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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 rums.

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 1s computed by summing its two

components, slurry feed and slurry recycle:

- vslur:jy feed * Vinternal recycle
L A

where V = volumetric flow rate
Uy = slurry superficial velocity

A = PDU cross—sectional 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.

ft /gec)
GPM

v -3
internal recycle

= (meter gpm/ftz) /0.85/p x A x 2.8z10 (

actual

cs Catalyst Bed Expansion: was calculated using the formula

(expanded bed height — initial bed height)
(initial bed height - 8")

% bed expansion =

The 8" offset accounts for the height tsken 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 alsoc taken to be heiéht at minimum

flaidization.

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-1.
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Table A-l .

Physical Properties of Slurries and

Richardson-Zaki Parameters

Catalyst Slurry
HRI Density, Density,
Period gm/cc gm/cc
04B 1.55 0.837
10A 1.55 0.947
278 1.62 0.941
34B 1.64 0.987
41B 1.67 0.880
42A 1.67 0.902
428 1.67 0.888
43A 1.68 0.900
43B 1.68 0.894
44A 1.68 0.880
448 1.68 0.914
45A "1.68 0.954
458 1.68 0.947
46A 1.69 0.938

Slurry Terminal
Viscosity, Velocity, Index

mPa.s m/s n
6.83 0.117 3.29
13.68 0.082 3.62
6.76 0.108 3.28
10.76 0.092 3.47
8.44 0.116 3.35
9.99 0.108 3.42
9.08 0.113 3.38
15.2 0.095 3.62
7.19 0.119 3.28
8.43 0.117 3.35
3.64 0.134 3.03
14.24 0.091 3.58
10.96 0.100 3.46
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 (°F)

Recycle gas flow (SCFH)

Hydrogen concentration in recycle gas (vol %)
Makeup hydrogen flow rate (SCFH)

Slurry feed rate (1lb/hr)

Slurry recycle rate (GPM/ft2)

® 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 fluidization (-)

Height of bed at minimum fluidization conditions (m)




© Catalyst properties
Catalyst density (gm/ce)
Catalyst length (inches)
Catalyst diameter (inches)

Weight of catalyst loaded (gm)

©  Physico-Chemical Data
Density of slurry (gm/cc)
Viscosity of slurry (Pa.s)
Surface Tension of slurry (dyne/cm)
Hzzat of dissolution (cal/gmole)

Solubility comstant (=)

®© Kinetic Parameters
Arrhenius frequency factor for hydrogen consumption kinetics (1/sec)
Activation energy for hydrogen consumption kinetics?(cal/gmole)
Number of reacting species (excluding Hy) (-) |
Total number of reactions (excluding H, consumption) (-)
For each reactiom:

Arrhenius frequency factor (1/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 CHECK.DAT which contains the user”s
responses tc the input entry program. The files INPUT.DAT and KIN.DAT

provides the data to the main program, ITSL2.FOR.
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The following subroutines are used in the simulator.

SUBROUTINE NAME

HYDRO

HOLDUP

INPUT

INPUTI1

REATEM

RUNGE

PURPOSE

Calculates mass transfer
coefficient and Peclet number

Calculates gas and slurry holdups

Reads input data on design,
parameters, operating conditions
etc.

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 1liquid profile

Species concentration profile
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PROGRAM TO SIMULATE THREE PHASE EBULLATED BED REACTOR, WHICH
CONSTITUTES THE SECOND STAGE IN THE WILSONVILLE INTEGRATED
TWO-STAGE LIQUEFACTION (ITSL) PROCESS.

IMPLICIT REAL*8(A-H,0-Z)
IFLAG=1

CALL INPUT(IFLAG)

IF (IFLAG.EQ.0) GO TO 10
CALL INPUT1

CALL REATEM

HRITE(O'ZOO)

WRITE(S, 100)

romv(éx “CONVERGENCE WAS NOT OBTAINED IN SUBROUTINE HOLDUP',/,
"PROGRAM TERMINATED’,//)

rom'r(vo(' ') /.28X, 'SIMULATION COMPLETE’,/,70(’-'),/,

10X, ‘OUTPUT 1S CONTAINED IN THE FOLLOWING FILES’ /.

10X, / INPUT DATA’ T80, ‘DATA.DAT’,/,

10X, ‘KINETIC DATA ‘ tso 'KINDAT .DAT’, /.,

10X ‘OUTPUT SUMMARY’ TBO, 'OUTPUT.DAT’,/,

10X, ‘HYDROGEN PROFILE (ds PHASE )/, T80, 'H2GAS.DAT’ /.,

10X’ ‘HYDROGEN PROFILE (LIQUID PHASE)’, T80, ‘H2L1Q.DAT’ ,/

10X, 'sncus CONCENTRATION PROFILE’, T80, '$SPECIE.DAT’,/,70(’-'))

STOP
END

SUBROUTINE HYDRO(UG, AKLA, PEL)

....THIS SUBROUTINE CALCULATES THE PECLET NUMBER AND THE VOLUMETRIC
MASS TRANSFER COEFFICIENT.

UG - GAS VELOCITY, w/s
UG1 - GAS VELOCITY, e-/s
ucz GAS VELOCITY, ft/s

AKLA - MASS TRANSFER COEFFICIENT, 1/s
PEL - PECLET NUMBER [-]

IMPLICIT REAL*8(A-H,0-2)

UG"UG‘100
UG2=Ua/0. 304
PEL=8.08+42. .1#DEXP( -35.482UG2)

AKLA=0.0282+UG1

RETURN
END

SUBROUTINE INPUT(IFLAG)

THIS SUBROUTINE READS THE INPUT DATA ON THE PHYSICAL DIMENSIONS
OF THE UNITS, PHYSICAL AND THERMAL PROPERTIES AND HYDROGEN CONSUMPTION

KINETICS.
INPLICIT REAL*8(A-H,0-2)
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COMMON /B1/ ST,HENCON, DAH2,H2CON, EFFLEN
COKON /847 TERM, Ut

COMAON /838/ TEMP

covsol /310/ QSLUR,ARCYC

COLZDN /18137 GATDER, CATLEN, CATUT, SLUVOL
COMMON /31587 ZIBAR, ERYN, BHS , HAAR | AKH?

GASENB=1,087 1GAS CONSTANT IN CAL/GMOLE.DEG K
GASCON=82 . 0897 1OAS CONSTANT XN CC.AVH/EMOLE.DEG K

OPEN (UNIT=11,FILE=/INPUT.DAT’)
OPEN (UNET=12, FILE=/DATA.DAY/)

READ(11, %) RGKGASEHEGDM ,H2FLOY, SLFEED, SLRCYC, PRES, TEMP

READ(41,%) DY

READC 14 *) ZURAR, ERXN, BHS , HBAR, SLDEN, SLVZS, SLSURT

READ( 11, %) UT,AN, UTB, EVF, i

REAB( 11, %) CATOERN, CATLEN, CAYDIA, CATUT

UAEVE(12, 11)

FOUMAT (/763 * INPUT DATA FOR FLUIDIZED BED REACTOR SIFULATION’,///)

UNKTL(12,$O$ REveAs, H2coM, H2FLOY, SLIFEED, SLRGYE, PRES, TENP, DIA, ALEN
FORMAT (5BX, ‘RECYCLE GAS FLOY XIM SCFH /,TGS5,F12.5 /.

8, THVBROGEN CUNCENTRATION IM RECVOLE HAS, voﬂ % T55 F12.8,/,
GX, /MAKERP M2 FLOW RAYE SCFH 7, TH6,F12.3,/,
X /SLURRY FEED RATE, 1b/hr ',TEb.F12 3./
BX, /SLORRY HECYCLE RATh GPM/ft**Z /,786,F12.6,/,

YX, 'DRESSURE, pai /,T65,F12.56,/,
BX, ' TEMPERATURE, dag. 755,F12 8,7,
BX, ‘DIAMETER OF REACTOR, lnc as’, TBB ¢12.8,/,
8X, /LENOTH OF REACYOR, o /,T65,F12.5,//)
HRITE(42,31) SLDERN, SLVYS, SLSURT
FORMAT (//5), SLURRY PHYSICAL PROPERTIES" //,
6X, /DENSITY OF SLURRY, gn/cc ’/ 155 F12.5,/,
bX 'YASCASITY OF SLURRV Pa.s /,¥585,F12.5,/,
BX, 7SURFACE TENSION OF SLURRY, dyna/em /,T55,F12.5,/7/)

WRITE(12,40) UT,AN, UTH, EMF, HIF

%URMAT(IIIBX 7R CHARDS DN~ ZAIKK PARAMETERS ', //,

BX, {TERMINAL VELOGIYY OF PA&?ICLE ft/s ’/,T85,F12.5,/,
86X, ‘RICHARDSON-ZAICE TMDEX [-] ¢/ , V55, &1& 5.7,

sx ‘BUBBLING VELOCITY, ¢t/s’, TEE Fi2 ’
BX, /VOIDAGE AT MINEMUN FLUXDEZAVION | j ’,765,F12.6,/,
bx ’HEICMT OF BED AT MINENUN FLUEDIZATION, o ¢

[7)
wRET@(iﬂ 77) GATDEN, CATLEN, CATDIA, CATHT
EORMAT ( /75X, ’CATALVST PROPERTILS. 1/,

BX, CATALYST DENSITY a/eo !, THB,F12.68,/,
86X, ‘CATALYSYT LENGTH, ' Thohos ’,TﬁS.Fia.Ell
sx *GATALYST DIANETER, inchos ',TBB,PiZ.b,
BX, ‘HEXCUT OF CATALVST LOADED, on /,T88,F1
CATLEN=CATLEN/2. 54
CATDYA=CATDEA/2.84
CATUT=CATYT/1000.

UV =UT*0.3048

UTB=UTB+0.3048
CLOSE (UNXV=11
CLOSE (UNYY=12

SLDEN=SLDEN+82.4

7,
2!8,//)
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DIA=DIA/12.0
TEMP=TEMP+480.

AREA=DATAN( 1.0D0)*DIA*+2

QSLUR=SLFEED/3800. /SLDEN

SLDEN=SLDEN/82.4
QRCYC=SLRCYC*AREA*2.228D-03+(0.85/SLDEN)*+0.5
UL=(QSLUR+QRCYC)/AREA

RRATIO=QRCYC/QSLUR

CFH=(RCYGAS+H2FLOW) *14. 7+*TEMP/B820. /PRES
UG=CFH/3800./AREA

TEMP= (TEMP-492. )*8./8.+273.18
DIA=DIA*0.3048

UL=UL+0.3048

UG=UG+0.3048

PRES=PRES/14.7

H2CON= ( RCYGAS*H2CON+ . 0 1+H2FLOW) / (RCYGAS+H2FLOW)
H2CON=H2CON*PRES/ (GASCON*TEMP )
HENCON=HBAR*DEXP ( -DHS/ (GASENG*TEMP ) )

CALL HYDRO (UG,AKLA,PEL)

CALL HOLDUP (UG,UL,UT,AN,UTS, EPSL, EPSG, IFLAG)
IF(IFLAG.EQ.0) RETURN

EFFLEN=HMF*( 1. -EMF)/ (1. -EPSL-EPSG)
ST=EFFLENSAKLA/UG

AKH2 = ZKBAR+DEXP ( ~ERXN/ (GASENGSTEMP ) )

UR=UL/UG

TERM=EFFLENSEPSL/UL

DAH2 =T ERM* AKH2

DAN2:0.0

AREA=AREA+0.0929 1SQ. FT T0 SQ. M
SLUVOL =AREA*EFFLEN*EPSL

OPEN (UNIT=14,FILEs /OUTPUT.DAT')

WRITE( 14, 100) UG, UL, AKLA, PEL, EPSL, EPSG, EFFLEN, ST, TERM, RRATIO

- HENCON
FORMAT (//,5X, ‘CALCULATED HYDRODYNAMIC AND MASS TRANSFER',
’ PARAMETERS',///.
sX, 'SUPERFICIAL GAS VELOCITY, m/s’, TS5,F8.4,//,
8X’ /SUPERFICIAL LIQUID VELOCITY, m/s’, 185 F8.4,//
SX, ‘LIQUID-SIDE MASS TRANSFER COEFFICIENT, ‘l/l’.TéS.Fl.‘,//,
SX, 'LIQUID PHASE PECLET NUMBER’ ,T8S,F8.4,//,
8X. 'LIQUID PHASE HOLDUP’ TSS F8.4,//,
8X. ‘GAS PHASE HOLDUP’,T8%,F8.4,//,
SX. 'EFFECTIVE REACTOR LENGTH, m’,T88,F8.4,//,
8X, 'STANTON NUMBER’,TSS.F8.4,//,
8X. ‘SLURRY RESI TINE, s’ TES.F8.4,//,
8X. ‘RECYCLE RATIO ’,T58,F8.4,//,
BX. ‘HENRY 'S CONSTANT’,T88.F8.4.///)
CLOSE (UNIT=14)
RETURN

SUBROUTINE REATEM
THIS SUBROUTINE SIMULATES THE THERMAL BEHAVIOR OF THE REACTOR.

IMPLICIT REAL*8(A-H,0-Z)
CHARACTER*20 NAME( 10)
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222

INTEGER RUNGE
EXTERNAL TUNDE

DIMENSION F(7),Z(7),CASS(10),CCAL(10)
CONYON /B1/ ST, HENCON, DAHZ , HACON, EFFLEN
cotxon /337 AK{10),EPSi

COUXDN /847 YER, Uk

COVLIN /u5/ WS, iR
COLEIN 787/ €SLR(10)
COLXOM /B8/ GINYT(10)
CORMON /810/ SLEEED, RGYCL
cOrNaN 014/ naMe

NCOMP=24NSP
ITMAN=20

IFLAG=0
EFFLEM=EFFLEN® 100,

...... TRIAL AND ERROR CALCULATIONS HAVE T0 BE PERFORMED SINCE
RECYELE SLURRY CQYPOSITION IS NGT IGOUM. THE CALCULAVIONS ARE
SRITEAVED WY ASSUMING THAY VTHE RECYCLE SLUMRY HAS THE SANE
COMPOSETYON AS VHE FRESH FEED.

0o 22 I=q,NSP
GSLR(T)=CINET(T)
GASS(I)=CINET(X)

ALPHA=O

A= AK(& +AK(B)

AKIE=AK(3 ) +AK(3)

AP AM(2)+AL(5)*(1 -EPSN)
HENGON= 1. 0/HENCON

OPEM (UNYT=21,FILE=‘H2GAS.DAT’)
OPEM iUNI?GQQ , FELE= (H2LIQ.DAT )
OPEM (UNET=23, FILE=/SPECIE.DAT/)
HRIVE(21,80)
BRITE(22,84)
WRETIE(23,82)

CONTINUE
B89 21 XTER=1, ITMAX

HH=0.01
...SUPPLY INXTIAL CONDITIONS FOR RUMGE-KUTTA INTEGRATION.

I iaiadata

IF(IFLAG.
WRITE(2,
tRyTE (22,

.0) Q0
) X, K*EkPLEN Z 1),Z(1)*H2C0ON
) 3, MHEFFLEN, 2(2), 2 2)*H2CON

GC&!D EoWiS -

§
(
ncsm(
E
8
4
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82
21

101

42

WRITE(23,84) X, XsEFFLEN,Z(3),Z(4),Z(5),2(8).Z(7)
CONTINUE

K=RUNGE (NCOMP, Z,F, X, HH)

IF(K.NE.1) GO TO 18

F(1)=-ST*(2(1)-HENCON*Z(2))/HENCON
F(2 )'ST*(Z(I)-HEW'Z(z) PCON -DAH2+Z(2)

T1=AK(1)+Z(3)sZ(4)
(3)=~-(T1+AK(4)*Z(3) )*TERM
(4)=-(T1+ALPHA-AK38+2(8)-

AK(B)*EPSN*Z(5) )*TERM
(5) =~ (AK25+Z(5)-T15( 1. +ALPHA) ) TERM
(8)=- (Axasa(a)-mzpmz(s))t'r!u
(1)_" (4)%Z(3)sTERM

CONT INUE
IF (IFLAG.EQ.0) @0 TO 223

WRITE(21,83) X,XsEFFLEN,Z(1),Z(1)*H2CON
WRITE(22,83) X,X*EFFLEN,Z(2),Z(2)*H2CON
WRITE(23.84) X,X+*EFFLEN,Z(3),2(4),Z(8),Z(8),Z(7)

IF(X.GE.1.0) GO TO 18
T0 10

CRYC3=Z(S5)
CRYCA=2(8)
CRYC8=2(7)

IF(IFLAG.EQ.1) GO TO 224

D0 33 I=1,NSP
IND1=1+2
CCAL(1)=Z(IND1)

SUM=0. DO

DO 31 I=1

ERR'(CASS(I) OCAL(!))/OCAL(I)
ERR=ERR+ERR

SUM=SUM+ERR

CONT INUE

IF(SUM.LE.1.0D-4) GO TO 42

DO 52 1=1,NSP

CASS(1)=CCAL(1
CSLR( I ) (CINIT( 1)*SLFEED+CASS(I)*RCYCL)/(SLFEED+RCYCL)

CONTINUE
IF(ITER.EQ. ITMAX) WRITE(S, 101)
FORMAT(//8X, ‘ND. OF ITERATIONS REQUIRED FOR CONVERGENCE EXCEEDED’)

CONTINUE
WRITE(S,333) ITER,SUM
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FORMAT (//5X, ‘NMNBER OF ITERATIDN§ REQUINED FOR CONVERGENCE XM/,
7 SUBROUTINE REATEN = T75 3,//,5%,
/Erhioft CREITERION SUM = 7 740, “1”.5)

IFLAG=1

€D 70 222

GONTYNINE

HETE(21,500)

URXTE( 22, HO0)

URITE( 23, 501)

CLOSE(UNET=21)

GLOSE (UNIT=22)

CLOSE(UMY'T=23)

&@RH&B(N’ﬁ 7VRNOGEN PROFILE I RFACTGR',/,TQO (0AS PHASE),
/7,706('="), /, 17, /DUCSTANGE ALOND RUEAGVMLY,

AVBROBEN CONEEMTIATIEN? , 7, VE, ’@!HLHLM@&LLS@' ax,
IGEMTAMIETERS , BX,

*DICIEMSIONLIESS /AN, YEILE/CGY , /,70( =), /

rukvwm(v”a TRYBAGREN FLOFILE T RBAPT@R’./,T9@ (LIOUIR PUASE)’,
2,900 =Y, 1,07, P BISTANGE ALONG REAGTOL

LreRoeEn CONBERIATIEN? , /, v, 'B&H"WJW@“LLSS’,QX
/GEMYLIETERRS ? , BX,

'DJNLNSJ@M&L&@’ A%, CNOLESCE! , /,70(7 =), /)

FUQWAM(WJB g GLNYRAY"@M PROEYLE 1IN REAGTOR’,/,

Ti8, 7, 088, /OISTARDE ALONG REACTORS, 30X,

’@M&NI@AL ePLCKLS’./,ﬂUﬁ BYMENSKONLESS , ﬂx.’@LNTEMETEﬂS’,Ek
797,09, 187, 11K, 134, 1IN, Tar, 90X, 187, /7,115, 460(/-7))

EORMAT(BX, 5.2, 80X, FG. 1, 120, F8. 4,60, E11.8)
Fommav§ng,vg.z 8GR, 8. 110K, 57,4, 4(2,£7.4))
FRINAT(/, 70( =)}

FORDAT(/ 715, 100(/=*))

RETURN

END

SURROUTINE EINPUT1

THIS SUBROUTINE READS THE INPUT DATA OM COAL CONVERSION KKINETICS.

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

DILIENSION ACTVEN(10)

CHARACTER*20 NAME( 40)

TN /837 AK(10), EPSK

COIIaN /837 NSP, MR

GINON /B@/ TEMD

COMEDN B8/ CINIT(10)

CONEEN /B93/ GA?BEN CATLEN, CATUT, SLEVOL
comuoN /3147 N

CHMIEN /B1G/ ﬁRBAﬂ ERNN, BHS, HBAR, AltH2

OPEN (UNIT=12,FXLE=‘KKIN,DAT’)
OPEN (UNET=14, FELE= /(CINDAY . DAT/ )
DYFFP=1, 738E-08 ICM**Q/SEC
DEIFFA=2. 18E-08 !

URITE }15 ,80) ZKBAR, ERXN, AKH2, HBAR, DHS

FORMAT(///,B), TRANETEC AND THERMDDVMAMIC DATA’ ///.

uXx, ARAHENTUS  FAGYOR FOR M2 REACTYON, 1/5',795 E12.5,/,

bx PAGYEVATYCN EWERAY FOR H2 REAC?IUM cal/qmole THB 12, 6,7,
8, /RATE CONSTANY Foll H2 REACTK&N /8 1,784, E12.5,7,




|

+ BX,’SOLUBILITY COEFFICIENT FOR H2 ‘,T88,E12.5,/,
s BX,’HEAT OF DISSOLUTION, cal/gmoles +,T8% E12.58,//)

WRITE (15,81)
81 FORMAT (//8X, 'SPECIES PRESENT’,//)
READ(12,*) NSP
DO 21 I=1 _NSP
READ(12,8) NAME(I)

21 WRITE (18,82) I,NAME(I)
8 FORMAT ( A20)
682 FORMAT(8X, 13, - ',A20,/)
READ(12,%) NR
DO 20 J=1,NR
READ(12,*) AK(J),ACTVEN(J)
AK(J)=AK(J)*DEXP( -ACTVEN(J)/1.987/TENP)

20 CONTINUE

WRITE §1s 83) AK(1),AK(2),AK(3),AK(4)
83 FORMAT (//BX, 'THERMAL REACTION RATE CONSTANTS (1/s3):',//,
+ BX,’REACTION 1 C + 0 --- P / T55,E12.8,/,
+ SX,’REACTION 2 P --- A /. 755,£12.8,/,
* BX,'REACTION 3 A---0 ', T88,E12.8,/,
s X, ’REACTION 4 c ---Q ’.7T55.612.8,//)
GAMMA= (AK(5)/DIFFP)*+0.58
— BETA=(AK(8)/DIFFA)*20.8
~ £FF 1=DTANH(GAMMA=CATLEN)/ (GAMMA*CATLEN)
—- EFF2sDTANH(BETA*CATLEN)/ (BETA*CATLEN)

EPSN=(1.0-EFF2/EFF1)/(1.0- (GAMMA/BETA)*22)

CATLDG=CATWT/SLRVOL
CATLDG=CATLDG*1.0D-03
AK(5)=AK(S)sCATLDG*EFF 1/CATDEN
AK(8)=AK(8)*CATLDG*EFF2/CATDEN

WRITE (15,84) DIFFP, DIFFA EFF1,EFF2, AK(S), AK(8)
o4 FORMAT (/ /%X, 'CATALYTIC REACTION DATA ,//,
8X, ‘DIFFUSIVITY OF PREASPHALTENES, cms:2/s +, 788 E12.8,/,

*
+ SX.’/DIFFUSIVITY OF ASPHALTENES, cms*2/S + ,788,E12.5,/,
s SX./EFFECTIVENESS FACTOR FOR P --- A /,785,E12.8,/,
+ 8X.’/EFFECTIVENESS FACTOR FOR A --- 0 /, 158 E12.5,/,
+ 8X./RATE CONSTANT FOR RXN § P --- A (1/3)’,T55,E12.5./.
*+ SX.'RATE CONSTANT FOR RXN 8 A --- 0 (1/s)’,T88,E12.5,//)
WRITE (15,68)
o5 FORMAT ( //8X, INITIAL WEIGHT FRACTIONS OF SPECIES IN FEED:‘,//)
DO 8 I=1,NSP
READ(12,*) CINIT(I)

WRITE(15,08) NAME(I),CINIT(I)
CONTINUE

FORMAT (BX, A20,8X,F12.8,/)
CLOSE (UNIT=12)

CLOSE (UNIT=18)
RETURN
END
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SUBNOUTING HOLDUP (UG, UL, UT, AN, UTR, EDSL, EPSE, TFLAG)

...... THE GAS AND LIQUID HNLDUPS ARE CALCULATED USIMG DARTON AMD
HARRISON’S HAKE-FREE ['ODEL.

IMPLICIT REAL*B8(A-H,0-Z)

"AK=1, 4% (UL/UG)**.33-1.0

ELO= (UL/UF ) (4. /4M)
ELeELY

DO 30 ITER=1,20

T §= (VB ELAULHELAUTE) /UL

EDSE= (7 1-SONT (T 157 1=4, xURLEL/UL) ) /2.

ELNS(UL/EEH?%@%@/UT)*#(ﬁ./AM)$(ﬂ.-EPS@-AK*EPSG)**(ﬁ.-1./AN)+
. Wi

IF(ABS((ELN-EL)/EL).LE. 1.0E-8) € 7O 49

ERTE

CONTENDE

TFLABES

RETURM

792 (1 BLAULLBLEUTD ) /UL

EPSEe (V1-SORT (7 1371-9., SUBXEL/UL) ) /2, _

ELIG= (UL /U~ OB UT Y (. 2200) 7 (4 . =EPSG-AKSEPSE) v (1. =1, /AN) +

ASEPSE :

EPSL=ELN

1FLAGE 1

REYUEN

=00

FUNCTION RUNRE(N,Y,F,X,H)

THE FUNGTION RUNGE EMPLOVS THE FCURTH ORDER RUNDE-KUTTA METHOD
WITH BILL’S GOEFFICIENTS YO INTEERATE A SYSYEM OF B SIMULTANETGUS
FPIRST CROER DIERERENTIAL ECBATIONS ACROSS pRE SYEP OF LENBTH H IN
THE RNREPENDENT VARKASLE ), SUSJECT 70 VHE INETIAL CONDITIONS.

IMPLICIT REAL *8(A-H,0-2)
INVEQER DURGE

DIMENSION PHE(5O0),SAVEY(50),V(20),F(20)
DATA ™ /0/

M=t

&n 70 (1,2,3,4,5),0
RINEE = 4

RETURN

BH 2% J=1,N
SAVEY (W) 3V ()

AHE (J) =K (J)

V() =SAVEY (V) +0 . S+H:F (J)
Xelr0. G

RUNBE= §

REVUIN

Bo 493 J=i,M

BHE (V) =PHE (J)+2 . 0%F (J)
V() 2SAVEY () +0 . GrHEEF (J)



RUNGE = 1
RETURN

DO 44 J=1 N
PHI(J)=*PHE (U)+2.0+F (V)
Y(U) =SAVEY (J) +HsF (J)
X=X40.5+H

RUNGE = 1

RETURN

DO 585 J=1,N
=(g)'SAVEY(J)+(PH!(J)+F(J))‘HI0.0
RUNGE =0

RETURN
END
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SL1

11

[}

20

30

<2}

LR X X N X X J

LR R 2K IR 2K JX 3X N )

L X B X J

IMPLICIT REAL*8(A-H,0-Z)
DIMENSION CINIT(10)
CHARACTER+20 NAME( 10)
OPEN (UNIT=11,FILE=’INPUT.DAT')
OPEN (UNIT=9, FILE=’CHECK.DAT’)
WRITE(S,11)
:gmn//sx 'THREE PHASE FLUIDIZED BED REACTOR SIMULATION’,///)
WRITE(9 10)
FORMAT (85X, / INPUT mer CONDITIONS IN FREE FORMAT',//,
,'RECYCLE GAS FLOW IN SCFH '/,
8X, ‘HYDROGEN conczmunon IN RECYCLE GAS, vol % ‘,/,
BX, ‘MAKEUP H2 FLOW RATE SCFH  ‘/,
BX, ‘SLURRY FEED RATE, ib/hr ‘/,
sx 'SLURRY RECYCLE RATE, GPM/ftss2 '/,

| ‘PRESSURE, gﬂ 7/,

* 'TEMPERATUR F’./)
READ(5,*) RCYGAS, uicon H2FLOW, SLFEED, SLRCYC, PRES, TEMP
WRITE(11,%) RCYGAS,H2CON, H2FLOW, SLFEED, SLRCYC,PRES , TEMP
WRITE(9,+) RCYGAS,H2CON, 12FLOW, SLFEED, SLRCYC, PRES , TEMP
wlm'z(e.zo)
WRITE(9,20)
FORMAT (//8X, 'ENTER VALUES OF VARIABLES LISTED BELOW:’,//)
WRITE(S, 30)
WRITE(S 30
romr(éx 'oxmzmt OF REACTOR, inches’,/,

LENGTH OF REACTOR, m ’,/)
READ(S, :) ou ALEN
WRITE(11,*) DIA,ALEN
WRITE(9,+) DIA,ALEN
WRITE(S, :m
WRITE(S.3
Fomr(//sx 'PHYSICO-CHEMICAL DATA INPUT:’,//,
(;Mug s S FREQUENCY FACTOR FOR H2 CONSUMPTION KINETICS’,

’ S8C
sX, 'Acuwmou ENERGY FOR H2 CONSUMPTION KINETICS',

" (cal/ ro ‘',

8X, '"HEA F DISSOI.UT!(N (cal/ le) ’,/.

5X, ’SOI.UOIL!TY CONSTANT, (< >Hq/<’/cc>gal) N
8X, ‘DENSITY OF SLURRY ecec ’,/,

ne/cm ‘,/)
READ(S,*) ZKBAR smc nns unn SLDEN, vaxs SLSURT
WRITE(11,+) ZKBAR,E SLDEN, SLViS, SLSURT
ggs(: :‘), )zxm ém bns wm éu::n SLVIS, SLSURT

WRITE(S, 40
FORMAT (///8X, ‘INPUT R -ZAKI PARAMETERS’,//,

RICHARDSON
'YEH!NAL I.NITV oF PARTICL! /s '/,
BX RICHARDSON-ZAKI INDEX [-] /.
8X, I.l.l VILN!'I’V tt/s
SX, ‘VOIDAGE AT MINTMUM runoiunon -1 -.7.
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77

50

a2

a1

), HEICHT OF BED AT MINIFUM FLUIDIZATTON COMDITIONS, m ’,/)
READ(S, ) UY, AN, UTH, EUF, HIF

HRLY E(H *) UT, AN, UTH BN, HAF

URITE(D, *) LY, AM v, By, Fe

URLTE(S,77)

kOﬂMAT(//bK 7INPUT CATALYST PROPERTIES:/,./,
BY, ‘CATALYST DENSITY, /e ’./.

B, CATALYST LEROYH,  Vashos 7./,

85X, 'GATALYST DIADETER, funios 7,7,

ux HETEHY OF CATALYST LOANED, en ’,//)
WRETE (D, 77

READ(S, %) CATDEM CATLEN, CATDIA, UTCAT
WRITE(11, %) CATDEN, CATLEN, CATDIA, UYCAT
URETIE(S, *) GATDEN, GATLEN, GATDIA, BVeAY

CLOSE (UMIT=11)
OPEN (UNET=12, FILE=KEIN.DAT/)
UREYE(H,30)
RITE(Y,d9)
&omm&v(///ux 'REACTION METUDRK DATA’,
776X, TENYER DMGER OF REACTING SPECIES /,$)
READ(S, %) NSP
WRATE( 12, %) N3P
URYETE(D, %) NS»

ng 2 ¥=1, msp
VRITE(D,51) X
VRITE(S.B1) X
FOAIAT (5X 'ENTER NAME OF SPECIES NUMIER’,I2,3%,3)
READ(S,52) MA!
HREIYE(D,52) NﬂME(J)
URITE(12,52) MAME(Y)
FORMAT (A20)
NTKNUE
uuva( 53)
EORMAT (/9X, /THE SPECIES HAVE BEEN CODED AS:’,//)

P03 I=9
URITE(S, Ci) I ,NAME(Z)
EGRMA?(EK £2,3%, '=7,2%,A20)

_'

URITE(D, 50)

HRITE(S,50)

gggg?V(//bx JENTER TOTAL NUMBER OF REACTIONS «$)
YREVE(12,%) NR

URITE(D, %) NR

DO 41 J=1,MR
unzvm}n ,a2) o
HRITE(S J
rummav(//hx 7FOR REACTION ND. /,I2,/5X, /ENTER ARRHENIUS FACTOR’
/ AGTIVATION ERERGY/Z/)
READ(S, %) A, ACTVEN
VRIYE(12, %) A, ACTVEN
URETE(D, %) AK, ACTVEN
conTENuE

URITE(D,70)

s




LLT

70

71

)
SX, 'ENTER INITIAL CONCENTRATION OF EACH SPECIES’,

FORMAT (85X, ‘SPECIE NUMBER‘,2X,12,3X,$)
READ(S,*) CINIT(I)

WRITE(12

x) CINIT(I)

WRITE(9,*) CINIT(I)

CONTINUE

CLOSE (UNIT=12)
CLOSE (UNIT=9)

WRITE(S,99)
FORMAT(//8X,

/DATA HAVE BEEN ENTERED IN INPUT.DAT’,/,

BX, ‘DATA CAN BE CHECKED BY EXAMINING FILE CHECK.DAT',/,

B%MIN SIMULATION ROUTINE CAN BE RUN NOW',//)




APPENDIX V

SAMPLE DATA INPUT

178



6L1

INPUT INLET CONDITIONS IN FREE FORMAY

RECYCLE GAS FLOW IN SCFH

HYDROGEN CONCENTRATION IN RECYCLE GAS, vol %
MAKEUP H2 FLOW RATE SCFH

SLURRY FEED RATE, Ib/hr

SLURRY RECYCLE RATE, GPM/fte+2

PRESSURE, psi

TEMPERATURE, deg. F

2200. 0000000000000, 100.00000000000000, 2830.0000000000000,
628 . 00000000000000, 19. 100000000000000, 2972.0000000000000,
00000000000000

ENTER VALUES OF VARIABLES LISTED BELOW:

DIAMETER OF REACTOR, inches

LENGTH OF REACTOR, m
8.5000000000000000, 4.0000000000000000

PHYSICO-CHEMICAL DATA INPUT:

ARRMENIUS FREQUENCY FACTOR FOR H2 CONSUMPTION KINETICS (1/sec)

ACTIVATION ENERGY FOR H2 CONSUMPTION KINETICS (cal/gmole)
HEAT OF DISSOLUTION (cal/gmole)

SOLUBILITY CONSTANT, (<gm/cc>!iq/<gm/cc>gas)

DENSITY OF SLURRY, gm/cc

VISCOSITY OF SLURRY, Pa.s

SURFACE TENSION OF SLURRY, dyne/cm

3213. 0000000000000, 21000 .000000000000, 770.00000000000000,
1. 2000000000000000, ©.89400000000000000, 1. 80000000000000000E -02,
000000000000000

30.

INPUT RICHARDSON-ZAKI PARAMETERS
TERMINAL VELOCITY OF PARTICLE, ft/s
R1 -ZAKI INDEX [-

CHARDSON
BUBBLING VELOCITY, ft/s
VOIDAGE AT MINIMUM FLUIDIZATION g-;
HEIGHT OF BED AT MINIMUM FLUIDIZATION CONDITIONS, m

0. 48400000000000000, 2.8000000000000000, O.03500000000000000,
0. 42000000000000000, 1. 8800000000000000

INPUT CATALYST PROPERTIES:
CATALYST DENSITY, gm/co
CATALYST LENGTH,  Inches
CATALYST DIAMETER, inches
WEIGHT OF CATALYST LOADED, gm
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1.6770000000000000, 0.27400000000000000, 8,20000000000000000E-02,

33485 . 0000K30N00OCN

REACTION MNETUDRK DATA

ENTER NUMBER OF REAGTING SPECIES 5
ENTEE MALE OF SPEGYES NIMSED o CDAL

ENTER AN OF SPECKES K axL

ENTIER (IANE BF SPEGIES I PREASPHALTEME
EMTER A OF SPECIES 3 4 ASPRALTENE
ETER (AR DF SPECIES UL*JLP 4 A8

ENTER TOTAL NUMDER OF REACTIONS @

FOR REAGTION MO, 1
ERFEL ARNHENIUS PACTOR ACTIVATION ENERGY

- 0.180600000000000000, 0.03000000000800C00E+CO

FOR NEACTION NO, 2
EMYER ARRMENIUS FACTOR ACTIVATION ENERGY

5. 80000000000000000E-02, 0.00000000000000800E+00

FOR REACTION NO. 3
ENTER ARMENIUS FAGCTOR ACTIVATION ENERGY

0. 40000005000000000E-03, 0.00000000000000000C+00

FOR REACTICM NO. 4
EMNTER ARRMENIUS FAGTOR AGTIVATION ENEREV

1.05008000000000000E-02, 0.00000000800000000E+00

FOR REAGTION NO.
ENYER ARQHENIUS FACTOR ACTIVATION ENERGY

1.0800000000000000, 0.00000000000000000E+00

FOR REACTIONM NO.
EMTER ARRHENIUS FACTOR ACTIVATICON ENERGY

0. 18770090000030000, 0.00000000300000000E+00
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ENTER INITIAL CONCENTRATION OF EACH SPECIES(gm/gm)
SPECIE NUMBER

0.3
3SPECIE NUMBER
SPECIE NUMBER

SPECIE NUMBER
SPECIE NUMBER

E-02
E-02
E+00
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INPUT DATA FOR FLUIDXZED BED REACTOR SIMULATION

RECYCLE GAS FLOV IN SCPFH
HYDROAEN CONDEIVRAYION IN RECYCLE GAS, vol 9
PIAMEDD H2 FLOY DATE SR

SLUY FEED LATE, /e

SLANIRY DECVOLE [ATE, C?M/Ft**

PRESSUNE, poi

FELPERATORE gy, F

DEATEVED of REAETOR, tnshes

LENBTH OF REACTOR,

SLURRY PHYSICAL PRDPERTZES:

DENSITV OF SLURRY, gw/ec
ISCOSETY OF GLURRV Pa.s
&UMFACL TENSION OF &LUH&V dyno/om

RICHARDSON-ZAKT PARAMETERS:

TERMEMAL VELOCITY OF PARTICLE, fi/s
RICHARDSON-ZACE INDEX [~]

BURBLING VELOBCRTY, it/

YOUDACE AY LIIMIIINY PLUYDIZATION [-1
HEXEHY OF BED AV CIXMIRUD FLUIBIZATION, o

CATALYST PROPERTIES:

CATALVST DENSITY, em/ce
CATALYST LENATH, nohas
CATALYST DYANETER, inshas
WELIEHT OF CATALYST LOARED, om

2200.00000
100. 00000
2850, 90080
1320 . BUGOD
in. 16000

2072.090600

314, 80000
8.50000
4.090800

0.89400
0.01400
20. 022890

0.48400
2.80000
0.03500
0.42000
1. 88000

1.87700
0.27400

0.03200
33485. 00000
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KINETIC AND THERMODYNAMIC DATA

ARRHENIUS FACTOR FOR H2 REACTION, 1/s
ACTIVATION ENERGY FOR H2 REACTION, cal/gmole
RATE CONSTANT FOR H2 REACTION, 1/s
SOLUBILITY COEFFICIENT FOR H2

HEAT OF DISSOLUTION, cal/gmols

SPECIES PRESENT

- COAL

- OIL
PREASPHALTENE
ASPHALTENE

- GAS

AN d W N =
1

THERMAL REACTION RATE CONSTANTS (1/3):

REACTION 1 C + 0 --- P
REACTION 2 P ---A
REACTION 3 A --- g

REACTION 4 C ---

CATALYTIC REACTION DATA

DIFFUSIVITY OF PREASPHALTENES, cm:+2/s
DIFFUSIVITY OF ASPHALTENES, cm**2/S
EFFECTIVENESS FACTOR FOR P --- A
EFFECTIVENESS FACTOR FOR A --- O
RATE CONSTANT FOR RXN B8 P --- A (
RATE CONSTANT FOR RXN 8 A --- 0 (

1/s)
i/s)
INITIAL WEIGHT FRACTIONS OF SPECIES IN FEED:

COAL 0.33000
oiL 0.53000

00000

0000

000000

.32130E+04
.21000E+08
. 10801E-02
. 12000€+01
.77000£+03

. 30000£-02
. 11333E-02
. 18667€-03
. 32500E-03

. 17360E-08
.21800E-04
.91038E-01
.@8777E+00
.71938E-03
.84387E-03
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PREASPHALTENE
ASPHALTENE
GAS

0.08000
0.00000
0.00000
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GALCULATED HYDRODYNAMIC AND MASS TRANSFER PARAMETERS

SUPERFICIAL GAS VELOCITY, m/s
SUPERFICIAL LIQUID VELOCITY, w/s
LIQUID-SIDE MASS TRANSFER COEFFICIENT, 1/s
LIQUID PHASE PECLET MNBER
LIQUID PHASE HOLDUP

GAS PHASE HOLDUP

EFFECTIVE REACTOR LENGTH, m
STANTON NUMBER

SLURRY RESIDEMCE TIME, s
RECVCLE RATIO

HENRY’S COMSTANT

0.0131
0.0151
0.0330
14.3819
0.3908
0.2484
3.1810
8.0182
82.4a78
5.2200
0.8043
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HYDROGEN PROFILE IN REACTOR

(GAS PHASE)
DISTANCE ALONG REACTOR HYDROQGEN CONCENTRATION
DIMENSIONLESS CENTIMETERS DIMENSIONLESS GMOLE/CC
0.00 0.0 1.0000 0.3470E-02
0.01 3.2 0.90480C 0.3208E-02
0.02 8.4 0.902% 6.3140E-02
0.03 0.9 ¢. 8620 0.3002E-02
G.04 12.7 0.8282 6.2882E-02
0.08 15.9 0.7080 0.2717E-02
0.0d 10.1 0. 7716 0.2085E-02
0.07 22.3 0.7488 0.2d05E£-02
0.08 28.4 0.7286 . 2638E~-02
0.00 28.8 0.7108 0.2474E-02
0.10 31.8 0.8046 0.2420E~02
0. 14 35.0 0.8822 0.2374E-02
0.12 38.2 0.6705 0,2333E-02
0.13 41.4 ¢.4803 0.2297E-02
0.14 44.68 0.8514 0.2287E-02
0.18 47.7 0.08437 0.2239E-02
0.1 90.0 0.838¢ 0.22168E£-02
0.17 54,1 0.8300 0.2195€-02
0.18 7.3 0.4258 0.2177€-02
0.10 @0.4 0.6213 0.2162E-02
0.20 a3.6 0.6173 0.2148€-02
0.21 g8.8 0.6138 0.2138E-02
0.22 70.0 0.8108 0.2126€-02
0.23 73.2 0.8083 0.2118E-02
0.24 78.3 0.8000 0.2108E-02
0.28 70.8 0.8040 0.2101E-02
0.28 B2.7 0.802% 0.2006E-02
0.27 85.8 0.6007 0.2000E-02
0.28 an.14 0.5004 0.2088E-02
0.29 02.3 0.5082 0.2081E-02
0.30 05.48 0.5072 0.2078E~02
0.31 68.0 0.656083 0.2075E-02
0.32 101.8 0.45056 0.2072E-02
0.33 105.0 0.5040 0.2070E-02
0.34 108.2 0.5043 0.2088E-02
0.35 111.3 0.4038 0.2086E-02
0.38 114.4 0.8833 0.2084E-02
0.97 117.7 0.5020 0.2083E-02
0.38 120.0 0.5028 0.2082E-02
0.39 124.1 0.5023 0.2081£-02
0.40 127.2 0.49020 0.2060E-02
0.41 130.4 0.5018 0.2080€-02
0.42 133.0 0.1018 0. 2058E-02
0.43 138.40 0.5014 0.2088E-02
0.44 140.0 0.45013 0. 2067E-02
0.44 143. 1 0.5011 « 0.2087E-02
0.44 144.3 0.5040 0,2068E-02
0.47 140.95 0,45009 0.204dE-02
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0.48 182.7 0.5008 0.2086E-02
0.49 1855.9 0.5908 0.2058E-02
0.80 159.1 0.8807 0.2088€-02
0.81 162.2 0.5908 0.2088E-02
0.52 168.4 0.5908 0.2085E-02
0.53 168.8 0.590% 0.2088E-02
0.54 171.8 0.3908 0.2083E-02
0.58 178.0 0.59008 0.2084E-02
0.850 178.1 0.5804 0.2084E-02
0.87 181.3 0.5904 0.2084E-02
0.88 184.8 0.5904 0.2084E-02
0.59 187.7 0.5004 0.2084E-02
0.80 190.9 0.5903 0.2084E-02
0.61 194.0 0.5903 0.2054£-02
0.682 197.2 0.5803 0.2084E-02
0.63 200.4 0.5803 0.2084E-02
0.684 203.6 0.5003 0.2084E-02
0.68 208.8 0.85903 0.2084£-02
0.08 209.9 0.8903 0.2084E-02
0.67 213.1 0.8803 0.2084E-02
0.88 218.3 0.5903 0.2054E-02
0.89 219.8 0.85903 0.2054E-02
0.70 222.7 0.8903 0.2084€-02
0.71 228.9 0.5903 0.2084£-02
0.72 229.0 0.5903 0.2084E-02
0.73 232.2 0.5802 0.2084E-02
0.74 235.4 0.5002 0.2084E-02
0.78 238.8 0.5902 0.2084E-02
0.768 241.8 0.8802 0.2084E-02
0.77 244.9 0.5902 0.2084E€-02
0.78 248.1 0.8902 0.2084E-02
0.78% 251.3 0.5902 0.2084£-02
0.80 284.85 0.5902 0.2084E-02
0.81 287.7 0.8902 0.2084E€-02
0.82 200.8 0.5902 0.2084E-02
0.83 264.0 0.5902 0.2084E-02
0.84 287.2 0.5902 0.2084€-02
0.88 270.4 0.5802 0.2084E-02
0.88 273.6 0.8902 0.2054E-02
0.87 276.8 0.5902 0.2084£-02
0.88 279.9 0.85902 0.2084£-02
0.89 283.1 0.8902 0.2054E-02
0.90 288.3 0.5902 0.2084E-02
0.91 289.9 0.8902 0.2084£-02
0.92 292.7 0.59802 0.2034E-02
0.93 2908.8 0.85002 0.2084E-02
0.94 299.0 0.5802 0.2084E-02
0.98 302.2 0.5802 0.2084E€-02
0.98 308.4 0.89802 0.2084E-02
0.97 308.8 0.85902 0.2084E€-02
0.98 311.7 0.8902 0.2084E-02
0.99 314.9 0.59002 0.2084E-02
1.00 318.1 0.5902 0.2084E€-02
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HYDROGEN PROFILE IN REACTOR
{LIaUID PHASE)

o e - g M Y oy P e A M et A Bt 56 S Y S B8 i O S G D B et o b B Bk o e ML S e S A B M A e B Rt B e Mok e e D e B0

DISTANCE ALONO REAGTOR HYNHOGEN CONCENTRATION

DIDENSEONLESS  GEMYYUETERS PAUENSEONLESS  €2DLE/CC
0.00 0.0 0.0000 0.0000E+00
.01 4.9 0. 6520 0. 1811E-08
0.02 g.4 9.0075 0. 3381E-03
0.03 0.5 6. 1371 9.4771E-03
0.04 1227 @. 9718 0. 5076E-03
0.0 5.0 . 2020 0. 7028E-03
.03 19. 1 0. 2284 0. 7943E-03
.07 223 0. 3514 0.8747E-03
0.08 234 @. 9715 0.84476-03
B.69 53.0 0. 2801 0. 100300
0. 10 39.8 6.3094 0. 10509E-02
0.11 95.0 &.9178 0. 1103¢-02
.12 36,8 0. 3994 . 1940E-02
0.3 41.4 0.3307 0. 11826-02
8.14 44.8 . 3408 0. 1213E-02
8. 15 a7.49 0.9563 @. 1240E-02
0.8 50.0 0. 9631 0. 1283E-02
§.17 54.1 0. 2891 0. 1184-02
6.10 57.9 0.3742 0. 1302E-072
0.10 Go. 4 0. 307 0. 1318E~02
0.20 63.6 ©.38327 9. 13315-02
0.21 66, B 0. 3081 . 1349602
0.22 70.0 . 9691 0. 1354E-02
6.93 73.9 6. 3017 0. 1393(-02
9.4 76.8 0. 9940 Q. 197 1E-02
0.28 70.5 0. 3800 0. 137002
0. %0 8217 0. 3070 0. 138602
0.29 8.0 0. 3003 0. 13695 -02
0.23 89,1 0. 4003 O. 1304E-03
0.290 02,3 0. 4018 0. 1900E-02
0. 40 85.4 0.4028 0. 1901E-02
0.1 08.6 0.4037 0. 10056 -02
0.32 101.0 0. 4045 0. 1807E-02
©0.33 165.0 0.4051 ~ 0. 14106~02
.30 168.2 0. 4087 0. 1812E-02
0.98 114.3 0. 4062 0. 1413E-02
0.98 194.4 0. 4687 0. 14156-02
0.39 197.7 0.4071 0. 1416E-02
0.28 120.9 0.4074 0. 1418€-02
0.30 124. 1 0.4077 0. 1419E-02
.40 127.2 0.4080 0. 1419602
0.41 130.4 0.4082 0. 132007
0.42 133.0 0.4084 0.1421E-02
0.43 136.8 6. 4000 0. 1429E-02
0.44 140.9 0. 4087 0. 1422602
0.45 148, 9 0.4008 0. 1423 -02
0.4a 144.3 9.4000 0. 1443E-02
0.47 149.45 0. 5081 0. 1433E-02
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0.48 182.7 0.4092 0. 1424E-02
0.49 155.9 0.4092 0.1424E-02
0.50 189.1 0.4093 0. 1424E-02
0.51 182.2 0.40904 0. 1424E-02
0.82 165.4 0.4094 0. 1424E-02
0.853 168.8 0.4095 0. 1428€-02
0.54 171.8 0. 4098 0. 1428E-02
0.88 178.0 0.4098 0. 1428E-02
0.58 178.1 0.4098 0. 1428E-02
0.57 181.3 0.4098 0. 1425£-02
0.58 184.5 0.4098 0. 1428E-02
0.59 187.7 0.4096 0. 1428E-02
0.680 190.90 0.4097 0. 142SE-02
0.681 194.0 0.4097 0. 1428E-02
0.682 197.2 0.4097 0.1428E€-02
0.63 200.4 0.4097 0.1428€-02
0.64 203.6 0.4097 0.1428E-02
0.68 208.8 0.4087 0. 1426E-02
0.88 209.9 0.4097 0. 1426E-02
0.87 213.1 0.4087 0. 1428E-02
0.68 218.3 0.4097 0.1428E-02
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SUMMARY

This report presents the findings of a research effort directed to three
tasks as summarized below.

Task 1: To develop a computer simulator for a direct coal liquefaction
reactor.

A computer simulator, written in modular form in FORTRAN, has been
developed on a DECsystem 1099 computer. The design parameters, operating
conditions, physico-chemical and kinetic parameters are the input to the
program. They are entered via an interactive program. The simulator provides
detailed information on the performance of each process unit, the
characteristics of each flow stream, and an overall summary of the products
leaving each unit. The simulator is versatile in the sense that kinetics for
the liquefaction of any type and rank of coal can be handled so long as the
reactions follow first-order kinetics. The simulator can also provide
graphical output of the results using a PDP-11/70 computer by means of a
program developed by Schneider Consulting Engineers who served as
subcontractors for this task.

The model development, descriptions of the mathematical procedures used
to predict the performance of the units, a source code of the program,
instructions for its use and a sample problem showing both the input data and
the resulting output are included in the report on this task.

Task 2: To conduct a comprehensive review of iadirect liquefaction for the
production of fuels and, to o lesser extent, of chemicals.

This portion of the report provides an overview of the various routes
for converting synthesis gas (a mixture of hydrogen and carbon monoxide) to
liquid fuels and to chemicals. The catalytic species and the possible

mechanisms involved in carrying out these reactions are discussed. Processes




which are now in commercial use anrnd others that will become commsrcizl in the

near future are detailed;n Among the subjects covered are;

. Tne comrercial production of gasoline, diesel oil and other products
via the Fischer~Tropach and relsted reactions.

. The commercial producticn of mzthanol in high purity with different
catalysts un@e: varying coenditions.

. The production of high octans gasoline from mathanol using shape
selective catalysts.

. Tne production and use of methanol, ethanol, higher alechols and
ethers as gasoline extenderz or as substitutes for gasoline.

. The production of chemicals from synthesis gas. All the known
petrochemical fe=dstocks can be made f;om synthesis gas. Tnhe
comzercelal production of acetic acid and ecetic arhydride from coal-
derived synthesis gas has already been realized.

. The point 1s made that eszsentially all fuels and chemicals can be
manufactured from synthesis gas in what may be termed a petroleum—
less refinery. -

. It is quite likely that in a decads or so this "refinery" will be
based on synthssis gas made mainly from coal.

Task 3: To conduct a literature review and analysis of the physiéal,
chemical, and thermodynamic proparties (PéT) of the products from
direct coal liquefacﬁion processes.

Experirentzal values for viscosities, thermzl conductivities, heats of
rezction, vapor pressures, surface tension and convective heat transfer

ccefficients for cuts of coal liquidk derived from the SRC-II process are
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presented. The data are fitted to various correlations and an analysis of how
well the correlations fit the data is given. Following the completion of this
task two points were very evident:

l. The number of experimental measurements made at actual liquefaction
conditions for the properties studied is very limited.

2. Correlations which have proven to be satisfactory when applied to
petroleum products should be utilized for coal liquids with great
caution.

Viscosity data for coal liquids derived from the Exxon Donor Solvent process
and from fractions of liquids derived from the SRC-II process are treated.

The two sets of data are comparable. The empirical correlation developed by
Gray and Holder (1982) seems to be the most satisfactory one to represent coal
liquid viscosities at the present time.

Thermal conductivity data for cuts of liquids derived from the SRC-II
process are fitted to empirical expressions relating the thermal conductivity
to the reduced temperature. One equation includes a term to account for the
oxgyen content in the coal liquid cut. An alternative correlation utilizes
the normal boiling point as an independent variable for those cases where the
oxygen content is unknown,

Vapor pressure measurements of coal liquids derived from the SRC-I1
process are presented. Five correlations representing these data are
tested. The Starling correlation is the best, followed by the Mobil, Riedel,
and Wilson correlations, which are of spproximately equal value., The Linear
correlation is the least satisfactory.

Heat of reaction data for coal derived liquids are very limited. The
data that are available have been correlated by an empirical expression with

hydrogen consumption as the independent variable. Attempts to estimate the
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heat of reaction from heat of combustion data were mot successful as only
order of magnitude values resulted.

ECopirical correlations representing the surface tension of coal liquids
from both the Exxon Doner Solvent and SRC-II processes are presented. These
correlations represent the data with an average deviation of 16%Z.

Prandtl numbers and convective heat transfer coefficlents for cuts of
coal liquids derived from the SRC-II process are calculated. Actual
measurements of the convective heat transfer coefficlent are compared with the
values predicted by the correlations of Hausen, Dittus-Boelter, and
Petukhove The Dittus-Boelter equation best represents the data for both the

transition and the turbulent flow regimss.
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SUMMARY

The report is divided into two sectiouns plus an appendix. The first
section reports on computer simulatioms 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 readily added. Each of
the modeis 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, & 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 iz the Appendix, and sample problems with
inputs and outputs are provided for the user. The programs are written im the
FORTRAN language. It is ultimately desirable to make these models available
in a Form which can be 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 cozal liquefaction was studied.

In the second section, five areas'of potential importance to indirect and
direct cozl 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, high-yleld sulfur-tolerant catalyst, and the
direct liquefaction of coal mixed with heavy oils -- so-called coprocessing.
Some unexpected but desirable synergistic effects are found when these two
forms of fossil fuels, coal and heavy oil, are processed together. For each
of these topics, a careful review of the literature was made and the reported
findings evaluated. 1In certaln 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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