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780
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FORMAT(1X, *WANT TO READ THE VARNU.INP FILE (Y OR N)?°)
READ (*,8)QRESP

FORMAT (A1)

IF((QRESP .EQ. °y') .OR. (QRESP .EQ .'Y’))GOTO 2000

OPEN(1,FILE="VARNU.INP',STATUS="NEW")

WRITE(*,10)

FORMAT(1X, 'ENTER VOID FRC. AND THICKNESS FACTOR')
READ (#,*)EPSO, TFAC

WRITE(1,*)EPSO,TFAC

WRITE(*,11)

FORMAT(1X,"ENTER WALL AND INIT. PART. TEMPS. IN K')
READ (*,*) TWALL,TPINIT

WRITE(1,*)TWALL,TPINIT

WRITE(*,12)
FORMAT(1X, *ENTER THE INITIAL ASH VOLUME FRACTION')

READ (%, *) ASHO
WRITE(1,*)ASHO

WRITE(*,13)

FORMAT(1X, 'ENTER THE INIT. PART. RADIUS IN MICRONS')
READ (%, *)RINIT

WRITE(1,*)RINIT
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800 WRITE(*,14)
810 14 FORMAT(1X, 'ENTER THE 02 PART. PRES. IN THE AMBIENT')

820 READ (*,*)PINF
830 WRITE(1,*)PINF
840

850 WRITE(*,15)

860 15 FORMAT(1X, *INPUT WALL, CARBON AND ASH EMMISIVITIES')

870 READ (*, *)WEMMIS ,PEMMIS, AMMIS
880 WRITE(1,*)WEMMIS,PEMMIS, AMMIS
890

900 WRITE(*,16)

910 16 FORMAT(1X, *ENTER THE MAXIMUM TEMPERATURE INCREMENT')

920 READ (%, *) DELTEMP
930 WRITE(1,#*)DELTEMP
940

950 WRITE(*,17)

960 17 FORMAT(1X, "ENTER XFAC, ACEN AND TIMESTEP')

970 READ(*,*)XFAC,ACEN,STEPO
980 WRITE(1,*)XFAC,ACEN,STEPO
990

1000 WRITE(*,18)

1010 18 FORMAT(1X, 'ENTER ES1,ES2,XACC (0 < ES1 << ES2) °)

1020 READ(*,*)ES1,ES2,XACC
1030 WRITE(1,*)ES1,ES2,XACC
1040

1050 WRITE(*,19)

1060 19 FORMAT(1X, 'ENTER THE NUMBER OF TIMESTEPS')



1070
1080
1090
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1200
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READ (*,#)NMAX
WRITE(1,*)NMAX

WRITE(*,21)

FORMAT(1X, *ENTER THE OUTPUT FILENAME (NOT VARNU.INP!)')
READ(*,22)IFILE

FORMAT(A15)

CLOSE(1)
GOTO 3000

OPEN(1,FILE="VARNU.INP',STATUS="0LD")
READ(1,*)EPSO,TFAC,TWALL,TPINIT,ASHO,RINIT,PINF,WEMMIS,
PEMMIS, AMMIS,DELTEMP,XFAC,ACEN,STEPO,ES1 ,ES2,XACC,NMAX
CLOSE(1)

WRITE(*,30)EPSO,TFAC
FORMAT(1X,'1. PARTICLE VOID FRAC. AND TFAC:
*,F8.4,3X,F8.4,/)

WRITE(*,31) TWALL,TPINIT
FORMAT(1X,"2. WALL AND INIT. PART. TEMPS. IN K: °,
F10.4,3X,F10.4,/)

WRITE(*,32)ASHO
FORMAT(1X,'3. THE INIT. ASH VOLUME FRACTION: °,F8.4,/)
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1340 WRITE(*,33)RINIT

1350 33 FORMAT(1X,'4. THE INIT. PART. RADIUS IN MIC.: °*,F8.4,/)
1360

1370 ’ WRITE(*,34)PINF

1380 34 FORMAT(1X,'5. THE 02 PART. PRES. (AMBIENT): °’,F8.4,/)
1390

1400 WRITE(*,35)WEMMIS,PEMMIS, AMMIS

1410 35 FORMAT(1X,'6. THE WALL, CARBON AND ASH EMMISIVITIES: °*,

1420 1 F6.4,3X,F6.4,3X,F6.4,/)
1430
1440 WRITE(*,36)DELTEMP

1450 36 FORMAT(1X,'7. THE MAXIMUM TEMP. INCREMENT: °,F8.2,/)
1460

1470 WRITE(*,37)XFAC,ACEN,STEPO

1480 37 "FORMAT(1X,'8. THE FACTOR XFAC, ACEN AND TIMESTEP: °,

1490 1 F8.4,3X,F12.2,2X,F8.6,/)
1500
1510 WRITE(*,38)ES1,ES2,XACC

1520 38 FORMAT(1X,'9. ES1,ES2,XACC (O < ES1 << ES2): °,

1530 1 E9.4,3X,E9.4,3X,E9.4,/)
1540
1550 WRITE(*,39)NMAX

1560 39 FORMAT(1X,"10. THE NUMBER OF TIMESTEPS: °’,F10.2,/)

1570

1580 WRITE(*,41)

1590 41 FORMAT(1X,'ENTER THE OUTPUT FILENAME (NOT VARNU.INP!)')
1600 READ(*,42)IFILE
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1610 42 FORMAT(A15)

1620

1630 1990  WRITE(*,43)

1640 43 FORMAT(1X, 'ENTRY NO. TO BE ALTERED (O TO RUN)°)

1650 READ (#, ) NALT

1660 IF(NALT .EQ. 0)GOTO 2500
1670 IF(NALT .EQ. 1)GOTO 2010

1680 IF(NALT .EQ. 2)GOTO 2020

1690 IF(NALT .EQ. 3)GOTO 2030

1700 IF(NALT .EQ. 4)GOTO 2040

1710 IF(NALT .EQ. B)GOTO 2050

1720 IF(NALT .EQ. 6)GOTO 2060

1730 IF(NALT .EQ. 7)GOTO 2070

1740 IF(NALT .EQ. 8)GOTO 2080

1750 IF(NALT .EQ. 9)GOTO 2090

1760 IF(NALT .EQ. 10)GOTO 2100
1770 GOTO 1990

1780

1790 2010  WRITE(*,10)

1800 READ (*,*)EPSO, TFAC
1810 GOTO 1990
1820

1830 2020  WRITE(*,11)

1840 READ(*,*)TWALL, TPINIT
1850 GOTO 1990
1860

1870 2030 WRITE(*,12)
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READ(*,*)ASHO
GOTO 1990

WRITE(*,13)
READ(*,*)RINIT
GOTO 1990

WRITE(*,14)
READ (*,*)PINF
GOTO 1990

WRITE(*,15)
READ (*, *)WEMMIS ,PEMMIS, AMMIS
GOTO 1990

WRITE(*,16)
READ (* ,*)DELTEMP
GOTO 1990

WRITE(*,17)
READ(*,*)XFAC,ACEN,STEPO
GOTO 1990

WRITE(*,18)
READ(*,%*)ES1,ES2,XACC
GOTO 1990
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2100 WRITE(*,19)
READ (%, *) NMAX
GOTO 1990

2600 OPEN(1,FILE='VARNU.INP',STATUS='NEW')
WRITE(1,*)EPSO,TFAC,TWALL,TPINIT,ASHO,RINIT,PINF ,WEMMIS,
1 PEMMIS,AMMIS,DELTEMP,XFAC,ACEN,STEPO,ES1,ES2,XACC, NMAX
CLOSE(1)

Main program.

After initialization, the main loop begins. STEP (timestep)
is set to its original value. Radii are converted to cms.
for actual calculation but are written out in microns. GAM
is found by bisection. The coupled gas and solid phase
equations are solved to get GAM. Flux is calculated based on
a reaction rate by Smith. Property values in the gas phase
are functions of temperature. DUMC is the mole fraction of
02 at the external surface of the particle. Xi, X2 are
initial guésses for GAM and XACC is the error tolerance.

DTDR is the temperature gradient at the surface.

Subroutine SOLID finds the ash fraction of the particle.
Ash is assumed to be at the same temperature as the rest

of the particle.
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Subroutine RUNG solves the coupled equations of mass and
energy for a given time step. If the temperature change in
a time step is larger than DELTEMP, the time step is halved

and the process is repeated.

Every tenth data point is written to file and screen.

Initialization.

RHOC=1.6%(1-ASHO-EPS0)
C1INF=PINF
RPINIT=RINIT
ASHINIT=ASHO

RHOASH=2.0

NMAX=2000
ES1=1.0D-6
ES2=1.0D07
XACC=0.0001
STEP0=0.0001
DELTEMP=20
WEMMIS=0.8
PEMMIS=0.8
AMMIS=0.8
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2690 C
2700 3000  Y1INF=(C1INF*32.0)/(C1INF * 32.0 +(1.0 - C1INF )#*28.0)

2710 A=(1.0/ (1.0 - YIINF)) * (Y1INF / 4.0)
2720 C

2730 TP = TPINIT

2740 RP = RPINIT

2750 CiS = C1INF

2760 TIME = 0.0

2770 DTDR = 0.0

2780 FP=0.0

2790 THCK=0.0

2800 ASHFRAC = ASHINIT

2810

2820 OPEN(2,FILE=IFILE,STATUS="NEW')
2830 WRITE(*, 900) TIME, RP, TP, C1S, FP
2840 WRITE(2, 900) TIME, RP, TP, CiS, FP

2850 900 FORMAT(1X,5G12.4)
2860
2870 X1 and X2 are appropriate brackets for GAM.

c

C -
2880 C Typically, ES1 is 0(1D-6), while ES2 is 0(iD11).

c

2890

2900 IF ( TPINIT .LT. TWALL) THEN

2910 X1 = ( -2331.5425 + 0.3388749+TPINIT) - ES2
2920 X2 = ( -2331.5425 + 0.3388749+TPINIT) ; ES1
2930 ELSE

2940 X1 = ( -2331.5425 + 0.3388749+TPINIT) + ES1
2950 X2 = ( -2331.5425 + 0.3388749*TPINIT) + ES2



2960
2970
2980
2990
3000
3010
3020
3030
3040
3050
3060
3070
3080
3090
3100
3110
3120
3130
3140
3150
3160
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ENDIF
Main loop begins.

JMAX = NMAX
DO 1000 I = 1, JMAX
STEP=STEPO
T=TP
RR = RP * 1D-04
THCK=(RP**3 .0+ (ASHINIT* (RPINIT**3.0-RP*%3.0))/
1 0.65)*%(1.0/3.0)-RP + 1.0D-08
THCK=THCK*1.0D-O4*TFAC-
CALL RTBIS(GAMMA,X1,X2,XACC,RR,GAM)
DUMC = (1.0/(-1.0/7.0 + 8.0/(7.0%Y1S)))
CALL FLUX(DUMC,RR)
FP1

~-1.3333 * FP

FP2 = 2.3333 * FP
EP = GAM * FP
CALL SOLID(RR)
CALL RUNG(RADIUS,ENERGY,DUMC,STEP,EP,
1 PEMMIS,WEMMIS,RR,RNEW, TNEW)
IF(RNEW .LE. 0.0001)THEN
TBURN=TIME
GOTO 1001
ENDIF
RP = 1.0D4*RNEW

TP = TNEW



3230
3240
3250
3260
3270

3280

3290
3300
3310
3320
3330
3340
3350
3360
3370
3380
3390
3400
3410
3420
3430
3440
3450
3460
3470

3480

3490

(¢}

- 496 —

TIME = TIME + 1.0D3*STEP

Writing to file.

IF(MOD(I,10) .EQ. O)THEN

WRITE(*, 900) TIME, RP, TP, DUMC ,FP

WRITE(2, 900) TIME, RP, TP, DUMC ,FP

ENDIF

Reducing the brackets for the next call of GAM.

IF ( TP .LT. TWALL) THEN

X1 = GAM - DABS(1000.0%GAM)
X2 = ( -2331.5426 + 0.3388749+TP ) - ES1
ELSE
X1 = ( -2331.5425 + 0.3388749+TP ) + ES1
X2 = GAM + DABS(1000.0+GAM)
~ ENDIF

1000 CONTINUE

1001  CONTINUE
CLOSE(2)
END

Main loop and main program end.
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Property values.

EC and ECH calculate the enthalpy of the solid in cal/g.

Data from coal data book.

REAL*8 FUNCTION EC(D)
IMPLICIT REAL*8(A-H,0-Z)
COMMON /FIRST/T,GAM,TWALL,FP

CPCO = 0.024

CPC1

6.953D-04

CPC2 = -2.841D-07

EC = CPCO*(D - 298) + (CPC1 / 2.0)*(D*D - 298%298)
1 + (CPC2 / 3.0)*(D*D*D - 298*298%298)

RETURN.

END

REAL*8 FUNCTION ECH(D)

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

COMMON /FIRST/T,GAM,TWALL,FP

CPCHO = 0.36

CPCH1 = 6.931D-05b

ECH = CPCHO*(D - 298) + (CPCH1 / 2.0)*(D*D - 298%298)
RETURN

END
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CPC and CPCH calculate the heat capacity of the solid in

cal/g-K. Data from coal data book.

REAL*8 FUNCTION CPC(D)
IMPLICIT REAL*8(A-H,0-2Z)
COMMON /FIRST/T,GAM,TWALL,FP

CPCO = 0.024
CPC1 = 6.953D-04
CPC2 = -2.841D-07

CPC = CPCO + CPC1 * D + CPC2 * D * D
RETURN
END

REAL*8 FUNCTION CPCH(D)
IMPLICIT REAL*8(A-H,0-Z)
COMMON /FIRST/T,GAM,TWALL,FP
CPCHO = 0.36

CPCH1 = 6.931D-05

CPCH = CPCHO + CPCH1 * D
RETURN

END
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This routine calculates the fraction of ash in the solid.

(ASHFRAC) . (ASHFRAC --> 1.0 as RR --> RMIN)
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SUBROUTINE SOLID(RR) .

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

COMMON /ASH/ASHFRAC,RHOASH,ASHINIT,
1 RPINIT,CPASH,AMMIS, THCK

ASHFRAC = ASHINIT*(1.0D-4*RPINIT/RR)*%3.0
RETURN
END
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Root finder by the method of bisection for function TET.

SUBROUTINE RTBIS(TET,X1,X2,XACC,R2,XMID)
IMPLICIT REAL*8(A-H,0-2)

EXTERNAL TET

COMMON /FIRST/T,GAM,TWALL,FP

PARAMETER (JMAX = 500)

CALL TET(X1,FX1,R2)
CALL TET(X2,FX2,R2)
IF(FX2*%FX1 .GE. 0.0) PAUSE °BRACKET ROOT IN MENU’
| DX = X2 - X1
DO 200 J = 1, JMAX
DX = DX * 0.5
XMID = X1 + DX



4310
4320
4330
4340
4350
4360
4370
4380
4390
4400
4410
4420
4430
4440
4450
4460
4470
4480
4490
4500
4510
4520
4530
4540
4550
4560
4570

aQ o a 0

- 500 -

CALL TET(XMID,FMID,R2)
IF (FMID * FX1 .GT. O.O)THEN

X1 = XMID

FX1 = FMID
ELSE

X2 = XMID

FX2 = FMID
ENDIF

IF (DABS(DX/XMID) .LT. XACC) RETURN
200 CONTINUE
PAUSE °TOO MANY BISECTIONS IN MENU'
END
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Calculation of solid flux in gmc/cm*2-s.(Smith 1974)

SUBROUTINE FLUX(B,R)

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

COMMON /ASH/ASHFRAC,RHOASH,ASHINIT,
1 RPINIT,CPASH,AMMIS, THCK

COMMON /FIRST/T,GAM,TWALL,FP

COMMON /R/RHOC,XFAC,ACEN

Older approach to calculate FP.

CASH=B-FP*R*R(1/(R+T)-1/R)/C*MO2+DASH
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FP = XFAC*#DEXP( -1.0*ACEN/(1.98 * T))*CASH

DASH=0.35%3.13%(T/1500.0) **1.75/2.0
PF= XFAC*DEXP( -1.0%*ACEN/(1.98 * T))
FP=PF*B/(1.0+82.05*%T*PF*R*THCK/

1 ((R+THCK) *(32.0*DASH)))
TEST=PF*B
RETURN
END
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This routine calculates the value of the fully integrated
equations from TWALL to TP based on GAM1.

SUBROUTINE GAMMA(GAM1,F,R1)

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

COMMON /ASH/ASHFRAC,RHOASH, ASHINIT,
1 RPINIT,CPASH, AMMIS, THCK

COMMON /FIRST/ T,GAM,TWALL,FP

COMMON  /R/RHOC,XFAC,ACEN

COMMON /Y1S/Y1S,Y1INF

CC = -3.0043D-05
DASH=0.35%3.13*(T/1500.0) **1.76/2.0
IF (T .LT. TWALL) THEN
HH = DSQRT(DABS(-2331.5425 - GAM1)/0.3388749)
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4850 IF (GAM1 .GT.-2331.5425) THEN

4860 AR1=-1.0*CC* ((DSQRT(TWALL) - DSQRT(T)) + HH/2.0
4870 1 (DLOG((DSQRT(TWALL) - HH)*(DSQRT(T) + HH)/
4880 2 ((DSQRT(TWALL) + HH)*(DSQRT(T) - HH)))))
4890 HM = (2331.5425 + GAM1)/0.3388749

4900 Y1S= (Y1INF+4.0/3.0)*((T-HM)/(TWALL-HM))**

4910 1 0.8095478-4.0/3.0

4920 CONC=(1.0/(-1.0/7.0 + 8.0/(7.0%Y1S)))

4930 PF= XFAC*DEXP( -1.0%ACEN/(1.98 * T))

4940 FFP=PF*CONC/ (1.0+82.05*T*PF*R1*THCK/

4950 1 ((R1+THCK) *(32.0%DASH)))

4960 F=AR1-Ri* FFP

4970 ELSE

4980 AR2 = -1.0+CC*((DSQRT(TWALL)-DSQRT(T))-HHx*

4990 1 (DATAN (DSQRT(TWALL) /HH) -DATAN (DSQRT(T) /HH)))
5000 HM = (2331.5425 + GAM1)/0.3388749

5010 Y1S= (Y1INF+4.0/3.0)*((T-HM)/(TWALL-HM))**

5020 1 0.8095478-4.0/3.0

5030 CONC=(1.0/(-1.0/7.0 + 8.0/(7.0%Y1S)))

5040 PF= XFAC*DEXP( -1.0%ACEN/(1.98 * T))

5050 FFP=PF*CONC/ (1.0+82.05*T*PF*R1*THCK/

5060 1 ((R1+THCK) * (32.0%DASH)))

5070 F = AR2-Ri* FFP

5080 ENDIF

5090 ELSE

5100 FF = DSQRT(DABS(2331.5425 + GAM1)/0.3388749)

5110 IF (GAMi .LT.-2331.5425) THEN
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AR3 = CC*((DSQRT(T)-DSQRT(TWALL))-FF*
(DATAN(DSQRT(T) /FF) -DATAN (DSQRT (TWALL) /FF)))

€3 = (2331.5425 + GAM1)/0.3388749

Y1S=(Y1INF+4.0/3.0)* ((T-C3)/(TWALL-C3))**
0.8095478-4.0/3.0

CONC=(1.0/(-1.0/7.0 + 8.0/(7.0%Y1S)))

PF= XFAC*DEXP( -1.0%ACEN/(1.98 * T))

-FFP=PF*CONC/ (1.0+82.05*T*PF*R1*xTHCK/

EL

EN
ENDIF
RETUR
END

((R1+THCK) * (32.0+DASH)))
F = AR3-R1* FFP
SE
AR4 = CC * ((DSQRT(T) - DSQRT(TWALL)) + FF/2.0 *
(DLOG((DSQRT(T) - FF)*(DSQRT(TWALL) + FF)/
((DSQRT(T) + FF)*(DSQRT(TWALL) - FF)))))
C3 = (2331.5426 + GAM1)/0.3388749
Y18=(Y1INF+4.0/3.0)*((T-C3)/(TWALL-C3))**
0.8095478-4.0/3.0
CONC=(1.0/(-1.0/7.0 + 8.0/(7.0%Y1S)))
PF= XFAC*DEXP( -1.0%ACEN/(1.98 * T))
FFP=PF*CONC/(1.0+82.05*T*PF*R1*THCK/
((R1+THCK) * (32.0*DASH) ))
F = AR4-Ri* FFP
DIF

N
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c Energy balance.

SUBROUTINE ENERGY(EP,PEMMIS,WEMMIS,RR,DUM2,ANST)

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

EXTERNAL CPC,EC,CPCH,ECH

COMMON /FIRST/ T,GAM,TWALL,FP

COMMON /R/RHOC,XFAC,ACEN

COMMON  /ASH/ASHFRAC,RHOASH,ASHINIT,
RPINIT,CPASH,AMMIS, THCK

c Note that RHOC=1.5%(1-ASHINIT-EPSINIT) = Apparent density

C------
c
C,
1
c
C
1
2
3

SIG = 1.595D-12
IF (DUM2 .LT. 1350) THEN
CPSOL= CPC(DUM2)
VAL = EC(DUM2)
ELSE
CPSOL= CPCH(DUM2)
VAL = ECH(DUM2)
ENDIF
CPASH = 0.183 + 0.111D-3%T
ANST=3.0% (RR+THCK) * (RR+THCK) * (FP*VAL-EP-SIG*
(PEMMIS*DUM2**4-WEMMIS*TWALL*%4))/
(RR*#RR*RR* (CPSOL*RHOC + CPASH*RHOASH*
(ASHINIT+0.65* ((1+THCK/RR)**3.0-1.0))))
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RETURN
END
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Fourth order Runge-Kutta method for solving TEST1 and

TEST2 for one time step.

SUBROUTINE RUNG(TEST1,TEST2,DUMC,STEP,EP,
1 PEMMIS ,WEMMIS,RR,RNEW, TNEW)

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

REAL*8 K11,K12,K13,K14,K21,K22,K23,K24

EXTERNAL TEST1,TEST2,ENERGY,RADIUS

COMMON /FIRST/ T,GAM,TWALL,FP

COMMON /R/RHOC,XFAC,ACEN

DUM1=RR

DUM2=T

CALL TEST1(DUMC,DUM1,DUM2,DRDT)

CALL TEST2(EP,PEMMIS,WEMMIS,DUM1,DUM2,DTDT)
K11=DRDT

K21=DTDT

DUM1 = RR + K11*STEP/2.0

DUM2 = T + K21+STEP/2.0
CALL TEST1(DUMC,DUM1,DUM2,DRDT)
CALL TEST2(EP,PEMMIS,WEMMIS,DUM1,DUM2,DTDT)

K12 = DRDT
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K22 = DTDT
DUM1

RR + K12*STEP/2.0
DUM2

T + K22%STEP/2.0

CALL TEST1(DUMC,DUM1,DUM2,DRDT)

CALL TEST2(EP,PEMMIS,WEMMIS,DUM1,DUM2,DTDT)
K13

DRDT

K23 = DTDT

DUM1 = RR + K13*STEP

DUM2

T + K23*STEP

CALL TEST1(DUMC,DUM1,DUM2,DRDT)

CALL TEST2(EP,PEMMIS,WEMMIS,DUM1,DUM2,DTDT)

K14 = DRDT

K24 = DTDT

RNEW = RR + STEP*(Ki1 + 2.0*%K12 + 2.0%K13 + K14)/6.0
"TNEW = T + STEP*(K21 + 2.0%K22 + 2.0*K23 + K24)/6.0
RETURN

END
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Mass balance.

SUBROUTINE RADIUS(B,DUM1,DUM2,ANS)
IMPLICIT REAL*8(A-H,0-Z)

COMMON /FIRST/ T,GAM,TWALL,FP
COMMON /R/RHOC,XFAC,ACEN

COMMON /ASH/ASHFRAC ,RHOASH,ASHINIT,
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1 RPINIT,CPASH,AMMIS, THCK

Note that RHOC=1.5*(1-ASHINIT-EPSINIT) = Apparent density

DASH=0.35%3.13*(DUM2/1500.0) #*1.76/2.0
PF= XFAC*DEXP( -1.0*ACEN/(1.98 * DUM2))
FFP=PF*B/(1.0+82.05*DUM2*PF*DUM1*THCK

1 / ((DUM1+THCK) *(32.0%DASH)))
ANS = -1.0*FFP/RHOC
RETURN
END
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AIX.4 3VOIDS.FOR
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This program simulates the combustion of a single porous
carbon particle. The particle is assumed to be isothermal
internally. It has spherical voids distributed inside.
Three sizes of voids corresponding to macro, transition

and micro pores are used to describe the internal structure.

As combustion proceeds, the local recession, which is a
function of the local oxygen concentration and the particle
temperature is computed at 50 fixed points within the
particle. This local recession, Q, determines the local
voidfraction and the local surface area at any radial
location. The bulk diffusion coefficient is used throughout.
It is modified to account for the local void fraction
according to the Satterfield relation. The diffusion
equation is solved inside the particle to determine the
oxygen profile inside the particle. The boundary conditions
are zero gradient at the particle center and known surface

concentration determined by solving the gas phase equations.

The particle radius changes in two ways. Until the

external void fraction reaches the user-set value, radius
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changes due to reaction. However, once the external void
fraction reaches the critical value, that portion of the
solid in which the void fraction exceeds or equals the

the critical value is shed. The particle temperature is
determined by an overall energy balance including radiation

conduction and convection terms.

The gas phase is assumed to be quasi-steady relative to the
solid for a given time step. The heterogenous reaction

at the solid is 2C + 02 ---> 2C0 and in the gas phase,

the CO oxidation is assumed to be far enough from the
particle so as to have no thermal effect on the particle.
The gas phasé equations include the Stefan flow term.

Gas phase properties are calculated using kinetic theory

of gases. The integral equations are solved analytically.

The reaction rate is assumed to be linear with respect to

‘the surface oxygen concentration.

No attempt has been made to simulate the presence of ash in

this version.
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450 C

460 C Declarations.

470 C

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

490 CHARACTER*156 IFILE

500 CHARACTER*1 QRESP

510 C

520 DIMENSION WK(54)

530 C

540 C

550 EXTERNAL EC,ECH,CPC,CPCH,RLAMB,EOX,ECO

560 EXTERNAL RTBIS,GAMMA,RUNG,PROF,RADIUS,ENERGY,QUE
570 EXTERNAL STROBE.RTBISOL;RUNGSDL.EQNI.EQN2

580 EXTERNAL QCR

590 C

600 C

610 CbMMON T,TWALL

620 COMMON /R/RHOC,FRAC,RPINIT

630 COMMON /SOL/VOID1,EPS1,DLAMB1,EPSOUT,EPSOLD,FSHED,
640 i ' EPSCRIT,V0ID2,EPS2,DLAMB2,V0ID3,EPS3,DLAMB3
650 COMMON /MISC/C,XLOW,AO,BO,XFAC,ACEN

660 COMMON /ARR/X(SO).R(SO).Y1(50).Y2(50)

670 COMMON /CS/CSTAR,TAU,XACC,SURFSUM
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COMMON /QS/Q(4,50) ,DQDR(4,50) ,QINT,QBAR,QCRIT
COMMON /AQ/AQ(50) ,ADQDR(50)

COMMON /Y1/Y1S,Y1INF
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Interactive program parameter inputs.

WRITE(*,9)

FORMAT(1x,"WANT TO READ THE 3VOIDS.INP FILE (Y OR N)?7°)
READ (*,8) QRESP

FORMAT (A1)

IF((QRESP .EQ. °'y') .OR. (QRESP .EQ .'Y"))GOTO 2000

WRITE(*,10)
FORMAT(1x, "ENTER SOLID DENSITY IN G/CC')

READ (*,*)RHOC

WRITE(*,11)
FORMAT(1x, ENTER WALL AND INIT. PARTICLE TEMPS. IN K')

READ(*,*)TWALL,TPINIT
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910
920 " WRITE(*,12)

930 12 FORMAT (1x, *ENTER THE CRITICAL VOLUME FRACTION')

940 READ (*,*)EPSCRIT
950
960 WRITE(*,13)

970 13 FORMAT(1x, *INIT. PART., VOID RADII(mu) AND VOIDFRACTS

980 1 (BIG --> SMALL)")

990 READ (*,*)RPINIT,VOID1,V0ID2,V0ID3,EPS1,EPS2,EPS3
1000

1010 WRITE(*,14)

1020 14 FORMAT(1x, 'ENTER THE 02 PARTIAL PRES. IN THE AMBIENT')

1030 READ (%, *)C1INF
1040
1050 WRITE(*,15)

1060 15 FORMAT(1x, 'ENTER THE WALL AND CARBON EMMISIVITIES')

1070 READ (* , *)WEMMIS ,PEMMIS
1080
1090 WRITE(*,16)

1100 16 FORMAT( 1x, *ENTER FRAC AND SWITCH(1:1 VOID;0:2/3 VOIDS)')
1110 READ (*,*)FRAC,SWITCH
1120

1130 WRITE(*,17)
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FORMAT( 1x,'ENTER FACTOR XFAC, ACEN AND TIMESTEP')

READ (% ,*)XFAC,ACEN,STEPO

WRITE(*,18)
FORMAT(1X, "ENTER ES1,ES2,XACC (0 < ES1 << ES2) °*)

READ(*,*)ES1,ES2,XACC

WRITE(*,19)
FORMAT( 1x,'ENTER THE NO. OF TIMESTEPS, TAU AND CSTAR’)

READ (*,*)NMAX,TAU,CSTAR

WRITE(*,21)
FORMAT( 1x,'ENTER THE OUTPUT FILENAME (NOT *.INP !)°)
READ(*,22)IFILE

FORMAT(A15)
GOTO 2500

0PEN(1.FILE=’3VOIDS.INP'.STATUS='0LD')
READ(1,*,END=129)RHOC, TWALL,TPINIT,EPSCRIT,RPINIT,VOID1,
voID2,V0ID3,EPS1,EPS2,EPS3,C1INF,WEMMIS, PEMMIS,FRAC,
SWITCH,XFAC,ACEN,STEPO,ES1,ES2,XACC,NMAX,TAU,CSTAR

CLOSE(1)
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1370
1380 129  WRITE(*,30)RHOC

1390 30 FORMAT(1x,'1. SOLID DENSITY IN G/CC:

1400 1 ' F8.4./)
1410
1420 WRITE(*,31) TWALL , TPINIT

1430 31 FORMAT(1x,'2. WALL AND INIT. PARTICLE TEMPS. IN K: °,

1440 1 F10.4,3X,F10.4,/)
1450
1460 WRITE(*,32)EPSCRIT

1470 32 FORMAT(1x,*3. THE CRITICAL VOLUME FRACTION: °*,F8.4,/)
1480
1490 WRITE(*,33)RPINIT,VOID1,V0ID2,VOID3,EPS1,EPS2,EPS3

1500 33 FORMAT(1x,°4. INIT. PART.,VOID RADII(mu) AND VOIDFRAC.:®

1510 1 ,/7G10.4,/)
1520
1530 WRITE(*,34)C1INF

1540 34 FORMAT(ix,’5. THE 02 PART. PRES. (AMBIENT):',F8.4,/)
1550 |

1560 WRITE(*,36)WEMMIS,PEMMIS

1570 35 FORMAT(1x,'6. THE WALL AND CARBON EMMISIVITIES: °,
1580 1 F6.4,3X,F6.4,/) |

1590
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WRITE(*,36)FRAC,SWITCH

36 FORMAT( 1x,°7. FRAC AND SWITCH: °',2F8.2,/)

WRITE(*,37)XFAC,ACEN,STEPO
37 FORMAT( 1x,°'8. THE FACTOR XFAC, ACEN AND TIMESTEP: °,

1 F9.4,3X,F10.2,2X,F8.6,/)

WRITE(*,38)ES1,ES2,XACC
38 FORMAT(1X,'9. ES1,ES2,XACC (0 < ES1 << ES2): °,

1 E9.4,3X,E9.4,3X,E9.4,/)

WRITE(*,39)NMAX,TAU,CSTAR
39 FORMAT( 1x,'10. THE NO. OF STEPS, TAU, CSTAR:

1 : *,18,2X,2F12.4,/)

WRITE(*,41)
41 FORMAT( 1x,'ENTER THE OUTPUT FILENAME (NOT *.INP !)°)
READ(*,42)IFILE

42 FORMAT(A15)

1990 WRITE(*,43)
43 FORMAT(1X, "ENTER # OF ENTRY TO BE ALTERED (O TO RUN)')

READ (*,*)NALT



1830
1840
1850
1860
1870
1880
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
2010
2020
2030
2040

2050

2010

2020

2030

IF(NALT
IF(NALT
IF(NALT
IF(NALT
IF(NALT
IF(NALT
IF(NA#T
IF(NALT
IF(NALT
IF(NALT

IF(NALT

.EQ.
.EQ.
.EQ.
-EQ.
-EQ.
.EQ.
-EQ.
.EQ.
.EQ.
-EQ.

.EQ.

GOTO 1990

WRITE(*,10)

READ(*,*)RHOC

GOTO 1990

WRITE(*,11)

- 516 -
0)GOTO 25600
1)GOTO 2010
2)GOTO0 2020
3)GOTO 2030
4)GOTO 2040
B)GOTO 2050
6)GOTO 2060
7)GOTO 2070
8)GOTO 2080
9)GOTO 2090

10)GOTO 2100

READ(*,*)TWALL,TPINIT

GOTO 1990

WRITE(*,12)

READ(*,*)EPSCRIT
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GOTO 1990

WRITE(*,13)
READ (#,*)RPINIT,VOID1,V0ID2,VOID3,EPS1,EPS2,EPS3

GOTO 1990

WRITE(*,14)
READ (*,*)C1INF

GOTO 1990

WRITE(*,15)
READ (*, *)WEMMIS,PEMMIS

GOTO 1990

WRITE(*,16)
READ(*,*)FRAC,SWITCH

GOTO 1990
WRITE(*,17)
READ (*,*)XFAC,ACEN,STEPO

GOTO 1990

WRITE(*,18)
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READ(*,*)ES1,ES2,XACC

GOTO 1990

2100 WRITE(*,19)
READ (*,*)NMAX,TAU,CSTAR

GOTO 1990

2500 OPEN(1,FILE='3VOIDS.INP',STATUS="NEW')
WRITE(I.*)RHOC.TWALL.TPINIT.EPSCkIT.RPINIT.VOID1.VOID2.
1 VOID3,EPS1,EPS2,EPS3,C1INF,WEMMIS,PEMMIS,FRAC,
2 SWITCH,XFAC,ACEN,STEPO,ES1,ES2,XACC,NMAX,TAU,CSTAR

CLOSE(1)
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Main Program.

After initialisation of various parameters, the main
- loop begins. C1INF and Y1INF are the mole and mass

fractions of oxygen far from the particle. A is used

to calculate the mass fractions of the other species.

EPSCRIT is the critical voidfraction at which shedding
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starts. QINT is the interval between the 50 fixed

points where Q's are calculated.

The porosity in the solid is characterized by the

three parameters EPS, VOID and DLAMB for each void size.
The porosity is obtained by polydisperse spherical voids
whose initial sizes are VOID1, VOID2 and VOID3 micronms.
The initial void fraction; are EPS1, EPS2 and EPS3
respectively. From the EPS’s and VOID's, the DLAMB's

(the number densities of the voids (#/vol)) are obtained.

DLAMB’s remain constant thereafter.

Factors of 1D4 or 1D-4 occur in éonverting from cms. to

microns and back.

RTBIS is called to calculate the carbon flux from the
solid. It ﬁalls GAMMA which in turn calls SOLID. SOLID
solves for the oxygén concentration profile inside the
particle using EQN1 and EQN2. It uses a scaling method
to solve the two-point boundary value problem for the

profile.

The routine RUNG uses a fourth order Runge-Kutta scheme
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2750 C to solve the simultaneous equations for particle radius
2760 C and temperature. It calls ENERGY and RADIUS. The latter
2770 C calls SOLID and QUE to actually calculate DR/DT. The
2780 ¢C routine QUE calculates the recession at points inside
2790 C the particle and checks to see if the critical recession .
2800 C (calculated from EPSCRIT) is reached at the surface.
2810 C

2820 C The concentration profiles in the particle are written
2830 C into a file called PRO.DAT at every 20th step.

2840 C

2850 C After a profile has been calculated, PLACE is called.
2860 C This routine rearranges the R’s such that more points
2870 C are put in the region where the profile has sﬁeeper

2880 C gradients.

2890 C

2900 C The reaction rate expression is from Smith’s paper (1974).
2910 C It is based on the external surface area.

2920 C XFAC multiplies the pre-exponential factor and can be

2930 C adjusted.

2040 C

2950 C RATE=XFAC*305+DEXP (-ACEN/(1.98%T))*CONC [G/CM"2-S]
2960 C

2970 C
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2080 C Initialization.

2990 C

3000 C Initially equally spaces R's
3010 C

3020 DO 153 I=1,50

3030 FIX=I-1

3040 R(I)=FIX*RPINIT/49.0

3050 1563  CONTINUE

3060 C

3070 DO 156 L=1,50
3080 AQ(L)=0.0
3090 ADQDR(L)=0.0

3100 156 CONTINUE

3110 C

3120 Y1INF=(C1INF*32.0)/(CL1INF * 32.0 +(1.0 - C1INF )*28.0)
3130 A=(1.0/ (1.0 - Y1INF)) = (Y1INF / 4.0)

3140 C

3150 FP=0.0

3160 TIME = 0.0

3170 DTDR = 0.0

3180 FLAG=1.0

3190 CONV=0.0

3200 QINT=RPINIT/49.0



- 522 -

3210 T = TPINIT

3220 TPOLD=TPINIT

3230 RP = RPINIT

3240 ROLD=RPINIT*1.0D-04

3250 C1S = C1INF

3260 Y10LD=Y1INF

3270 Y1S=Y1INF

3280 C

3290 DLAMB3=-1.0*DL0OG(1.0-EPS3)/(4.2+*VOID3*V0OID3*VOID3)
3300 DLAMB2=(-1.0%DLOG(1.0-EPS3-EPS2) -DLAMB3*

3310 1 (4.2*VOID3*VDID3*VDID3)5

3320 2 /(4.2*V0ID2*V0ID2*V0OID2)

3330 DLAMB1=(-1.0%DL0OG(1.0-EPS3-EPS2-EPS1) -DLAMB3*4.2*V0OID3**3
3340 1 ~DLAMB2*4 .2+VOID2*%3) /(4 .2*VOID1%*3)

3350 EPS=1.0-DEXP((-4.2%DLAMB1*(VOID1)**3)+(-4.2+*DLAMB2+
3360 1 (VOID2)#*%3)+(~-4.2+%DLAMB3*(VOID3) **3))

3370 SURF=((1.0-EPS)*12.6*(DLAMB1*VOID1%*2

3380 1+ DLAMB2*V0ID2**2 + DLAMB3*VOID3**2))/((1.0-EPS)#*RHOC)
3390 EPSOLD=EPS |

3400 EPSOUT=EPS

3410 EPSINIT=EPS

3420 C

3430 C
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3440 OPEN(2,FILE=IFILE,STATUS="NEW’ ,FORM="FORMATTED")

3450 OPEN(3,FILE="PRO.DAT’,STATUS="NEW’ ,FORM="FORMATTED")
3460 WRITE(2, 900)TIME,CONV,RP,T,C1iS,FP,SURF,EPSOLD,EPSOUT
3470 WRITE(*, 900)TIME,CONV,RP,T,C1S,FP,SURF,EPSOLD,EPSOUT

3480 900  FORMAT(1X,3F9.4,1X,F7.2,1X,2F8.6,1X,F6.2,1X,

3490 1 F6.4,1X,F6.4)
3500 C
3510 C X1 and X2 are appropriate brackets for GAM.

3520 C Typically, ES1 is 0(1D-6), while ES2 is 0(1D11).

3530 C

3540 IF ( TPINIT .LT. TWALL) THEN

3550 Xt = ( -2331.5425 + 0.3388749*TPINIT) - ES2
3560 X2 = ( -2331.5425 + 0.3388749*TPINIT) - ES1
3570 ELSE

3580 Xt = ( -2331.5425 + 0.3388749+TPINIT) + ES1

3590 X2 = ( -2331.5425 + 0.3388749*TPINIT) + ES2

3600 ENDIF

3610 C

3620 C Calculation of QCRIT.

3630 C
3640 IF(SWITCH .EQ. 1)THEN
3650 QCRIT=(-1.0*DLOG(1.0-EPSCRIT)/(DLAMB1%4.2))#*% 33-VOID1

3660 ELSE
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GUESS1=(-1.0%DL0G(1.0-EPSCRIT)/(DLAMB1%4.2))#*%.33-V0ID1
GUESS2=0.0
CALL RTBISOL(QCR,GUESS2,GUESS1,XACC,RSLT)

QCRIT=RSLT
ENDIF

WRITE(*,*)QCRIT

Main loop begins.

DO 1000 I = 1, NMAX
SWIT=0.0
STEP=STEPO
RR = RPx 1.0D-04

CALL RTBIS(GAMMA,X1,X2,XACC,STEP,PEMMIS ,WEMMIS,RR,RNEW,

TNEW, FP, ANSW, SWIT)
FP1 = -1.3333 % FP
FP2 = 2.3333 * FP

EPF=ANSW*FP

DTDR = -1.0D-4*(EPF-FP1*E0X(T)-FP2+ECO(T))/RLAMB(T)
puMC= (1.0/(-1.0/7.0 + 8.0/(7.0%Y1S)))
RBAR=(ROLD+RNEW) /2.0

FSHED=0.333*(1.0-EPSOUT) *RHOC*

(ROLD**3.0-RNEW**3.0) / (STEP*RBAR**2.0)
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3900 ROLD=RNEW

3910 RP = 1.0D4*RNEW

3920 CONV=1.0- ((RP/RPINIT)#*#3.0)*((1.0-EPSOLD)/(1.0-EPSINIT))
3930 - SURF=SURFSUM*1.0D-12/ (4. 2+RNEW**3.0* (1.0-EPSOLD) *RHOC)
3940 T = TNEW

3950 TIME = TIME + 1.0D3+STEP

3960 TPOLD=T

3970 C

3980 C Writing profiles to PRO.DAT

3990 C

4000 IF(MOD(I,20) .EQ. O)THEN

4010 DO 148 LI=1,50

4020 ' WRITE(3,147)R(LI),Y1(LI)

4030 148 CONTINUE

4040 ENDIF

4050 147  FORMAT(5X,2G12.4)
4060 C

4070 C Writing results to DATA file.

4080 C

4090 IF(MOD(I,.10) .EQ. O)THEN

4100 WRITE(2.QOO)TIME,CONV.RP.T.DUMC.FP.SURF.EPSOLD.EPSOUT
4110 WRITE(?.QOO)TIME.CONV.RP.T.DUMC.FP.SURF.EPSDLD.EPSOUT

4120 ENDIF
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4130 C

4140 C Equispacing R’s

4150 C

4160 DO 157 KI=1,50

4170 FIX=KI-1

4180 R(KI)=FIX*RP/49.0

4190 157 CONTINUE

4200 C

4210 DO 1568 LI=1,50

4220 AQ(LI)=Q(4,LI)

4230 ADQDR(LI)=DQDR(4,LI)

4240 158 CONTINUE

4250 C

4260 C Reducing brackets for next call of ANS.

4270 C

4280 IF ( T .LT. TWALL) THEN

4290 X1 = ANSW - DABS(10.0%ANSW)

4300 ' X2 = ( -2331.5425 + 0.3388749+T ) - ES1
4310 ELSE

4320 X1 = ( -2331.5425 + 0.3388749*T ) + ES1
4330 X2 = ANSW + DABS(10.0%ANSW)

4340 ENDIF

4350 C
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c Program exit condition.

IF((EPSOLD .GE. EPSCRIT) .OR.

1 (R(BO) .LE. 0.0))GOTO 1001

1000 CONTINUE

1001 CLOSE(2)

CLOSE(3)

CONTINUE

STOP

END
C
c Main loop and main program end.
c
c
C--m-mmmmemmmmemmmmcceccecccccsemcmeee—eeee——e————
Co--emmmmm—em—meemceccccccceemccseememmee——e—————
C

c Property subprograms.

C RLAMB:gas thermal conductivity (cal/cm-K) [300-2500K]

C from Eckert. The COEFFS are in W/m-K for D in K
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Form NOT used here.

EOX :oxygen enthalpy (cal/gmol). Ref. staté is 0.0 at
298K. Valid for 298-2500K. Heat capacities assumed
constant. From Smith and VanNess. Form NOT used.

ECO :CO enthalpy. As above except ref. state.

EC :Carbon enthalpy (cal/g) [LT 1350K] (COAL DATA BOOK)

ECH :Carbon enthalpy (cal/g) [GE 1350K] (COAL DATA BOOK)

CPC :Carbon heat cap. (cal/g-K) [LT 1350K] (COAL DATA BOOK)

CPCH :Carbon heat cap. (cal/g-K) [GE 1350K] (COAL DATA BOOK)

REAL*8 FUNCTION RLAMB(D)
IMPLICIT REAL*8(A-H,0-Z)
REAL*8 LGO,LG1,LG2,LG3

LGO = -1.333D-03

LG1 1.036D-04

LG2 = -4.715D-08

LG3 = 1.341D-11
RLAMB = (1.0/418.0)*(LGO+LG1*D+LG2* (D*D)+LG3* (D*D*D))
RETURN

END
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4820 REAL*8 FUNCTION EOX(D)

4830 - IMPLICIT REAL*8(A-H,0-2)

4840 CP0X0 = 7.16

4850 CPOX1 = 0.001

4860 CPOX2 = -40000.0

4870 EOX = (CPOXO*(D - 298) + (CPOX1 / 2.0)*(D*D - 298%298)
4880 1 + CP0OX2%(1.0/D - 1.0/298)) / 32.0
4890 RETURN

4900 END

4910 C

4920 C

4930 REAL*8 FUNCTION ECO(D)

4940 IMPLICIT REAL*8(A-H,0-2Z)

4950 CPC0OO = 6.79

4960 CPC01 = 0.00098

4970 CPC02 = -11000.0

4980 DELH = -26416.0

4990 ECO = (DELH+CPC0O*(D-298)+(CPC01/2.0)*(D*D-298%298)
5000 1 + CPC02*(1;0/D - 1.0/298))/ 28.0
5010 RETURN

5020 END

5030 C

5040 C
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REAL*8 FUNCTION EC(D)

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

CPCO

CpC1

CPC2

EC =

C

0.024

6.953D-04

-2.841D-07
PCOx(D - 298) + (CPC1 / 2.0)*(D*D - 298%298)

+ (CPC2 / 3.0)*(D*D*D - 298%208%298)

RETURN

END

REAL*8 FUNCTION ECH(D)

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

CPCHO

CPCH1

ECH =

RETURN

END

0.36

6.931D-05

CPCHO*(D - 298) + (CPCH1 / 2.0)*(D*D - 298%298)

REAL*8 FUNCTION CPC(D)

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

CPCO

CPC1

0.024

6.953D-04
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5280 CPC2 = -2.841D-07

5290 CPC = CPCO + CPC1 * D + CPC2 * D * D
5300 RETURN

5310 END

5320 C

5330 REAL*8 FUNCTION CPCH(D)

5340 IMPLIéIT REAL*8(A-H,0-2)

5350 CPCHO = 0.36

5360 CPCH1 = 6.931D-05

5370 CPCH = CPCHO + CPCH1 * D

5380 RETURN

5390 END

5400 C

5410 C----------=-c-c--c-sssecocesocrcoooocsomoo oo eo-
5420 C

5430 SUBROUTINE RTBISOL(TET,X1,X2,XACC,XMID)
5440 IMPLICIT REAL*8(A-H,0-2Z)

5450 EXTERNAL TET

5460 PARAMETER (JMAX = 500)

5470 C

5480 CALL TET(X1,FX1)

5490 CALL TET(X2,FX2)

5500 IF(FX2+FX1.GE.O)PAUSE °'ROOT MUST BE BRACKETED IN RTBISOL’
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DX=X2-X1
DO 200 J = 1, JMAX
DX = DX * 0.5
XMID = X1 + DX
CALL TET(XMID,FMID)

IF (FMID * FX1 .GT. 0.0)THEN

X1 = XMID

"FX1 = FMID
ELSE

X2 = XMID

FX2 = FMID
ENDIF

IF (DABS(DX) .LT. XACC) RETURN
200 CONTINUE
PAUSE °'TOOC MANY BISECTIONS IN RTBISOL'’

END

SUBROUTINE QCR(P,FUNT)
IMPLICIT REAL*8(A-H,0-2)
COMMON /SOL/VOID1,EPS1,DLAMB1,EPSOUT,EPSOLD,FSHED,

b EPSCRIT,VO0ID2,EPS2,DLAMB2,V0ID3,EPS3,DLAMB3
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5740 C

5750 FUNT=DLAMB1%* (VOID1+P) **3+DLAMB2* (VOID2+P) #*3+DLAMB3*
5760 1 (VOID3+P)**3 + DLOG(1.0-EPSCRIT)/4.2
5770 RETURN

5780 END

5790 C

5800 C

5810 C----=--------=-emc-cm-eeooo——- B et EE E TR
5820 C

5830 C

5840 SUBROUTINE PROF(ITER,RPIN,T,BETA)

5850 IMPLICIT REAL*8(A-H,0-2)

5860 EXTERNAL STROBE,RTBISOL,RUNGSOL,EQN1,EQN2
5870 COMMON /ARR/X(50) ,R(50),Y1(50),Y2(50)
5880 COMMON /MISC/C,XLOW,AO,BO,XFAC,ACEN

5890 C

5900 C

5910 A0=0.0

5920 BO=R(50)

5930 RP=RPIN#*1.0D4

5940 Y1INIT=1.0

5950 Y2INIT=0.0

5960 CALL STROBE(T,Y1INIT,Y2INIT,ANS)
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FACTOR=BETA/Y1(50) °

DO 181 I=1,560
Y1(I)=FACTOR*Y1(I)
Y2(I)=FACTOR*Y2(I)
X(I)=R(I)

181  CONTINUE
RETURN

END

- - - . W D D W e e R b R L G e W GG W e e B WD W W En e e e D e e

SUBROUTINE STROBE(T,Y1INIT,Y2INIT,SHOT)
IMPLICIT REAL*8(A-H,0-Z)

EXTERNAL RTBISOL,RUNGSOL,EQN1,EQN2
EXTERNAL DCADRE,IFLSQ

COMMON /ARR/X(50) ,R(50),Y1(50) ,Y2(50)

Y1(1)=Y1INIT
Y2(1)=Y2INIT
DO 600 I=1,49
RINIT=R(I)
Y1INIT=Y1(I)

Y2INIT=Y2(I)
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H=R(I+1)-R(I)

CALL RUNGSOL(T.EQN1,EQN2,RINIT,Y1INIT,Y2INIT,H,ANS,ANSP)
Y1(I+1)=ANS

Y2(I+1)=ANSP

600  CONTINUE

SHOT=Y1(60)
RETURN
END

SUBROUTINE RUNGSOL(T,TST1,TST2,RINIT,

1 Y1INIT.Y2INIT,H,ANS,ANSP)

IMPLICIT REAL*8(A-H,0-2)
REAL*8 K11,K12,K13,K14,K21,K22,K23,K24
EXTERNAL TST1,TST2,EQN1,EQN2,DCADRE, IFLSQ
XP=RINIT

DUM1=Y1INIT
DUM2=Y2INIT

CALL TST1(DUM1,DUM2,DY1DT)

CALL TST2(T.XP,DUM1,DUM2,DY2DT)

K11=DY1DT
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6430 K21=DY2DT

6440 XP=XP+H/2.0

6450 DUM1 = Y1INIT+ K11%H/2.0

6460 DUM2 = Y2INIT + K21%H/2.0

6470 CALL TST1(DUM1i,DUM2,DY1DT)

6480 CALL TST2(T,XP,DUM1,DUM2,DY2DT)
6490 K12 = DY1DT

6500 K22 = DY2DT

6510 DUM1 = Y1INIT + K12%H/2.0

6520 DUM2 = Y2INIT + K22%H/2.0

6530 CALL TST1(DUMi,DUM2,DY1DT)
6540 CALL TST2(T,XP,DUM1i,DUM2,DY2DT)
6550 K13 = DY1DT

6560 K23 = DY2DT

6570 XP=XP+H/2.0

6580 DUM1 = Y1INIT + Ki13*H

6590 DUM2 = Y2INIT + K23*H

6600 CALL TST1(DUM1,DUM2,DY1DT)

6610 | CALL TST2(T,XP,DUM1,DUM2,DY2DT)
6620 K14 = DY1DT

6630 K24 = DY2DT

6640 ANS

Y1INIT + H*x(K11 + 2.0%K12 + 2.0*K13 + K14)/6.0

6650 ANSP = Y2INIT + H*(K21 + 2.0%K22 + 2.0*K23 + K24)/6.0
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RETURN

END

- - . - -
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DY1DT is in molfrac/mu.

SUBROUTINE EQN1(DUM1,DUM2,DY1DT)

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

DY1DT =

RETURN

END

DUM2

SUBROUTINE EQN2(T,XP,DUM1,DUM2,DY2DT)

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

COMMON

COMMON

COMMON

COMMON

/MISC/C,XLOW,AO,BO,XFAC,ACEN
/S0L/V0OID1,EPS1,DLAMB1,EPSOUT,EPSOLD,FSHED,
EPSCRIT.VOID2.EP82.DLAMBZ.VOID3.EPSS,DLAMBS
/Qs/Q(4,60) ,DQDR(4,50) ,QINT,QBAR,QCRIT

/CS/CSTAR,TAU,XACC, SURFSUM
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COMMON /R/RHOC,FRAC,RPINIT

KL=INT(XP/QINT)+1
QBARL=Q(4,KL)+((XP- (KL-1)*QINT) /QINT) *(Q(4,KL+1)-Q(4,KL))
DQBARL=DQDR (4 ,KL)+ ((XP~(KL-1)*QINT) /QINT)* (DQDR(4 ,KL+1)~
DQDR(4,KL))
EPS=1.0-DEXP ( (-DLAMB1#*4.2%(VOID1+QBARL) #+3)+(-DLAMB2*4 .2
(VOID2+QBARL) *%3) + (-DLAMB3*4 . 2+ (VOID3+QBARL) #+3))

SQ=(1.0-EPS)*12.6% (DLAMB1*(VOID1+QBARL) **2

+ DLAMB2#% (VOID2+QBARL)*%2 + DLAMB3#*(VOID3+QBARL)**2)
FREQ=305.0
DIFF=3.13%(T/1500.0) **1.75
E=ACEN/1.98
RHOG=1.0/(82.05%T)
C1=TAU*FREQ*XFAC/ (24 .0+DIFF*RHOG)

IF(XP .GT. CSTAR)THEN

DY2DT = C1*DEXP(-E/T)*SQ*1D-04*DUM1/EPS-2.0*DUM2/XP
-SQ*DQBARL*DUM2/EPS
ELSE |
DY2DT = C1*DEXP(-E/T)*SQ*1D-04*DUM1/EPS-
SQ*DQBARL*DUM2/EPS
ENDIF
RETURN
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7120 END

7130 C

7140 C-=---==---ccccscmrem e m e mmmc s s oo
7150 C

7160 SUBROUTINE QUE(T,DELT,DRDT,ITER,FP)

7170 IMPLICIT REAL*8(A-H,0-2Z)

7180 DIMENSION Y1BAR(50) ,Y2BAR(50)

7190 COMMON /ARR/X(50) ,R(50),Y1(50),Y2(50)

7200 COMMON /MISC/C,XLOW,AO,BO,XFAC,ACEN

7210 COMMON /SOL/VOID1,EPS1,DLAMB1,EPSOUT,EPSOLD,FSHED,
7220 1 EPSCRIT.VUID2.EPS2.D}AMB2.VOID3.EPSS.DLAMB3
7230 COMMON /QS/Q(4,50) ,DQDR(4,60) ,QINT,QBAR,QCRIT
7240 COMMON /R/RHOC,FRAC,RPINIT

7250 COMMON /CS/CSTAR,TAU,XACC,SURFSUM

7260 COMMON /AQ/AQ(50),ADQDR(E0)

7270 C

7280 FREQ=305.0

7290 E=ACEN/1.98

7300 C2=FREQ*XFAC/RHOC

7310 RXN = C2+DEXP(-E/T)*1.0D04

7320 C

7330 C Q’'s are in microns for the above expression of reaction

7340 C The inner J-loop finds the position of Q(I) just below
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R(J). Y1BAR and Y2BAR are the interpolated values of
mass fraction and its gradients at the fixed locations

where Q's are calculated.

Y1BAR(1)=Y1(1)
Y2BAR(1)=Y2(1)
DO 300 I=2,50
DIST = QINT*(I-1)
DO 350 J=1,49
IF((R(J).LT.DIST) .AND. (R(J+1) .GE.DIST) ) THEN
Y1BAR(I)=Y1(J)+((DIST-R(J))/(R(J+1)-R(J)))*
1 (Y1(J+1)-Y1(J))
Y2BAR(I)=Y2(J)+((DIST-R(J))/(R(J+1)-R(J)))*
1 (Y2(J+1)-Y2(]))
ELSEIF (DIST .GT. R(50)) THEN
Y1BAR(I)=Y1(50)
Y2BAR(I)=Y2(50)
ENDIF
350 CONTINUE

300 CONTINUE

Q(ITER,1)=AQ(1)+DELT*RXN*Y1BAR(1)

DQDR(ITER,1)=ADQDR (1) +DELT*RXN*Y2BAR(1)
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D0 310 I=2,50
Q(ITER,I)=AQ(I)+DELT*RXN*Y1BAR(I)
DQDR(ITER,I)=ADQDR(I)+DELT*RXN*Y2BAR(I)
750 IF((Q(ITER,I).GE.QCRIT).AND.(Q(ITER,I-1).LT.QCRIT))THEN
RCRIT=QINT*(I-2)+((QCRIT-Q(ITER,I-1))/(Q(ITER,I)-
1  QCITER,I-1)))#*QINT

DQDT=RXN*Y1AVG

DRDT=-1D-04% (R(50) -RCRIT) /DELT

FLAG=0.0

GOTO 940
ENDIF

310 CONTINUE

KL=INT(R(50) /QINT) +1
IF(KL .EQ. 60) THEN
QBAR=Q (ITER,50)
DQDRP=DQDR (ITER, 60)
ELSE
QBAR=Q (ITER,KL)+ ((R(50) - (KL-1) *QINT) /QINT) * (Q (ITER ,KL+1)
1 -Q(ITER,KL))
DQDRP=DQDR (ITER ,KL)+( (R(50) - (KL-1) *QINT) /QINT) +
1 (DQDR(ITER,KL+1)-DQDR(ITER,KL))

ENDIF
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QLAST=AQ(KL)+((R(50)-(KL-1)*QINT)/QINT) * (AQ(KL+1)
1 -AQ(KL))
DRDT=-1D-04* (QBAR-QLAST) /DELT

FLAG=1.0

Flux (fp) is calculated using mole fraction gradient
at the surface Y2(50), diffusivity, and stoichiometric
coefficient 24.0 [gm/cm~2-8]. The expression for

diffusivity is from Field’'s book.

940 IF(FLAG .EQ. 1.0)THEN
IF (R(50) .EQ. RPINIT)THEN
QBAR=Q(ITER,50)
ELSE
KL=INT(R(50)/QINT)+1
QBAR=Q(ITER,KL)+((R(50)-(KL-1)*QINT)/QINT)*
1 (Q(ITER,KL+1)-Q(ITER,KL))
ENDIF
EPSOUT=1.0-DEXP((-4.2*DLAMB1*(VOID1+QBAR) **3)+
1 (-4.2*%DLAMB2* (VOID2+QBAR)*#3)+(-4.2*DLAMB3*
2 (VOID3+QBAR) *%3))
ELSE

KL=INT(R(50)/QINT)+1
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QSUP=Q(ITER,KL)+((R(50) - (KL-1)*QINT) /QINT) *
(QCITER,KL+1) -Q(ITER,KL))
EPSSUP=1.0-DEXP ( (-4.2+DLAMB1* (VOID1+QSUP) **3)+
(-4.2+DLAMB2* (VOID2+QSUP)#*#3)+(-4.2+DLAMB3*
(VOID3+QSUP) **3))
EPSOUT= (EPSCRIT+EPSSUP) /2.0

ENDIF

SUM=0.0
VOLSUM=0.0
SURFSUM=0.0
KL=INT(R(50)/QINT)+1
DO 560 I=2,KL
QSHELL=(Q(ITER,I)+Q(ITER,I-1))/2.0
AQSHELL=(AQ(I)+AQ(I-1))/2.0
EPSSHELL=1.0-DEXP( (-4.2+DLAMB1+(VOID1+QSHELL) #*3) +
(-4.2%DLAMB2+* (VOID2+QSHELL)*#3)+(-4.2+DLAMB3+
(VOID3+QSHELL) **3))
SQSHELL=(1.0-EPSSHELL)*12.6% (DLAMB1* (VOID1+QSHELL) %2
+ DLAMB2* (VOID2+QSHELL) #+2 +
DLAMB3* (VOID3+QSHELL) *%2)
ROUT=QINT* (I-1)

RIN =QINT*(I-2)
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FPSHELL=4.2%(ROUT**3.0-RIN**3.0) *SQSHELL*
(QSHELL-AQSHELL)
SURFSUM=SURFSUM+4 . 2% (ROUT**3.0-RIN**3.0) *SQSHELL
SUM=SUM+FPSHELL
IF(QSHELL .LT. QCRIT)THEN
VOLSUM=VOLSUM+EPSSHELL* (4.2* (ROUT*%3,0-RIN**3.0))
ENDIF
CONTINUE
QR50=Q (ITER,KL)+0.5*( ((R(50)-(KL-1) *QINT)/QINT)*
(Q(ITER,KL+1)-Q(ITER,KL)))
AQR50=AQ(KL)+0.5* (((R(50) - (KL-1)*QINT) /QINT) * (AQ(KL+1)
-AQ(KL)))

EPSR50=1.0-DEXP ((-4.2+*DLAMB1* (VOID1+QR50) #*3) +
(-4.2+DLAMB2% (VOID2+QR50)**3)+(-4.2%DLAMB3*
(VOID3+QR50) *%3))

SQR50=(1.0-EPSR50) #12.6+ (DLAMB1 * (VOID1+QRE0) %%2

+DLAMB2# (VOID2+QR50) **2+DLAMB3* (VOID3+QR50) **2)

FPQ50=4.2+* (R(50) *#*3.0~ (QINT*(KL-1) ) **3.0)*

SQR50* (QRE0-AQR50)
VOLREO=EPSR50* (R (50) **3.0- (QINT* (KL-1) ) ¥*3,0) 4.2
SURFSUM=SURFSUM+SQR50%* (R (50) **3.0-

(QINT*(KL-1))**3.0)%4.2

EPSOLD=(VOLSUM+VOLR50) / (4.2*R(50)**3.0)
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8500 FP=(SUM+FPQ50) *RHOC*1.0D-04/ (DELT*12.6*R(50) **2.0)
8510 RETURN

8520 END

8530 C

8540 C-----------s-ccccrrcceecee e

8550 C

8560 C This routine uses the method of bisection to find the
8570 C root of the function described by TET. X1 and X2 are the
8580 C bounds of the root and must be input into the routine.
8590 C When the relative accuracy specified by XACC is reached,

8600 C the root is returned as XMID.

8610 C

8620 C

8630 SUBROUTINE RTBIS(TET,X1,X2,XACC,STEP,PEMMIS,WEMMIS,R2,
8640 1 RNEW, TNEW,FP ,XMID,SWIT)

8650 IMPLICIT REAL*8(A-H,0-2)

8660 EXTERNAL TET

8670 EXTERNAL EC,ECH,CPC,CPCH,RLAMB,EOX,ECO
8680 EXTEﬁNAL GAMMA ,RUNG,PROF ,RADIUS,ENERGY, QUE
8690 EXTERNAL STROBE,RTBISOL,RUNGSOL,EQN1,EQN2
8700 COMMON T,TWALL

8710 PARAMETER (JMAX = 500)

8720 C
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8730 DXACC=XACC

8740 - CALL TET(X1,FX1,R2,STEP,PEMMIS,WEMMIS,RNEW,TNEW,FP,SWIT)
8750 CALL TET(X2,FX2,R2,STEP,PEMMIS,WEMMIS,RNEW,TNEW,FP,SWIT)
8760 - IF(FX2*FX1 .GE. O0.0)PAUSE 'YOU BRACKET ROOT IN RTBIS’
8770 DX = X2 - X1

8780 DO 200 J = 1, JMAX

8790 DX = DX * 0.6

8800 XMID = X1 + DX

8810 CALL TET(XMID,FMID,R2,STEP,PEMMIS,WEMMIS,

8820 1 RNEW, TNEW,FP,SWIT)

8830 IF (FMID * FX1 .GT. O.O)THEN

8840 X1 = XMID

8850 FX1 = FMID

8860 ELSE

8870 X2 = XMID

8880 FX2 = FMID

8890 ENDIF

8900 IF (DABS(DX/XMID) .LT. 0.05)SWIT=1.0

8910 IF (DABS(D*/XMID) .LT. DXACC) RETURN

8920 200 CONTINUE

8930 PAUSE °'TOO MANY BISECTIONS IN RTBIS’

8940 END

8950 C
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8970 C

8980 SUBROUTINE GAMMA(GAM1,F,R1,STEP,PEMMIS,WEMMIS,RNEW,
8990 i TNEW,FP,SWIT)

9000 IMPLICIT REAL*8(A-H,0-2)

9010 EXTERNAL EC,ECH,CPC,CPCH,RLAMB,EOX,ECO

9020 EXTERNAL RUNG,PROF,RADIUS,ENERGY,QUE

9030 EXTERNAL STROBE,RTBISOL,RUNGSOL,EQN1,EQN2

9040 COMMON T, TWALL

9050 COMMON /Y1/Y1S,Y1INF

9060 C

9070 CC = -3.0043D-05

9080 C3 = (2331.5425 + GAM1)/0.3388749

9090 Y1S=(Y1INF+4.0/3.0)*((T-C3)/(TWALL-C3)) **

9100 1 0.8095478-4.0/3.0

9110 CiSURF= (1.0/(-1.0/7.0 + 8.0/(7.0%Y1S)))

9120 CALL RUNG(RADIUS.ENERGY.CISURF.STEP.PEMMIé.WEMMIS.
9130 1 GAM1,R1,RNEW,TNEW,FP,SWIT)

9140 C |

9150 IF (T .LT. TWALL) THEN

9160 HH = DSQRT(DABS(-2331.5425 - GAM1)/0.3388749)
9170 IF (GAM1 .GT.-2331.5425) THEN

9180 AR1 = -1.0+CC*((DSQRT(TWALL)-DSQRT(T))+HH/2.0%
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(DLOG ((DSQRT(TWALL) - HH)*(DSQRT(T) + HH)/
((DSQRT(TWALL) + HH)*(DSQRT(T) - HH)))))
F = AR1-R1* FP
ELSE
AR2 = -1.0%CC*((DSQRT(TWALL)-DSQRT(T))-HHx*
(DATAN (DSQRT (TWALL) /HH) -DATAN (DSQRT(T) /HH) ))
F = AR2-R1* FP
ENDIF
ELSE
FF = DSQRT(DABS(2331.5425 + GAM1)/0.3388749)
IF (GAM1 .LT.-2331.5425) THEN
AR3 = CC*((DSQRT(T)-DSQRT(TWALL))-FF*
(DATAN(DSQRT(T) /FF)-DATAN (DSQRT (TWALL) /FF)))
F = AR3-R1* FP
ELSE
AR4 = CC * ((DSQRT(T) - DSQRT(TWALL)) + FF/2.0 *
(DLOG((DSQRT(T) - FF)*(DSQRT(TWALL) + FF)/
((DSQRT(T) + FF)+*(DSQRT(TWALL) - FF)))))
F = AR4-R1* FP |
ENDIF
ENDIF
RETURN

END
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9420 C

9430 C-------=---smessmeseo—emmcm s e e m o

9440 C

9450 SUBROUTINE ENERGY(EP,PEMMIS,WEMMIS,RR,DUM2,ANST)
9460 IMPLICIT REAL*8(A-H,0-2)

9470 EXTERNAL EC,ECH,CPC,CPCH,RLAMB,EOX,ECO

9480 COMMON  T,TWALL

9490 COMMON /R/RHOC.FRAC,RPiNIT

9500‘ COMMON /SOL/VO0ID1,EPS1,DLAMB1,EPSOUT,EPSOLD,FSHED,
9510 1 EPSCRIT,V0ID2,EPS2,DLAMB2,V0ID3,EPS3,DLAMB3
9520 C

9530 SIG = 1.56956D-12

9540 IF (DUM2 .LT. 1350) THEN

9550 CPSOL= CPC(DUM2)

9560 VAL = EC(DUM2)

9570 ELSE

9580 CPSOL= CPCH(DUM2)

9590 VAL = ECH(DUM2)

9600 ENDIF

9610 ANST=(3.0/(1.0-EPSOLD) ) * ((FP+(1.0-FRAC) *FSHED) *
9620 1 VAL-EP-SIG* (PEMMIS*DUMZ**4-WEMMIS*TWALL**4))
9630 2 / (RR*RHOC*CPSOL)

9640 RETURN
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9650 END
9660 C
9670 C-----=---------c--e-smeee—ecmce——ccceceec————————
9680 C
9690 C This routine solves the coupled equations TEST1 and
9700 C TEST2 for one time step. It is a standard first order

9710 C Runge Kutta algorithm.

9720 C

9730 SUBROUTINE RUNG(TEST1,TEST2,DUMC,STEP,PEMMIS,WEMMIS,
9740 1 GAM1,RR,RNEW,TNEW,FP,SWIT)

9750 IMPLICIT REAL*8(A-H,0-Z)

9760 REAL*8 K11,K12,K13,K14,K21,K22,K23,K24

9770 EXTERNAL TEST1,TEST2

9780 EXTERNAL EC,ECH,CPC,CPCH,RLAMB,EOX,ECO

9790 EXTERNAL PROF,RADIUS,ENERGY,QUE

9800 EXTERNAL STROBE.RTBISOL.RUNGSOL,EQNI.EQN2

9810 COMMON T,TWALL

9820 COMMON /ARR/X(50) ,R(50),Y1(560),Y2(60)

9830 COMMON /SOL/VOIDi,EPS1,DLAMB1,EPSOUT,EPSOLD,FSHED,
9840 1 V0ID2,EPS2,DLAMB2,V0OID3,EPS3,DLAMB3
9850 COMMON /R/RHOC,FRAC,RPINIT

9860 COMMON /CS/CSTAR,TAU,XACC,SURFSUM

9870 C
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9880 IF(SWIT .EQ. 0.0)THEN

9890 ITER=4

9900 CALL PROF(ITER,R1,T,DUMC)

9910 DIFF=3.13+(T/1500)**1.75

9920 FP=1.0D04+Y2(50) *DIFF*EPSOUT*24 .0/ (TAU*82 .05%T)
9930 RETURN

9940 ENDIF

9950 DUM1=RR

9960 DUM2=T

9970 ITER=4

9980 CALL PROF(ITER,DUM1,DUM2,DUMC)

9990 CALL TEST1(STEP,DUM2,ITER,DRDT,FP)

10000 EP=FP+GAM1

10010 CALL TEST2(EP,PEMMIS,WEMMIS,DUM1,DUM2,DTDT)
10020 K11=DRDT

10030 K21=DTDT

10040 RNEW = RR + STEP#K11

10050 TNEW = T + STEP*K21

10060 RETURN

10070 END

10080 C

10090 €= === === === m o e

10100 C
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10110 SUBROUTINE RADIUS(TMSTP,DUM2,ITER,ANS,FP)
10120 IMPLICIT REAL*8(A-H,0-Z)

10130 EXTERNAL QUE

10140 €

10150 CALL QUE(DUM2,TMSTP,DRDT,ITER,FP)

10160 ANS=DRDT

10170 RETURN

10180 END

10190 C

10200 === == === m oo o L
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AIX.5 PCONC.FOR
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This program simulates the combustion of a single porous
carbon particle. The particle is assumed to be isothermal
internally. It has spherical voids distributed inside.
Three sizes of voids corresponding to macro, transition
and micro pores are used to describe the internal

structure.

The reaction rate has a nonlinear dependence on the oxygen
concentration at the particle surface. This function is

a n-th power expression where m can be varied between O
and 1. For small values of m, thé problem becomes very
stiff and concentration is zero inside of the particle
except in a thin outer shell. Thus the asymptotic model
MENU can be used for those cases with proper reactioﬁ

rate expressions.

As combustion proceeds, the local recession, which is a
function of the local oxygen concentration and the particle
temperature is computed at 50 fixed points within the
particle. This local recession, Q, determings the local

void fraction and the local surface area at any radial
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location. The bulk diffusion coefficient is used throughout.
It is modified to account for the local void fraction
according to the Satterfield relation. The diffusion
equation is solved inside the particle to determine the
oxygen profile inside the particle. The boundary conditions
are zero gradient at the particle center and known surface

concentration determined by solving the gas phase equations.

The particle radius changes in two ways. Until the

external void fraction reaches the user-set value, radius
changes due to reaction. However, once the external void
fraction reaches the critical value, that portion of the
solid in which the void fraction exceeds or equils the

the critical value is shed. The particle temperature is
determined by an overall energy balance including radiation

conduction and convection terms.

The gas phase is assumed to be quasi-steady relative to the
solid for a given time step. The heterogenous reaction

at the solid is 2C + 02 ---> 2C0 and in the gas phase,

the CO oxidation is assumed to be far enough from the
particle so as to have no thermal effect on the particle._

The gas phase equations include the Stefan flow term.
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450 C Gas phase properties are calculated using kinetic theory
460 C of gases. The integral equations are solved analytically.
470 C
480 C No attempt has been made to simulate the presence of ash in
490 C this version.
500 C
510 C----~~==---cccecmcecm—eeemmmccommo—om—ooooocomo
520 C

530 C Declarations.

540 C

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

560 CHARACTER*1b IFILE

570 CHARACTER*1 QRESP

580 C

590 DIMENSION WK(54)

600 C

610 EXTERNAL EC.ECH.CPC.CPCH.RLAMB.EOX;ECO
620 EXTERNAL GAMMA,PROF,RADIUS,ENERGY,QUE
630 EXTERNAL STROBE.RTBISDL;EQNI.EQNZ

640 EXTERNAL QCR,SHOOT

650 C

660 COMMON T,TWALL

670 COMMON /R/RHOC,FRAC,RPINIT
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680 COMMON /SOL/VOID1,EPS1,DLAMB1,EPSOUT,EPSOLD,FSHED,
690 1 EPSCRIT,VOID2,EPS2,DLAMB2,V0ID3,EPS3,DLAMB3
700 COMMON /MISC/C,XLOW,AO,BO,XFAC,ACEN

710 COMMON  /ARR/X(50) ,R(50),Y1(50),Y2(50)

720 COMMON /CS/CSTAR,TAU,XACC,SURFSUM

730 COMMON /QS/Q(4,50) ,DQDR(4,50) ,QINT,QBAR,QCRIT

740 COMMON /AQ/AQ(50) ,ADQDR (50)

750 COMMON /Y1/Y1S,Y1INF

760 COMMON  /POW/POW

770 C

780 C-==--=-om-ccmemommcc e e

790 C

800 C Interactive program parameter inputs.

810 C

820

830 WRITE(*,9)

840 9 FORMAT (1x, "WANT TO READ THE PCONC.INP FILE (Y OR N)?°)
850 READ(*,8) QRESP

860 8 FORMAT (A1)

870 IF((QRESP .EQ. °y') .OR. (QRESP .EQ .'Y'))GOTO 2000
880
890 WRITE(*,10)

900 10 FORMAT (1x, "ENTER SOLID DENSITY IN G/CC')
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READ (*,*)RHOC

WRITE(*,11)
FORMAT(1x, "ENTER WALL AND INIT. PART. TEMPS IN K')

READ(*,*)TWALL,TPINIT

WRITE(*,12)
FORMAT(1x, "ENTER THE CRITICAL VOLUME FRACTION')

READ (*,*)EPSCRIT

WRITE(*,13)
FORMAT(1x, 'INIT PART., VOID RADII(mu) AND VOIDFRACTIONS
(BIG --> SMALL)')

READ(*,*)RPINIT,VOID1,V0ID2,V0ID3,EPS1 ,EPS2,EPS3

WRITE(*,14)
FORMAT(ix, 'ENTER THE 02 PART. PRES. IN THE AMBIENT')

READ(*,*)C1INF

WRITE(*,15)
FORMAT(1x, "ENTER THE WALL AND CARBON EMMISIVITIES')

READ (*, *) WEMMIS,PEMMIS
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WRITE(*,16)
FORMAT( 1x,°'ENTER FRAC ,POW °)

READ (*,*)FRAC,POW

WRITE(*,17)
FORMAT( 1x,'ENTER XFAC, ACEN AND TIMESTEP')

READ(*,*)XFAC,ACEN,STEPO

WRITE(*,18)
FORMAT(1X, 'ENTER ES1,ES2,XACC (O < ES1 << ES2) *)

READ(*,*)ES1 ,ES2,XACC

WRITE(*,19)
FORMAT( 1x,°ENTER THE NO. OF TIMESTEPS, TAU AND CSTAR’)

READ (*,*)NMAX,TAU,CSTAR

WRITE(*,21)
FORMAT( 1x,°ENTER THE OUTPUT FILENAME (NOT #*.INP !)°)
READ(*,22)IFILE

FORMAT(A1B)

GOTO 2500
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1370 2000 OPEN(1,FILE='PCONC.INP',STATUS='0OLD’)

1380 READ(1,*,END=129)RHOC, TWALL ,TPINIT,EPSCRIT,RPINIT,VOID1,
1390 1 voID2,V0ID3,EPS1,EPS2,EPS3,C1INF,WEMMIS,PEMMIS,FRAC,
1400 2 POW,XFAC,ACEN,STEPO,ES1,ES2,XACC,NMAX, TAU,CSTAR

1410 CLOSE(1)

1420

1430

1440 129 WRITE(*,30)RHOC

1450 30 FORMAT(1x,'1. SOLID DENSITY IN G/CC:

1460 i *,F8.4,/)
1470
1480 WRITE(*,31)TWALL,TPINIT

1490 31  FORMAT(1x,°'2. WALL AND INIT. PARTICLE TEMPS. IN K: °,

1500 1 F10.4,3X,F10.4,/)
1510
1520 WRITE(*,32)EPSCRIT

1530 32  FORMAT(1x,°'3. THE CRITICAL VOLUME FRACTION: °,F8.4,/)
1540

1550 WRITE(*,33)RPINIT,VO0ID1,V0ID2,V0ID3,EPS1,EPS2,EPS3

1560 33  FORMAT(1x,'4. INIT. PART., VOID RADII(mu) AND VOIDFRAC.:®
1570 1 ,/7610.4,/)

1580

1590 WRITE(*,34)C1INF



- 560 —
1600 34 FORMAT(1x,°'5. THE 02 PART. PRES. (AMBIENT): ;.F8.4./)
1610
1620 WRITE(*,35)WEMMIS,PEMMIS

1630 35 FORMAT(1x,°'6. THE WALL AND CARBON EMMISIVITIES: °,

1640 1 F6.4,3X,F6.4,/)
1650
1660 WRITE(*,36)FRAC,POW

1670 36 FORMAT( 1x,°'7. FRAC ,POW : ' ,F8.2,2X,E9.4,/)
1680
1690 WRITE(*,37)XFAC,ACEN,STEPO

1700 37 FORMAT( 1x,°'8. THE FACTOR XFAC, ACEN AND TIMESTEP: °,

1710 1 F10.4,3X,F10.2,3X,F8.6.,/)
1720
1730 WRITE(*,38)ES1,ES2,XACC

1740 38 FORMAT(1X,°'9. ES1,ES2,XACC (0 < ES1 << ES2): °,

1750 1 E9.4,3X,E9.4,3X,E9.4,/)
1760
1770 WRITE(*,39)NMAX,TAU,CSTAR

1780 39 FORMAT(1x,'10. NO. OF STEPS, TAU, CSTAR:',I8,2X,2F12.4,/)
1790

1800 WRITE(*,41)

1810 41 FORMAT( 1x,'ENTER THE‘OUTPUT FILENAME (EXCEPT *.INP !)°)

1820 READ(*,42)IFILE
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1830 42 FORMAT(A15)
1840
1850 1990 WRITE(*,43)

1860 43 FORMAT(1X, °ENTRY NO. TO BE ALTERED (O TO RUN)°*)

1870 READ(*, *) NALT

1880 IF(NALT .EQ. 0)GOTO 2500
1890 IF(NALT .EQ. 1)GOTO 2010
1900 IF(NALT .EQ. 2)GOTO 2020
1910 IF(NALT .EQ. 3)GOTO 2030
1920 IF(NALT .EQ. 4)GOTO 2040
1930 IF(NALT .EQ. 5)GOTO 2050
1940 IF(NALT .EQ. 6)GOTO 2060
1950 IF(NALT .EQ. 7)GOTO 2070
1960 IF(NALT .EQ. 8)GOTO 2080
1970 IF(NALT .EQ. 9)GOTO 2090
1980 IF(NALT .EQ. 10)GOTO 2100
1990 GOTO 1990

2000

2010 2010 WRITE(*,10)

2020 READ(*,*)RHOC
2030 GOTO 1990
2040

2050 2020 WRITE(%,11)
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READ (*,*) TWALL,TPINIT

GOTO 1990

WRITE(*,12)
READ (*,*)EPSCRIT

GOTO 1990

WRITE(*,13)
READ(*,*)RPINIT,VOID1,V0ID2,VOID3,EPS1,EPS2,EPS3

GOTO 1990

WRITE(*,14)
READ (*,*)C1INF

GOTO 1990

WRITE(*,15)
READ (*, *) WEMMIS ,PEMMIS

GOTO 1990

WRITE(*,16)
READ(*,*)FRAC,POW

GOTO 1990
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WRITE(*,17)

"READ (* ,*)XFAC,ACEN,STEPO

GOTO 1990

WRITE(*,18)
READ(*,*)ES1,ES2,XACC

GOTO 1990

WRITE(*,19)
READ (* ,*)NMAX, TAU,CSTAR

GOTO 1990

OPEN(1,FILE="PCONC.INP’,STATUS="NEW"')

WRITE(1,#*)RHOC,TWALL,TPINIT ,EPSCRIT,RPINIT,VOID1,VO0ID2,
VvOID3,EPS1,EPS2,EPS3,C1INF,WEMMIS,PEMMIS,FRAC,
POW.XFAC.ACEN.STEPO.ESi.ESZ.XACC.NMAX.TAU.CSTAR

CLOSE(1)

Main Program.
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After initialization of various parameters, the main
loop begins. C1INF and Y1INF are the mole and mass
fractions of oxygen far from the particle. A is used
to calculate the mass fractions of the other species.
EPSCRIT is the critical void fraction at which shedding
starts. QINT is the interval between the 50 fixed

peoints where Q's are calculated.

The porosity in the solid is characterized by the

three parameters EPS, VOID and DLAMB for each void size.
The porosity is obtained by polydisperse spherical voids
whose initial sizes are VOID1, VOID2 and VOID3 microns.
The initial void fractions are EPS1, EPS2 and EPS3
respectively. From the EPS's and VOID's, the DLAMB's (the
number densities of the voids (#/vol)) are obtained.

DLAMB’s remain constant thereafter.

Factors of 1D4 or 1D-4 occur in converting from cms. to

microns and back.

RTBIS is called to calculate the carbon flux from the
solid. It calls GAMMA which in turn calls SOLID. SOLID

solves for the oxygen concentration profile inside the
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particle using EQN1 and EQN2. It uses a shooting method
to solve the two-point boundary value problem for the

profile.

The routine RUNG uses a fourth order Runge-Kutta scheme
to solve the simultaneous equations for particle radius
and temperature. It calls ENERGY and RADIUS. The latter
calls SOLID and QUE to actually calculate DR/DT. The
routine QUE caiculates the recession at points inside
the particle and checks to see if the critical recession

(calculated from EPSCRIT) is reached at the surface.

The concentration profiles in the particle are written

into a file called PRO.DAT at every 20th step.

After a profile has been calculated, PLACE is called.
This routine rearranges the R’'s such that more points
are put in the region where the profile has steeper

gradients.

The reaction rate expression is from Smith's paper (1974).
It is based on the external surface area.

XFAC multiplies the pre-exponential factor and can be
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adjusted. The concentration is raised to the m-th power.

RATE = XFAC*305*DEXP(-ACEN/(1.98%T))*CONC**m [G/CM~2-§]

Initialization.

Initially equally spaces R's

DO 1563 I=1,560

FIX=I-1

R(I)=FIX*RPINIT/49.0

CONTINUE

DO 156 L=1,60
AQ(L)=0.0
ADQDR(L)=0.0

CONTINUE

Y1INF=(C1INF*32.0)/(C1INF*32.0+(1.0-C1INF)#*28.0)

A= (1.0/ (1.0 - YI1INF)) * (Y1INF / 4.0)

FP=0.0
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TIME = 0.0

DTDR = 0.0
FLAG=1.0

CONV=0.0

LIE=1
QINT=RPINIT/49.0

T = TPINIT
TPOLD=TPINIT

RP = RPINIT
ROLD=RPINIT*1.0D-04
CiS = C1INF

Y10LD=Y1INF

Y1S=Y1INF

DLAMB3=-1.0%DL0G(1.0-EPS3)/(4.2+*V0OID3+VOID3*V0ID3)
DLAMB2=(-1.0*DL0G(1.0-EPS3-EPS2)-DLAMB3*
(4.2+%V0ID3+VOID3+VOID3)) /(4.2+VOID2*V0OID2*VOID2)
DLAMB1=(-1.0*DL0G(1.0-EPS3-EPS2-EPS1)-DLAMB3*4.2+V0ID3**3
~-DLAMB2%4 .2*V0ID2#%3) /(4 .2%¥VOID1%%3)
EPS=1.0-DEXP((-4.2*DLAMB1* (VOID1)*%*3)+(-4.2*DLAMB2*
(VOID2) **3)+(-4.2+DLAMB3* (VOID3) *#*3))
SURF=((1.0-EPS)*12.6*(DLAMBl*VOIDi**Z

+DLAMB2*V0OID2**2+DLAMB3*V0ID3**2))/(RHOC*(1.0-EPS))
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3440 EPSOLD=EPS

3450 EPSOUT=EPS

3460 EPSINIT=EPS

3470 C

3480 C

3490 OPEN(2,FILE=IFILE,STATUS="NEW" ,FORM="FORMATTED")
3500 OPEN(3,FILE="PRO.DAT’ ,STATUS="NEW" ,FORM="FORMATTED")
3510 WRITE(2,900) TIME,CONV,RP,T,C1S,FP,SURF,EPSOLD,EPSOUT
3520 WRITE(*,900) TIME,CONV,RP,T,C1S,FP,SURF,EPSOLD,EPSOUT

3530 900 FORMAT(1X,3F9.4,1X,F7.2,1X,2F8.6,1X,F6.2,1X,
3540 1 F6.4,1X,F6.4)

3550 C

3560 C X1 and X2 are appropriate brackets for GAM.

3570 C Typically, ES1 is 0(1D-6), while ES2 is 0(1Di1).

3580 C

3590 IF ( TPINIT .LT. TWALL) THEN

3600 X1 = ( -2331.5425 + 0.3388749+TPINIT) - ES2
3610 X2 = ( -2331.5425 + 0.3388749+TPINIT) - ES1
3620 ELSE

3630 X1 = ( -2331.5425 + 0.3388749+TPINIT) + ESi

3640 X2 = ( -2331.5425 + 0.3388749+TPINIT) + ES2

3650 ENDIF

3660 C
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3670 C Calculation of QCRIT.

3680 C

3690 GUESSi=(-1.0*DLOG(l.O-EPSCRIT)/(QLAMBI*4.2))**.33-VDID1
3700 GUESS2=0.0

3710 CALL RTBISOL(QCR,GUESS2,GUESS1,XACC,RSLT)

3720 QCRIT=RSLT

3730 C

3740 C

3750 C Main loop begins.

3760 C

3770 C

3780 DO 1000 I = i, NMAX
3790 SWIT=0.0

3800 - STEP=STEPO

3810 RR = RP * 1.0D-04
3820 C

3830 C RTBIS merged here.

3840 C

3850 DXACC=XACC

3860 : CALL GAMMA(X1,FX1,RR,STEP,PEMMIS,WEMMIS,
3870 1 RNEW, TNEW,FP,SWIT)

3880 CALL GAMMA(X2.FX2.RR.STEP.PEMMIS.WEMMIS,

3890 1 RNEW, TNEW,FP,SWIT)
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IF(FX2*%FX1 .GE. 0.0) PAUSE °'BRACKET ROOT IN MAIN’®

DX = X2 ~ X1

DO 200 J = 1, BOO

DX = DX * 0.5
ANSW = X1 + DX
CALL GAMMA (ANSW,FMID,RR,STEP,PEMMIS,WEMMIS,
RNEW, TNEW,FP,SWIT)
IF (FMID * FXi .GT. O.0)THEN
X1 = ANSW
FX1 = FMID
ELSE
X2 = ANSW
FX2 = FMID
ENDIF
IF (DABS(DX/ANSW) .LT. 0.20)SWIT=1.0

IF (DABS(DX/ANSW) .LT. DXACC) GOTO 111

CONTINUE

PAUSE °'TOO MANY BISECTIONS IN MAIN'

FP1

FP2

-1.3333 * FP

2.3333 * FP

EPF=ANSW*FP



4130

4140

4150

4160

4170

4180

4190

4200

4210

4220

4230

4240

4250

4260

4270

4280

4290

4300

4310

4320

4330

4340

4350
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c DTDR=-1.0D-4% (EPF-FP1*E0X(T) -FP2+EC0(T) ) /RLAMB(T)
DUMC= (1.0/(-1.0/7.0 + 8.0/(7.0%Y18)))
RBAR=(ROLD+RNEW) /2.0
FSHED=0.333#(1.0-EPSOUT) *RHOC*

1 (ROLD*%3.0-RNEW**3.0) / (STEP*RBAR*%2.0)

ROLD=RNEW
RP = 1.0D4*RNEW
CONV=1.0-((RP/RPINIT)*%3.0)*((1.0-EPSOLD)/(1.0-EPSINIT))
SURF=SURFSUM#1.0D-12/ (4 .2*RNEW**3 0% (1.0-EPSOLD) *RHOC)
T = TNEW
TIME = TIME + 1.0D3*STEP
TPOLD=T

c

C  Writing profiles to PRO.DAT

c IF(MOD(I,10) .EQ. O)THEN
DO 148 LI=1,50
WRITE(3,147)R(LI) ,Y1(LI)
148 CONTINUE
c ENDIF
147  FORMAT(6X,2G12.4)
C
c Writing results to data file.
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4360 C
4370 - WRITE(2,900)TIME,CONV,RP,T,DUMC,FP,SURF ,EPSOLD,EPSOUT
4380 WRITE(*,900) TIME,CONV,RP,T,DUMC,FP, SURF,EPSOLD ,EPSOUT
4390 C

4400 C Equispacing R’s

4410 C

4420 DO 1567 KI=1,60

4430 FIX=KI-1

4440 R(KI)=FIX*RP/49.0

4450 1567 CONTINUE

4460 C
4470 DO 158 LI=1,50

4480 | AQ(LI)=Q(4,LI)

4490 ADQDR(LI)=DQDR(4,LI)

4500 158 CONTINUE
4510 C

4520 C Reducing brackets for next call of ANS.

4530 C

4540 IF ( T .LT. TWALL) THEN

4550 X1 = ANSW - DABS(4.0*ANSW)

4560 X2 = ( -2331.5425 + 0.3388749*T ) - ESt
4570 ELSE

4580 X1 = ( -2331.5425 + 0.3388749*T ) + ESi



4590
4600
4610
4620
4630
4640
4650
4660
4670
4680
4690
4700
4710
4720
4730
4740
4750
4760
4770
4780
4790
4800

4810
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X2 = ANSW + DABS(4.0%ANSW)

ENDIF
C
c Program exit condition.
c

IF((EPSOLD .GE. EPSCRIT) .CR.
1 (R(50) .LE. 0.0))GOTO 1001
c
1000 CONTINUE
c
1001 CLOSE(2)

CLOSE(3)

CONTINUE

STOP

END
c
c Main loop and main program end.
c
Crrmmrcr e e e rr e e e e, — - -—-—————
o e et bl bk it Rt DD D L Dl
c
c Property subprograms.



4820

4830

4840

4850

4860

4870

4880

4890

4900

4910 ¢

4920
4930
4940
4950
4960
4970
4980
4990
5060
5010
5020
5030

5040

RLAMB:

EOX

ECO

EC

ECH

CPC

CPCH
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gas thermal conductivity (cal/cm-K) [300-2500K]
from Eckert. The COEFFS are in W/m-K for D in K

Form NOT used here.

:oxygen enthalpy (cal/gmol). Ref. state is 0.0 at

208K. Valid for 298-2500K. Heat capacities assumed

constant. From Smith and VanNess. Form NOT used.

:CO0 enthalpy. As above except ref. state.

:Carbon enthalpy (cal/g) [LT 1350K](COAL DATA BOOK)
:Carbon enthalpy (cal/g) [GE 1350K](COAL DATA BOOK)
:Carbon heat cap. (cal/g-K) [LT 1350K] (COAL DATA BOOK)

:Carbon heat cap. (cal/g-K) [GE 1350K] (COAL DATA BOOK)

REAL*8 FUNCTION RLAMB(D)

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

REAL*8 LGO,LG1,LG2,LG3

LGO

LG1

LG2

LG3-

-1.333D-03

1.036D-04

-4.715D-08

1.341D-11

RLAMB = (1.0/418.0)#*(LGO+LG1*D+LG2*(D*D)+LG3*(D*D*D))

RETURN

END
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5050 C

5060 C

5070 REAL*8 FUNCTION EO0X(D)

5080 IMPLICIT REAL*8(A-H.0-Z)

5090 CPOXO = 7.16

5100 CPOX1 = 0.001

5110 CPOX2 = ~-40000.0

5120 EOX = (CPOXO*(D - 298) + (CPOX1 / 2.0)*(D*D - 208+%298)
5130 1 + CPOX2%(1.0/D - 1.0/298)) / 32.0 |
5140 RETURN

5150 END

5160 C

5170 C

5180 REAL*8 FUNCTION ECO(D)

5190 IMPLICIT REAL*8(A-H,0-2)

5200 CPCOO = 6.79

5210 CPCO1 = 0.00098

5220 CPC02 = -11000.0

5230 DELH.= -26416.0

5240 ECO = (DELH+CPCO00*(D-298)+(CPC01/2.0)*(D*D-298%298)
5250 1 + CPC02%(1.0/D - 1.0/298))/ 28.0

5260 RETURN

5270 END
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5280 C

5290 C

5300 REAL*8 FUNCTION EC(D)

5310 IMPLICIT REAL*8(A-H,0-2)

5320 CPCO = 0.024

5330 CPC1 = 6.953D-04

5340 CPC2 = -2.841D-07

5350 ~ EC = CPCO*(D - 298) + (CPC1 / 2.0)*(D*D - 298%298)
5360 1 + (CPC2 / 3.0)*(D*D*D - 298%298%298)
5370 RETURN

5380 END

5390 C

5400 REAL*8 FUNCTION ECH(D)

5410 IMPLICIT REAL*8(A-H,0-2)

5420 CPCHO = 0.36

5430 CPCH1 = 6.931D-05

5440 ECH = CPCHO*(D - 298) + (CPCH1 / 2.0)*(D*D - 298%298)
5450 RETURN

5460 END

5470 C

5480 C

5490 REAL*8 FUNCTION CPC(D)

5500 IMPLICIT REAL*8(A-H,0-2Z)



5510

5520

5530

5540

5550

5560

5570

5580

5590

5600

5610

5620

5630

5640

5650

5660

5670

5680

5690

5700

5710

5720

5730
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CPCO = 0.024
CPC1 = 6.953D-04
CPC2 = -2.841D-07

CPC = CPCO + CPC1 * D + CPC2 * D * D
RETURN

END

REAL*8 FUNCTION CPCH(D)
IMPLICIT REAL#8(A-H,0-2)

CPCHO = 0.36

CPCH1

6.931D-05
CPCH = CPCHO + CPCHL * D
RETURN

END
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SUBROUTINE RTBISOL(TET,X1,X2,XACC,XMID)
IMPLICIT REAL*8(A-H,0-2)
EXTERNAL TET

PARAMETER (JMAX = 500)

CALL TET(X1,FX1)



5740

5750

5760

5770

5780

5790

5800

5810

5820

5830

5840

5850

5860

5870

5880

5890

5900

5910

5920

5930

5940

5950

5960
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CALL TET(X2,FX2)
IF(FX2+*FX1 .GE. 0.0) PAUSE 'BRACKET ROOT IN RTBISOL®
DX=X2-X1

DO 200 J

1, JMAX
DX = DX * 0.5
XMID = X1 + DX
CALL TET(XMID,FMID)
IF (FMID * FX1 .GT. O.0)THEN
X1 = XMID
FXi1 = FMID
ELSE
X2 = XMID
FX2 = FMID
ENDIF
IF (DABS(DX) .LT. XACC) RETURN
200 CONTINUE
PAUSE 'TOO MANY BISECTIONS IN RTBISOL'’

END
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SUBROUTINE QCR(P,FUNT)

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



5970
5980
5990
6000
6010
6020
6030
6040
6050
6060
6070
6080
6090
6100
6110
6120
6130
6140
6150
6160
6170
6180

6190
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COMMON /SOL/VOID1,EPS1,DLAMB1,EPSOUT,EPSOLD,FSHED,

1 EPSCRIT,V0ID2,EPS2,DLAMB2,V0IDS,EPS3,DLAMB3

FUNT=DLAMB1* (VOID1+P) #*3+DLAMB2% (VOID2+P) #*3+
1 DLAMB3# (VOID3+P)**3 + DLOG(1.0-EPSCRIT)/4.2
RETURN

END

SUBROUTINE PROF(LIE,ITER,RPIN,T,BETA)
IMPLICIT REAL*8(A-H,0-2)

EXTERNAL SHOOT,STROBE,RTBISOL,EQN1,EQN2
COMMON /ARR/X(50) ,R(80),Y1(50),Y2(50)
COMMON /MISC/C,XLOW,AO,BO,XFAC,ACEN |

COMMON  /JW/JWARN

RSTART=R(LIE)
BO=R(50)

Yi1BASE=BETA
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6200 ALPHAB=1.0D-04

6210 ALPHAA=0.0

6220 GRADO=0.0

6230 CALL SHOOT(T,GRADO,ALPHAA,ALPHAB,Y1BASE,RSTART,LIE)
6240 IF(Y1(1) .GE. 1.0D-10)RETURN

6250 C

6260 DO 201 J=1,10

6270 DO 101 I=1,49

6280 IF ((Y1(I).LT.1.0D-10) .AND. (Y1(I+1).GE.1.0D-10))THEN
6290 RSTART=R(I)

6300 LIE=I

6310 Y1BASE=BETA

6320 ALPHAB=Y1(LIE+1)+1.0D-07

6330 ALPHAA=0.0

6340 GRADO=0.0

6350 CALL SHOOT(T,GRADO,ALPHAA,ALPHAB,Y1BASE,RSTART,LIE)
6360 IF(JWARN .NE. 100) RETURN |

6370 ENDIF

6380 101 CONTINUE
6390 201 CONTINUE
6400 RETURN
6410 END

6420 C



6430 C-------------c--ccc----scmemmccccme e m e
6440 C

6450 SUBROUTINE SHOOT(T,GRADO,ALPHAA,ALPHAB,Y1BASE,RSTART,LIE)
6460 IMPLICIT REAL*8(A-H,0-Z)

6470 EXTERNAL STROBE,EQN1,EQN2,RTBISOL

6480 COMMON  /JW/JWARN

6490 C

6500 Y1INIT=ALPHAA

6510 Y2INIT=GRADO

6520 CALL STROBE(T,Y{INIT,Y2INIT,RSTART,LIE,ANS)
6530 VOUTA=ANS

6540 Y1INIT=ALPHAB

6550 Y2INIT=GRADO

6560 CALL STROBE(T,Y1INIT,Y2INIT,RSTART,LIE,ANS)
6570 VOUTB=ANS

6580 TOLR=0.0001

6590 DO 100 J=1,100

6600 JWARN=J

6610 ALP=ALPHAA+ (ALPHAB-ALPHAA) * (Y1BASE-VOUTA) / (VOUTB-VOUTA)
6620 Y1INIT=ALP

6630 Y2INIT=GRADO

6640 CALL STROBE(T,Y1INIT,Y2INIT,RSTART,LIE,ANS)

6650 VALOUT=ANS



6660
6670
6680
6690
6700
6710
6720
6730
6740
6750
6760
6770
6780
6790
6800
6810
6820
6830
6840
6850
6860
6870

6880
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IF (DABS((VALOUT-Y1BASE)/Y1BASE) .LT. TOLR)THEN
GOTO 201
ELSEIF(VALOUT .GT. Y1BASE)THEN
ALPHAB=ALP
VOUTB=VALOUT
GOTO 199
ELSEIF(VALOUT .LT. Y1BASE)THEN
ALPHAA=ALP
VOUTA=VALOUT
GOTO 199
ENDIF
199 CONTINUE
100 CONTINUE
201 RETURN

END

- - W e W W W e W e SR e e G D @S W W Gh G R WP W R G D WD S W e e e

SUBROUTINE STROBE(T,Y1INIT,Y2INIT,RSTART,LIE,SHOT)
- IMPLICIT REAL*8(A-H,0-Z)

REAL*8 K11,K12,K13,K14,K21,K22,K23,K24

EXTERNAL RTBISOL,EQN1,EQN2

COMMON /ARR/X(50) ,R(50),Y1(50),Y2(50)



6890

6900

6910

6920

6930

6940

6950

6960

6970

6980

6990

7000

7010

7020

7030

7040

7050

7060

7070

7080

7090

7100

7110

c
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IF(RSTART .EQ. O.O)THEN
Y1(1)=Y1INIT
Y2(1)=Y2INIT
L=2

ELSE
DO 200 J=1,LIE

Y1(J)=0.0
Y2(J)=0.0
200 CONTINUE
Y1 (LIE+1)=Y1INIT
Y2(LIE+1)=Y2INIT
L=LIE+2

ENDIF

D0 600 I=L,50
RINIT=R(I-1)
Y1INIT=Y1(I-1)
Y2INIT=Y2(I-1)

H=R(I)-R(I-1)

Following is the old RUNGSOL routine now absorbed here.

XP=RINIT



7120

7130-

7140

7150

7160

7170

7180

7190

7200

7210

7220

7230

7240

7250

7260

7270

7280

7290

7300

7310

7320

7330

7340
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DUM1=Y1INIT
DUM2=Y2INIT
CALL EQN1(DUM1,DUM2,DY1DT)
CALL EQN2(T,XP,DUM1,DUM2,DY2DT)
K11=DY1DT
K21=DY2DT
XP=XP+H/2.0

DUM1

Y1INIT+ K11*H/2.0

DUM2 = Y2INIT + K21%H/2.0

CALL EQN1(DUM1i,DUM2,DYIDT)

CALL EQN2(T,XP,DUM1,DUM2,DY2DT)

K12 = DY1DT

K22

DY2DT

DUM1 = Y1INIT + K12+H/2.0

DUM2 = Y2INIT + K22xH/2.0
CALL EQN1(DUM1,DUM2,DY1DT)

CALL EQN2(T,XP,DUM1,DUM2,DY2DT)

K13 = DY1IDT

K23 = DY2DT

XP=XP+H/2.0

DUM1 = Y1INIT + K13*H

DUM2

Y2INIT + K23#*H

CALL EQN1(DUM1,DUM2,DY1DT)



7350

7360

7370

7380

7390

7400

7410

7420

7430

7440

7450

7460

7470

7480

7490

7500

7510

7520

7530

7540

7550

7560

7570
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CALL EQN2(T,XP,DUM1,DUM2,DY2DT)

Ki4 = DY1DT
K24 = DY2DT
ANS = Y1INIT + H*(K11 + 2.0%K12 + 2.0%K13 + K14)/6.0

ANSP = Y2INIT + H*(K21 + 2.0%K22 + 2.0*K23 + K24)/6.0

Y1(I)=ANS

Y2(I)=ANSP

600 CONTINUE

o]

SHOT=Y1(50)
RETURN

END
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DY1iDT is in molfrac/micron.

SUBROUTINE EQN1(DUM1,DUM2,DY1DT)

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

DY1DT = DUM2
RETURN

END
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7580 C

7590 C--------c==--c-seccmoremem oo oo moo

7600 C

7610 | SUBROUTINE EQN2(T,XP,DUM1,DUM2,DY2DT)

7620 IMPLICIT REAL*8(A-H,0-2Z)

7630 COMMON /MISC/C,XLOW,AO0,BO,XFAC,ACEN

7640 COMMON /sOL/vVOID1,EPS1,DLAMB1,EPSOUT,EPSOLD,FSHED,

7650 1 , EPSCRIT,V0ID2,EPS2,DLAMB2,V0ID3,EPS3,DLAMB3
7660 COMMON /QS/Q(4,50) ,DQDR(4,50) ,QINT,QBAR,QCRIT

7670 COMMON /CS/CSTAR,TAU,XACC,SURFSUM

7680 COMMON /R/RHOC,FRAC,RPINIT

7690 COMMON /POW/POW

7700 C

7710 KL=INT(XP/QINT)+1

7720 QBARL=Q(4,KL)+((XP-(KL-1)*QINT)/QINT)*(Q(4,KL+1)-Q(4,KL))
7730 DQBARL=DQDR (4,KL)+((XP-(KL-1)*QINT) /QINT) *(DQDR(4 ,KL+1)~-
7740 1 DQDR(4,KL)) |

7750 EPS=1.0-DEXP ((-DLAMB1%4.2*(VOID1+QBARL) **3)+(-DLAMB2*4.2%
7760 1 (VOID2+QBARL)**3)*(-DLAMBS*4.2*(V0iD3*QBARL)**3))
7770 SQ=(1.0-EPS)*12.6%(DLAMB1*(VOID1+QBARL) **2

7780 1 +DLAMB2# (VOID2+QBARL) **2 + DLAMB3*(VOID3+QBARL)**2)
7790 FREQ=305.0

7800 DIFF=3.13*(T/1500.0) **1.76
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7810 E=ACEN/1.98
7820 RHOG=1.0/(82.05*T)
7830 C1=TAU*FREQ*XFAC/ (24 .0*DIFF*RHOG)
7840 IF(XP .GT. CSTAR)THEN
7850 DY2DT = C1*DEXP(-E/T)*SQ*1D-04*DUM1**POW/EPS
7860 1 ‘ -2.0+DUM2/XP-SQ*DQBARL*DUM2/EPS
7870 ELSE
7880 DY2DT = C1*DEXP(-E/T)*SQ*1D-04*DUM1**POW/EPS
7890 1 -SQ*DQBARL*DUM2/EPS
7900 ENDIF
7910 RETURN
7920 END
7930 C
- 7940 C----=--=------ce-cec-ccecscemmmc oo eeme oo
7950 C
7960 SUBROUTINE QUE(T,DELT,DRDT,ITER,FP)
7970 IMPLICIT REAL*8(A-H,0-2)
7980 DIMENSION Y1BAR(50),Y2BAR(60)
7990 COMMON /ARR/X(50) ,R(60),Y1(50),Y2(50)
8000 COMMON /MISC/C,XLOW,AO,BO,XFAC,ACEN
8010 COMMON /SOL/VOID1,EPS1,DLAMB1,EPSOUT,EPSOLD,FSHED,
8020 1 EPSCRIT,V0ID2,EPS2,DLAMB2,V0ID3,EPS3,DLAMB3

8030 COMMON /QS/Q(4,50) ,DQDR(4,60) ,QINT,QBAR,QCRIT



8040
8050
8060
8070
8080
8090
8100
8110
8120
8130
8140
8150
- 8160
8170
8180
8190
8200
8210
8220
8230
8240
8250

8260

COMMON

COMMON

COMMON

COMMON
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/R/RHOC,FRAC,RPINIT
/CS/CSTAR, TAU,XACC,SURFSUM
/AQ/AQ(50) ,ADQDR (50)

/POW/POW

FREQ=305.0

E=ACEN/1.98

C2=FREQ*XFAC/RHOC

RXN = C2*DEXP(-E/T)*1.0D04

Q’s are in microns for the above expression of RXN.

The inner J-loop finds the position of Q(I) just below

R(J). Y1BAR and Y2BAR are the interpolated values of

mass fraction and its gradient at the fixed locations

where (’s are calculated.

Y1BAR(1)=Y1(1)

Y2BAR(1)=Y2(1)

DO 300 I=2,50

DIST = QINT*(I-1)

DO 350 J=1.,49

IF((R(J).LT.DIST) .AND.(R(J+1) .GE.DIST) ) THEN

Y1BAR(I)=Y1(J)+((DIST-R(JI))/



8270
8280
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8300
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8340
8350
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8390
8400
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8420
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8440
8450
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8470
8480

8490
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1 (R(J+1)-R(ID N * (Y1 (J+1)-Y1(J))
Y2BAR(I)=Y2(J)+((DIST-R(J))/
1 (R(J+1)-R(I N *(Y2(J+1)-Y2(J))
ELSEIF (DIST .GT. R(BO)) THEN
Y1BAR(I)=Y1(50)
.Y2BAR(I)=Y2(50)
ENDIF
350 CONTINUE

300 CONTINUE

IF(Y1BAR(1) .EQ. O)THEN
Q(ITER,1)=AQ(1)

DQDR(ITER,1)=ADQDR(1)

ELSE
Q(ITER,1)=AQ(1)+DELT*RXN*Y1BAR (1) **POW
DQDR(ITER,1)=ADQDR(1)+DELT*RXN*Y2BAR(1)*

1 POWxY1BAR (1) **(POW-1.0)

ENDIF

DO 310 I=2,50
IF(Y1BAR(I) .EQ. O)THEN
Q(ITER,I)=AQ(I)

DQDR (ITER,I)=ADQDR(I)
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8500 ELSE

8510 Q(ITER,I)=AQ(I)+DELT*RXN*Y1BAR(I)**POW

8520 DQDR(ITER, I)=ADQDR(I)+DELT*RXN*Y2BAR(I)*

8530 ° 1 POW*Y1BAR(I)**(POW-1.0)

8540 ENDIF

8550 C

8560 IF((Q(ITER,I).GE.QCRIT).AND.(Q(ITER,I-1).LT.QCRIT))THEN
8570 RCRIT=QINT*(I-2)+((QCRIT-Q(ITER,I-1))/(Q(ITER,I)-
8580 1 Q(ITER,I-1)))*QINT

8590 DRDT=-1D-04* (R(560) -RCRIT) /DELT

8600 FLAG=0.0

8610 GOTO 940

8620 ENDIF

8630 310 CONTINUE

8640 C

8650 KL=INT(R(50) /QINT)+1

8666 IF(KL .EQ. 50) THEN

8670 QBAR=Q(ITER,50)

8680 DQDRP=DQDR (ITER,50)

8690 ELSE

8700 QBAR=Q(ITER,KL)+((R(50)-(KL-1)*QINT)/QINT)*(Q(ITER,KL+1)
8710 1 -Q(ITER,KL))

8720 DQDRP=DQDR(ITER,KL)+((R(50)-(KL-1)*QINT)/QINT)*
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1 (DQDR(ITER,KL+1)-DQDR(ITER,KL))
ENDIF
QLAST=AQ(KL)+((R(50)~-(KL-1)*QINT) /QINT) *(AQ(KL+1)
1 -AQ(KL))
DRDT=-1D-04*(QBAR-QLAST) /DELT

FLAG=1.0

Flux (FP) is calculated using mole fraction gradient
at the surface Y2(50), diffusivity, and stoichiometric
coefficient 24.0 [gm/cm~2-8].

The expression for diffusivity is from FIELD's book.

940 IF(FLAG .EQ. 1.0)THEN
IF (R(50) .EQ. RPINIT)THEN
QBAR=Q (ITER,50)
ELSE
KL=INT(R(50)/QINT)+1
QBAR=Q(ITER,KL)+((R(50)- (KL-1)*QINT) /QINT)*
1 (Q(ITER,KL+1)-Q(ITER,KL))
ENDIF
EPSOUT=1.0-DEXP ((-4.2*DLAMB1* (VOID1+QBAR) ##3)+
1 (-4.2+DLAMB2* (VOID2+QBAR)*#3)+

2 (-4.2*DLAMB3* (VOID3+QBAR) *%*3))
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KL=INT(R(50)/QINT)+1

QSUP=Q(ITER,KL)+((R(50)-(KL-1)*QINT) /QINT)*

-

(Q(ITER,KL+1)-Q(ITER,KL))
EPSSUP=1.0-DEXP((-4.2*DLAMB1* (VOID1+QSUP) **3) +
1 (-4.2+DLAMB2#* (VOID2+QSUP) #*3) +
2 (-4.2+DLAMB3#* (VOID3+QSUP) #*3) )
EPSOUT=(EPSCRIT+EPSSUP) /2.0

ENDIF

SUM=0.0
VOLSUM=0.0
SURFSUM=0.0
KL=INT(R(50) /QINT)+1
DO 660 I=2,KL
QSHELL=(Q(ITER,I)+Q(ITER,I-1))/2.0
AQSHELL=(AQ(I)+AQ(I-1))/2.0
EPSSHELL=1.0-DEXP((-4.2*DLAMB1* (VOID1+QSHELL)**3)+
1 | (-4.2+*DLAMB2* (VOID2+QSHELL) **3) +
2 (-4.2+DLAMB3* (VOID3+QSHELL) **3))
SQSHELL=(1.0-EPSSHELL)*12.6*(DLAMB1*(VOID1+QSHELL) **2
1 +DLAMB2*(VDID2+QSHELL)**2+DLAMBS*(VOIDS+QSHELL)**2)

ROUT=QINT*(I-1)
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RIN =QINT*(I-2)
FPSHELL=4 .2% (ROUT**3.0-RIN**3.0)*SQSHELL*
(QSHELL-AQSHELL)
SURFSUM=SURFSUM+4 . 2% (ROUT**3.0-RIN**3.0) *SQSHELL
SUM=SUM+FPSHELL
IF(QSHELL .LT. QCRIT)THEN
VOLSUM=VOLSUM+EPSSHELL* (4 .2% (ROUT**3.0-RIN%%3.0))
ENDIF
CONTINUE
QR50=Q(ITER,KL)+0.5* (((R(50)-(KL-1)*QINT) /QINT)*
(QCITER,KL+1)-Q(ITER,KL)))
AQR50=AQ(KL)+0.5% (((R(50) - (KL-1)*QINT)/QINT)*(AQ(KL+1)
-AQ(KL)))
EPSR50=1.0-DEXP((-4.2*DLAMB1* (VOID1+QR50) **3) +
(-4 .2+*DLAMB2* (VOID2+QR50) **3) +
(-4.2*DLAMB3* (VOID3+QR50) **3))
SQR50=(1.0-EPSRSO)*12.6*(DLAMBI*(VOIDI*QRSO)**Z
+DLAMB2# (VOID2+QR50) **2+DLAMB3* (VOID3+QRE0) **2)
quso=4.2*(R(so)**3.d-(QINT*(KL-i))**a.o)*
SQR50+* (QRE0-AQREO)
VOLR50=EPSR50* (R(50) **3.0- (QINT* (KL-1))**3.0)*4.2
SURFSUM=SURFSUM+SQR50* (R (50) **3.0- (QINT*(KL-1))*%3.0)*4.2

EPSOLD=(VOLSUM+VOLR50) /(4.2*R(50) **3.0)
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FP=(SUM+FPQ50) *RHOC*1.0D-04/ (DELT*12.6*R (50) **2.0)
RETURN

END

PRI —— e R R R T R R R PR

SUBROUTINE GAMMA(GAM1,F,R1,STEP,PEMMIS,WEMMIS,RNEW,TNEW,
1 FP,SWIT)

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

REAL*8 K11,K12,K13,K14,K21,K22,K23,K24

EXTERNAL EC,ECH,CPC,CPCH,RLAMB,EOX,ECO

EXTERNAL PROF,RADIUS,ENERGY,QUE,SHOOT

EXTERNAL STROBE,RTBISOL,EQN1,EQN2

COMMON T,TWALL

COMMON /MISC/C,XLOW,AO,BO,XFAC,ACEN

COMMON /ARR/X(50) ,R(50),Y1(560),Y2(50)

COMMON /SDL/VOIDI.EPSI.DLAMBl.EPSDUT.EPSOLD.?SHED.
1 EPSCRIT,V0ID2,EPS2,DLAMB2,V0ID3,EPS3,DLAMB3

COMMON /R/RHOC,FRAC,RPINIT |

COMMON /CS/CSTAR,TAU,XACC,SURFSUM

COMMON /Y1/Y1S,Y1INF

cC

"
1
w

.0043D-05
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C3 = (2331.5425 + GAM1)/0.3388749
Y1S=(Y1INF+4.0/3.0)*((T-C3)/(TWALL-C3)) **0.8095478-4.0/3.0
C1SURF= (1.0/(-1.0/7.0 + 8.0/(7.0%Y18)))
IF(C1SURF .LT. O.O)THEN
F=1.0
RETURN
ENDIF
c
C RUNG merged here.

LIE=1

IF(SWIT .EQ. 0.0)THEN
ITER=4
CALL PROF(LIE,ITER,R1,T,C1SURF)
DIFF=3.13%(T/1500) **1.756
FP=1.0D04*Y2(50) *DIFF+*EPSOUT#*24 .0/ (TAU*82.05*T)
GO TO 111

ENDIF

DUM1=R1

DUM2=T

ITER=4

CALL PROF(LIE,ITER,DUM1,DUM2,C1SURF)

CALL RADIUS(STEP,DUM2,ITER,DRDT,FP)
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EP=FP*GAM1
CALL ENERGY(EP,PEMMIS.WEMMIS.DUMI.DUMZ.DTDT)'
K11=DRDT

K21=DTDT

RNEW = R1 + STEP#*K1i1l

TNEW

T + STEP*K21

IF (T .LT. TWALL) THEN
HH = DSQRT(DABS(-2331.54256 - GAM1)/0.3388749)
IF (GAM1 .GT.-2331.5425) THEN
ARl = -1.0%CC * ((DSQRT(TWALL) - DSQRT(T)) + HH/2.0 *
(DLOG((DSQRT(TWALL) - HH)*(DSQRT(T) + HH)/
((DSQRT(TWALL) + HH)*(DSQRT(T) - HH)))))
F = AR1-Rix FP
ELSE
AR2 = -1.0%CCx((DSQRT(TWALL)-DSQRT(T)) -HH+*
(DATAN (DSQRT(TWALL) /HH) -DATAN (DSQRT(T) /HH)))
F = AR2-Rix FP
ENDIF
ELSE
FF = DSQRT(DABS(2331.5425 + GAM1)/0.3388749)

IF (GAM1 .LT.-2331.5425) THEN
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10110 AR3 = CC*((DSQRT(T)-DSQRT(TWALL))-FF*

10120 1 (DATAN (DSQRT(T) /FF) -DATAN (DSQRT (TWALL) /FF)))
10130 F = AR3-R1* FP

10140 ELSE

10150 AR4 = CC * ((DSQRT(T) - DSQRT(TWALL)) + FF/2.0 *
10160 1 (DLOG((DSQRT(T) - FF)*(DSQRT(TWALL) + FF)/
10170 2 ((DSQRT(T) + FF)*(DSQRT(TWALL) - FF)))))
10180 F = AR4-R1* FP

10190 ENDIF

10200 ENDIF

10210 RETURN

10220 END

10230 C

10240 C-----====m== ==

10250 C

10260 SUBROUTINE ENERGY(EP,PEMMIS,WEMMIS,RR,DUM2,ANST)
10270 IMPLICIT REAL*8(A-H,0-2)

10280 EXTERNAL EC,ECH,CPC,CPCH,RLAMB,EOX,ECO

10290 COMMON T,TWALL

10300 COMMON /R/RHOC,FRAC,RPINIT

10310 COMMON  /SOL/VOID1,EPS1,DLAMBI,EPSOUT,EPSOLD,FSHED,
10320 1 - EPSCRIT,VOID2,EPS2,DLAMB2,V0ID3,EPS3, DLAMB3

10330 C
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SIG = 1.595D-12
IF (DUM2 .LT. 1350) THEN

CPSOL= CPC(DUM2)

VAL = EC(DUM2)
ELSE

CPSOL= CPCH(DUM2)

VAL = ECH(DUM2)
ENDIF
ANST=(3.0/(1.0-EPSOLD)5*((FP+(1.0-FRAC)*FSHED)*VAL-EP-SIG*

1 (PEMMIS#DUM2#*4-WEMMIS*TWALL**4))/(RR*RHOC*CPSOL)

RETURN

END

- . B - G TR e R P G G W SR e R AR SR R D D e G W W D e e e

SUBROUTINE RADIUS(TMSTP.DUM2.ITER.ANS.FP)
IMPLICIT REAL*8(A-H,0-2)

EXTERNAL QUE

CALL QUE(DUM2,TMSTP,DRDT,ITER,FP)
ANS=DRDT
RETURN

END
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10570 C

10580 C----==-==-===-==--o--mmsmmee—eoecoooooooooooo-



- 600 -

AIX.6 CENMOD21.FOR

10 C This program describes the growth of the internmal structure
20 C of a char particle containing polydisperse spherical voids
30 C randomly distributed in it. It is a phenomenological model
40 C and does not consider actual effects of chemical kinetics,
50 C ‘temperature and diffusion. Instead it simulates the burning
60 C of the char particle. The focus is on how the pores grow,

70 C coalesce etc. ultimately fragmenting the particle at high

80 C conversions.

100 C The voids are randomly distributed in the particle. Their
110 C sizes are also randomly selected. Once the void centers

120 C fixed, they remain unchanged. Only void size can gfow by

130 C reaction. Clearly, due to the random placement, voids may
140 C intersect each other and might have access to the outside.
150 C Two voids intersect if the sum of their radii is less than
160 C their center separation.(Similarly. a void is connected to

170 C the outside if its center lies closer to the particle

180 C surface than its radius.
190 C
200 C Reaction is simulated by allowing those voids that are

210 C either directly or indirectly (via other voids) connected
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to the outside to grow a certain amount in each time
- step. The external surface is also assumed to reduce in
each time step. In this program diffusion is not taken
into account and thus voids grow the same amount no matter
where they are present as long as they have access to the
outside. However, diffusion can be simulated by allowing

the growth parameter to be a function of radius.

Thus, after many time steps, the particle void fraction
will reach large values and the particle may fragment.
The user sets both the growth parameter and the number

of time steps.

This discrete model keeps track of the connectivity of
individual voids. It computes the void fraction at each
time step and calculates conversion. Other parameters
of interest are the number ffaction of voids connected
to the outside, and the number fraction of voids in the

largest void cluster.

U kR R T R

Declarations.
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450 C
460 $LARGE C(ND1,3),VC(ND,3),PC1(ID1,3),PC(ID,3)
470 $LARGE RVX(ND1) ,RVY(ND1) ,RVZ(ND1) ,RPX(ID1),RPY(ID1),RPZ(ID1)

480 $LARGE VOID(ND),VDIA(ND),VDIAM(ND1),ICON(ND,ND) ,MAT(ND,ND)

490 C

500 PARAMETER (ND1=430,NDIM=1290,ID1=3200,IDIM=9600,NCON=151)
510 PARAMETER (ND=220,ID=2000,NDEL=50)

520 C

530 REAL RVX(ND1) ,RVY(ND1) ,RVZ(ND1),RVA(ND1)

540 REAL RPX(ID1),RPY(ID1),RPZ(ID1)

550 REAL C(ND1,3),VC(KD,3),.RS,VS,DIST1,RC

560 REAL DIST2,Q,IN,OUT,PC1(ID1,3),PC(ID,3)

570 REAL Q1,Q2,COUNTIN,COUNTOUT,RCOUNTOUT,RTOTAL,RTOT
580 REAL DIST,RSO,VDIAO,QCONV,CCOUNT,VOID(ND),XLARGE
590 REAL VDIA(ND),VDIAM(ND1),VOIDF(NCON),CONV(NCON)
600 REAL SUMX,SUMY,SUMZ,SUMM,SUMR,RADGY ,USED(ID)

610 REAL CQASSX.CMASSY.CMASSZ.DCON(NCDN)

620 REAL CF,RLN,XLN,Q3,RNDEL

630 REAL RTO(NDEL).RSOLID(NDEL).RBiG(NDEL)

640 REAL RSMALL(NDEL) ,RMEAN(NDEL) ,RRATIO(NDEL)

650 C

660 INTEGER ICON(ND,ND),ICLUSTER,IDCON(1,ND),MOUT,NOUT

670 INTEGER MAT(ND,ND),IMAP(1,ND),LICLU
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REAL*8 DSEED1,DSEED2,DSEED3,DSEED4,DSEEDS,DSEED6

REAL*8 DSEED7

OPEN(9,FILE="FOR.DAT’' ,STATUS="NEW')
OPEN(8,FILE="MOD.DAT' ,STATUS="NEW")

0PEN(7.FILE='RAD.DAT'.STAfUS=’NEW')

WRITE(*,89)

FORMAT(3X, *ENTER THE VALUES OF DSEEDS 1-6 like xoox.DX')
READ(*,*)DSEED1 ,DSEED2,DSEED3,DSEED4,DSEEDS,DSEED6
WRITE(*,88)

FORMAT(3X, "ENTER THE VALUE OF DSEED7")

READ (*,*)DSEED7

RS0=25.0
VDIAO=5.0
QCONV=0.056
VS=VDIAO-2.0*QCONV
RC=RS0+VDIA0/2.0

RS=25.0+QCONV
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c Random number generation for void centers.
C strings for x,y and z coordinates.
c

I1=ND1

I2=NDIM

CALL GGUBS(DSEED1,ND1,RVX)
CALL GGUBS(DSEED2,ND1,RVY)

CALL GGUBS(DSEED3,ND1,RVZ)

c Creating the void centers in the cube.

DO 200 J=1,NDi
€(J,1)=RVX(J)*RC*2.0
C(J,2)=RVY(J)*RC*2.0
€(J,3)=RVZ(J)*RC*2.0

200 CONTINUE

c
c Random number generation for probe points.
C

I3=ID1

I4=IDIM

CALL GGUBS(DSEED4,ID1,RPX)

CALL GGUBS(DSEEDS5,ID1,RPY)

Separate
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1140 CALL GGUBS(DSEED6,ID1,RPZ)

1150 C

1160 C Creating probe centers in the cube.
1170 C

1180 DO 700 J1=1,ID1

1190 PC1(J1,1)=RPX(J1)*RSO0*2.0+VDIA0/2.0
1200 PC1(J1,2)=RPY(J1)*RS0*2.0+VDIAO/2.0
1210 PC1(J1,3)=RPZ(J1)*RS0*2.0+VDIA0/2.0

1220 700 CONTINUE
1230 C

1240 C Setting the initial diameters of the voids.

1250 C

1260 CALL GGUBS(DSEED7,ND1,RVA)
1270 DO 91 131=1,I1

1280 VDIAM(I31)=VDIAO*RVA(I31)

1200 91  CONTINUE
1300 C
1310 C Ordering the void centers in the sphere. Since this

1320 C does not change, this part is outside the main loop.

1330 C
1340 o0uT=0.0

1350 IN=0.0

1360 INC=0
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INC1=0
DO 300 J10=1,I1
Q=SQRT((C(J10,1)-RC) **2+(C(J10,2) ~RC) **2+
1 (C(J10,3)-RC)**2)
IF(Q.GT.(VDIAM(J10)/2.0+RS)) THEN
OUT=0UT+1
ELSE
IN=IN+1
INC=INC+1
INC1=INC1+1
VC(INC,1)=C(J10,1)
VC(INC,2)=C(J10,2)
VC(INC,3)=C(J10,3)
VDIA(INC)=VDIAM(J10)

ENDIF

300 CONTINUE

11

WRITE (*,11)INC

FORMAT (10X, 14)

Ordering the probe centers in the original sphere.

DO 334 Mi=1,ID

USED(M1)=0.0
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1600 334 CONTINUE

1610 IPIN=0

1620 IPIN1=0

1630 DO 800 Jo=1,ID1

1640 Q1=SQRT((PC1(J9,1)-RC) **2+(PC1(J9,2) -RC) x*2+
1650 1 (PC1(J9,3)-RC) **x2)
1660 IF(Q1 .LE. RSO)THEN

1670 IPIN=IPIN+1

1680 IPIN1=IPIN1+1

1690 PC(IPIN,1)=PC1(J9,1)

1700 PC(IPIN,2)=PC1(J9,2)

1710 PC(IPIN,3)=PC1(J9,3)

1720 ELSE

1730 CONTINUE

1740 ENDIF

1750 800 CONTINUE
1760 C

1770 C Initialisation.

1780 C

1790 - DO 333 M=1,NCON
1800 VOIDF(M)=0.0
1810 CONV(M)=0.0

1820 333 CONTINUE
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1830 C

1840 C Main loop starts here.

1850 C

1860 DO BOOO I17=1,NCON
1870 RS=RS-QCONV

1880 VS=VS+2.0*QCONV

1890 DO 801 J9=1,IPIN
1900 Q2=SQRT((PC(J9.1) -RC) **2+(PC(J9,2) -RC) **2+
1910 1 (PC(J9,3) -RC) **2)
1920 IF(Q2 .GT. RS)THEN
1930 USED(J9)=1.0

1940 IPIN1=IPIN1-1

1950 ELSE

1960 CONTINUE

1970 ENDIF

1980 801  CONTINUE

1990 C

2000 C Initialization for cbnnectivity matrix.
2010 C |

2020 DO 2000 JCON=1,INC

2030 DO 2000 KCON=1,INC

2040 IF(JCON .EQ. KCON)THEN

2050 ICON(JCON,KCON)=1
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2060 ELSE
2070 - ICON(JCON,KCON)=0
2080 ENDIF

2090 2000 CONTINUE
2100 WRITE(*,12)INC

2110 12 FORMAT (10X, I4)

2120 C

2130 C Internal connectivity calculation.

2140 C

2150 DO 3000 JCON=1,INC

2160 DO 3000 KCON=1,INC

2170 DIST1=SQRT((VC(JCON,1)-VC(KCON,1))**2+
2180 1 (vC(JCON,2)-VC(KCON,2))**2
2190 2 +(VC(JCON,3)-VC(KCON,3)) **2)
2200 IF(DIST1 .LT. (VDIA(JCON)+VDIA(KCON))/2.0)THEN
2210 ICON(JCON,KCON)=1

;2220 ELSE |

2230 CONTINUE

2240 ENDIF |

2250 3000 CONTINUE
2260 C
2270 € External connectivity calculation.

2280 C
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2290 IN3=INC+1

2300 DO 4000 JCON=1,INC

2310 DIST2=SQRT((VC(JCON,1)~-RC)**2+(VC(JCON,2)-RC) **2
2320 - 1 +(VC(JCON,3)-RC) **2)

2330 IF(ABS(RS-DIST2) .LT. VDIA(JCON)/2.0)THEN

2340 ICON(JCON,IN3)=1

2350 ELSE

2360 ' ICON(JCON,IN3)=0

2370 ENDIF

2380 4000 CONTINUE
2390 C

2400 C Initializing the diagonal of the connectivity matrix ICON.

2410 C
2420 DO 400 JCON=1,INC
2430 ICON(JCON,JCON)=0

2440 400 CONTINUE

2450 C

2460 C Writing to screen.

2470 C

2480 WRITE(*,998)RS,VS

2490 998  FORMAT(BX,'RS=',1PE10.3,5X,'VS=",1PE10.3/)
2500 C

2510 C Calculating connected clusters and those connected to
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the outside. Results in MAT(ICLUSTER,KCON).

DO 2010 JX=1,INC
DO 2010 KX=1,IN3
-MAT(JX,KX)=0
CONTINUE
ICLUSTER=1
DO 50 JCON=1,INC
IF(ICON(JCON,JCON) .EQ. O)THEN
ICLUSTER=ICLUSTER+1
DO 60 KCON=1,INC
IDCON(1,KCON)=ICON(JCON,KCON)
CONTINUE
DO 70 KCON=1,INC
IF((ICON(KCON,KCON).EQ.O) .AND.
1 (IDCON(1,KCON) .EQ.1))THEN
DO 80 KCONi=1,INC
IF((IDCON(1,KCON1).EQ.1).0R.
1 (ICON(KCON,KCON1) .EQ. 1)) THEN
IDCON(1,KCON1)=1
ELSE
IDCON(1,KCON1)=0

ENDIF
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2750 80 CONTINUE

2760 ICON (KCON ,KCON) =ICLUSTER
2770 MAT (ICLUSTER,KCON)=1
2780 IF (ICON(KCON,IN3) .EQ. 1)THEN
2790 MAT(ICLUSTER, IN3)=1
2800 MOUT=1

2810 ELSE

2820 MOUT=0

2830 ENDIF

2840 IF(KCON .NE. JCON)THEN
2850 C WRITE(*,1) ICLUSTER,KCON,MOUT
2860 ELSE

2870 CONTINUE

2880 ENDIF

2890 - GOTO 10

2900 ELSE

2910 CONTINUE

2020 ENDIF

2030 70 CONTINUE

2040 ICON(JCON, JCON) =ICLUSTER

2050 MAT (ICLUSTER, JCON) =1

2060 IF (ICON(JCON,IN3) .EQ. 1)THEN

2970 MAT (ICLUSTER, IN3)=1
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NOUT=1
ELSE
NOUT=0
ENDIF
WRITE(*,2) ICLUSTER, JCON,NOUT
ELSE
CONTINUE
ENDIF

CONTINUE

Calculating the number of clusters, number of clusters
connected to the outside, number of voids in the largest

cluster, number of voids connected to the outside.

XLARGE=0.0

LICLU=0

KOUNT=0

DO 705 ICLU=2.ICLUSTER

IF(MAT(ICLU,IN3) .EQ. 1)THEN
DO 710 KCON=1,INC
IF(MAT(ICLU,KCON) .EQ. 1)THEN
KOUNT=KOUNT+1

ELSE
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CONTINUE
ENDIF
710 CONTINUE
ELSE
CONTINUE
ENDIF
705  CONTINUE
KOUNT1=KOUNT
DO 36 ICLU=2.iCLUSTER
VOID(ICLU)=0.0
36 CONTINUE
ICLUSTER1=ICLUSTER-1
CCOUNT=1.0

DO 37 ICLU=2,ICLUSTER

IF(MAT(ICLU,IN3) .EQ.

CCOUNT=CCOUNT+1.0
ELSE

CONTINUE
ENDIF
DO 38 KCON=1,INC

IF (MAT(ICLU,KCON)

1) THEN

.EQ. 1)THEN

VOID(ICLU)=VOID(ICLU)+1.0

ELSE
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CONTINUE
ENDIF
38 CONTINUE
IF(VOID(ICLU) .GT. XLARGE)THEN
XLARGE=VOID(ICLU) .
LICLU=ICLU
ELSE
CONTINUE
ENDIF
37 CONTINUE

XLN=ALOG(XLARGE)

CMASSX=0.0

CMASSY=0.0

CMASSZ=0.0

RADGY=0.0

DO 49 KCON=1,ND
IMAP(1,KCON)=0

49 CONTINUE
DO 51 KCON=1,INC

IMAP(1,KCON)=MAT(LICLU,KCON)
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3670 b1 CONTINUE
3680 C

3690 C Calculating the center of mass of the largest cluster.

3700 C

3710 SUMX=0.0

3720 SUMY=0.0

3730 SUMZ=0.0

3740 SUMM=0.0

3750 DO 52 KCON=1,INC

3760 IF (IMAP(1,KCON) .EQ. 1)THEN

3770 SUMX=SUMX+ ( (VDIA (KCON) ) #*3) *VC (KCON, 1)
3780 SUMY=SUMY+ ( (VDIA(KCON) ) **3) *VC (KCON, 2)
3790 SUMZ=SUMZ+ ( (VDIA (KCON) ) #*3) *VC (KCON, 3)
3800 SUMM=SUMM+VDIA (KCON) **3

3810 ELSE

3820 CONTINUE

3830 ENDIF

3840 b2 CONTINUE

3850 CMASSX=SUMX/SUMM
3860 CMASSY=SUMY/SUMM
3870 CMASSZ=SUMZ/SUMM
3880 C

3890 C Finding the radius of gyration of the largest cluster.
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3900 C
- 3910 SUMR=0.0
3920 DO 53 KCON=1,INC
3930 IF(IMAP(1,KCON) .EQ. 1)THEN
3940 SUMR=SUMR+( ((VC(KCON, 1) -CMASSX) **2) +
3950 1 . ((VC(KCON,2)-CMASSY) *%2)
3960 2 +((VC(KCON,3)-CMASSZ) #*2) ) * (VDIA(KCON) **3)
3970 ELSE
3980 CONTINUE
3990 ENDIF

4000 B3 CONTINUE

4010 RADGY=SQRT (SUMR/SUMM)
4020 RLN=ALOG (RADGY)
4030 C

4040 C Writing to file.
4050 C
4060 WRITE(9,1007)ICLUSTER1,CCOUNT,XLARGE,RADGY,KOUNT1,SUMM

4070 1007 FORMAT(6X,°'NO. OF CLUSTERS=",15/

4080 1 BX,'NO.OF CLUSTERS CONNECTED TO THE OUTSIDE=',E10.4/
4090 2 BX,'NO. OF VOIDS IN THE LARGEST CLUSTER=',E10.4/

4100 3 BX,'RADIUS OF GYRATION OF THE LARGEST CLUSTER=',E10.4/
4110 4 BX,'NO. OF VOIDS CONNECTED TO THE OUTSIDE=",I5/ _

4120 5 b5X, 'NONOVERLAP VOL. OF THE LARGEST CLUSTER=',E10.4)
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WRITE(9,1008)CMASSX ,CMASSY,CMASSZ
1008 ‘FORMAT(BX,’CMASSX=',E10.4,2X, 'CMASSY=",

1 E10.4,2X, 'CMASSZ=",E10.4/)
Finding the probe points that are outside all the voids.

DO 61 I=1,NDEL
RSOLID(I)=0.0
RTO(I)=0.0
RMEAN(I)=0.0
61  CONTINUE
RNDEL=NDEL
DO 62 IP=1,IPIN
DO 63 I=1,NDEL
RBIG(I)=RS-((I-1)*RS/RNDEL)
RSMALL (I)=RS- (I*RS/RNDEL)
RMEAN (I)=(RBIG(I) +RSMALL (1)) /2.0
Q3=SQRT((PC(IP,1)-RC)**2+(PC(IP,2)-RC)*+2+
1 (PC(TP,3)-RC) +2)
IF(Q3 .LE. RS)THEN
IF((Q3.LE.RBIG(I)).AND.(QS.GT.RSMALL(i)))THEN
RTO(I)=RTO(I)+1.0

ELSE



- 619 -

4360 CONTINUE
4370 ENDIF

4380 ELSE

4390 CONTINUE

4400 ENDIF

4410 63 CONTINUE

4420 62 CONTINUE

4430 COUNTIN=0.0

4440 COUNTOUT=0.0

4450 RCOUNTOUT=0.0

4460 RTOTAL=IPIN1

4470 RTOT=INC1

4480 DO 900 IP=1,IPIN

4490 IF(USED(IP) .EQ. 0.0)THEN

4500 DO 90 I=1,NDEL

4510 Q3=SQRT((PC(IP,1)-RC)**2+(PC(IP,2)~-RC)**2+
4520 1 (PC(IP,3)-RC)**2) |

4530 IF((Q3.LE.RBIG(I)) .AND.

4540 1 (Qé.GT.RSMALL(I)))THEN
4550 DO 13 MC=1,INC

4560 DIST=SQRT((VC(MC,1)-PC(IP,1))*%2+
4570 1 (VC(MC,2)-PC(IP,2))**2+

4580 2 (VC(MC,3)-PC(IP,3))*%2)
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IF(DIST .GE. VDIA(MC)/2.0)THEN
COUNTOUT=COUNTOUT+1.0
ELSE
COUNTIN=COUNTIN+1.0
USED(IP)=1.0
ENDIF
CONTINUE
WRITE(*,*)COUNTOUT,COUNTIN
IF(COUNTIN .EQ. O)THEN
RSOLID(I)=RSOLID(I)+1.0
ELSE
CONTINUE

ENDIF

ELSE

ENDI

CONTINUE

COUNTOUT

COUNTIN=

ELSE

CONTINUE

ENDIF

CONTINUE

CONTINUE

F

=0.0

0.0
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RCOUNTOUT=0.0
116=I17-1
DO 92 I=1,NDEL
RCOUNTOUT=RCOUNTOUT+RSOLID(I)
IF(RTO(I) .NE. 0.0)THEN
RRATIO(I)=RSOLID(I)/RTO(I)
ELSE
RRATIO(I)=1.0
ENDIF
IF((I16 .EQ. 0) .OR. (I16 .GE. 10))THEN
IF(MOD(I16,10) .EQ. O)THEN
WRITE(7,93)RMEAN(I) ,RRATIO(I)
93 FORMAT(5X ,E10.4,6X,E10.4)
ELSE
CONTINUE
ENDIF
ELSE
CONTINUE
ENDIF
92  CONTINUE
WRITE(*,*)RCOUNTOUT,RTOT,RTOTAL

CF=XLARGE/RTOT
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5050 C Calculate and write void fraction and conversion.
5060 C

5070 I112=117-b

5080 VOIDF(I17)=1.0-(RCOUNTOUT/RTOTAL)

5090 CONV(I17)=1.0-((1.0-VOIDF(I17))/

5100 1 (1.0-VOIDF(1)))*((RS/RSO) **3)
5110 IF(I16 .GE. B)THEN

5120 DCON(I17)=CONV(I17)-CONV(I12)

5130 ELSE |

5140 DCON(I17)=0.0

5150 ENDIF

5160 WRITE(9,1111)I16

5170 1111 FORMAT(5X,'STEP="15/)
5180 WRITE(9,1002)RS,VS,VOIDF(I17),INC1,
5190 1 IPIN1,ND,CONV(I17),DCON(I17)

5200 1002 FDRMAT(BX.'RS¥',E10.4.2X.'VS='.E10.4.2X.'VOIDF='.E10.4/

5210 1 BX,'INC1=",15,2X,'IPIN1=",15,2X, 'ND=",1I5/

5220 2 bBX,'CONVERSION=',E10.4,2X,'DELTA CONVER=',E10.4///)
5230 WRITE(8,444)I16,VOIDF(I17),CONV(I17),

5240 1 DCON(I17),CF,KOUNT1,RLN,XLN

5250 444  FORMAT(1X,I14,1X,E9.4,1X,E9.4,1X,
5260 b E9.4,1X,E9.4,1X,14,1X,E9.4,1X,E9.4)

5270 C
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c Increasing void diameters if they are connected to the
c outside.
c

DO 905 ICLU=2,ICLUSTER
IF((MAT(ICLU,IN3) .EQ. 1))THEN
~ DO 910 KCON=1,INC1
IF((MAT(ICLU,KCON) .EQ. 1))THEN

VDIA(KCON)=VDIA(KCON)+2.0*QCONV

ELSE
CONTINUE
ENDIF
910 CONTINUE
ELSE
CONTINUE
ENDIF
905  CONTINUE
IPIN1=IPIN
5000 CONTINUE
C
C Main loop ends.
C

STOP

CLOSE(7)
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5510 CLOSE(8)
5520 CLOSE(9)

5530 END
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Appendix X

TGA EXPERIMENTAL

CONDITIONS
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This Appendix shows the details of the experimental conditions for the different
sets of TGA experiments that were done. All the chars used were derived from
PSOC 1451 coal. Experiments done on other chars are not reported in this thesis.

Table AX.6 shows the organization of a typical data file after the raw data have
been converted to suitable form. Time, in seconds, is shown in column 1. Data
points were collected everysix seconds by a computerized data acquisition system.
Column 2 shows the normalized carbon mass of the sample. The normalizing factor
is the carbon mass at the moment the oxidizer reaches the sample. Column 3 shows
the rate of loss of carbon normalized by the instantaneous carbon mass. Sample
temperature, as recorded by a thermocouple is shown in column 4. Finally, the
carbon conversion is shown in the last column. Since all samples were burned until
there was no further weight loss, the final mass was taken to be the mass of ash.

Table AX.1 shows two sets of similar experiments done at TGA temperatures
of 800K and 1100K. In each set, two char sizes (45-53um and 90-104um) were used.
Finally, four different pyrolysis temperatures (1000K, 1200K, 1400K, and 1600K)
were used for each size and TGA temperature. The parent coal was also used. In
all experiments, the total flow rate (110 cc/min) and oxygen concentration (17%)
was kept constant. All chars used for experiments in Table AX.1 were made from
parent coal of size 53-90um. The experiments in Table AX.2 were exactly like
those in Table AX.1, the only difference being the parent coal size. The effect
of initial mass was investigated in the runs shown in Table AX.3. The behaviour

of chars made from large size coal particles was investigated in the runs reported
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in Table AX.4. Finally, Table AX.5 shows experiments in which only the oxygen

concentration was varied.



RUN COAL | CHAR PYROLYSIS OXYGEN INITIAL TGA COMMENTS
NAME SIZE SIZE | TEMPERATURE | CONCENTRATION | MASS | TEMPERATURE

I | (um) | (um) ] (K) | (%) [ (mg) | (K) l
CANL1.DAT 53-90 45-53 1600 17 13.403 1100 (In all runs
CAN2.DAT 1400 11.328 the total flow
CAN3.DAT 1200 10.132 rate was 110cc/min)
CAN4.DAT 1000 15.234 '
CANS.DAT 45-53 — — 17.383
CAN11.DAT 53-90 | 104-125 1600 17 12.524 1100 (Total flow rate
CAN12.DAT 1400 13.306 =110 cc/min)
CANI13.DAT 1200 9.766
CAN14.DAT 1000 12.207
CANI15.DAT 104-125 — — 11.914
CAN21.DAT 53-90 45-53 1600 17 10.864 800 (Total Aow rate
CAN22.DAT 1400 12.231 =110 ce/min)
CAN23.DAT 1200 13.770
CAN24.DAT 1000 12.524
CAN25.DAT 45-53 — — 10.278
CAN25A.DAT | 45-53 — — 18.164
CAN3L1.DAT 53-90 | 104-125 1600 17 10.962 800 (Total flow rate
CAN32.DAT 1400 13.281 =110 cc/min)
CAN33.DAT 1200 10.938
CAN34.DAT 1000 11.719
CAN35.DAT 104-125 — - 19.067

Table AX.1 TGA runs on chars from PSOC 1451 53-90um coal.

- 829 —



RUN COAL | CHAR PYROLYSIS OXYGEN INITIAL TGA COMMENTS
NAME SIZE SIZE | TEMPERATURE | CONCENTRATION | MASS | TEMPERATURE

[ | (wm) | (sm) | (K) | (%) (mg) | (K) | |
DAN1.DAT | L.T.45 | 45-53 1600 17 - 6.543 1100 (In all runs
DANZ2.DAT 1400 5.078 the total flow
DAN3.DAT 1200 5.176 rate was 110cc/min)
DAN4.DAT 1000 5.884
DAN5.DAT =CANS5.DAT
DAN11.DAT | L.T. 45 | 104-125 1600 17 10.742 1100 (Total flow rate
DANI12.DAT 1400 10.156 =110 cc/min)
DAN13.DAT 1200 4.688
DAN14.DAT 1000 5.005
DAN15.DAT =CANI15.DAT
DAN21.DAT { L.T. 45| 45-53 1600 17 5.542 800 (Total flow rate
DAN22.DAT 1400 5.762 =110 cc/min)
DAN23.DAT 1200 5.151
DAN24.DAT 1000 6.445
DAN25.DAT =CAN25.DAT
DAN31.DAT | L.T. 45 | 104-125 1600 17 5.347 800 (Total flow rate
DAN32.DAT 1400 5.151 =110 cc/min)
DAN33.DAT 1200 4.785
DAN34.DAT 1000 4.712
DAN35.DAT =CAN35.DAT

Table AX.2 TGA runs on chars from PSOC 1451 <45um coal.
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RUN COAL | CHAR PYROLYSIS OXYGEN INITIAL TGA COMMENTS
NAME SIZE SIZE | TEMPERATURE | CONCENTRATION MASS | TEMPERATURE
[ | (um) | (#m) | (K) | (%) | (mg) | (X) l |
MANI1.DAT | 90-125 | 125-147 1600 17 5.762 1100 (In all runs
MAN2.DAT 3.057 the total flow
MAN3.DAT 1.338 rate was 110cc/min)
MAN4.DAT 19.824
MANS5.DAT 11.523
MANG6.DAT 1.963
Table AX.3 Effect of initial sample mass on TGA runs.
RUN COAL | CHAR PYROLYSIS OXYGEN INITIAL TGA COMMENTS
NAME SIZE SIZE | TEMPERATURE | CONCENTRATION | MASS | TEMPERATURE
| (pm) | (um) | (K) [ (%) | (me) | (K) | |
FAN1.DAT | 90-125 | L.T. 53 1600 17 5.078 1100 (Flow rate=110cc/min)
FAN11.DAT 125-147 5.762 =MANI1.DAT
FAN21.DAT | 90-125 | L.T. 53 1600 17 5.371 800 (Flow rate=110cc/min)
FAN31.DAT 125-147 5.029

Table AX.4 Effect of char size and TGA temperature.
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RUN COAL | CHAR PYROLYSIS OXYGEN INITIAL TGA COMMENTS
NAME SIZE | SIZE | TEMPERATURE | CONCENTRATION | MASS | TEMPERATURE
| [ (pm) | (um) | (K) | (%) | (mg) | (K) | J

GANI1.DAT | 90-125 { 125-147 1600 21.0 4.883 1100 (Total flow rate
GAN2.DAT 19.1 4.980 =110 cc/min)
GAN3.DAT 17.0 5.762 =MAN1.DAT
GAN4.DAT 15.3 5.273

GANS.DAT 11.5 5.200

GAN6.DAT 07.6 4.980

GANT7.DAT 81.9 5.176

GANS.DAT 45.5 5.249

Table AX.5 Effect of oxygen concentration on TGA runs.

TIME | 3= | 3 %0F SAMPLE CARBON
' TEMPERATURE | CONVERSION
() | (1) | (K) (%) |

ll

Table AX.6 Data file format for TGA experiments.
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Appendix XI

DETAILS OF

CENOSPHERE SIMULATION RUNS
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The initial conditions of all the simulation runs are shown in Tables in this
Appendix. The Figures that follow show the variation of the void percolation prob-
ability (P) as a function of particle void fraction (e) for the different cases.

The structure of the primary data file (MODrunname.DAT) produced by each
simulation run is shown in Table AXI.1. Number of steps, void fraction, conversion
and the rate of change of conversion are shown in columns 1-4, respectively. Column
5 shows the void percolation probability. The total number of voids connected to
the outside of the particle, KOUNT]1, is shown in the next column. Column 7 is
the natural logarithm of the radius of gyration of the largest void cluster (RLN)
and the last column is the natural logarithm of the number of voids in that cluster
(XLN).

Tables AXI.2 and AXI.3 show the five main sets of simulations that were done.
The initial number of voids in each case was kept reasonably similar and varied
from set to set. In these runs the void size initially was monodisperse. Due to the
random nature of the void placement process, particles having the same number
of initial voids often have different initial void fractions. Table AXI.4 shows runs
in which the size of the initial voids was randomly selected in the range 0-5 units
while Table AXI.5 shows the runs where the initial size of the void was either 1 or
5 units, subject to the constraint that 90% of the voids be of the smaller size.

The effect of an assumed diffusion mechanism was tested in the runs shown
in Table AX1.6. In each of the relevant Tables, the parent Fortran program name

is also shown. A listing of one of the programs (CENMODE21.FOR) is given in
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Appendix IX. The other programs are similar.
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Numbeif
Steps, N

Void frac.,

€

Conv., | dX/dN

Probability

KOUNT1

Percolation

Table AXI.1 Typical data file organization (MODrun name.DAT).

RUN NO. OF INITIAL PROGRAM COMMENTS ﬂ
NAME | VOIDS | VOID FRAC.

ALDAT | 169 0.119 CENMOD20 Initially, voids
A2.DAT 162 0.111 were monodisperse.
A3.DAT 158 0.117 Particle diameter=50
A4.DAT 169 0.112 Void diameter=5
A5.DAT 171 0.128 True for all runs
A6.DAT 167 0.116 below.
A7.DAT 163 0.127

C1.DAT 67 0.0519 CENMOD20

C2.DAT 72 0.0588

C3.DAT 71 0.0607

C4.DAT 69 0.0594

C5.DAT 73 0.0569 "
C8.DAT 75 0.0575

C7.DAT 66 0.0569

E11.DAT 51 0.0434 CENMOD20

E12.DAT 54 0.0362

E13.DAT 54 0.0328

E14.DAT 55 0.0469

E15.DAT 52 0.0359

E16.DAT 52 0.0348

E17.DAT 53 0.0348

E18.DAT 53 0.0294

Table AXI.2 Basic simulation runs. Initially monodisperse voids.
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RUN NO. OF INITIAL PROGRAM COMMENTS
NAME | VOIDS | VOID FRAC.

B1 108 0.0807 CENMOD20 Initially, voids
B2 104 0.0814 were monodisperse.
B3 110 0.0695 Particle diameter=50
B4 117 0.0665 Void diameter=>5
B5 106 0.0814 True for all runs
B6 118 0.0866 below.

B7 120 0.0956

B11 104 0.0845

Bi12 105 0.0852

B13 107 0.0861

B14 107 0.0734

B15 104 0.0826

Bl16 106 0.0872

B17 107 0.0835

B18 104 0.0780

D1 216 0.143 CENMOD20

D2 216 0.161

D3 215 0.154

D4 212 0.139

D5 218 0.148

Dé 214 0.152

D7 214 0.159

D11 215 0.147

D12 215 0.136

D13 216 0.148

D14 216 0.139

D15 212 0.139

D16 214 0.141

D17 216 0.168

D18 216 0.163

Table AXI.3 Basic simulation runs. Initially monodisperse voids.
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" RUN NO.OF | INITIAL PROGRAM COMMENTS
NAME | VOIDS | VOID FRAC.
B21 105 0.0225 CENMOD21 Initially, voids
B22 107 0.0260 were randomly sized
B23 107 0.0283 in the range 0-5.
B24 106 0.0206 Particle diameter=>50. |
B25 105 0.0233 True for all runs
B26 104 0.0274 below.
D21 120 0.0564 CENMOD21
D22 104 0.0479
D23 105 0.0472
D24 107 0.0453

Table AXI.4 Simulations with initially random sized voids.

TRUN NO. OF INITIAL PROGRAM COMMENTS
NAME | VOIDS | VOID FRAC.

G21 172 0.0192 CENMOD22 Bimodal voids:
G22 175 0.0153 90% were 5 and 10%
G23 177 0.0158 were 1 in diameter.
G24 172 0.0120 Particle diameter=50.
G25 177 0.0140

Table AXI.5 Simulations with initially bimodal voids.

RUN | NO.OF | INITIAL PROGRAM COMMENTS
NAME | VOIDS | VOID FRAC. “
B1D 105 0.0833 CENMOD20D | Void diameter=5.
B2D 097 0.0646 Particle diameter=50.
B3D 101 0.0749 With diffusion.

B4D 104 0.0774

B5D 104 0.0883

B4N 104 0.0774 CENMOD20N Without diffusion.
B5N 104 0.0883

Table AXI.6 Simulations showing the effect of diffusion.
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Appendix XII

SINGLE PARTICLE EXPERIMENTS:

TEMPERATURE-TIME TRACES
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Single particle drop-tube experiments were done under a variety of conditions.
Only the temperature-time traces are shown in this Appendix. The intensity-time
traces from which these were derived are not shown due to space limitations. The
derived area-ratio is also not shown.

At the top of each Figure is a line that describes the conditions of that exper-
iment. The first two words are 1451 and 1600K indicating that the chars were
derived from the bituminous PSOC 1451 coal, after pyrolysis at 1600K. The next
number, e.g. 45-53 indicates the char size in microns. Following that is the value
of the wall temperature in degrees Celsius. 1000W means the wall temperature
was 1000°C. Finally the particular filename.ext is given. The starting letter of the
filename indicates whether the experiment was carried out in air or in 50% oxygen.
Filenames starting with A, P, R, X, and Y denote experiments in air and those
starting with L, S, T, and V are for experiments in 50% oxygen.

Two additional comments are in order. The file series starting with the letter P
shows data from chars oxidized to 13% conversion at 500°C. This is indicated in the
top header for those files. All other chars are initially unburnt. The files starting
with the letters X and Y are from the same char but belong to two density classified
fractions — D for the denser and L for lighter fraction. This is also indicated in
their respective top headers.

Table AXII.1 shows the organization of each data file. Time, in milliseconds,
‘is in column 1. Columns 2 and 3 show the signal intensities in Volts in the wave-

length ranges centered around 800nm and 1000nm respectively. Column 4 shows
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the particle temperature in degrees Kelvin. Finally, columns 5 and 6 show the area
ratios (projected area of the particle along the detector line-of-sight as a function
of time, divided by the initial projected area) as obtained from the 800nm and the
1000nm signals. Table AXIL.2 summarizes the experimental conditions for runs in
air while Table AXII.3 does the same for runs in 50% oxygen.

Figure AXIIL1 is a flow diagram showing the sequence of steps involved in
gathering an interpreting the data from the experiments. The various steps are
discussed in Chapter 4. Figure AXIL.2 shows the calibration sensitivity curve. It
shows how sensitive the particle temperature is to the value of the experimentally
determined calibration constant, C. The sensitivity depends on the ratio of the sig-
nals at the two wavelengths. Various curves are for different signal-ratios as shown.
The subsequent Figures show the temperature-time traces of the various runs. The

calibration runs are also shown in the first few Figures labelled CAL*.DAT.
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Particle
Temperature

Area ratio | Area ratio z
800nm) | (1000nm) |

Table AXIL.1 Data file format for single particle experiments.

i RUN CHAR WALL COMMENTS
| NAME SIZE | TEMPERATURE

L Tm] €9 T 7

R16B 1,24, | 90104
6-10,12-14
R16S 1-14 45-53 1000
X16B 2-7 90-104 1000 Dense particles
| Y16B 1-14 | 90-104 1000 Light particles |
P16S 14,58, | 45-53 1000 13% B.O. at
9,13,14,16,17 500°C
Al6S 1-16 45-53 800

Table AXIL.2 Details of single particle experiments in air. All particles
were PSOC 1451 1600K char.

[ RON CHAR WALL COMMENTS |
| NAME SIZE | TEMPERATURE |
[ [T ¢t 1T
S16B 2,6-9,11, | 90-104 1200
13,15,16,18 21
S16S 1-3,5,7-9, | 4553 1200
“ 12,14,16,17,20 H
T16B 14,9, 80-104 1000
10,12 H
T16S 3,4,6,8, 45-53 1000
11,13,14 R
L16S 1-6,8-16, | 4553 800
19-21 "
V16S 1,3,4,6,8,9, | 4553 700
H 12-15,17-21 n

Table AXIL3 Details of single particle experiments in 50% O3. All particles
were PSOC 1451 1600K char.
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SINGLE PARTICLE COMBUSTION

Optical Signal

PYROMETER

Voltage Signal

REAL-TIME
DATA ACQUISITION SYSTEM

CALIBRATION

b2y

TEMPERATURE INVERSION PROGRAM

l

TEMPERATURE-TIME HISTORY

Figure XII.1 Procedure for obtaining temperature-time traces from single

particle drop tube experiments.
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Figure XIL.2 Calibration sensitivity curve for pyrometry inversion.
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