUNPTION 
KINETICS. 

I I IPL ICIT  REALe|(A-H, O-Z) 



I b  

O ' t  
C ~  

11 

10 
~c 

~c 

~c 

~c 

:it 

~c 

~0 
~c 

~c 
~c 

77 

COIC"~ON /B1 /  ST,HENCON,DAH2,H2CON,EFFLEN 
COr.~UN / H 4 /  YERM,tI~ 
CO0,~ON /~HI TEMP 
CO~';OI~I /HiO/ qSLUR,qRCVC 
CI~'~]I~ /~13/  ~A¥"EN,CATLEN,CATE1T,SLUVOL 
CO~N / ~ IH /  ~I~BA~.~nXN.,HS.HnAn.A~H~ 

~ASEN~=I.987 IGA~ CONSTANT IN CAL/G~OLE.DE~ K 

OPEN (UNZTa11,FZLE=°ZI~UT.DAT I ) 
OPEN (Ul~ZT=I2,FIL~=SDATA.OA~ u ) 

REA9(11, * )  ~CV~A~,H2CON,H2FLOH, SLFEED,~L~CVC,PlSS,TEI~P 
~ A O ( l t , . )  DZA,ALE~ 

~O~A~(//H)[.'Z~PUT DATA FOR FLUZDZZED BED ~EACTO~ SZ|~LATZO~ , / / / )  

FO~AT (BX,'~ECVCLE ,~S FLOH X~ SCFH ' ,TBS,F12.5 , / ,  

g~ . 'LE~TH OF REACY0~, ~ ' ,T~. ,FI~.5, / / )  
HRZTE(~2,~I) SLOE~.~LVXS,~L~U~T 

HRZTE(12,40) UT,A~,UTB,E.F,I~IF 

5~[,'TE~Z~AL VEL~ZTV OF PA~TZCL~, ~ t /~  / ,T55 ,F12 .5 . / ,  

,T~5 F 1 2 . ~ , / / )  

~,'CATALYST D E ~ T V ,  F~/~O ' ,THE,F12.5, / ,  
~,/CATALV~T LENGTH. ~ h ~ S  / , ¥ ~ , F t 2 . ~ ' L / ,  
H~,'CATALV~T D~.~ET~R, inc~3S ' , T ~ , F t 2 . ~ , / ,  
~,'UEI~_HT OF CATALV~T LOADE., ~ ' , T ~ , F ] 9 . ~ , / / )  
GATLE~=CATLEN/2.~ 
CATD~AuCATD~A/2.H~ 
CATHT=CATHT/tOOO. 
UT=UT*O.30~8 
UTO-UT.*0.80~8 
CLOSE (UNZY~11) 
CLO~E (U~]T=t2) 

SLDEN=SLOEN*82.4 



-,.4 

100 

DZA-DZA/12.O 
TENPsTEMP+480. 

MREA-DATN~(1.0DO):DZA**2 
QSLUR-SLFEED/38OO./SLDEN 
SLDEN-SLDEN/82.4 
QRCYC-SLRCYCeAREA*2.228D-O3*(O.SS/SLDEN)**O.5 
UL-(QSLUR+GItCYC)/AREA 
RRATZO'qRCYC/QSLUR 
CFH-(RCYGAS+H2FLOV)*I4.?*TENP/E20./PRES 
UG-CFH/3800./AREA 

TENPs(TENP-4992.)*6./9.+273.16 
DXA-DXA*0.3048 
UL'UL*O.30499 
UG-UG*0.30499 
PRES-PRES/14.? 

1.12CON8 ( RCYGASeH2CON*. 0 1 +H2FLOW ) / ( RCYGAS+H2 F LOW ) 
H2CON-H2CON*PflES/(GASCON*TFJB ) 
HENCON:ItBAR*DEXP ( -DHS/( GASENG*TENP ) ) 

CALL HYDRO (UG,MKLA,PEL) 
CALL HOLDUP (UG,UL,UT,Ni,UT|,EFSL,EPSG, ZFi.AG) 
ZF(ZFLAG. EQ.O) REllJI~ 
EFFLEN-HNF: ( 1. -ENF ) / (  1. -EPSL-EPSG) 
ST-EFFLEN*N(LA/IJQ 
NOG-ZKBAR*DEXP (-ERXN/(GASENG*TENP) ) 
UR-UL/UG 
TERN:EFFLEN*EPSL/UL 
DN'I2 "TERN*N(H2 
DAH2"O.O 
AREAsAREA*O. 0999299 ! SQ. FT TO SQ. N 
SLUVOL'AREA*EFFLEN* EPSL 
OPEN (UNIT" t4, FZLE" 'OUTPUT. DAT' ) 
WRITE ( 1 4,1 00) UG, UL, RKLA, PEL, EPSL, EPSG, E FFLEN, ST, TERN, RRAT ZO 

* o HENCON 
FORNAT(//,99X, 'CALCULATED HYDRODYNNIIC N I )  MASS TRANSFER', 

i ' PARANETER$',///, 99X 'SUPERFXCZAL GAS VELOCITY. m/s ' ,TEB,F99.4. / / ,  
5X 'SUPERFICIAL LZQUZD VELOCZTYo m/s ' ,  TBB, F99.4, / / .  
BX 'LZQUID-SZDE NA$S TRNiSFER COEFFICZENT, I /s ' ,TS99,F99.4,/ / ,  

i BX 'LI~JXO PHASE PECLET NUNBER',T99S,FS.4,//, 
SX 'LXQU][D PHASE HOLDUP'.TBS,FS.4,//, 
5X 'GAS PHASE HOLDUP',TBS,F99.4,//, 
liX 'EFFECTXVE REACTOR LENBTH, l I ' , T 6 6 , F 8 . 4 , / / ,  
BX 'STNil"ON MJNBERS,TIIII,F8.4,//, 
6X 'SLURRY RESX0ENCE TXNE, s',TI99,FS.4,//, 
BX 'RECYCLE RATXO ",TBB,F99.4.//, 
6X, eHENRY o , S CONSTANT', TB6, FS. 4 , / / / )  
CLOSE (UNXT" 14) 
RETURN 
END 

SUUtQUTINE REATEN 
THZS UROUTZNE SIMULATES THE THERNAL BEHAVIOR OF THE REACTOR. 

lrNPLlrCZT REAL*99(A-H, O-Z) 
¢HNUtCTER*20 IMME(10) 



J~ 

Co 

C 
C 
C 
C 

22 

222 

C 

XHTE~ER nUNnE 

9I .EHSIOH F ( ? ) , Z ( ? ) , C A ~ ( I O ) , C C A L ( I O )  
COP~D~ ]~1] ST,HE~"0~,OAH2,H2COH,EF~LEH 
CO~O~ I~31N((qO),EPS~ 

c ~ : 3 ~  I~71 C~L~(10) 
C0~:J~D~ l~n l  ~XT(IO) 
COL~.~D~ 1~10/ ~L~EE~,HCVCL 
C0~:~ IB~l ~.~ 

~CO~P=9+~SP 

ZT~'J/U~=20 

~FFL~-EFFLE~*IO0. 

. . . . . .  TRXAL ~.~9 E~0~  CALCULATZO~ H~VE TO BE PERFOrmED SZ~CE 
~ECVCLE ~LU~[~V C~P0~ZT~O~ ~ ~ T  [ G ~ .  VH~ CALCUL~Y~ON~ A~E 

DO ~2 X=t,NSP 
C~L~(I)=CIHgT(~) 
C ~ ( ~ ) = C X ~ T ( X )  

ALPHA=O.2 

~(30=~((3)+AK(~) 
P . ~ = ~ ( ( 2 ) + A ~ ( ~ ) * ( i . - E P S ~ )  
HE~C0~=t.O/HE~C~ 

OPEH (U~IT~2t ,F ILE#'H2~AS.DAT' )  
0PEH (U~XT 22,E£LE='H2L~Q.DAT ' )  
OP~M (U~ZT-23,FZL~=~P~C~.DA T~ ) 
~XYE(2~ ,80 )  
~ Z T ~ ( 2 2 , 0 1 )  

~ r I ~ E  

I'~1=0.OI 

. . . .  SUPPLV I ~ T ~ A L  CO~DZTIO~ FOR ~ U ~ - ~ U T T A  IETrEG~ATZ0~. 

~=0.0 
Z ( I ) = 1 . 0  
Z(2)=O.O 
Z(~)=CSL~(I )  

Z(U)-CSLn(~) Zl~I:CSLn(~) 
ZF(~FLA~.E~.O) eO TO 1t 

U~ZTE(22,03) £*EFFL~,Z(2) ,Z(~)*H2CO~ 



11 
10 

1S 

223 

16 

33 

31 

S2 

21 

101 

42 

HRITE(23.84) X,XeEFFLEN.Z(3),Z(4),Z(S),Z(B).Z(7) 
CONTINUE 
K=RUNGE(NOONP,Z,F,X,HH) 
IF (K.NE. I )  GO TO t5 

F(1)=-ST,(Z(t)-HENCON*Z(2))/HENCON 
F(2),ST,(Z(1)-HENCON~Z(2))/HENCON-DN42eZ(2) 

TI -AK(1)~Z(3)*Z(4)  
F(3)-- (TI+AK(4)eZ(3)) tTERN 
F(4)--(TI,ALPHA-AK38eZ(g)- 

AK(E)sEPSN~Z(E))*TERN 
F(B).-(AK25:Z(5)-TIs(1.÷ALPHA))eTERM 
F(6),-(AK31i*Z(8)-AK2PI4:Z(E))eTERM 
F(7)-AK(4):Z(3)eTERN 
GO TO 10 

CONTINUE 
ZF (IFLAE.EQ.O) GO TO 223 

WRZTE(21.83) X.XeEFFLEN.Z(I),Z(I)sH2CON 
VRITE(22,83) X.XsEFFLEN,Z(2),Z(2)*H2C0N 
VRITE(23,84) X,X.EFFLEN.Z(3).Z(4).Z(6),Z(6),Z(7) 

IF (X .QE. I .0 )  80TO 18 
GO TO 10 
CONTINUE 
CRYCI-Z(3) 
CRYC2-Z(4) 
CRYC3=Z(S) 
CRYC4-Z(6) 
CRYCB=Z(7) 

ZF(IFLAG.EQ.I) GO TO 224 

00 33 I=I,NSP 
INDI-:+2 
CCAL(I)=Z(IN01) 

SUN=O.OO 
DO 31 |=I,NSP 
ERR=(CASS(Z)-CCAL(Z))/CCAL(1) 
ERR-ERReERR 
SUN=SUN+ERR 
CONTINUE 
IF(SUN.LE.I.0D-4) GO TO 42 

IX) 62 Z-i,NSP 
¢ASS(I)-CCAL(Z) 
CSLR(I).(CZNZT(I)*SLFEED+CASS(I)eRCYCL)/(SLFEED+RCYCL) 
CONTINUE 

C0NTZNUE 

|F(XTER.EQ.XTNAX) MRSTE(O. 101) 
FOllSIAT(//6X,'ND. OF ITERATXONS REQUXRED FOR CONVERGENCE EXCEEDED') 
RETUml 

C0m'IMJE 
tIRXTE(0.333) ITER,SUM 



| . . .~ 
, , , , J  
o 

:3~.'1 

~ 0  

~OO 
~0"~ 

@0 

FOI~HAT(//~;X, *I~.%Ig,~EP. OF I T ~ N A T [ f ~  n6t~[iIHED FOrt CO~VEI~OE~C~ I H ' ,  
/ SU~J~OtITZN~ r~EAYE~| ~ i . T V ~ , I ~ , / / , E I K ,  
/E~rtO~ C~'tIT~.rtEo~ ~HH = / , T ~ O , ~ ! ~ . ~ )  

X FLA~ = 1 

COt, WX 'I~I~ 
~ t X T ~ ( ~ I  ,~00) 
~.J[~XTL~ ( : ~ ,  HOO) 
~ T E ( 2 : ~ ,  ~O1 ) 
CLOS~ ( U~',,IZ',',:~ 1 ) 

/ ,  ~O( ' -  ' ) , / ,  ~7 ~. ' L)~'o'~'P.,~L~ / ~ L ~  ~/~C'~'O[~ / , ~9][, 

' e . . ~ ' ~ O ~  CO~'~V[~.~IT~,~ / , / , ' ~ ,  '~-~['~f~.~(~L~L~:S~',,~:, 
, ~ : ~ y  ~D~'~I ,~ o , ,  ~ ,  

FO~P.~T ( / ,  TO( / - ' ) ) 

SU9I~IOUT:IH~ XHPUT1 

TH~S ~UB~OLIT~,~ ~,n~9~ TH~ X~PUT 9ATA OH COAL CO~V~t,~O~ ~C~-T~C~. 

X~.~PLTC~T ~EAL*8(A-H,O-Z)  
~X~'~r~E~;~OI~ ACTVF-~(10) 
~ C T ~ . ~ t * 2 0  ~ 4 ~ ( 9 0 )  

CO~.~.~:~ I ~ I  Y~.~P 
~:O~:/~:i]~ I~ ,1  C ~ X T ( ~ 0 )  

OPEM (UNIT= 1Q, F~L~"  'KXN. DAT / ) 
OPE~ (U~XT ~ I ~ ,  F~{LE:/I!(~I~.~AT. OAT ' ) 

D~FFA:2.  tDE-O~ I " 

t, JrtITE ( 1 5 . 8 0 )  ~K~Nt ,  F2[%N, N(H2. HgA~t, DHS 
FOL~[~9/IT(///,~:~{,/KX~P:.TXC A ~  YHEgt!~DDV~/~I~C DATA/,///, 



~ J  

81 

21 
| 
82 

SX, 'SOLUBIrLITY COEFFXCXENT FOR 142 ' , T E B , E t 2 . E , / ,  
BX, 'HEAT OF DXSSOLUTXON, c a l / g m o l e  ' , T S S , E I 2 . B , / / )  

tlRXTE ( 19.81 ) 
F01mAT ( / / S X .  ' SPECZES PRESENT'. / / )  
READ( t2 . * )  NSP 
DO 21 X ' I , N S P  
READ( 12. l i )  NAME( Z ) 
WItXTE (16 .82)  ][.NAME(X) 
FORNAT (A20) 
FOflNAT(SX,][3~' " ' . A 2 0 . / )  
READ(12.*) NR 

DO 20 ,J=I,NR 
READ(12,¢) AK(d) ,ACTVEN(J) 
AK(O)-AK(,J)'~DEXP (-ACTVEN(d) / I .  987/TENP) 
AK(O)-AK(O)IeO, 

2O CONTINUE 

WR|TE (16 ,63 )  / ~ ( I ) , A K ( 2 ) , A K ( 3 ) , A K ( 4 )  
83 FORNAT(//BX, 'THERMAL REACTXON RATE CONSTANTS ( l / s )  : ' , / / ,  

* BX.'REACTION I C + O - - -  P ' , T B B , E I 2 . B . / ,  
* lSX.,REACTlrON 2 P - - -  A ' . T B B . E 1 2 . B . / .  
* BX,'REACTION S A - - -  O ' , T B B , E 1 2 . B , / ,  
* BX, OREACTXON 4 C - - -  G ' , T B B , E 1 2 . 6 , / / )  

G N i A -  (AK(B)/DXFFP)**O. S 
BETA= (AK(8)/Dlr  FFA)**O. B 
EFF 1 -DTANH(GANNA*CATLEN) / ( GANNA*CATLEN ) 
EFF2=DTN~I(BETA*CATLEN)/(BETA*CATLEN) 
EPSN- ( 1. O- EFF2/EFF 1 ) / ( 1. O- (GANNA/BETA) * ' 2  ) 

CATLDG=CATHT/SLRVOL 
CATLDG=CATLDG* 1 .00-03 
AK (S) =AK(B) ¢CATLDGcEFF 1/CATDEN 
AK ( l l )  =RK (B) *CATLDQ* EFF2/CATDEN 

WRITE ( l S , e 4 )  DZFFP,D][FFA,EFFI,EFF2,AK(B),N((6) 
84 FORMAT(//BX, 'CATALYT][C REACT]ION DATA ; , / / ,  , . . . . . .  5 / ,  

SX. 'DZFFU$][V][TY OF PREASPHALTENES. m *2 IS .woo .~ l~ .  . 
i BX. 'DXFFUS][V][TY OF ASPHALTENES. c m * 2 / S  ' . T B B . E I 2 . S . / .  

BX. 'EFFECTXVENESS FACTOR FOR P - - -  A ' . T B B . E I 2 . B . / .  
6X, 'EFFECTXVENESS FACTOR FOR A - - -  O ' , T B B . E 1 2 . 5 . / ,  
BX,'RATE CONSTANT FOR RXN S P - - -  A (1/s)',TBS,E12.B,/, 

* SX,'RATE CONSTANT FOR RXN 8 A - - -  0 (I/s)',TBB,E12.6,//) 

WRITE ( l S . I I 6 )  
85 FORliAT(//BX.'][NXT][AL MI[][GHT FRACTXONS OF SPECXE$ ]IN F E E D : ' . / / )  

IX) B ][ '1,NSP 
READ( 12 . *  ) CXN][T( Z ) 
t IR] [TE(1B,M) NMIE(][),CXNXT(X) 

S CONTINUE 
88 FORllAT(BX, A20, BX, F 12 • B, / ) 

CLOSE (UNXT- 12) 
CLOSE (UNXT- 1B) 
RETURN 
END 



r ~  

C 
C 

4~ 

C 
C 
C 
C 

:22" 

3 

33 

5U~OUTZ~E HOLDUP(U~,UL,UT,A~,UT~,EP~L,~PS~,ZFLA~) 

. . . . . .  THE GA~ AI~]D L ~ U I D  H~LDUP~ A ~  CALCULATED USXH~ DARTOH ~ 

~ L X C ~ T  ~EAL*8(A-H,O-Z) 

" A ~ = I . ~ * ( U L / U Q ) ~ . 3 ~ - ~ . O  
~LO~(UL /~T ) ,~ (~ . /~ )  
ELuELO 

DO ~0 ~TE~=I,~O 
Vt=(U~EL,~UL+EL*UT~)/UL 

REYU~ 

EL~=(U~/~'-{~B~/~V)~(~.//L~])~(9.-E~-{~,~EP~)*~(~.-~:/P~)÷ 

EP~L=EL~ 

DATA ~ / 0 /  

~ T O  ( ~ , 2 , 3 , 4 o ~ ) , ~  

~ETU~N 
~9 ~2 d= l ,~  
~ W V ( ~ ) = V ( d )  
pH£(d)=F(d) 
V(d)=~AVEV(d)~O.5*H*F(U) 

~ E T U ~  

~ I t X ( d ) = P H I ( d ) + 2 . 0 * F ( d )  
Y(d)uSAVEV(d)+O.~*H*~(d) 



4 

44  

B 
BiN 

RUNQE,, I 
RETURN 

Y (d)  -SAVEY ( d).m.H*F (d)  
XNX'FO. 5 *H  
RUNGE,, I 
RETURN 
DO 6ii d'ml,N 
Y(d)'SAVEY(d)+(PH|(d)+F(d) ) '14/0.0 
NmO 
RUNGE'O 
RETURN 
END 

(.~ 
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~J 
(31 

C 
C 
C 
C 
C 

PROGRAM TO INIqJT DATA TO RAIN SIMULATION ROUTINE 

INPLICIT REALeS(A-H. O-Z) 
DINENSION ClNIT(10)  
CHARACTER*20 M ( 1 0 )  
OPEN (UNIT=lI .FILEm'INPIJT.DAT') 
OPEN (UNIT- | ,  FILE- 'CHECK. DAT' ) 
WRITE(O, 11 ) 

11 FORMAT(/ /EX,  #THREE PHASE FLUZDIZED BED REACTOR SXNULATZON' , / / / )  
IIRXTE (!1, 10) 
tQRITE (9 .10)  

10 FORNAT(IiX,'ZNPUT INLET CONDITIONS IN FREE FORMAT',//,  
i BX, 'RECYCLE GAS FLOV IN SCPH ' / ,  

BX, 'HYDROGEN CONCENTRATION IN RECYCLE GAS, vol  % ' , / ,  
BX, 'NAKEUP 142 FLOH RATE SCFH ' / .  

BX,'SLURRY FEED RATE, l b / h r  ' / ,  
SX, 'SLURRY RECYCLE RATE. GPN/ f t * *2  ' , / ,  
BX, 'PRESSURE. p s i  ' , / ,  
5X. 'TENPERATURE, des.  r ' , / ) 

READ( " .  * ) RCYGA$, H~CON, H2FLOWo SLFEEO.SLRCYC. PRES,TENP 
URITE( , 1 , .  ) RCYQAS,H2CON, .2FLOW.SLFEED.SLmCYC.PmES!V _NP 
. IZTE  ( * ,  * ) mcTaAS,.=CO.,.=FLON, SLFEED. SLmCYC, PRES, TEMP 
MilTS(O. 20) 
HRITE(9.20) 

20 FORMAT(//SX; 'ENTER VALUES OF VARIABLES LTSTED BELOW: ' , / / )  
HRITE(S. 30) 
tmZTE(8.30) 

30 FDRNAT(SX, 'DIARETER OF REACTOR. i n c h e s ' , / .  
• SX, ' LENGTH OF REACTOR, It ' ,  / ) 

31 

40  

R E A D ( B , * )  DIA,ALEN 
UR][TE( 1 I ,  * ) DIA,ALEN 
WRITE(9, * )  D][A,ALEN 
tmZTE(S, 31 ) 
HRHTE(8.31 ) 
FORI~T(//SX. 'PHYSICO-CHENICAL DATA INPUT: ' , / / ,  

* SX. 'ARlU4ENIUS FREQUENCY FACTOR FOR 142 CONSUNPTZON KINETICS'. 
* ' ( t / s o D )  ' , / ,  
* reX, 'ACTIVATION ENERGY FOR H2 CONSUNPTION KINETICS'. 
* ' ( ca l /gmo le )  ' , 1 ,  _ . , . 
* SX. 'HEAT OF DISSOLUTION ( c a l / g l m l o )  . / ,  
* 5X. 'SOLUIIILZTY CONSTANT, (<g ls /~> l l q /<gm/cc>gas )  , / ,  
* SX,'DENSITY OF SLURRY, Sll~O¢ ' , / ,  
* SX.'VISCOSITY OF SUJRRY. Pa.s " , / ,  
* BX,'SURFACE TENSION OF SLURRY, dyrm/om ' , / )  T 

READ(E, * ) ZKBM, ERXN, DHS. FiB/tit, SLDEN, SLVI S. SLSUR 
UltlrTE ( 11, * ) ZKBAR.ERXN, DHS, HRAR.SLDEN, SLVI S, SLSURT 
IIRITE ( i ,  * ) ZKBAR, ERXN, DHS, HBAR, SLDEN, SLVIS, SLSURT 
M~ITE(R, 40) 

MtITE(eo40) 
FOIt lMT(// /BX, 'INPUT RICHARDS0N-Z~I PARANETERS' , / / ,  

,mxa4mmsme-z~x INDEX [ - ]  . / .  
,IUIBLXN8 VELOCITY, f t l s ' . l .  

BX. ,VOZDAGE AT N][N][NUN FLUZD|ZATION [ - ]  " , / .  



. , .J 
c~ 

77 

~0 

5t 

~2 

5~ 

50 

02 

~){,'HEX(L'HT OF RED AT ~INI~-~ FLUZDIZAT~OH CO~OITZI~S, m : , I )  

UnXTE(H,77) 
~ O ~ T ( / / ~ ) { , ° ~ U T  CATALYST PnOPEflTIE~:',/, 
~X,'C~TALT~T DEH~XTY, ~]/~C " , / ,  
~X, eCATALY~T LEngTH, ~ " . / ,  

~ } { , ' ~ H Y  OF C ~ Y ~ L ~  ~ 0 ~ ,  ~ ' , / / )  
H~ZT~(~,77) AT ~ A O ( ~ , * )  CATD~,CATL~,C~TD~A,~C 

CLOSE (UHXT:11) 
OP~ ( U ~ I ~ e I 2 , F Z L ~ . D ~ T  ~ ) 
U~YE(~,~O) 

~O~-~Y(///~, 'R~ACTXO~ ~STt]O~:DATA ~ • 

~ ( e , ~  ) ~ , ~  ( x ) 
[~nzYE(~.~) ~ ( ~ )  
~ T E ( ~ 2 , ~ 2 )  ~ E ( Z )  
~O~.~,T ( ~ O )  
CO~V~UE 

[~O~P.~T(/~, 'THE SP~C~G HAVE HEEH COOED AS: ' , / / )  

~RITE(O,gO) 
~ T E ( ~ , ~ O )  
F~AT(//HX,'EPa'iI'E~ TOTAL ~J~Ef l  OF ~EACT~ONS '~$) 
~gAO(~,*) NI 

DO 41 d~t ,~R 

~ O ~ T ( / / ~ } ( , ' F O ~  REACT~O~ ~0. ~,~2,/5~,'E~TER A~HE~IUS FACTOR*, 

~XT~(O. * )  ~¢,ACYV~ 

~RITE(9,70) 



70 

71 

S 

99 

tmXTE(B.70) 
FORMAT(///BX.'ENTER INITIAL CONCENTRATION OF EACH SPECIES', 

* ' ( ga /gm) ' )  
DO S X=I.NSP 
tlRXTE(9.71) 
WRITE(O,71) X 
FORMAT(SX,'SPECXE NLMBER'.2X, X2.3X.$) 
READ(E.*) CINZT(I) 
WRXTE(12.*) CINXT(X) 
WRZTE(9,*) CXNIT(X) 
CONTXMUE 

CLOSE (UNIT=12) 
CLOSE (UNXT'9) 
MRXTE(B,O9) FOI~T(//SX.'DATAHAVE BEEN ENTERED XN XNPUT.DAT'~L; 
SX, 'DATA CAN BE C~CKEO OY EXANINXI~ FILE ,(~,CK.DAT , / .  
6X~NAIN SIMULATION ROUTXNE CAN BE RUN N0M , / / )  
~ I t4m" 

. , .d  

. , . , j  
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~ J  

ZNPUT INLET CONDZTZON$ IN FREE FORMAT 

RECYCLE GAS FLOH IN SCFH 
HYDROGEN CONCENTRATION IN RECYCLE GAS, vol % 
K4KEUP 142 FLOW RATE SCFH 
SLURRY FEED RATE, I b / h r  
SLURRY RECYCLE RATE. GPN/f ts*2 
PRESSURE, ps i  
TENPERATURE, dog. r 

2200.0000000000000,  100.00000000000000, 2830.0000000000000, 
828.00000000000000, 10. IOOO0000QOOO000, 2872.0000000000000, 
8 lB. 000000000¢0000 

ENTER VALUES OF VARZABLES LISTED BELOW: 

DZMIETER OF REACTOR, trmtms 
LENGTH OF REACTOR, m 

8. SO00000000¢OOOO0, 4. 00000¢00¢0¢00000 

PHYSZCO-CHENZCAL DATA INPUT: 

ARHNZUS FREQUENCY FACTOR FOR 142 CONSUNPTZON KINETZCS (1 /sac )  
ACTXVATXON ENERGY FOR H2 CONSUMPTION KXNETXCS ( c l l / S m o l l )  
HEAT OF DISSOLUTION ( : a l / g m o l e )  
SOLURZLITY CONSTANT. ( < ~ c c > !  Iq/<gm/cc>gas) 
DENSITY OF SLURRY, ~ _ o c  
VZSCOSZTY OF SLURRY, Pa.s 
SURFACE TENSION OF SLURRY, dyne/am 

3213.0000000000000, 21000.O00i:~QO00000, 7 7 0 . ~ ,  
1. 2000000000OO00OO, O. 8O4O~OO0000¢ODO0, 1. 800000(0000000000[-02, 
30. OG~COOOG¢O000 

XNPUT RZOO~DSON-~CX PAn~ETERS 

TERNXNAL VELOCITY OF PARTICLE, f t / s  
RXa~mOSON-Z~X ZNDEX [ - ]  
BUBBLING VELOCITY, f t / s  
VOZDAGE AT MINIMUM FLUIDIZATION [ - ]  
HEZGHT OF BED AT NININUN FLUIDIZATION CQNDITTONS, m 

O. 48400000Q0000¢O00, 2.80QOOOOOGCXX)OO00. O. O3~0OO00OO0000000, 
O. 4200Q00QO00OOC~QO, 1. B8000Q0000~QO000 

INPUT CATALYST PROPERTIES: 
CATALYST DENSITY, gm/cm 
CATALYST LENGTH__ InBl~ml 
CATALYST DZANETER, I n o h ~  
HEIGHT OF CATALYST LOADED, gm 



| .R?70000000000000, 0.27400000000000000, ~.~O000000000000000E-02, 
~3~R~.OOO0~OOOO00~ 

c~ 
c~ 

[rEACTION HETt'tOI~K IDATA 

~I~I'ER ~.q.lL'~t]Ert OF REACTXI~ SPF..CXE5 

~ q [ ' ~  TOTAL ~'L.~]E~ OF ~ACTZO~ 

B 
COAL 
O~L 
~A~PHALTEH~ 

FOR nEACTXOH ~9. 1 
E~VE~/~t~H~HIU~ FACTOR ACTZVATXO~ EHEnGV 

O.I~OOOO00000000000, O.O0000000000000000~+O0 

FOR n~ACTXOH ~ .  2 
~ Y ~  ~ H ~ Z U ~  FACTOn ACTXVAT~O~ ENeRgY 

~.~O00000000OOOO000E-02, O.O00000000000000OO~+O0 

FO~ nEACTZOM ~ .  3 
~ E ~  ~ H ~ H Z U ~  FACTOR ACT£VATXO~ E ~ Y  

O.400OO000000000000E-03, O.OOOOOO000000O9000~+O0 

FOR REACTZON ~9.  4 
E~TE~ A ~ H ~ T ~ S  FACTO~ ACTXVAT~O~ E~E~V 

~.O~OO0000000000000E-02, O.O000000000OOO0000E+O0 

FOR REACTION|~O. B 
E~TE~ P ~ H ~ U ~  FACTO~ ACTXVATIOH EHE~V 

1 . 0 D O ~ O O 0 0 0 0 ,  O.O000OO00000000000~+O0 

FOR REACT~O~i~O. 
~ T E ~  ~ I ~ H ~ X U ~  FACTOR ACTIVATION EHER~V 

0.16770000000000000, O.O0000000000000090E÷O0 



ENTER INZTIALCONCENTRATZONOF EACH SPECZES(gm/gm) 
SPECIE MJNBER 

0.3:30000000C¢000000 
SPECIE NUMBER 

O.630GOOOOQQOQOOOOO 
SPECZE NUMBER 

6.0QCOOOO~OOOOC~OE-02 
SPECZE NUNBER 

8.000OO00OOOO000GOOE-02 
SPECIE NUMBER 

O,O000OOOGOGCCCOOOOE+O0 



l@ 

~NPDT DATA FOR FLUXDXZED ~E9 REACI~q SX~LATXON 

I~ECYCLE FJA~ FLOH Z~! ~CIFI'! 

~LU~,;~L~V ~ED HC~T~, "~/hr  

fiflO0.O0000 
I00.00000 

~9V~.O0000 

SLU~V PXVSXCAL P~OPE~TXE~: 

D ~ Z T V  OF SLU~V. F__~/Oo O. 09400 
0.0~000 

~0.00009 

co 
I,O 

~t~G~IA~D~O~-ZAt(Z PA~N.gETEfl~: 

T ~ H ~ A L  VELOCZTV OF PAnTICLE. ~ / ~  

~ U ~ , L ~  VE~OC~TV. ~ t /~  

0.48400 
~.O0000 
0,03~00 
0 . ~ 0 0 0  
~.OOOOD 

CATALYST PROPERTZES: 

CATALVST DE~SXTV, ~ / c ~  
CATALV~T L E ~ H .  ~b~o~ 
CATALYST ~AH~T~R, O n ~  

1 .07700  
0 . 2 7 4 0 0  
0.0S900 

33485 .00000  



KZNETZC AND THERNODYNANZC DATA 

A R H N I U S  FACTOR FOR 142 REACTXON, I / s  
ACTIVATZON ENERGY FOR 142 REACTION, c a l / g m o l e  
RATE CONSTANT FOR H2 REACTION, 1 /s  
SOLUBZLZTY COEFFZCIENT FOR H2 
HEAT OF DZSSOLUTXON, o81 /gmo lo  

O. 3213OE+O4 
0.210001[+05 
O. 10801E-02 
O. 120OO1[+O1 
0. "/70001[+03 

C~ 

SPECIES PRESENT 

1 - COAL 

2 - OIL 

3 - PItEASPHALTENE 

4 - ASPHALTENE 

6 - G A S  

THERNAL REACTION RATE CONSTN~rS ( l / s )  : 

REACTZ0N 1 C + 0 - - -  P 
REACTZ0N 2 P - - -  A 
REACTION 3 A - - -  0 
REACTION 4 C - - -  G 

O. 300001[-02 
O. t 1333E-O2 
O. 15067E-O3 
O. 32SOOE-O3 

CATALYTIC REACTZON DATA 

DIFF1JSIVITY OF PREASPHALTENES, Ca~s2/S 
DZFFUSIVITY OF ASPIMLTEHES, cm**2 /S  
EFFECTIVENESS FACTOR FOR P - - -  A 
EFFECTIVENESS FACTOR FOR A - - -  0 
RATE CONSTANT FOR RXN B P - - -  A ( l / S )  
RATE CQNSTNiT FOR RXN II A - - -  0 ( l / s )  

O. 17360E-05 
O. 2 1 8 0 0 E  o04 
O. O 1038E-01 
O. 118777E+00 
O. 7 I O M E - 0 3  
O. 84387E-03 

ZNITIAL HEIGHT FRACTXONS OF SPECIES ZN FEED: 

COAL O. 33000 

OIL O.§:K)O0 



P~EA~PHALTEN~ 

A~PHALTE~E 

I?JtS 

O.OROOO 

O. OnO00 

O. 00000 

co 
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CALCtlLATEn ItVO~OnVNAIt]]C AND HASS TRANSFER PARAMETERS 

SUPERFICIAL GAS VELOCITY, m/S 

SUPERFICIAL LI(IUIO VELOCITY, m/s 

LI(IIJID-SIDE MASS TIL4N~FER COEFFICIENT, t / s  

LT(IIlID PHASE PECLET l~J~lEIt 

LI(IUTD PHASE HOLI]UP 

GAS PHASE HOLDUP 

EFFECTIVE REACTOR LENGTH, m 

STANTOH I~qJIIREIt 

SLURRY RE510ENCE TIME, s 

RECYCLE RATXO 

HENStY :S COMSTN~r 

0 . 0 1 5 t  

0 . 0 t B t  

O. 03:ZO 

1 4 . 3 8 1 9  

O. 3908  

O. 2484  

5.  t 8 1 0  

8 . 0 1 8 2  

8 2 . 4 f l 7 8  

B . 2 2 0 0  

O. 8 0 4 3  

. °  



Co 
co 

HYDROGEN PItOFILE ZN REACTOR 
(GAS PHASE) 

DZSTANCE ALONG REACTOR HYDROGEN CONCENTRATZlIN 
BZMENSZOILESS CENI';~ETERS D=MENSZONLESS ~ L E / C C  

0 . 0 0  0 .0  1.0000 0.3479E-02 
0 .01 3 .2  0 .9480  0.3298E-02 
0 .02  6 .4  0 .0025 0.3140E-02 
0 .03  9 .8  0 .9829 0.3002E-02 
0 .04  12.7 0 . , 2 9 2  0.2882E-02 
0 .05  15.9 0 .7090  0.2777E-02 
O.Otl 10.1 0 .7716 0.2885E-02 
0 .07  22 .3  0 . 7 4 , 8  0.280~E-02 
0 .08  25 .4  0.728K G.283~E-02 
0 .09  28 .6  0 .7100 0.2474E-02 
0 . 1 0  31.8  0 .80~8 0.2420E-02 
0 .11  35 .0  0 . 8 8 2 2  0.2374E-02 
0 .12  38 .2  0.~705 0.~333E-02 
0 .13  4 t . 4  0 .8803 0.2297E-02 
0 .14  44 .8  0 .8914 0.2287E-02 
0 .18  47 ,7  0 .8437 0.2230E-02 
0.  t8  90 .9  0 .838~ 0.2218E-02 
0 .1Y ~4.1 0 .8309 0.2195E-02 
0 .16  ~7 .3  0 .8298 0.2177E-02 
0. t9 60 .4  0 .6213 0.2182E-02 
0 . 2 0  83 .8  0 .0173 0 .2 t48E-02  
0 .21 88 .8  0 .6139 0.2135E-02 
0 .22  70 .0  0 .8109 0.2125E-0~ 
0 .23  73 .2  0 .8093 0.2118E-02 
0 .24  78 .3  0.B080 0.2100E-02 
0 .25  79.~  0 .8040  0 .2 t01E-02  
0 .28  82.7 0 .~022 0.2095E-02 
0.27  85.9 O . U O O 7  0.2090E-02 
0 .28  89.1 0 .~904 0.200~E-02 
0.29  82 .3  0 .~962 0.2081E-02 
0 . 3 0  95 .4  0 .8072 0.2070E-02 
0 .31  08 .8  0 .8983 0.2078~-02 
O. ~2 101.0 O. ~956 O, 2072E-02 
0 • 33 105 • 0 O. 8049 O. 20TOE-Off 
O. 3d 108. fl O. 5943 O. 2088E-02 
0 .3~  111.3 0.8938 0.2088E-02 
0 .30  1 t4 .H 0 .~033 0.2084E-02 
0 .37  t 1 7 . 7  0 .~020 0.2083E-02 
0 .3 f l  120.0 0 .~928 0 .2082~-02 
0 .~0  124.1 0 . , 9 2 3  0.2081K-02 
0 . 4 0  127.2 0 .~920 0.2080E-02 
0 ,41  130.4 0 .5919 O.flO~UE-02 
0 .42  133.8 0 .8918 0.2058E-02 
0 .43  138.~ 0 .0914  0.2058E-02 
0 .44  t 4 0 . 0  0 .~913 O.~OHTE-02 
0 . 4 8  143.1 0 . 8 9 1 I  , 0 .20~7E-02 
0.4H t 4 8 . 3  0 . H 0 t 0  0 .2058~-02 
0 .~7  t4U.~ 0.H900 0 . 2 0 ~ E - 0 2  



Co t,D 

0.48 152.7 0.6908 0.20668-02 
0.48 166.8 0.B908 0.2068E-02 
0.50 159.1 0.6807 0.20558-02 
0.81 182.2 0,5808 0.2065E-02 
0.52 185.4 0 . 5 9 0 6  0.20588-02 
0.53 108.a 0.5905 0.2085E-02 
0.54 171.8 0.6905 0.2086E-02 
O. 55 175.0 O. 6905 O. 2084E-02 
O. 80 178.1 O. 5904 O. 20848-02 
O. 57 181.3 O. 5904 O. 20848-02 
0.58 184.6 0.5904 0.20548-02 
0.59 187.7 0.5904 0.2064E-02 
0.80 190.9 0.5903 0.20548-02 
0.81 t94 .0  0.5903 0.20548-02 
0.82 197.2 0.8903 0.20648-02 
O. 03 200.4 O. 6903 O. 201S48- 02 
O. 84 203.6 O. 8903 O. 20648-02 
O. 85 208.8 O. 8903 O. 201i48-02 
O. M 209.9 O. 5903 O. 20648-02 
O. 07 213.1 O. 6803 O. 20648-02 
0.08 218.8 0.8903 0.20848-02 
0.69 219.6 0.6903 0.2064E'02 
0.70 222.7 0.6905 0.20848-02 
0.71 22S.9 0.5902 0.201i48-02 
0.72 220.0 0.8802 0.20B48-02 
0.73 232.2 0.8902 0.20648-02 
O. 74 231i. 4 O. 8902 O. 2084E-02 
O. 76 238.8 O. 5902 O. 201148-02 
O. 76 241.8 O. SilO2 O. 20648-02 
0.77 244.9 0.5802 0.20648-02 
0.78 248. t  0.6902 0.20648-02 
0.79 2U1.3 0.5902 0.201 s48°02 
0.80 2E4.8 0.5902 0.20548-02 
0.81 287.7 0.5902 0.20548-02 
O. 82 200.8 O. 5902 O. 20S48-02 
O. 83 284.0 O. E902 O. 2084E-02 
O. 84 287 . 2 O. 61)02 O. 201S48-02 
0.85 270.4 0.6902 0.2054E-02 
0.88 273.8 0.6802 0.201S48-02 
0.87 276.8 0 . 5 9 0 2  0.20548-02 
0.88 271.8 0.6902 0.20648-02 
0.89 283.1 0.5902 0.20548-02 
0.90 286.3 0.6902 0.2064E-02 
0.91 289.6 0.8902 0.20548-02 
0.92 292.7 0.6902 0.20848-02 
0.83 2 9 6 . 8  0.8802 0.20648-02 
0.94 291.0 0.5902 0.20648-02 
O. 15 302.2 O. 6902 O. 20848-02 
O. 96 3011.4 O. BI)02 O, 20948-02 
O. 87 301.8 O. 8802 O. 20848-02 
O. g8 211.7 O. 61102 O. 201148-02 
O. 99 314.8 0.6902 O. 201i4E-02 
t . 00  318.1 0.5802 0.20648-02 

. . . . . . .  ..------------------------'''--*--'----'" . . . . . .  . _ _ . _ _ _ . . . _ _ _ . .  . . . . . .  . . o  . . . . . . .  



FIVD~O~E~ PROFZL~ X~ REACTO~ 
(LX~[ I I~ PHA~E) 

~ZSTAICC~ ALO$!~ ~EACTOR I]YD~O~EH COHC~T~ATXO~ 

0 . 0 0  0 . 0  0 . 0 0 0 0  0 . 0 0 0 0 ~ + 0 0  

0 . 0 2  ~ . ~  0 . 0 ~  0 . 3 3 ~ - 0 ~  
0 . 0 3  0 . ~  0 . ~ 7 ~  0 . ~ 7 7 1 E - 0 0  
0 . 0 ~  I ~ . T  ~ ,~71~  0 . ~ 0 7 0 E - 0 3  

0 . 0 7  ~ . ~  0 . ~  O . ~ T l ~ - O ~  

0 . ~ 0  ~ . ~  0 . ~ 0 ~  0 . ' ~ 0 ~ - 0 2  
0 . ~  ~ . 0  0 . ~ 7 ~  O. t ]O~E-O~ 
0 . ' i 2  ~ . ~  0 . ~ 0 ~  0 . ~ 0 ~ - 0 ~  
0 . ~  q ~ . ~  O.~3OT 0 . ¢ t ~ - 0 2  
0 . ~  ~ . ~  O . ~ B ~  0 . ~ 2 ~ - 0 2  
0 . ~  ~ 7 . 7  0 . ~  O . ~ O E - 0 2  
0 . ~  ~ 0 . ~  0 . ~  0 . ~ - 0 2  
0 . ~  ~4.~ 0 . ~  0 . ~ 2 ~ B - 0 2  
0 . ~  ~ 7 . ~  0 .~7~2  0 . ~ 3 0 ~ - 0 2  
0 . 1 ~  ~ 0 . ~  0 .~73T 0 . ~ 3 ~ - 0 2  
0 . ~ 0  ~ . 0  0 .3~27  0 . 1 ~ 3 t ~ - 0 ~  
0 . ~  ~ . ~  0 . ~  0 .  t ~ 3 B - 0 2  
0 . ~  7 0 . 0  0 . ~  0 .93H~B-02 
0 . ~  7 ~ . ~  0 .~0~7  O . t ~ E - 0 2  

0 . ~  7 0 . ~  0 . ~ 0 ~ 0  0 . ~ 7 B ~ - 0 2  
0 . ~  ~ . 7  0 . ~ 7 ~  0 . ~ 3 ~ E - 0 2  
0 . ~ 7  ~ . 0  0 . ~ 0 ~  O.~O~OE-02 

0 .~0  02 .0  O.~Oq~ 0 .1~00~-0~ 
0 . ~ 0  0 5 . ~  0 . ~ 0 ~  0 . ~ 0 ~ - 0 ~  
0.0~ 00 .0  0.~0~7 O .~O~E-02  
0 . 3 2  ~0~.~ 0 . ~ 0 ~  0 . 1 ~ 0 7 E - 0 2  
0 .33  10~ ,0  0 . ~ 0 ~  0 . ~ 1 0 ~ - 0 2  
0 . 3 ~  ~0~.~ 0 .~0~7  0 . 1 ~ 1 ~ - 0 2  
0 . ~  ~ . 3  0 .~0~2  0.1413B"02 
0 , ~  ~ 4 . ~  0 . ~ 0 ~ 7  0. q 4 t ~ - 0 2  
0 . ~ 7  9 ~ . 7  O.~OT~ 0.1410E-02 
0 . 3 g  ~20 .0  0 . ~ 0 7 ~  0 . 1 4 1 B ~ - 0 2  
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SUMMARY 

This  r e p o r t  p r e s e n t s  t he  f i n d i n g s  of  a r e s e a r c h  e f f o r t  d i r e c t e d  to  t h r e e  

tasks as summarized below. 

Task I: To develop a computer eimulator for a direct coal liquefaction 

reactor. 

A computer sfuIJlator, written in modular form in FORTRAN, has been 

developed on a DECsystem 1099 computer. The design parameters, operating 

condlttons, physlco-chemical and kinetic parameters are the input to the 

program. They are entered via an interactive program, The simulator provides 

deca£1ed information on the performance of each process unit, the 

characteristics of each flow stream, and an overall summary of the products 

l e a v i n g  each u n l t .  The s i m u l a t o r  i s  v e r s a t i l e  i n  t h e  s e n s e  t h a t  k i n e t i c s  f o r  

t he  l i q u e f a c t i o n  o f  any t y p e  and rank o f  c o a l  can be h a n d l e d  so long  as  t h e  

r e a c t i o n s  f o l l o w  f l r s t - o r d e r  k i n e t i c s .  The s i m u l a t o r  can a l s o  p rov lde  

g r a p h i c a l  o u t p u t  o f  t h e  r e s u l t s  u s i n g  a PDI~-II/70 computer  by means of  a 

program deve loped  by S c h n e i d e r  C o n s u l t i n g  E n g i n e e r s  who s e rved  as 

s u b c o n t r a c t o r s  f o r  t h l s  t a s k .  

The model deve lopmen t ,  d e s c r i p t i o n s  of  the  m a t h e m a t i c a l  p rocedu re s  used  

to  p r e d i c t  t h e  p e r f o r m a n c e  of  t h e  u n i t s ,  a s o u r c e  code o f  t h e  program,  

i n s t r u c t i o n s  f o r  I t s  use  and a sample problem showing bo th  t h e  i n p u t  d a t a  and 

the  r e s u l t i n g  o u t p u t  a r e  i n c l u d e d  i n  t h e  r e p o r t  on t h l s  t a s k .  

Task 2: To conduc t  a comprehens ive  rev iew of  i n d i r e c t  l i q u e f a c t i o n  f o r  t h e  

p r o d u c t i o n  of  f u e l s  and ,  t o  a l e s s e r  e x t e n t ,  of c h e m i c a l s .  

Th i s  p o r t i o n  o f  t he  r e p o r t  p r o v i d e s  an ove rv iew of  t h e  v a r i o u s  r o u t e s  

f o r  c o n v e r t i n g  s y n t h e s i s  gas (a m i x t u r e  of  hyd rogen  and ca rbon  monoxide)  t o  

l i q u l d  f u e l s  and t o  c h e m i c a l s .  The c a t a l y t i c  s p e c i e s  and t h e  p o s s l b l e  

mechanisms i n v o l v e d  i n  c a r r y i n g  ou t  t h e s e  r e a c t i o n s  a r e  d i s c u s s e d .  P roces se s  
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which are now in commercial use and others that will become commercial in the 

near future are de=ailed~ Among the subjects covered are: 

, %'no commercial produotlon of Easoline, diesel ol! and other products 

via the Fischer~Tropsch and related reactions. 

• The comm~rclal production of m~thano! in high purity with different 

catalysts under varying condltlon~ 

• The production of high octane gasoline from methanol using shape 

selective catalysts • 

• Tns production and use of =sthan o!~ ethano!~ higher alcohols and 

ethers as gasoline e-~tenders or as substitutes for gasoline. 

• ~ne production of ch_~mica!s from synthesis ~as~ All the known 

patrochmmica! feedstocks can he made from synthesis gaso The 

coma ere!a! production of acetic acid and acetic anhydride from coal- 

derlvedsynthesis gas has already been realized. 

• The point is made that essentially all fuels and chemicals can be 

m~nufactured from synthesis gas in what may be termed a petroleum- 

less refinery. 

• It is quite likely that in a decade or so this "reflnery" will be 

based on synthesis Eas made mainly from coal. 

Task 3: To" conduct a llterature revle~ and analysls of the phys!cal~ 

chemical, and thermDdynamic properties (PCT) of the products from 

direct coal liquefaction processes° 

Exper!=-anta! values for vlscositles~ thermal conductlvities~ heats of 

reaction, vapor pressures~ surface tension end convective heat transfer 

ccafflcients for cuts of coal llquld~ derlved from the SRC-!i process are 



p r e s e n t e d .  The d a t a  a r e  f i t t e d  to  v a r i o u s  c o r r e l a t i o n s  and an a n a l y s i s  of how 

well the correlations fit the data is given. Following the co~pletlon of thls 

task two points were very evident: 

I. The number of experimental measurements made at actual liquefaction 

c o n d i t i o n s  f o r  t he  p r o p e r t i e s  s t u d i e d  I s  ve ry  l i m i t e d .  

2. C o r r e l a t i o n s  which have proven  t o  be s a t i s f a c t o r y  when a p p l i e d  t o  

p e t r o l e u m  p r o d u c t s  s h o u l d  be u t i l i z e d  f o r  c o a l  l i q u i d s  w i t h  g r e a t  

c a u t i o n .  

V i s c o s i t y  d a t a  f o r  c o a l  l i q u i d s  d e r i v e d  from t h e  Exxon Donor S o l v e n t  p r o c e s s  

and from f r a c t i o n s  o f  l i q u i d s  d e r i v e d  f rom t h e  SRC-II  p r o c e s s  a r e  t r e a t e d .  

The two s e t s  of  d a t a  a r e  comparab le .  The e m p i r i c a l  c o r r e l a t i o n  deve loped  by 

Gray and Holder  (1982) seems t o  be t h e  most s a t i s f a c t o r y  one t o  r e p r e s e n t  c o a l  

liquid v i s c o s i t i e s  a t  the  p r e s e n t  t i m e .  

Thermal c o n d u c t i v i t y  d a t a  f o r  c u t s  o f  l i q u i d s  d e r i v e d  f rom t h e  SRC-II  

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

t o  t he  r educed  t e m p e r a t u r e .  One e q u a t i o n  i n c l u d e s  a t e rm t o  a c c o u n t  f o r  t h e  

oxgyen c o n t e n t  In  t h e  c o a l  l i q u i d  c u t .  An a l t e r n a t i v e  c o r r e l a t i o n  u t i l i z e s  

t he  normal  b o i l i n g  p o i n t  as  an i n d e p e n d e n t  v a r i a b l e  f o r  t h o s e  c a s e s  where t h e  

oxygen c o n t e n t  I s  unknown. 

Vapor p r e s s u r e  measurements  of  c o a l  l i q u i d s  d e r i v e d  f rom t h e  SRC-II 

p r o c e s s  a r e  p r e s e n t e d .  F ive  c o r r e l a t i o n s  r e p r e s e n t i n g  t h e s e  d a t a  a r e  

t e s t e d .  The S t a r l i n g  c o r r e l a t i o n  i s  t h e  b e s t .  f o l l o w e d  ~y the  Mobi l ,  R i e d e l ,  

and Wilson c o r r e l a t i o n s ,  which a r e  o f  a p p r o x i m a t e l y  e q u a l  v a l u e .  The I Z n e a r  

c o r r e l a t i o n  i s  the  l e a s t  s a t i s f a c t o r y .  

Heat o f  r e a c t i o n  d a t a  f o r  c o a l  d e r i v e d  l i q u i d s  a r e  v e r y  l i m i t e d .  The 

d a t a  t h a t  a r e  a v a i l a b l e  have been c o r r e l a t e d  by an e m p i r i c a l  e x p r e s s i o n  w l t h  

hydrogen  consumpt ion  a s  t h e  i n d e p e n d e n t  v a r i a b l e .  A~tempts t o  e s t i m a t e  t h e  
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heat of reaction from heat of combustion data were n o t  successful as only 

order of magnitude values resulted. 

Empirical correlations representing the surface tension of coal liquids 

from both the Exxon Donor Solvent and SRC-I~ processes are presented. These 

correlations represent the data with an average deviation of 16%o 

Prandti numbers and convactlve heat transfer coefficients for cuts of 

coal liquids derived from the SRC-!I process are calculated. Actual 

measurements of the convective heat transfer coefficient are co=m. ared with the 

values predicted by the correlations of Hausen~ Dittus-Boelter~ and 

Petukhov. The Dittus-Boa!ter equation hast represents the data for both the 

transition and the turbulent flow regimes° 
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SUt~L~RY 

The report is divided into two sections plus an appendix. The first 

section reports on computer simulations which were developed for three 

important coal liquefaction processes -- the Mobil Methanol to Gasoline (MTG) 

process, the Fischer-Tropsch (F-T) process, and the synthesis of methanol. 

The models are designed to be general and information such as new kinetic 

equations or new physical property information can be readilyadded. Each of 

the models also provides for alternate reactor configurations. For the MTG 

process either a fixed bed or a fluidized bed can be used. The F-T model 

provides for a bubble column slurry reactor, a fluidized bed reactor or a 

fixed bed reactor. Either a fixed bed or a slurry bed can be used in the 

methanol synthesis model. A comparison of results obtained using the models 

and results reported in the literature is included to verify the model. 

Comparisons of alternate processing methods are also included to provide 

guidance in the selection of a reactor configuration for a specific process. 

Complete program listings are given in the Appendix, and sample problems with 

inputs and outputs are provided for the user. The programs are written in the 

FORTE~ language. It is ultimately desirable to make these models available 

in a form which can he used in ASPEN, the process simulator developed for 

DOE. As a first step, the use of ASPEN PLUS to predict thermodynamic and 

transport properties of systems of interest to coal liquefaction was studied. 

In the second section, five areas of potential importance to indirect and 

direct coal liquefaction are reviewed. They are the synthesis of methanol via 

methyl formate, the role of carbon dioxide in methanol synthesis, the 
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synthesis of methanol using noble metal catalysts, the catalytic synthesis of 

higher alcohols from a new, hlgh-yleld sulfur-tolerant catalyst, and the 

direct liquefaction of coal mixed with heavy olls -- so-called coprocessing. 

Some unexpected but desirable synergistic effects are found when these two 

forms of fossil fuels, coal and heavy o11, are processed together. For each 

of these topics, a careful review of the literature was made and the reported 

findings evaluated. In certain cases, notably the role of carbon dioxide in 

methanol synthesis, conflicting experimental results and theories have been 

reported, although it does appear that the commercial synthesis of methanol 

proceeds through a carbon dioxide intermediate. 
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