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Apeendix A

Minimum Fluidization Velocity (Umf)

The Ergun equation derivation for predicting minimum fluidization

velocity (Umf) is shown followingly,

In fixed bed, the particles of the same size are assumed. The
small tubes are assumed to be the equivalent tubes for the voidages between
particles. The surface area of the equivalent tube is assumed to be

equal to the surface area of the particles.

particle voidage

equivalent

::> tube

C =

Let the equivalent tube diameter be dc and U_ is the air velocity

f
passing through the tube.

From the Bernoulli equation



—P—'l'A g +A(Uf 2 F = Wf
g Je 29,
where AP = pressure drop across the tube

density of gas

Py

F = force
Wf = work
L2 L 0+04+ F =0
%
ap
_ = +
Ffriction Fkinetic
g
where P L. = friction force
friction
Fkinetic = kinetic force
2
F_ . = 2 Y
friction a ——
c 2g
c
- 2 )
Fkinetic = ==
2g
c
where £, k = constant
2 2
P .
DAL L AL
g c 2gc 2g
a =2r =2r. amr - ATES L
C * —2Trr.L

®eeco

e eo0o0o0

®eeoco0

ceego

tegee

ecece
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(1)

(2)

(3)

(4)

(5)

()



where

hence

where
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radius of the tube

tube diameter

numbers of tube

length of tube

4°_n,_rBL Nc -4 total void volume

total surface of particles
2TrL Nc

l—e p ee e e co0 (7)

numbers of particles

particle diameter

void fraction in fixed bed

substitute Eq. (7) in Eqg. (5)

—

from

ar
Fa

UA

ot

f.

(1-€ ) LU KU
m

2 ) + (8)

2€ d
m p

e A eceeco (9)



129

At = Dbed cross section area
U = superficial velocity
o
L
x_ ® oo o000 10
K 3 (10)
c
64 6
f = _R— = 4_/-:3A_‘_<i— ccoceeo (ll)
* F@ £f ¢
where Re = Renolds number

substitute Eq. (9), (10) and (11) into Eg. (8)

2 2
T Ay e A N
L 9¢ 7 S L2 NN

m p P m

ceeeec (12)

Ergun found that K = 150, K. = 1,75

X .

2 2
.°.0-éli ) g, = 150 (l_em) MU 175 (l-em)/DgUo (13)
# 3 cCeceee

© +
g a2 a4 -&
m P P m

In a fluidized bed, a particle is floating and follows the equation

zF = 0 ©0ecoo0 (14)

Particle



>

where

where

From Eq. (13) and Eq., (19) and letting Gm = Em

Fb + Fd = Fg eecocoe
Fb = bouyancy force

Fd = drag force

Fg = gravitational force

= (]~ g,
Fg (1 Gmf) At o Ps 7
Fy, = Py (1-€ L& /3 ..
b g f t gc L
Fd = A,P At secsece

solid density

Ps

Emf = minimum fluidization void fraction

substitute Eq. (16), (17) and (18) in Eq. (15)
- 9 - - - s

(1-€ o) A Lps 5 pg (1-€ ) A L 7 + (-aP A)
—-ApP

(=) 9, = €I P-P) g

Uo - Umf
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(15)

(16)

(17)

(18)

(19)
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hence

or

where

2 2
(- )4 U (-€ne ) Pg ©
150 me’ A mf g oos o -3 3mf (20)
“ne’ (pa)’ € ¥ Cne
= Q=€) PPy 9
1_6 Re2
Ga = 150 sz Remf B 1,75 mf s (21)
Y Gmf3 €£f
Re =9 £ dE ;é ; particle Reynolds number at fluidization
mf | —= 2 "
M velocity

Ga

3 2 _
94" Py (Ps-pg) /& ; Galilei number

S
I

sphericity of particle

131



>

132

Appendix B

Terminal Velocity of Particles (Ut)

The gas flow rate through a fluidized bed is limited on one

hand by Um and on the other by entraiment of solids by the gas.

£

This upper limit to gas flow rate is approximated by the terminal

or free-fall velocity of the particles, (Ut)°

The derivation of Ut is as follow.

Ty

F. = drag force
P d
d

Fb = byoyancy force

F

g
Fg = gravitational force
b = ma

o o & = 0

F = 0 es 0000 (l)
Fd = Fg"Fb ececoo (2)
Fd = AtK Cd



where At = cross sectional area of bed
Cd = drag coefficient
K = characteristic kinetic energy
2
K —%Pg Ut eeecoo
3
Tmd
g 3 8 s g
c
_mad
——_Lp g—- ® ® 0000
6 s g
c
a3
B = 1p p 2
6 g 9,

substitute Eq. (3), (4) and (5) in Eq. (2)

3
2mTdz2 e 1 g
3 pg Ve g = 0D, /Dg)‘T;"'
4 d 6 (o
4 g %
- 34 (p-p) =
Ut_ 3 pps g gc ® ®e00O0OCO0
Pg “a

Eg. (6) is used for spherical particles

133

(3)

(4)

(5)

(e)

An alternate way of finding Ut for spherical particles uses

analytic expressions for the drag coefficient Cdo

Unfortunately,
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no single simple expression can represent the experimental findings
in the flow regime of interest, so for the particle Reynolds number

ranges shown we have

, _ 24
Cyr spherical = = for Rep < 08 sinsne (7)
. 10
C., spherical = for 0,4 < Re <500 ccceeo (8)
d Y P
Re
p
Cd’ spherical = 0.43 for 500<Rep< 200,000 ceeece (9)

substituting these values of Cd in Eq. (6) gives analytic

expressions for Ut’ or

3
(PP &
18

U.r spherical = for Rep €04 conwvss (10)
: 2-2 1
prpy T 5

2 == 7 a, for 0.4 <Re_ < 500

225
Py

9] £ spherical
® o0 e0ec0o0 (ll)

3.1g (ps—pg) dp

Py

U,, spherical

for 500 < Re_ < 200,000
t p

©oeeeco (12)

where Rep = dE pg Ut
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For non-spherical particles, Pettyjohn and Christiansen
(1948) have proposed that the terminal velocity can be estimated by

multiplying the above Ut values by a correction factor-

90 .
f = 0;843 lOg (ms ) eeeseec (13)
where ip = sphericity of particle.
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Appendix C

System Model Computation

The system model is computed by a numerical digital computation

method.

In computation, the Simpson rule and the Trapezoidal rule are used
for integration, an Iteration method is used for finding the weight of Char
in bed W, Davies-Swann-Campey and Powell's method (DSCP) for
optimization in order to find the value of the overflow rate Fl

Interpolation uses Newton Forward, Newton Backward, Everett method,

IPF.

The flow chart and computer programs for system model
calculation are shown followingly. The numbers of equations in the

flow chart are from section 4.4.8..
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1//{259 ;UO‘T,CAb;délgmestohe,d;,Lfy;%,ly//r Z//é;AD 3 Fy/F, or W dplignite

CALCULATE : e %% b ¥ep
° Eq,15,14,12,13,11, respectively
Xy
CALCULATE : Eg 10
: Fy CALCUIATE : W
W or Fl

CALCULATE :

Eq.2,integration methods,
IPF methods,DSCP method

CALCULATE :

Eg.2,

inte

Iteration method

gration method

CALCULATE

: Combustion Rate
Eq.3,integration method

CALCULATE

Eq .4,integration method

CALCULATE

H F2,P2,
Eq .3,5,1 respectively

PRINT
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THESE PROGRZM WRITTEN 3Y MR.NUTTAWUT WACHARAKUNDIL OKE
IT IS SYSTEM MOGCELLING PROGRAM CF COMBUSTICN EFFICIENCY
DEPARTMENY. CF CHEMICAL ENGINSERING,FACULTY CF ENGINEERING
CHULALONGKCFN UNIVERSITY
H=FINITE DIFFERENCE OF PARTICLE DIAMETER
HZP=F INITE CIFFERENCE DF PARTICLE .LT.DPCMIN
HFITR=FINITE CIFFEFENCE CF TRIAL FEED RATE
THE VALUE CF F1STRT IS5 .LT. FLlEND,THE VZLLE OF F1X IS FRCM LARGE 7C SMALL
TK=TENMPEFATLFE CF AIR IN BED IN KELVIN UNIT
MC=MDLECULAR WEICHT OF CARSON,MS=MOLECULARWEIGHT OF SULPEEF
P=ATMOSFFER1C FFRESSURE :
R=GAS CONSTINT
EXC=EXCESS P2IR
PCTCCL=PEFCENT OF FIXED CARBON IN COAL
FCCL=PEFCENT OF ALL CARBON IN CCAL
PSCL=PERCENT OF SULPHZR IN COAL
THE PERCENT ABOVE IS NOT THE REAL PERCENT MEANING,OTHERWISE FAVE TC #*1CC.
DG=DBENSITY CF £1F AT 35 C :
N=NUMBERS OF PARTICLE DIAMETER VALUES OF FEED
EMEU=VI SCCUSITY OF AIR

NM=NUMB ERS CF SUFERFICIAL VELOCITY(LO)
LET PCTCCL=FCCL

aEslsNelaNalelaNelalaleNaNalalelaNelelaNe e inKe)

DIMEANSICN YL(S99),Y11(999)4Y12F({9G69),Y2(999),Y112R(SS9)
DIMENSICN DPC(999) yDPCL2(99¢S),PC(99S),4P1(9993),P21(999)
DIMENSICN UT(9S9),11(998)3SF(SSS)RRI1S99),4,KKI(999)
DIMENSICN EFRCR(9929),F1XX(9S9),YSUM2(S99), ERIUPON (999
DIMENSICN LC(EC),DATILSD)Y,CAFI(5C),4LCTI (50),EMEVUILE0)F1TI(5C)
DIMENSICN TKI(ED)
DIMENSICN UNMF1(50)
DIAENSICN FOI(8D)
DIMENSTICN WI(EQ)
INTECEF TRY,KANOWFL
REAL IT4KKT1Xy,KKX
REAL LOWLMT
READ(S,1C) DFCMAX,DPCMIN,4,0CL,G,CT,DCF,N
10 FORMAT(TF10.4,110)
C FISTRT IS STARTING PCINT OF TRIZL Fl4£NC 1S UPPZR LINMIT
C FIEND TS END FOQINT OF TRIAL Fl, AND IS LOWER LIAMIT
FEAD(S411) F1STRT,F1ENDHF1TR,EFS4yHZK
11 FCRMAT(SF1Q.4)
C SPH=SPHERICITY OF COAL PARTICLE
READ(5,20) PCTCCLySPHyNN
20 FORMAT (2F1044,112)
REALC(5,21) (ULO(T)y1=1,NN)
REAC(5,21) (CAI{I),I=1,NN)
REAC(5,421) (FCILI),I=1yNN)
KEALCI(5,421) (WI{I)sI=14NN)
REAC(S,21) (FII(I),I=1,NN)
21 FCRNAT(EF10.4)
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25 READ(E,22) (CAPI(I)yI=1L4NN)
26 READ(5,22) (DGILT)s I=14\N)
21 RFAD(5,422) (EMEUI(I),1=1,MN)
28 22 FORMZT(EEL1C.4)

C FOF BED FEICHT MOFRE THAN TDH,A=
29 READ(5,22) A
3¢C 23 FORMAT(F1C0.4)

C ek ok %

C IF WE KNOW F1,TEEN HAVE TJ TRY FCR h, LET CATA BELD4 IN 2 REAC STATEMENT BE
C w OOOlNINIT'.-o.olFl"'lo...'KNO“Fl I'MLX"IQ..I

C IF WE DCN'T KNCw F148JT WE KNOw THE VALLE CF W,LET C2TA EE

C WS eoe oo 1W]N11=0"Fl=0- 1KNO'AF1=0|MAX=O

CHx¥dkkk ¥

C IF F1 KNOWNsyW TC BE FOUND,AND F1 .FQ.0.,W FOUND IS THE MAX. CNE

C THAY MAKES THE C2FBON IN COAL CCMBUSTED AlLL

Cx¥¥k k%
31 RFAD(5,425) WyWINIT,,KNOWF1,MAX
32 25 FORMLT(ZF1Ce4,4211))
C IF CESIRE 70 USE OPTIMIZATION FOR FINCING F1,LET KYDSCP=1
C KYDSCP=KEY T1C CFEN TD DSCP METHCD,KYDSCP=1 MEANS 'OJPEN',=0 MEANS 'CLCSE?
C IMAX=ALLCw2ELE AUMRERS OF ITERATICN IN CSCP
C HDSCP=FINITE CIFFEFENCE 1IN DSCF
C XODSCP=THE INITIAL VALUE OF F1 TRIAZL FFOM WHICH THE SEARCH START
33 READ(542€) KYDSCPy IMAX,HDSCF,XOBSCP
34 26 FORMAT(211042F10.4)
35 READ(5430) (PC(I)yI=1,4N)
26 30 FORMAT(EF1C.4)
37 REAC(S5422) P4RyPCZL,HMC
38 32 FCRMAT(3F10.4,110)
3¢ . READ(5,121) (TKITI )y I=14NN) '
40 READ(5,33) (UMFI(TI),I=14NN)
41 33 FORMAT(8F10.4)
42 DO 100 I=1,N
43 DPC(1)=DFCMIN+FLOAT(1~-1)%H
44 100 CONTINUE
4¢ DPMX=DF(MIN=F2R
46 DPZR=HZF
47 NL= (DFMX=-DPZR)/HZI+1.
C NL NOT 'BE EQUAL T0 ZERQ
48 NZR=N+NL
C ¥k
C IF KNOWING F1l,INSERT THESE PROGFAM(WITHOUT C) ,BUT ALREACY KANCWN W
C Fl=eaoooocasses ‘
C KEY=1.
C IF{KIY.EQala) GNT) 469
C
45 DC 1C0QC ITR=1,4NN
5C W=WI{ITR)
51 FOX=FOI(ITR)
52 UMF=UMFI(ITR)
53 TK=TKI(ITR)
£4 Uod=Lo0(ITR)
55 DA=DAI(ITR)
56 CAP=CLFI(ITR)
57 DG=DGI (ITFR)

5.8 EMEL=ENELI(ITR)
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190

191

192

193

200

300

331

400
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FI=F1I(11R)
F(KNOWF1.EQ.1) GO TO 190
L=(F1STRT-FLEND) /HF1TR+1.1

WRITE(6,1E89) L
FORMAT(//T1C,"L="*4110)
GO 10 191
CONTINUE
W=WINIT
WO=W
L=MAX
CONTINUE
DO 400 TRY=1,L
ITF(KNOWF1.EQ.1) GD TO 192
Z=TRY~1
F1X=F1STRT=-Z*FF1 TR
GO TC 1¢:2
CONTINLE
F1X=F1

CONTIANLE
DO 2C0 1=1,N
Nl=N=T+1
DPCX=CPC(MAX~FLCAT(I-1)%*H
CALL TICF(CPCNMAXyHyF1XoIIXyLCLyCoDToCCP4DA,2CTCCL,ySPH,

¥ UOOyh yCAP,CCHyEMEUOPCXyJMFA3LTX ) SHX,RRX g KKX)

Y20I)=FC(NL) 7 U(DPTX*%3)*11X)

CALL INTCT(EH,19Y2,5UM2)

YIL(NL)=(CPCX2#3 )%« I1X/ASSI(REX)

YLIONL)=Y11 (N1 )*SU42

CONTINUE

DO 300 1I=1,NL

NLL=ML=1+41

DPX=CPCMIN=FLOAT(I)=*HZR

CALL IIDPICPCMAXyHZRyFLXyIIXyDCLyG,CT,DDP,DA,PCTCCL,SPH,

¥ UOOy W CAP4DCHyEMEUZDPX,UMF 92, UTX y SHX yRRX ) KKX)

YL ZRONLL)=(CFX**3) ¥ IX/ABS (RRX)
YIZR(NL N =YLIZFR{NLL1%5U%2
CONTINLE

CALL INTGY(HyNyYLySUMLL)
CALL INTCT(FEZRyNL,yY1ZR,EUM12)
SUML=SUN¥11+SUN12
IF(KNOWFI.EQ.1) GO TC 331
DIF=(W/FCO)=-SUNL

YOI F=£BRS(DIF)
TFOYCIFJLESCEFS) GO TO 440
EFRCF(TFY)=YDIF
FIXX(TRY)=F1X

GO T0 400

Wl=FCCHSLML

DIF=2PRS (W0O=WI1)
IF(CIFJLELEFS) 53 TO 459
WO=hl

W=WC

CONTINUE

IFCKNOWF1.EC.1) 37 TD 451
DIv=1l

WRTTE(€4410)
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115

116
117
118
118
120

121

129

130
131

132
133
124
135
136
137
128
139
140
141
142
143
144
145

146
147
148
149
15¢
151
152
1153
154
155
15¢
157

141

410 FORMLT(*1%,11C,"TRYINS FOR F1 IS DIVERGE'/
* T10y"TRY AGAIN 3Y HAND CHECKING AND THEN 53 TO NEXT STEP'/)
WRITE(6442C)
420 FORMET (110, 7( tmmmmmmnmen 1) /125, 0F1 TRIALY ,T45,°] 1,
* TEOy'ERRCF?/T10 o T('=mmmmmmamat )}
WRITE(€443C) (FIXAII)yERROR( 1) 41=1,1)
430 FORMAT (1Z254FL1Ca4y (454" "3T55,F13.8)
WRITE(€,434)
434 FORMAT(T1C,7( tommsmn e "))
IFIKYDSCP.NE.1) 30 TO 427
FINC F1XX THAT ITS ERROR IS ZQUAL TC ZERO B8Y OPTIAIZATICN
USING DAVIES=SWANN=CAMPEY AND PCWELL'S METHOD{DSCP)
LOWLMT=F1XX(L )
UPLMT=FIXX (1)
DO 425 I=1,L
LIl=L=(I-1)
ERUPDN (LT1)=EFROR(I)
435 CONTINLE
CALL DSCFIHDSCPyXDDSCPyFLyERFL1yEPSy I4AX,LOWLHMT yHFITR yEF LECA 4L )
WRITE(€4,438) F1,ERF1
438 FORMAT(1FC/2CX,"MINIMIZATION BY DSC-FOWELL METHCD'/ 25X,6HX =
¥ F12.5425X%,6HPM = ,F12.5)
WRITE(€4436) F1,5RF1
436 FORMLT(//17110,'BUT ATTER HAND CHECKING AND CESIRING TO LSE OFTINIZ
*ATION NUMEKTICAL CALCULATION'y/ T1Cy *OVERFLOW,FLly='yF10.4,
* T45,'BUT ERROR FROM CALCULATICN =%,F10.4)
GO TC 460
437 STOP
440 DIV=C
Fl=FlX
WRITE(E,45C) F1
450 FORMAT("1¢,T1C,*TRYING FOR F1 IS CRNVERGE,'T47s 'F1=',F1C.4 ]
60 1 4é€C
451 CONTINUE
WRITE(€,452) &
452 FORMZIT('1* 3 T1Cs FINDING A 1S DINERPGE,LAST TRIAL CF W IS',F1C.4)
STNP :
459 CONTINUE
W=l
450 CONTINUE

CAexxx

C FIND TABLE OF DFCH)':’)(H'SH(IhKK(I),RR(H,II(H

C FROM NEAR 2EFD 10 DPCMAX

C INPUT F1 FROM HAND CHECKINS IF TRYING FOR F1 IS DIVEFGE

DO 4€E0 1=1,NL

DPC12(1)=FZRAFLDAT(I)
480 CONTINUE

DC 4S0 I=1,N

NLI=NL+1

DPCI2(NLI)=CPCMIN+FLOAT(I~1)%H
490 CONTINLE

DO 5CO0 I=1,N2F

DPX=CPC12(1)

IFCT.LECNL) GO T3 495

HHZR=F

GO 70 4¢9¢
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15E 495 CCNTINUE

158 HHZR=HZF

16C 496 CONTINUE

151 CALL TICF(CPCMAXyAHZF yFl,11X,DCL4G4CT DCPyDA,PCTCCLySPH,
* UOO,k)[AP[[C,E‘EU,DPX)U4F |A|C1X|S|'X s PRX s KKX)

‘162 uTen)=uix - . :

1¢3 IIC1)=11X

164 SH(I)=SkX

165 RR{T)=RRX

166 KK(T)=KKX

1617 500 CONTINUE

168 WRITE(E,4510) UOD,FLl,4W

169 510 FORMET (1" 3 T1Cy U0 =" gF1D0eb 'y ' 97304 'FL =" ,FL0s44"y"sTS5Ce'W =1,
* FlC.4/) ' ’

17C WRITE(€,520) .

171 520 FORMAT (11048 '=mmemem——— 1) /115, DPC 'y T21,0 | *9T26,0UT*,T33,*|*,

$ T30y SHY,Thby 0|0, TS52, VKK g 158, |1, TEE,'RRY TT2, "] 7,778, 11"/
# TIC € (tmmmmmmmme=t))

172 WRITE(64530) (CPCL2(I) UTLT )3SHIT) KK (I)gRR(I)IICI)41=14N2ZF)

173 530 FORMAT (110 4F1C%yT214% [*9T22,F10.4,T33,7] %4 T34,F10.44T44, "1 "
2 TAS F1Ce4yTEBy | 13T59,F10444T72," |*4T73,F19.4)

174 WRITE (€,54C)

175 - 540 FORMAT(TIC,8( t===mmmm===t))

C*¥¥FIND P1(1)
C**%%FIND F1(CFC1),$12E DISTRIBUTICN OF COAL PAFTICLE IN F1

176 DC ECC I=14N

177 Nl1=N=1+1

178 NZFR1=NZiF=T1+1

179 YSUM2(1)=PCINI)/Z((DPCINL)**Z) XTI (NZFL))

180 CALL INTGT (H,1,YSJ42,5UM2)

181 A=FCO* (CFC(N1I#%3) *IT(NZR1)/(W*2BS{FP (NZR1)))

182 PLINZR1)=L%SLN2

183 600 CCNTINUE

184 DO 7CC I=1,NL

185 NZR1=N2F1=1

18¢ DPC X=CFCMIN=-FLCAT(I)*iHZR

187 PLINZR1)=FCC#* (CPCX**3)*II(N2K1)*SUMZ/ (W¥ABS(RR{NZPL1)))

1838 700 CONTINUE

189 DC 7C1 I=14N2F

160 NT=NZR=(I-1)

191 PL1T=PLINT)

192 IFIFIT.EC.C.) CA TI 732

192 701 CONTINLE

154 GO 10 7C4

195 702 NTL=NT-1

19¢€ DO 7C3 [=1,N11

197 PLLI)=C.

198 703 CONTINUE

169 704 CONTINUE

200 WRITE(€,7C5)

201 705 FORMAT (1, 11C ) T(?m=e mmmmmmat) )

2C2 WRITE(E,70€)

203 706 FORMAT(T1C,'PAFTICLE DIAMETER CF CORLCMY' 53 T4D5 "] "9T51,
¥ 'SIZE CISIRIBUTION oCH**(=1)")

2C4 WRITE(€,7C7)

205 707 FORMAT(TLIC 7 ( tmmmmmmn ===t ] )
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WRITE(€E,TCE) (CPCLIN,P0(1), N)
708 FORMAT(T184F12.4,T424]",T51,F 3 4)

WRITE(€E,7CT)

WRITE(€,710) FCI,4,U00,F1

T10 FORMAT('1',T1C,'F) ='.F10.41'o'pTZS,'h='.F1).4",',TéO"UC=

* F1C.4/T1C,'F1="4F10.4)
WRITE(€E,72C)
720 FORMET(TIC 7 (tmmmmmmmmmt )/
L T?Si 'CFCIyC"'yT-"5|'I')TbO)'PI'CM**"l'/T].Ol-,‘ lecomacacaas
WRITE(6,720) (CPCL2(I),4P1(1),I=14NZF)
T30 FORMAT(T25,F1Ce%4T454% "y T6C,F1C.4)
WRITE(€,74C)
T40 FORMAT(T1Cy 7 ('mmmmmmae==t))
C*%kx%
C*¥*FIND ELUTRIATION RATE,F2
DPCX=HZF
DO BCO I=1,NL
YSUM2(T)=3.%w*PL(I)*RR(T)/DFCX
DPCX=CFCX+F7R
800 CONTINUE
CALL INTCT (HZRyNL,yYSUM2,SMF21)
DO 820 I=1,N
NLI=NL+1
DPCX=CFCMIN+FLOAT(I-1)*H
YSUM2(T)=3.%w*PLINLI)*RP(NLI)/DPCX
850 CONTINUE
CALL INTGTAHyN,YSUM2,SMF22)
SMF2=SMF21+4SNF22
WRITE(€E4E60) SMF2
860 FORMAT (*1',T1Cy*RATE OF COAL CCMBUSTED=',F1D.4)
F2=FCO-F1-SVNF2Z
C %%
C*x FIND P2(CPC2),S17E DISTF IBUTION OF CDAL PARTICLE IN F2
DO SCO I=1,N2F
P2( 1)=W2KK(I)*PLII)/F2
900 CONTINUE
WRITF(€4,6C5) F2
905 FﬂRNt1('l',1l(,'F2 =V, Fl1J.4)
WRITE(£,51C)
910 FORMAT(T1C 7 { tmmmmmmmemmm ¥} /
¥ T25,3VCFC24CM" 3T459% 1" 3 T6D 9 'F24CN%%~ 1 /T10y /[ 1 memmmmmmm
NFITE(E.73C) (CPCL2(I)4P2(T)41=1,N7F)
WRITE (€,74C) >
C*
C CONCLUS ION
EFF=(SMF2/FCC)*10),
IF(F2.CT7.C.) CC TI 915
F2=C.C
915 CONTINUE
WRITE(€E,620) SMF2
920 FORMLT(T1C,'FATE OF COAL CCMBUSTEC='4F10.4)
WRITE (€,63C) FOOyFLyF2,ZFF

)

930 FORMATI(TIO"FC ="y Fl0e4%43T254'F1 ="', F1Ca4%yT4D,'F2 =',F1C.4,

¥ TIS5,'EFF =',F17.%)
C FIND PERCENT CF EXCESS AIR IN BED
AL=C.21%F*(3.1416*(DT+DDP)* (DT-DGP) /4 .)*J00

BB=R2TKIFCC*FCCL/AC
EXC=2A/BE~ 1.,
PCTEXC=FXC*1CC.9D
WRITE(€,S4C) TK,PCTEXC
940 FORMAT(//T10, 'TEMPERATURE OF AIR IN BED =',F13.443X,'K"/
# TLO,"EXCESS PIR=',Fl0.4)
1000 CONTINUE
STaP
END
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SUBROUT INE FCR FINDING IIySHyRR,4KK
= FINITE DIFFERENCE OF CCAL DIAMETEF

Fl= FEED R#TE CF CCAL

DPCMAX=MAXINUM FARTICLE DIAMETEF

DCL=CENSITY CF COAL FARTICLE

DT=DIAMETER CF BED

DDP=CIAMETEF OF DRAIN PIFE IN RED

DA=CCEFFICIENT DIFFUSIVITY

PCTCCL=PERCENT CZRBCN IN COAL FARTICLECIN FRACTION)

SPH=SPHEFICITY

- W=WEIGHT OF CCAL IN BED

CAP=CONCENTRATICON OF OXYGEN IN FARTICULATE FHASE

SUBROUT INE ‘IDP(CPCNAX'H'FIQIIvDCL:GcDT;DDP,DA,PCTCCL'SFHp
% UO,H.CﬁP,DG,EMEU,DPC’UNFy"UTysH'FP'KK’
DIMENSICON Y(1000)
REAL IT,KKyKKX
N={ DFCM2X-DPC)/H+1l.
CO 10 1I=1,N
DPX=CPC+FLOAT (I~ 1)%*F
CALL TMVIDCLyCoDPX¢LCCyEMEU,SPHUTX)
CALL SRK(DCL,G,DT,DEF.EL.PC1C(L.UO.h.(LP,DG,EMEU.DFX.UMF.A.
% UTXy SHX9RRX $KKX)
Y(OI)=(F1/WHKKX)/FEX
10 CONTINUE
30 CALL INTGTI(HyNyYsSLM)
JF{ SUM.CE.70) GO TC 5C
40 11=1./EXP(SLM)
CALL TMVI(DCLyGyDFCyCCGoEMELySPHLUT)
CALL SRK(CCL.CyDT,DDF,U‘,FC]CCL,UO,H,CﬁPgDGgEMFUyCFCyUMF,A'
¥ UT3SH FRKK)
RETUERN
50 WRITE(E&460) SUMsDPC :
60 FORMAT('1',T10,'SUM 1S MCRE THAN TC4=",F10 .44 'DPC= ' ,F10.4)
STOP
END
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C SUBROJTINE FOR CALCULATING INTECFATIOM wlITH FINITE BIFFERENCE
C SUBROUTINE INTGT(FsNsY4SLM)

C H=FINITE DIFFEFENCE CF X

C Y=FUNCTICN CF X

~ SUBRCUTINE INTGT (HyNyY,ySUM)
DIMEANSICAN Y(N)

RFAL ITREP,ISIMP
IF(N.GE.7) GC TO 5
SUM1=0 :
CO 3 I=1,4N
SUML=SLMLI+Y(I)*H
3 CONTINLE
SUM=SUM1
GO TC 6C
CONTINLE
KTL=FLOAT(N)/2.+0.¢€
KT2=N/2
IF(KT1~KT2) 1Cy4Cy1C
C SIMPSON FULE

10 Nl=N-1
YML=Y(2)

D3 20 I=4yN1,2
YML=YM1+4Y(])

20 CONTINUE
N2=N=2
YM2=Y(3)

DO 30 l=51'\212
YM2=YM24Y(1)

30 CONTINUE
ISIMF= (F/3)% (YL 1) 44.,3YN1 42 %YM2+Y(N))
SUM=ISTNMP
GO TC 6C

C TRAPEZOICAL RULE

40 YMID=Y(2)
Nl=N=-1
CO S0 I=3,N1
Y4ID=YMIC+Y (1)

50 CONTINLE
ITRAF=(F/2. )% (Y(1)+2.,4YNIC+Y(N))
SUM=ITRAF

60 RETUEN
END

Vi
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SUBROUT INE FCR CALCULATING SHERWOOD NUMBER(SF),
SHRINKING RATE OF PARTICLE (FFR)

“ELUTRIATION CONSTANT (KK)

CAP=CONCENTRATICN OF OXYCEN IN PARTICULATE PHASE,GMMCLE/CNM*%3
PCTCC= PERCENT OF CAFBCN IN CCAL
DCL = DENS11Y OF COALy CPC = CIZMETEK CF CCAL PARTICLE
UO USED IN CALCULATING KK NCT BE LESS THAN UMF
" SUBRCUTINE SRK(DCL.CyET.CDF.DA.FCTCCL,LO'H.(AF.CGyEMEU.CPC.LMF,A.
- % UT 9 SHyFRyKK) ’
REAL KK,yKyK1
SH = 2.0+40.6*((UD*DC/ENMEU)I#%0.5)% ((EMEL/(CC*CA) )%%(1./3.))
¥ % (CPC*%0.5)
FR=57.6%CAF*SF*DL/ (CFC*FCTCCL*CCL)
IFIUT.CT.UO) GC 10 10
K1=130.‘EXP(-10.4*((L1/U0)**0.5)*((UHFI(UO“UMF)]**O.ZS))*A'
K=3.141€*(CT~-CDOP )*(DT+D0P) /4.
KK={[G*LC*K/h)*K1
RETURN
10 KK=0
RETURN
- END

C SUBRDUTINKE FOK CALCULATING TERMINAL VELOCITY (UT)
DS= DENSITY CF PARTICLE

C

TG0 CRAVITETTCNAL ACCELLERATION

C DP=PAKTICLE CIAMETEF

C DG=DENSITY CF CAS

C EMEU=VI SCCUSITY CF GAS
C SPH=SPHERICITY -

SUBROUTINE TMV(DS,G+DF yDRGyENMEUySPHHLT) ‘

ANU=C,. E43¥FLUCGLC(SPF/TLTEST
UTSPHR=C.153%(DP**1 .14 )*(G**Ca71) ¥ ((DS-DG)*%0.711 )/ ( (EMEU**0.43)
% " ®(DG*%*0.25)) )

UT= ANU*UTSPHR

RETURN '

END
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C DSC POWEL MFETHGC USING THE COMBINELC CAVIES~SWANN CAMPEY ANC PCWEL
Cosddkddk b pbd 4443 F Rk b #3RR IS FH A SRR XTI AN DT ERXEAFA AT A AR SR 4%

_THIS SUBROUTINE USINGC THE CCMEBINEC CAVIESe SWANN CANREY ANC POWELL
METHCD{ CSCP),TC CCMPUTE THE MINIMUM CF 2 CONTINUOUS FUNCTIO
THE FOLLCWING PRCVISIONS FOR USERS TO SPECIFY,
X0~THE INITIAL VALUE OF X FRCM WHICH THE SELZRCH ST2ART
DX~-THE SEARCH STEFP SIZE
EPS-THE PFECISICN INDEX
MAX=THE MAXIMUM ALLOWABLE NUMBER OF TTEFRATIONS )
X00y FHy YY, NN ARE ARGUMENTS IN SLBROUTINE SUBPRCCGRAM IFF,
LOWER LIMIT ,FINITE DIFFEKENCE,VALUES CF Y,NUMBERS OF Y RESPECTIVELY
Ahskhkk a AR RSB A bkk xR BRI FHRAURITEN BY NUTTAWUT WACHLZRAKUNDILOK#¥#¥%ddk¥¥ ¥4
SUBROUT INE DSCP(CXy X0 gXNyFMyEFSyMAX s XCCyHHy YYy AN)
DIMENSION YY{AN)
DOUBLE FRECISION X1 4X24X3
DATA ITAF4JTAF/5,6/
H=DX
2 CONTINUE
C START THE SEARCH THE BOUND NININUN
[TR=00
M=0
M1=0
CALL IPF(X0CyFHyYYyANyXCyF2)
X=X0+H

CALL TPF(X004EHyYY 3NNy X FB)
IF(FBsLELFL) CO TO 4
C REVERSE THE SEARCH DIRECTION TO OBTAIN DECREASING IN FUNCTICN VELUE

X=XC
H==2 J*H
GO T0 6
C THE FUNCTION STILL DECREASING 4 INCREASE THE STEF STZE EY DOUBLE

-C THE FREVIOUS INCREASE IN STEFP SIZE

4 H=2 .%H

6 CONTINUE
X=X+H
CALL IPF{XCCyoHHs YY NNy X,FC)

IF (FC.CT.FB) GC TC €
FB=F(
ITR=ITR+1
IF(TTF.CT.MAX) GC TC ZE€
GO TO 4
C MINIMUM IS BOUND

8 CONTINUE
X2=X=-H
IF(X2.L1.X) GC TO S
xl=X
X3=X2-H/2.
G3 T0 1C

9 CONTINUE
X3=X
X1=X2=H/2.

10 H=-H/2.
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3t X=X +H

37 T x2 S:XZ_

36 CALL IPFUXCCyFHy YY NNy XZSyFX2)
39 CALL TPFIXCCyayFHyYYyshNyXyFXX)
4u IF(FX2 eLT<FXX) GC TC 12

41 XI=X2Z

42 X2= X
43 7T 6N TO 14

44 12 X3=X

45 14 CONTINUE

46 X1S= X1

47 XeS=X2

4t X3S=X3 . .

49 CALL IPF(XCOgHHyYY ANy X1S,F2)
.5t CALL IPF(X0Q0yFHy YY 3NN 4X2S,FR)
51 ' CALL T1PF(XCCyFHyYY AN XZE,FC)
5% B2 .%(FA=-Z.*FB+FC)
B3 TFUB) "T5y24,15 R
54 15 X=X7=ABS(H)*(FA=FC) /R

55 WRITE(€4111) X

56 111 FORMAT (//4TLIC ' X=! ,F1Ce4)

57 . ITR=C

5t 16 CCHTINUE
59 T OXXTEx=x N

6U XX2=X=-X¢
61 T XX3=X~X%X3 "~ 1 a7
52 IFLABSTIXXY1)oLFLEPS) GCC TC 40
62T T T IFUABSUXXZ).LEL.FPS) CGC TC 4C
64 IF(RRE (XXZ)oLELFFS) GC TC 4C
55 WRTTE(E,222T X

66 222 FORMAT(TIC,*XTEST=",F1C.4)

37 4 ITR=ITR+1

58 IF(ITR.GTMAX) GO TO 38

59 T CALL IPF(XO0O04HHyYY 3 KNyX4FF)
TC XP=X

@} XPZ=XP=X¢

Te IRC£RS(XPE2)ebLEFsbFS) GC TC 4C
73 IF(F2.LT<FP) CO TO 18

T4 L& Xela TrweX 291 96 €3 K T

75 X1i=XZ ) )

Te FA=FB

i X72=X

76 FB=FP

79 GN T0 20

30 17 X3=X2

31 FC=FR

3z X2=X

33 F3=FF - T
34 50 TC 20

35 18 CONTIMUE

o IF(X.LT4X2) CC TC 16

37 X3= X

3 FC=FFP

b LU 111 20 o
Qv 19 X1=X

91 A=FFP
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92 20 CONTINUE
- . NOW PERFCRM THE PARABOCIC INTFRFOLATINDN
z AT XZ=X3)#FA+{XZ~X1)%FR+(X1=-X2)%FC
94 IF(A) 21,28,21
9% ) X=(1./2.)*((XZ**Z—XE**Z)*FA*(X?**Z—X]**2)*FB+(Yl**2+X2‘*2l*FC)/A
7C TFIXGT XY GOTO 2z~ = o o o T T e e
97 IF(X.LTWoX1) GO TO Z:Z
98 G0 TG 23
29 2 X31z=(x3-X1)/:2.
10C 3=2 . %(FA=2.*FB+FC()
101 IF(B.LCQ.C.) GO TO z4
10z X=X e=RBSTXZ1I2V*(FA=FC170 o
10z 23 CONTIMNUE
124 TG0 TO 16
195 24 CONTINUE
106 IF(M) 26426,30
107 26 M=M+]
178 GO TO0 8
129 289 CONTINUE
1 IF(M]1) 29,29,32 )
111 79 M1=M1+1
112 GO 70 8
113 30 WRITE(JTAP,Z81)
114 GO TC 40 )
115 32 WRTTE(JTLFP,282)
16 7777 7 60 TO 40
) i 74 28 CONTINUE
116 T U WRTTE(JTAP,28C) ITR
C
18 K 40 CONTINUE T
o
120 XM= X
121 CALL IFF(XCCyaHHsYY NNy XMsFM)
122 280 FORMAT (1HC,2CX, ' SEARCH FAILED WITHINYy 16, ITFRATICNSYY
125 <81 FORMAT (1HC/Z2CX,' THE DSC RIVISOR BEING ZERC SECONEC TIME')
174 ZBZ FURMATUIHC/72TX, YTHE POWELL DIVISOR BEING ZFRU SECCND TIMET)
C
25 RETURN -
6 END
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SUBROUTINE I1PF{INTERPGLATICN) INCLUDES
NEWTCN FCRWZRC INTERFCLATICN FCRMULAR
NEWTON BACKWAEC INTERPCLATICN FCFMULAR
AND EVERETT INTEFRFOLATICN FCRMULAR
M=DEGREE OF THE INTERPCLATICN PCLINCMAIL4NM=N=1
N= THE NUMBER CF TABULATED CATA FOINTS
X1=INITIZL VALUE CF XyF=FINITE DIFFERENCELY=THE DIFFEFENCE OF Y CR ANY DEGRE
XP=THE PCINT OF X WHICF IS LSEC TC FINC YF CR Y=RECLIRED
N -NOT BE LESS THAN T -
SUBRCUTINE IFPF(XlyhHyYyNyXF,YP)
DIMENSION Y(N)
DIMENSION CY(200,2CC)
DOUBLE PRECISION DY FF4QGyA4F,yQ
M=N-1
Nl =N-1
DO 2 I=1,4N1
2 DY(T,1)=Y(TI+41)=Y(])
CO 6 K=2'M
L=N-K
PO 4 I=1,L
4 DY(T 4 K)=CY{TI+14K-1)=CY(IyK=1)
6 CONTINLE ’
XN=X1+F#FLCAT(N1)
SECT=(XN=-X1)/2,
SECTI1=X1+SECT
SECT2=X142%SECT
IF(XF.CT.SECT2) - €O TC 30
IF(XF.GE.SECT1) CO 1C 2zC

C XP=X1+P*H
C NFIF
10 P=(XP~X1)/K
PP=1.,
YP=Y (1)
DN 12 K=1,4
Kl=K-1

PP=PF* (F=FLOAT(KL))/FLCAT (K)
12 YP=YF+PF*DY(1,K)

RETLRN
“C XP=XN=P*}|
C NBIF
30 P=(XN-XF)/H
PP=1.
YP=Y (N)
NN=N
CO 32 K=1,4
Kl=K-1
PP==FP*(F=FLCAT(KL))/FLCATI(K)
NN=NN-1
33 YP=YP+FF*CY(NN,K)
RETURN
+C-EIF ™

20 K=FLOAT(N)/2.40.6
KI=N/24C.6
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23

X0= X1+ (FLO2AT(K)=1.)3%H
P=(XP-XC)/F

C=l «=P

A=l.

PP=P

QQ=1q -
YP=Q#Y (K)+P*Y (K+1)
IF(K=KTI) 22471,22
L=M/2

GO TC 2¢

L=M/2-1

CONTINUE

0O 23 1=1,3

11=22]
A=A*TI*(11+1)
QQA=(Q+I1)*CC*(Q~1)
PP= (P+ [ )¥PF#(P-1)
KK=K=]

YP=YP+ (QQ*DY(KKy I1 ) 4PF¥DY(KK+1,11)) /A

KETURN
END
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SUBRLCUTINE FCR FINDING CAF,X,KBP
CAP= CONCENTRATICN CF CXYGEN IN PARTICULATE PHASE
CAR= CONCENTRATICN OF CXYGEN IN BUBBLE AT SPECIFTED HEIGFT

CF BEC(GAS INLFT)

Ct0= CONCENTEATICK OF 2XYGFN IN RUB2LE AT INLE?Y
UC= SUPERFICI2L VELCCITY, UW= RURPLE VELOCITY,

DB= BUBRLE NIAMFTEFK 4 LF= HEICHT QOF BED
CA= OXYGEN CIFFUSION COEFFICIENT

KEP= GAS INTERCHANGE CHEFFIC IENT FROM BUBBLE TO PbFTICUlLT[ PHESE

G= GRAVITATIONAL - 2ACCELERAT ION,

X= INTERPHASE CHANGE
LB NOT EQUAL TN ZERO

THIS SUBRCUTINE COUBLE PFECISION C2B,CAB,yB,C

UMF=
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MINIMUY FLUIDISATION VEL.

SUBROUTINE OXYC(CAB,CAC,UMF,UC,DC, DAyC:LF:UF,VBPanCQP)
DOUBLF .PRECISION CAByCLDy By C

FEAL LF,KBP

A= (DA*%0, 5 )% (G¥*D.25)/ (DR¥*],25)

KBP=4,5%( UMF /DB ) +5, 85%*A

UB=0.711* { (G*DB)*%5.5) +(LO0~UMF)

X=KBP*LF/UB
IFIX.5T.50.) GO TC 1C
3=EXP (~X)
6N 10 20

1C 3=0.0

20 FONTINUS
c=1. _
CAP= (CAB=CAO*F)/(C=E)
F ETURN
END

L F=HCIGHT OF FBC .RED
UO=SUPEFFICIAL VELOCITY

(gl g NeleKy]

DB= RUBBLE DIAMETER

SUBROUTINE DRCGIUG,LHF
REAL LF

D31=0.0326%( (LC-LMF)%x1
DR=DB1/1.81

RETUEN

END

UMF=MINIMU FLUIDIZATICA VELOCITY

yLF,0R)

«11)*(LF¥*xC,81)

SUBROUTINE FUR FINDING BURRLE DIAMETEF IN FBC
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An Example of Output from the Computer Simulation

Ud = 394,2300, F1 = 0.0256G, W= 8.6584
o e e o o e e e e e e e e e o N
CPC | uTt | SH | KK | ER [ 11
0.0020 | 5.3542 | 2.35C1| 122.264¢ | 0.5236 | €.2001
0.0040 ! 11.796¢€ | 2.46¢51 £2,37%4 1 0.2781 | 0.2001
0.0060 | 18.7322 | 2.60€3| €1.445C | 0.1637 | 0.0092
0.0080 | 26.0C041 | 2.70C1| 47.2101 | 0.1505 | 2.2004
0.0100 | 33,53€7 | 2.7d211 27.273¢C | 0.1241 | 0.0007
0.0120 | 41,2845 | 2.8575] 3c.011¢C | C.1062 | 0.0912
0.0140 | 49,2160 | 2.92€2] 24.5308 | 0.0932 | 0.20273
0.0160. | 57.3083 | 2.65C11 20.2641 | 0.0833 | 0.J)037
c.0180 | 6H5.5437 | 3.06C2| 16.6581 | .0.01756 | C.NN6C
€.0200 | 73.9C€6 | 3.1070] 14.2896 | 0.0€¢93 | 0.2092
0.0220 | 832.3915 | 3.1€10) 12.1284 | De0641 ! 0.3137
0.0240 | 90,9822 | 3.2126] 1C.3561 | 0.0597 | 0.019¢
0.0260 | 99,67¢0 | 3.2621| A.8977 | 0.0556 | "0.0274
0.0280 | 108.4¢27 | 3.3C%¢8) 1.6751 | 0.0527 | 0.0371
C.0300 | 117.33€1 | 3.35¢¢] E.65€4 | 0.0469 | N.9492
C.0320 | 126.25966 | 3.4002| 547963 | 0.0474 | 0.0632
0.0340 | 135.3223¢6 | 344433 5.0645 | 0.0452 [ 0.07072
0.0360 | 1l44.44¢€¢1 | 3.4€52) 4.44CC | 0.0432 | £.J)5912
0.0380 | 153.6252 | 3.52¢5 | 3.9047 | 0.0414 | 0.1212
0.0400 | 162.880C4.) 3.56¢51 32,4436 | N.0397 | Nel44S
0.0420 | 172.15¢7 | 3.,6042| 2,045¢ | 0.0283 | 0.1718
C.0440 | 181.57%52 | 3.6419] 2.7001 | 0.072¢9 | 0,1554
C.0460 | .191.0126 | 3.67¢€81 2.3594 | 0.0357 [ 0.7304
C.7480 | 200.5058 | 3, 71461 2.136¢ | ‘N.0345 | 0.2612
C.2500 | 210.0615 | 3.75¢3] 1.907C | 2.0334 | N.2052
0.0520 | 219.6¢¢€5 | 3.7846 | 1.7053 | 0.0325 | 0.3282
C.0540 | 229.3241 | 3.31¢65| 1.527¢ ! 0.03215 | 0.3641
0.0560 | 239.,0313 | 3.2523| 1.3708 | c.0207 | N.358¢8
0.0600 | 258.59C3 | 3.91173] 1.1C95 | 0.0251 | C.459C
0.0700 ) 308.,27CS | 4.071C| C.6707 | 0.0259 | 0.6%5131
0.0800 | 358.9575 | 4,2126| C.4181 | 0.0235 | 0.85017
C.0900 | 410.5413 | 4,34€2] ¢.acoqQ | 0.0215 | 0.904C
C.1000 | 462,9352 | 44752 C+CCOC | €. 0200 | 0.9052
0.1100 | 516.0663 | 4.59¢€1 | 0.0000 | 0.0186 | 0.9167
C.,1200 | 569.88¢%5 | 4.7115] 0.0000 | 0.0175 | 0.9082
0.1300 | 624.3323 ) 4.,82221 > BGEe | 0.0165 | C.9N60
0.1400 | 679.3€6%¢ | 4.,92¢8¢| €.0000 | 0.0157 | C.9077
C.1500 | 734.9¢12 | 5.031¢! C.000% ! 0.0150 | C.906¢
C.1600 | 791.0750 | 5.131C| c.CCno | 0.0143 | 0.91132
C.1700 | 947.6821 | 5.22131 c.0000 | 0.0137 | C.9171
0.1800 | 904.755S | - 5.32(CS| Cc.000C | 0.013? | C.9191
0.1900 | 962.2759 | 5.4116]| " c.0CCC | 0.0127 | C.9174
0.2000 | 1020.2227 | 5.5CC51 C.000C | 0.0123 | J.9167
0.2100 | 1078.57€2 | 5.587C| €c.000¢ | 0.0119 ! 0.37216
0.2200 | 1137.32C1 | 5.6714] c.cccc | 0.0115 | 0.9281
0,2309 | :196.4365 | 5.7536| 0.000C ] 0.0112 | C.930¢
0.2400 | 1255.91€6 | 5.834171 c.0ce? ! 0.0108 | 0.9267
0.2500:1 1315.7473 | 5.9127] c.CCCC | 0.0105 | 0.9316
C.2600 | +375.9124 | 5.9912| 0.000¢0 | N.0103 | 0.934¢
C.2700 | 1436.,4011 | 6.C61731 c.000¢C | 0.0100 | 0.937?
C.2300 | 1497.2051 | 6.1416] c.0co0C ] 0.0C98 | 0.944C
€.2900 | 1558.3122 | 6.2152| ¢.Cnoc | 0.0C%& | 0.9431
C.3000 | 1619.7173 | 6.2273] c.0co0¢C | 0.0C93 | 0.7461
0.3100 | 1581,.4102 | 6.235€1] c.o0coc ] 0.0C91 | .9451
C.3200 | 1743.37%9 | 6.42175| c.00n0cC | 0.0C90 | 0.9522
C.3300 | 1875.6220 | 6.45¢€5| c.ococn | 0.0083 1 0.9594
0.3400 | 1868.12%2 | 6.5642| c.ococ | C.0C86 | 0.9528
0.3500 | 1930.8G6¢€2 |- 6.63C81 0.0000 | 0.0C34 | C.9£22
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. DPC = | uT | SH | KK | K | 11
€.3600 | 993.9114 | 6.65€5] c.ococ | 0.0083 | 0.9¢56
C.3700 | 2057.1723 | 6.7612] c.occc | 0.0c81 | 0.,9691
0.3800 | 2120.67€8 | 6.3252) c.0n00 | 0.0c80 | C.9747
€.3900 | 184.4174 | 6.88€2| c.0007 | 0.0c79 | 0.976¢
0.4000 | 2248.3772 | 6.55C5| c.ococ . | 0.0c77 | 0.9762
C.4100 | 2312.5674 | 7.0120]| 0.0000 | 0.0C76 | . C.980C
0.4200 | 2376.9771 | 7.0728]| 0.0C00 | 0.0075 | 0.9938
0.4300 | 2441.6018 | 7.132¢8| c.oocc | 0.0C74 | 0.9878
C.4400 | 2506.4380 | 7.1921| c.00c0 | 0.0073 | 0.9956
Ce4500 | 257144767 7.25C8| n.000C | 0.0072 | 0.9558

- —— Tk 6 e e ——— W TIY L L & e T W ae -



155

- T - - D - - — i W—

PART ICLE DIAMETER DF CDAL,CM | SI1ZE DISTRIRUTICN LCM%3( 1)
. ———— T+ — ————————— - — - — - — — - -
N.06CC | c.c2co0
0.070C | C.C400
0.C80C | t.5CCo
0.C%0C | c.1CCO
0.100C | 0.1500
0.110C | C.37¢0
9.120C | c.75C0
0.130C | 1.12C0
D.140C | 1.5000
0.150C 1 1.8750
0.160C | 2.25C0
0.170¢C | 2.8200
0.18CC | 2,200
0.190¢C | 3.8RCO
7.2000 | 4.3000
N.210¢C ! 4.55C0
D.220C | £,32C0
D.230C | 5.5000
0.240C | 5.£200
0.250C | . 65C0
N.260C | 5.£8C0
0.27CC | 5.6£700
N.280C | £.€200
0.290C | £.E5C0
n.300C | 5.3500
0.210C | 4. ECCO
0.3220C | 2,65C0
N.330C | 3.C5C0
2.340C | 2.2CCO
9.350C | 1.15C0O
0.36CC | 1. 4000
J.370C ] 1.10C0
0.280C | C.£200
0.390C | C.4€C0
0.400C | 0.2500
De41CC | C.2500
N.420C | c.18¢C0
D.430C | C.12C0
0.440C ! 0.C709

0.450C | 0.C200

T e e e D T~ — " T W - - ——_—— - ———— - —— -~
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FO = le6T71T74H= B.6584,
Fl= 0.0259

Lo=

264.,2300
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DPCl,(CM

F1l,CM*% ]

- s T — - " — - — ——————. . ——— — i —_ —r— — - — " -~

0.0020
C.0040
0.C0€0
0.0080
c.cl00
0.0120
0.0140
0.Cl€O
0.0180
0.0200
0.0220
0.C240
0.02€C
0.0280
0.0300
0.0320
C.0340
0.C360
0.038C
0.G400
0.0420
0.C440
0.0460
C.0480
C.05C0
0.0520
0.0540
C.CS€0
C.Cé600
C.C7CQ
c.08C0
0.0900
C.1000
C.1100
2.12C0
0.1300
C.1400
0.1500
C.1€éCC
C.1700Q
C.18CC
C.16CC
0.2000
€.2100
C.22C0
C.23C0
0.2400
C.25C0
C.2600
c.27C0
0.2800
€.29C0
c.300¢C
c.31CC
0.3200
C.3300
C.3400
C.3500

T RS ST O S . e, s G, e e (o e v . i s et o s S o e o St . it S S o o — — {—— — — — o —

0.0000
0.C007
0.C00¢C
0.C00Q7
0.C200
0.C00"
0.C0CQ
0.CCOC
0.0000
0,0000
0.000°C
0.COCN
0.000C
2.C000
0.c000

0.c000.

N.0000
D.C0h00
Cc.Co0C
0.C00C
0.0037
0.C00¢C
0.ccoc
N.coqc
J.C00N
0.Q000
0.C000
D.C57¢

7.0841
»

2.2017
0.3911
2.€06¢%
0. 8856
la2372
1.€409
2.C832
2.5667
3.C791
3.€045
4.1363
4.€311
5.0430
S5.4172
5.6884
5.E68S
55194
5.8615
5«1194

«£003
51653
4heT696
4.218¢
3.€096
2.933¢6
24328¢
1.7944
13921
1.€5572
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DPC1,CN | Fl1,CM¥%-1
0.3600 0.,7913¢
0.3700 N.5685%
C.38C0 0.2813
C.2900 0,2572
c.40CC 0.2251
C.4100 N.1514
C.4200 0.C966€
C.43CC 0.C550

C.4400 0.C269
C.4500 | n.C081

. - —— - - - e M| S S — i ———— - — - T - - - - -— - - -

RATE CF COAL COMBUSTED= 1.5768
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F2 = 0.0690
DPC2,CM | F2,CM%% 1
0.0020 | 7.€200
0.0040 | n0.C00C
0.0060 | 9.CcoC
C.CO0RO | 0.CNON
C.C1CO | 0.0000
C.0120 | D.0000
C.0140 | 0.0000
C.0160 | 0.0000
C.0180 | N.C00C
c.c2cce | 0.000¢C
0.0220 | 0.€009
C.0240 | 0.€000
0.02¢€0 | 2.C000
€.0280 | 0.C000
C.03C0 | 0.C00C
0.0320 | 0.C€000C
0.0340 | 0.02090
0.0360 | 0.CN0C
€.0380 | 0. C0CC
0.0400C | 0.0009
0.0420 | 0.0200
0.0440 | 0.C000
0.C460 | 0.C000
0.C480 | 0.000%
C.0500 | 17.0000
0.0520 | 0.0000
0.0540 | 0.C0Q0
0.0560 | 9.5067
C.C600 ! 11.7022
€.0700 | 16.5619
C.0800 | 20.505¢
0.0900 | 0.c00C
0.1000 | 0.C00C
C.1100 | n.C00C
0.1200 | n,0000
n.13C0 | N.0200
0.1400 | 0.0000
£.1500 | 0.0000
C.1&C0 | 2.00090
c.17CC | 0.0000
0.1800 | 0.0000
€.1900 | N.CO0C
0.2000 | 0.0700
G.2100 | 2.0000
C.22CC | 0.CCOO
0.23C0 | 0.C€000
0.24C0 | 0.0000
0.2500 ! 0.C000
€.2600 | 0.CC00
0.27C0 | n.ccoc
0.28C0 | 0.0000
0.2500 | N.0000
0.3000 | 0.c000
c.31C0 | 0.C000
€.3200 | 0.C000
c.33CC | 0.0000
0.2400 | 0.C000
0.35C0 | 0.C000
|

C.3600 0.0000
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DFC2,CV | F2,CM3%- ]

LSS EE N TR T T MK AR € ek T

N.CNOC
2.CN00
0.C00°
0. C0Q00
0.CCOC
2.C€000
0.C09210
0.c00C
t 0.4500 0.0009
RATL CF COAL COMBLSTED= «ETEE

Fo = 1.6717 F.1 = 0.0259 12 = £.C¢&5D EFF - 9422032

T R AP e = am e vy v - -
C.37CC
C.3800
0.3900
0.4000
C.41C0
0.4200
0.4200
C.4400

T XX

:

TEAFLFATURE OF ATR IN BEC = 1330.CCCC K
EXCLSS AIF= 119.3747
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Appendix D

Average Particles Diameter

FIND THE AVERAGE DIAMETER OF LIGNITE PARTICLE
DBOMAX=MAXIMUUM DTAMETEP OF BED PARTICLE
DRPMTIN=THE MINIMUM DIAMETER OF RED PARTIGLE
PBP(T)= SIZF DISTRIBUTIDN OF PARTICLE ;BETWEEN DP AMD DP+D (D)
NM=(DBPMAX-DBPMINI/H+1, THE NUMBER OF DATAS TD BE CALCULATE)
HtFIN‘TE DIFFEREMCE OF DBP
DIMENSTION DBPI100Y,PBPI100),YFR(10D)
D0 .220.J =1,2 = .
READ(S5,21) DBOMAY,NBPMIN,H,NM
21 FORMAT(3F10.4,110)
READ(5,31) (PBPII),J=1,NM)
31 FORMAT(8F10.%4)
PC 100 I=1,MM
DBO(T)=DBPMIM+(T-1)%H
. YFBOI)=PBP.LI) /DBPIT)
100 CONTINUE
CALL INTGT (N,NM,YFR, SUM)
DPA=1/SUM
WRITE(4,36)

16l

-36_FORMAT('L',T11,"'FIND THE AVERAGE DIAMETER OF LIGNITE PARTICLEY)

WRITE (6437)

37 FORMAT(P0' 3 T11y7( " mmmmm ¥ ) )

WRITE(5,38)

3% FDRMAT (T11,YDIAMETER OF LIGMITE PARTICLE 1CMY 3 T4S, " |7, TS, ST

*DISTRIBUTION. CM&%(-1)1)
WRITE(6,39)
39 FORMATITLIL 7! 0 mm et )
WRITE(5,%1) (DEP(T1),PBP(T),1=1,NMN) -
41 FORPYMATITLIB,F12.4,T4S,'1?,T58,F13.4)
WRITE(6442) )

42 FORMATI(TLL,7(%==mmm ————11)

__WRITE(5463) DBPMAX,DEPMIN,NM,H,DPA
43 FDORMAT(TL],*MAXTMUM DTAMETER 0OF 8ED MATERIAL = YT, FL3.4/
T11,"MINTMUM DIAMETER OF BED MATERTAL = ' ,TE1,F13.%/
T11,"RANGE NUMBERS OF PARTICLE DVAMETER = ',751,147
TI14"FIMTTE DYFFFRFNCE = ", T51,F13,%7/
T11,*THE AVERAGE BED PAPTICLE DIAMETER =',TS!,F13.4%)

» RN »

200 CONTIMUE

STOP

END
SUSROUTINE FOR CALCULATING TNTEGRATION WITH FIMITE DIFFERENCE
SUSFOUTINE IMTRTIH N, Y, SUM)
H=FINITE DIFFERENCE DOF X

Y=FUNCTION OF x

SUDRDUTINE INTGT(HeMyY,SUM)
DIMENSION V(')
RFAL ITRAP,TSTHMP
KT1=FLJAT(M)/ 2.40.6
KT2=N/2
TF(KT1-XT2) 10,497,111
SIMPSON RULE
12 N1=Y-1
L YM1=Y(2)
N0 20 [=64,M1,2
YMLI=YML+Y(T)

20 CONTINUE
N2=N=2
Yr2=Y(3)

DD 30 [=5,M2,?
YH2=YM2+Y (1)

30 CONTINUFE
TSIMP=(YH/3,)%2(Y[1)454,%YM1 42 ,¢YM2+Y(N))
SUM=ISIMP
G0 TD 60

TRAPEZIDIDAL RULE

43 YMID=Y(2)
N1=N-1
90 SN [=3,N1
YMID=YMIN+Y(T)

50 CONTINUF
[TRAP=(H/2.)%(Y[1)+2.#YMTD+Y(N))
SUM=[TRAP

63 RETURM
END



Appendix E

Estimation of Air-to-fuel Ratio

air feed rate (by weight)

Air-to-fuel Ratio
coal feed rate

P
AtUo

M .
= RT air
F
o

PA
tUo

RTF Mair
o

where P = air pressure

At = Dbed cross section area

U

o superficial velocity

Mair = molecular weight of air

R = gas constant
T = air temperature
F_= coal feed rate

162



Excess Air

where P

Appendix F

Estimation of Excess Air

mole of air used / {mole of air
mole of carbon mole of carbon|theory

mole of

air used

mole of

Carbon Lctual_ 1 % 100

oxygen X —l—
Y9 0.21

mole of

carbon ) theory

x 0,21 - 1 x 100

PV
RT X mole of carbon

0.21 PAtUo = molecular weight of carbon _ 1
¢ RT weight of carbon / time
PAtUOMc
0.2 - 0
1: RTYFO 1]x 10

air press
bed cross

superfici

ure
section area

al velocity

carbon molecular weight

gas constant

air temperature

coal feed

percentag

rate

e of carbon in coal

163

-1] X 100

x 100
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Appendix G

Fuel Mixture Feed Rate

The fuel mixture in these experiments mentioned before is

fed with screw feeder which is controlled by a variable speed motor.

The fuel mixture feed rates and the speed numbers are shown

in Table G.1 and Table G.2

Table G.1

Fuel Mixture Feed Rate

Ratio of limestone and lignite in fuel mixture = 1l:1 by weight

ap of coal = 1 mm.

ap of limestone = 0.5 mm.

fuel mixture feed rate
motor speed No.
gm/sec gm/min.
1 1.5 | 87.3
2 2.0 118.1
3 2.7 163.4
4 346 214.0
5 ' 4.6 277.1
9 5.2 311.3
a = average diameter of particles

p
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Table G.2

Fuel Mixture Feed Rate

Ratio of limestone and lignite in fuel mixture = 1l:1 by weight

ap of coal = 2.4 mm.

dp of limestone = 1 mm.

fuel mixture feed rate
motor speed No.
gm/sec gm/min.
1 1.2 71.6
2 1.6 98.2
3 2.4 144.6
4 33 200.6
5 4.3 259.4
6 SUI 303.3
7 5.4 325.6
d = the average diameter of particles

p
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Appendix H

. .37
Viscousity
Tempersture cVIt'c‘uEl,
Deg.C. Deg.F. ' entipoises
100 — —0.1
100 | | ~.
o — 009
_—-t00 — 0.08
N — 0.07
i — 0.06
T, 3
o— S
4 =
-t 30 =
—+— 100 ‘28 — 0.04
—1: -
- 26 .
I o
100 __:_—200 - g
e — 0.03
3 22 -
—4—300 -
i 20 .
200 —— 400 -
-t 18 =
4 — 0.02
=— soo 'e L
=5 ¢ Y -
300 — -
3— eco 14
b (0 -
3— 700 .12 i
400 —/— -
3— 800 g -
s00 S *°° 2 ]
— i ot
_}— 1000 6 o0
= — 0.009
600 —_ 100 % N
—— 1200 ; — 0.008
700 —— 2 N
T v300 ‘ — 0.007
—1— 00 o a
800 —— 0 2 4 6 8 _10 12 14 16 18
1500 % L~ 0.006
— 1600 3
SO0 «700 3
1000 —F— 1800 — 0.005
Viscosities of gases at 1 stm. For coordinates, see
Coordinates for use with Fig.

No Gas TxT vy [~ Gas Fx Ty No” Cas X | Y |[No. Gas B
1 . Acetic acid 7.7: 14311 15 | Chloroforin 89 157: 29 Freon-113 11.3 '14.01 43 ! Nitric oxide 1109 03
2 Acetone S8 1301( 16 | Cvanogen 92 152 30 Helium 109 205" 44  Nitrogen 106 20.0
3 Acetylene 95 149( 17 | Cyclohexane 92 1204 31 Hexane ¢ 86 116 45 ' Nitrosyl chloride ;80 176
4 A 110 20.0{l 16 | Ethane 91 145 32 . Hydrogen : 11.2 1124, 46 | Nitrous oxide , 88 49¢C
5 . Ammona S4 16AO‘; 19 | Ethyl acetate : 85 132 33 3H, + IN, 11121720 47 * Oxygen 1110 21.3
6 Argon (W05 22420 | Ethyl alcohol | 9.2 142 : 34 Hydrogen bromide : 6.5 :20.9; 45 | Pentane U 705128
T  Benzene 1 55 1321 21 | Ethyl chloride | 85 156 35 Hydrogen chloride| S8 i 18.71i 49 ® Propane 97y 129
5  Bromine . 59,1921 22 | Ethyl ether ; 89,130 36 Hydrogen cyanide | 95 149! 50 ! Propyl alcohol . B4 134
9  Butene © Y2 137} 23 | Ethylene | 95 1517 37 Hydrogen iodide | 90213 31 | Propylene 1 90 13

10 Butylene S9 13.0| 24 | Fluorine ! 73,238 35 Hydrogen sulfide l 5.6 : 18.0;; 52 | Sulfur dioxide ¢ 46 ; 170

11 Carbon dioxide S5 18.7]| 25 | Freon-11 1106 151 39 lodine 90,184/, 53 | Toluene B6 . 124

12 Carbon disulbde | SO:16.0,/ 26 | Freon-12 {111 0160 40 Mercury 53 2291 54 2.3, 3-Trimethylbutane | 9.5 (03

13 | Carbon monomde | 11.0° 20.0!! 27 | Freon-21 ;108 11531 41 Methane i 99!155! 55 | Water | 601 1EC

14 | Chlorine ;90 18.4{ 26 | Freon-22 1101 ! lTOFn 42 Methyl alcohol 85 | )5.67{ 56 | Xenon |93 &0

Fig H,1 Viscousity of Gases
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Appendix |

. . .. 38
Diffusivity

For low pressure of binary gas mixture and high temperature,

the diffusivity of oxygen in air is expressed in the following

equation g 23
3/2 L
_ 0,001858 T (/M + s/M.)
Pap = 3 a B cm3/s sevannn (L)
P6ABQ'D
where DAB = Mutual diffusion coefficient species A in binary of
A and B, cm2/s
P = total pressure = 1 atm.
MA = Molecular weight of A

here, the molecular weight of oxygen = 32

MB = Molecular weight of B,

here, the molecular weight of air = 28,84

6 = Lennard-Jones potential parameter, °‘A (see Table



Table 1.1 LENNARD-JONES POTENTIAL PARAMETERS

Molecule Compound o, A e/k ‘K
A Argon 3.542 933

He Helium+ 2.551 10.22
Kr Krypton 3.655 178.9
Ne Neon 2820 © 328
Xe Xenon 4.082 206.9
Air Air 3 786
Br, Bromine 4296 5079
CCl, Carbon tetrachloride 5.947 227
CF, Carbon tetrafiuoride 4.662 1340
CHCl, Chloroform 5.389 3402
CH,Cl, Methylene chloride 4.898 356.3
CH,Br Methyl bromide 4.118 4492
CH,CI Methyl chloride 4.182 3500
CH,0H Methanol 3.626 4818
CH, Methane 3.758 148.6
co Carbon monoxide 3.690 91.7
COS - Carbonyl sulfide 4.130 3360
CO, Carbon dioxide 3941 195.2
CS,. Carbon disulfide 4.483 467.0
C,H, Acctylene 4.033 2318
C;H, Ethylene 4.163 2247
C,H¢ Ethane 4443 2157
C,H,Cl Ethyl chloride 4.898 300.0
C,H,OH Ethapol 4.530 3626
2N, Cyanogen 4.361 348.6
CH,OCH, Methyl ether 4.307 395.0
CH,CHCH, Propylene 4.678 2989
CH,CCH Methylacetylene 4.761 251.8
C,H¢ Cyclopropane 4.807 2489
C,H, Propane 5118 2371
n-C3H,OH n-Propyl alcohol 4:549 576.7
CH,COCH, Acetone 4.600 5¢02
CH,COOCH: Methyl acetate 4936 4698
n-C,H,, n-Butane 4.687 5314
is0-C H,, Isobutane 5278 330.1
C,H;0OC,H, Ethyl ether 5678 3138
- CH3;COO0OC,H; Ethy) acetate 5205 5213
n-CH,, n-Pentane 5.784 3411
C(CH,), 2,2-Dimethylpropane 6.464 1934
C¢H, Benzene 5349 4123
CeH,, Cyclohexane 6.182 297.1
n-CH, n-Hexane 5949 3993
1y Chlorine 4217 3160
F, Fluorine 3357 1126
HBr . Hydrogen bromide 3353 4490
HCN Hydrogen cyanide 3.630 569.1
HCI . Hydrogen chloride 3339 3447
HF Hydrogen fluoride 3.148 3300
HI Hydrogen iodide 4211 288.7
H, Hydrogen 2827 59.7
H,0 Water 264] 809.1
H,0, Hydrogen peroxide 4.196 289.3
H,S Hydrogen sulfide .3.623 011
Hg Mercury 2969 750.0
1, lodine 5.160 4742
NH, Ammonia 2900 558.3
NO Nitric oxide 3492 116.7
NOCI Nitrosyl chloride 4112 395.3
N, Nitrogen 3798 714
N,O Nitrous oxide 3.828 2324
0, Oxygen 3367 106.7
PH, Phosphine 3981 251.5
SF¢ Sulfur hexafluoride S5.128 221
SO, Sulfur dioxide 4112 3354
SnBr, Stannic bromide 6.388 563.7
UF, Uranium hexafluoride 5.967 236.8

t Calculated from quantium-mechanical formulas.
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6AB = Lennard-Jones potential parameter of the mixture
of A and B

I)D = collision integral (see Table |.2. and Fic . )

T = gas temperature

The value of é;B can be calculated from

Gy =% (6,+6;) )
A = oxygen
B = air
hence, 6AB =% (3.,711+3.467)

3.589 for binary of oxygen and air . 040w (3)

Using the Table 1.1 , the value of €/k can be found, and

the value of £/k of the binary gas minture can be calculated by

) r eeQgeQe (4)

Knowing the value of eAB/K, the collision integral can be

found from Table I.2



Table |.2 VALUES OF THE COLLISION INTEGRAL 0, BASED

ON THE LENNARD-JONES POTENTIAL*

kTle 0,1 kT/e Q, kT/e Q,

0.30 2662 1.65 1.153 40 0.8836
0.35 2476 1.70 1.140 41 0.8788
0.40 2318 1.75 1.128 42 0.8740
0.45 2.184 1.80 1.116 43 0.8694
0.50 2.066 1.85 1.105 44 0.8652
0.55 1.966 1.90 1.094 45 0.8610
0.60 1.877 195 1.084 46 0.8568
0.65 1.798 2.00 1.075 47 0.8530
0.7 1.729 21 1.057 438 0.8492
035 1.667 22 1.041 49 0.8456
0.80 1.612 23 1.026 50 0.8422
0.85 1.562 24 1.012 6 0.8124
0.90 1.517 25 0.9996 7 0.7896
0.95 1476 26 0.9878 8 0.7712
100 1439 27 09770 9 0.7556
1.05 1.406 28 09672 10 0.7424
1.3 1.375 29 0.9576 20 0.6640
115 1.346 30 0.9490 30 0.6232
120 1.320 k| 0.9406 40 0.5960
125 1.296 32 0.9328 50 05756
130 1273 33 0.9256 60 05596
135 1253 34 09186 70 05464
14 1233 35 09120 . 80 0.5352
145 1215 36 0.9058 90 0.5256
1.50 1.198 37 0.8998 100 0.5130
155 1.182 38 0.8942 200 0.4644
1.60 1.167 39 0.8888 400 0.4170

t From ). O. Hirschfelder. C. F. Curtiss, and R. B. Bird, *Molecular
Theory of Gases and Liquids,™ John Wiley & Sons, Inc., New York,

1954

3 Hirschieider uses the symboks T* for kT/c and Q'-'* jn place of Q.
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Now the value of SAB/K of oxygen in air = eAB/K

% (78.6+106.7)&

91958 *Qeeec (5)

The collision integral is also the function of temperature.
The collision integral of oxygen in air as the function of temperature

is shown in Fig. |.1

Hence, the diffusion of oxygen in air can be expressed in

the following equation

_ -5 32
DAB i 3.73 xlo T ©coo0cego (6)
Qap
where A = oxygen
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Umf, minimum fluidization velocity,cm/s

Appendix J

Fig. J.1 Tempefature and Minimum Fluidization Velocity of Limestone Particles

100 + (From Calculation) ’
Average Particle Diameter = 0.0927 cm. (Limestone)
Sphericity = 0.81, Minimun Fluidization Voioage = 0.5
90 Density of Limestone = 2.71 gm/cm3
80 | x
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Appendix L

Approximate Heat Balance in the Combustor

The heat balance in the combustor can be estimated followingly.

Now an example of Calculation is shown

From data No. 3 of Table 6.1

T

B 99> C

average bed temperature

R

G 418°C

average gas temperature

inlet limestone temperature = 36°C
inlet lignite temperature = 30°C
inlet air temperature = 35°C

i i te = = 1,13
lignite feed rate Focl gm/s

limestone feed rate = Fol = 1.13 gm/s

specific heat of coal ash = 0.31 cal/gm°C
specific heat of limestone = 0,217 cal/gm°C

specific heat of air at EG of 418°C = 0.26 cal/gm°C

heating value of lignite = 4166 cal/gm
air density at STP = ,Fg = 1.293X10_3 gm/cm3
inlet air velocity = 376 an/s
ash content in lignite = 10 %

bed diameter = .15 cm

Inlet

If carbon is all combusted, heat will

be generated = 4166X1.13 cal/s

4708 cal/s
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Outlet

, O. N, and air at the same

Due to the specific heat of CO, CO2 5 N,

temperature of 418°C is approximately the same.

cal

Let the specific heat of outlet gas = 0.26 EETb

heat accepted by outlet gas and limestone
= (418-35)X1.293X107 X ——21>—— X376X —X15X15
(273+418)
X0.26+(995-30)X1.13X0,.217

= 3617 cal/s

heat accepted by coal ash

1.13X0.10X(995-30)X0.31
= 34
hence heat accepted by outlet solids and gas
= 365 cal/s
the calculated outlet heat is less than the inlet potential

heat = 4708-3651 = 1057 cal/s

This uncalculated heat can be lost by other way such as the
conduction of heat through the refractory and stainless steel of

combustor, heat consumed by the endothermic reactian of

C02+C B 2CO
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Appendix M

Some constant Values

I

density of limestone 2,75 gm/cm3

1.50 gm/cm

density of lignite
density of air at STP = l.293x10-3 gm/cm3

82.06 atm—cm3/gmole'K

universal gas constant

1.987 cal/gmole‘K

gravitational accelation 980 cm/s2

sphericity of lime = 0,77

void fraction of limestone of 0.5 mm. in average particles diameter
= 0.513

void fraction of limestone of 1.0 mm in average particles diameter

= 0.45

—Ste——lle/n° at 1173°K and 1) ati.

inlet oxygen concentration

5.18x10 ° dmble/cm> at 1173°K and 1 atm.



Appendix N

Output from Computer Simulation

From chapter 7 the graphs of effects of operating variables on

carbon combustibles loss are plotted from the following data:
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N.1 The Effect of Superficial Velocity on Carbon Combustibles Loss
W e - .
Let ;a = 0.1, Cap™ 91.3 % Cao? Ty = constant = 173k, F, = constant = 1.13 gn/s
3 - 3 - » -3 3 - -4
35 limestone = 01 S 3 1ignite 0.24 cm, pg 0.28x10 ~ gm/am”, /ug 4.6x10 ° gm/cm-s
3 -6 3 Sad
DA = 2,08 cm™ /s cAo = 2,18x10 ~ gmole/cm™, unt- 65 cm/s at 1173°K, Lf =30 om
dt = 15 cm, limestone : lignite = 1l:1 by weight
o =
NO 5 X CAP t W Fl Pz 7.‘ EXC
3
cu/s gmole/cm s gm gqn/s gn/s \ \
1 200 3.7 1.98x10—6 6.2 7.1 0.17 0.03 82,7 91.5
2 250 2.9 1.97):!0-6 6.1 6.9 0.13 0.03 86.2 139.4
3 300 ; 1.8 1.95::10—6 6.0 6.8 0.10 0.03 89.0 187.3
4 350 1.7 1.948:10-6 5.9 6.7 0.05 0.04 92.2 235.1
5 400 1.5 1.94x10° © 5.8 6.7 0.02 0.05 94.2 283.0
6 450 1.4 1.92:(.\.0—6 57 6.4 0.00 0.07 93.7 330.9
W = weight of burning char in the bed t = average residence time of burning char particles in bed
"B = weight of bed material r\ = combustion efficiency
cAb = concentration of oxygen in bubble EXC = excess air
CM = concentration of oxygen in inlet air dp limestone ~ 2verage particles diameter of limestone
CAP = concentration of oxygen in particulate phase ap coal ~ 8verage particles diameter of coal
TB = average bed temperature Pq = density of air
Fo = coal feed rate /'Ag = viscousity of air
l‘l = overflow rate DA = diffusivity of oxygen in air
E'z = elutriation rate unf = minimum fluidizing velocity
Uo = superficial velocity l.£ = expanded bed height
X = pnumber of transfer unit dt = bed diameter
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N. 2 The Effect of Bed Temperature on Carbon Combustibles Loss
W
Let ;’-B = 0.1 %, CAb =91.3 % cAo’ Uo = constant = 350 cn/s, Fo = 1.13 gn/s
L, =30cm 4 = 15 cm, Ep limestone = 0.1 cm, d o lignite = 0.74 cm
limestone: lignite = 1l:1 by weight
NO. 8 D, M, e Une X A Cop Cap W ?1 F, ;z EXC.
'K‘ cm3/s gm/cm-s gm/un3 cm/s gmol./cm3 gmoh/cm3 gmoh'/cm3 gm gn/s gn/s % %
-4 -4 —6 -6 -6
1 1273 2.39 4.7x10 7| 2.6x10 62 1.63 | 2.0x10°°C [1.8x10 ~| 1.8x10 6.6 0.04 0.04 93.3 209
2 1223 2.24 4.7x1074| 2.7x1074 64 1.67 2.1x10°° [1.9x107®| 1.9x107® | 6.6 0.05 0.04 92.0 221
3. 1173 2.09 4.5x107%| 2.8x107* 65 1.71 2.2x10 ° |2.0%x107%| 2.0x107® | 6.5 0.06 0.04 91.0 235
4 1123 1.95 4.4x1074| 2.9x1074 | 67 1.76 | 2.3x107° | 2.1x107°| 2.0x107® | 6.5 0.07 0.04 90.5 250
5 1073 1.81 4.3x1074| 3.1x107% | 8 1.78 | 2.4x107% | 2.2x107%| 2.1x107° | 6.5 0.09 0.04 89.1 266
6 1023 1.67 4.1x107%| 3.2x107% | 70 1.83 | 2.5x107% [ 2.3x107%| 2.2x107 | 6.4 0.10 0.04 88.4 274

18T



The Effect of Coal Feed Rate on Carbon Combustibles Loss

B

=0.1, C

Ab

A

=91.3 % C o’ EB = constant = 1173°K , U° = constant = 400 cm/s

d, limestons = 0.1 em, & lignite = 0.24 am, p_ = 0.28x107°, A =4.6x107" gu/em-s, a, =15 cm

DA = 2,08 cm3/s, CAo = 2.18x10'-6 gmole/cm3, Umf = 6.5 cn/s at 1173°K, Lf 30 cm

limestone : lignite = 1:1 by weight

o, F_ X Cap " £ F, F, N EXC
gm/s gmole/cm3 gm s gm/s gm/s % %

1 0.5 155 l.94xlO-6 2.87 13.0 0.00 0.03 94.8 767

2 1.0 v " S 6.6 0.00 0.05 95.4 ' 333

3 1.5 g . © 6.56 4.4 0.43 0.03 69.3 188

4 2.0 " " 1 3.3 0.99 0.01 50.4 117

5 2.5 " » » 2.6 1353 0.00 40.0 73

6 3.0 » » " 2.2 2.04 0.00 33.5 44

Z8T
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