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ABSTRACT

A general mathematical model for the prediction of performance of a
fluidized bed coal combustor (FBC) is developed. The basic elements of the model
consists of (a) hydrodynamics of gas and'solids in the combustor; (b)
description of gas and solids contacting pattern; (c) kinetics of combustion
and (d) absorption of 802 by limestone in the bed. . The model is capable of
calculating the combustion efficiency, axial bed temperature profile, carbon
hold-up in the bed, oxygen and SO2 concentrations in the bubble and emulsion
phases, sulfur retention efficiency and particulate carry over by elutriation,
The effect of bed geometry, excess air, location of heat transfer coils in
the bed, calcium to sulfur ratio in the feeds, etc. is examined.

The calculated results are compared with experimental data reported
by the National Coal Board, England. Agreement between the calculated results /

¢ ¢ L ’ ’
and- the observed data are satisfactory in most cases. Recommendations to

enhance. the accuracy of prediction of the model-are suggested,
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Section I
INTRODUCTION

| Combustion of coal in a fluidized bed combustor (FBC) takes
place in a bed containing coal, char, ash and 802 acceptor. (limestone
or dolomite) and operates ut a relatively low temperature (800-900°C) .
| FBC appears to be the most attractive way among the alternative

| schemes of direct coal combustion to meet near term energy needs ot
The high heat transfer coefficient in fluidized bed

the nation.

| enables us to have smallér boiler volumes- and less heat transfer

areas per required combustion load than conventional pulverized
| coal burning boilers. ‘the low coal char hold up in the bed (1~4 wt.%
| ' in carbon) and the presence of solid particlcs which are incrt from /
! | pyrolysis or combi tion. prevents the agglomeration, and cakﬂng of
5 ' coal as well as the smoke generation,
Lo As | . . X , )
s have been reviewed in several current reports a large

amount of daty from variocus pilot PBCs, have bhecome available concefning
the mean volﬁmetric heat release rates, heat transfer coefficients;
éFfiéienwics of carbon combustion and sulfur-dioxide captﬁrc. However,
since these experimental tests have concentrated on the feasibility
~evaluation bf FBC und the collection of practical 'know-hows", fho

theoretical cxamination of these data is far behind the experimental

work.

1

el | — - | e
I © %)y "National Fluidized Bed Combustion Problem', Vol. 1l and LV, the -
t~~' Y ~ MITRE Corp. (1974), and Proc. of the 4th Internationil Conf. on

: Fluidized Bed Combustion, Mclane, Va (1975). ‘ e :
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A great deal of work has been done in Great Britian on study of
the performance of FBC not only experimentally but also theoretically.
lHowever, only little information has been published. For sulfur
dioxide retention by limestone in a fluidized bed combustion Bethell,
Gill and Morgan (1973) presented a theoretical model. llorio
and Wen (1975a) also formulated a model for the removal of sulfur
dioxide by limestone from a FBC.- This model considers the hydro-
dynamics of the fluidizing gas based on ‘the Bubble Assemblage Model
(Mori and Wen (1975b)) and treats the variation in limestone reactivity
by the populaticn balance technique. Recently as a part of this
project Horio and Wen (1976) developed a combustion model to analyze
the effect of clutriation on the coal combustion efficiency.. In
addition, the effect of axial solid mixing on the temperatﬁrc profile
was also cxamined to explain the temporarurc nonuniformity and the
formation vt hot spot obscrved by Ruth (1975) in the prcssurizéd dobp
fluidized bed.

In the related ficld of coal: combustion, the combustion of carbon

under oxygen lean condition is analyzced by Levenspiel, Kunii and

Fitzgerald (1968). They emphasized the important role of the presence

 of_particlcs within he bubble on the combustion rute. However, this

finding seems to be for the oxygen Lan:case'whero bhubbles are . - |

~surrounded by carbon,par!iclesQ In ELC on the other hand, bubbles

are surrounded mostly by limestone and cxcess oxygen is present in the

emulsion phasc. Despite the development of fluidized bed combustors,

there arc still many unsolved basic problems.  Some. ol these probilems

werce. revicwed hy Jlorio and Wen -(1975hy .~ Many hydrodynamic correlations




ORIGINAL PAGE .o
. OF POOR QUALITY

are not applicable to the range of operation and geometry of FBC.
For instance,’the bubble size distribution affects the performance
of a fluidized bed reactor significantly but the data available
are mostly for the case of a non-tapered column without the presence
of internals. A general bubble size correlation without presence
of internals was given by Mori and Wen (1975a). Recently Rowe (1976)
presented a correlation of a different type. However, the behavior
of bubbles is likely to change by the presence of interhal heat
exchange tubes or by the tapering of the bed wall. The knowledge
of the bubble behavior for large particle size at very high gas
velocity is also uncertain.

The complexity of coal and limestone kiﬁetics is another
difficulty of the FBC model deveiopmcnt.k The devolatilization
of coal particles, the effects of téﬁperétﬁré and ambient gas

~composition on the calcination product from limestone and the

- mechanism of sulfur dioxide-lime reaction are very complicated.

‘Thé'criticaliproblem is whethefvthe reéction kinetic models
‘formulated can be simplified so that tﬁey can be incorporated into
the hydrodynaﬁic model of FBC and stillfbe’accuréte enoughkto'describe
aétual pfocéss phenomena. |

The objective of this report is to ‘develop a general mod¢1 bf
a Fluidized Bed Combustor which can provide~a'¢omp1ete simUlation
of’the FBC operétion minimizing the use of adeStablg parameters. - The

model must be checked by the experimental data to verify,the accuracy;

In addition,,the‘study should provide information regarding,the areas

of experimental or theoretical research needed to improve the under-

standing of the phenomena and thus the model perfdrmdﬁce of a FBC.
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In order to construct a FBC model the complexity and unknown

factors noted above must be examined to assess the level of sophisti?

cation needed for the modeling. Based on this consideration, a general

7

! model will be formulated. The general model will be simplified into
two cases (level T and II) to meet the existing computation capacity
of the computer. Program codes corresponding to the simplified models

will be presented in the manual. Sample calculations were made and

the results are shown in Section X.

L
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Section IT
ASSESSMENT OF THE BAS1C FACTORS IN FBC MODELING

The following three major aspects of the general modeling of
Fluidized Bed Combustors are examined in this section.

1. Hydrodynamics for gas and solids.

Description of gas and solids contacting process.

1~

3. Kinetics for combustion and limestone - 802 reidction.

1. Hydrodynamics of gas and solids in FBC

1-1. Bubble Size

Bubble size is one of the most critical parameters in Fluidized
Bed Reactor Modeling affecting the bubble rising velocity and gas
g exchange between bubble phase and emulsion phase. The previous

measurements are summarized in Table 1., Correlations for the axiul

Lo distribution of bubble size previously proposed by many investigators
are-listed in Table 2. |

Mori and Wen (1975a) developed a general correlation for the
bubble size distribution which can take into consideration the eflccts

of distributor design and tower diameter. ‘The correlation is given

by
I} - ) . . ;
B B - exp (-0.3 7/D) (2-1)
D ~D Tt
Lo Bm Bo : o
; v ' where the maximum bubble diameter DBm and-initial bubble diameter ”Bo

are given by the following cquations:

ORIGINAL PAGE 8
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“f‘j ‘ ' TABLE I.  3U:RY OF oy v"l N \'T\[ COLDITIONS FOR THE BUBBLE
‘ DIAMETER IN THZ FLUIDIZED BED

B: - Bubble cap; T: tuyere; Pe: perforated plate; Po: porous p ate Or screcn

No. of holes
, o . SN . ; in the
T ansst;gators Dt,cm Solid particles dp,cm umf,cm/s uy/ug g “istfibutor,
s
VI VWerther{1973) . 20 P Quartz sand 0.0083 1.8 5 Po
: 100 o : :
Chiba(1973) 20 ~ Crushed silica 0.0089 0.5° 10-39 P 241
‘ ; 0.0210 2.55 2-8 -
Geldart(1971) 30.8 Sand 0.0128 1.2 2.6-7.7 Pe. 3100
Rowz(1¢72) S 30 X020% Alumina 0:021 2.54 ©1.25~2.5
‘ : 30 X307 Carbon 0.0296 8.0 1.3-1.7
~ Quartz £.0135 2.75 2,.2~6.6 Py
-30:X 20% Ballotini 0.0325 8.0 1.6~2.4
SR ‘ Glass: powder 0.0268 5.5 1.7-2.7
Whitehead(1967) 681 X 61% ; - 1.8~6.9 4
' 61X 61* Silica sand 0.015 2.5 -2.8-6.6 T 16
122 X 122* ' 3.2~6.2 64
, 122 X 122% : 2.1-6.3 16
Kuenii(1957) 20 . M.S.cat. ' 0.015 2.0 9.5 Po, 79
_ oo 40 L : ‘ ’ 1.5~25 Pe 314
Yasui(1958) - G e - Glass bcads 0.0242 7.56 1.5~2.5 ’
o 10.2 Class beads 0.0175 4.7 1.5~2.7 P,
U,0.P.cat. 0.0060 0.418 2~10
: : , Conl 0.0450 19.4 1.5~1.75
Toei {1955) 10 X 10% Glass beads 0.0137 2.25 1.5-4.0 o
Xebayashi +.10.0 Crushed silica 0.0210 2.85 2~9.7 Pe 1850
Miwa(1971) 15.0 Sand 0.016 2.4 3.1-5.2 Pe, 37
Tomita(1971) . - 21.4 184
: - 37.8 Sand 0.0202 4.0 4.25 e
: 59.9 1450
taumgarten(1960) 7.8 Glass beads 0.0074 0.727 2-84 Pq
Payt (‘“60) ' 0.0086 0.63 4~10
10.0 Conductive coke 0.0156 1.83 1.5~6
0.0344 6.8 1.5 3 Py
Betion (1968) 50 - Sand 0.0071 1.0%* 2 15 Pe, 78
Fryer{(1974) 22.9 Sand 0.0071 1.70 1.47 B 61

‘*Diameter of a cylinder having same cross-sectional area of the actual bed was used for calculation.
**Gas flow rate through the dense phase reported by Botton (1968).




TABLE 2, SUMMARY OF CORRELATIONS FOR BUBBLE
DIAMETER IN FLUIDIZED BEDS

Yasui et al. (1958) D, = 1l.6p_d_ ( Yo )0'63 S/
B PP 5 -1
mf
Kato and Wen (1969) Dp = 1.4 d ‘(Y0 )z +D"B
PP T 0
u
mf ;
e 1.5 _u 0.77
Park et al. (1969) DB = 33,3 dp (o -1 ) 7
mf
4
Whitehead et al. (1967) D, = 9.76 ( Mo )?-33(0: 0322)""
: : u_.
' : mf v
Rowe et al. (1972) Dy = -A+ BZ + C ( Yo
u
mf
+ DZ( o)+E(__g 2
Unf Unf
Geldart (1971) D. = D"+ 0.027 (u. -1 %%z
B Bo ! 8] mf ' (’
. : : S 16
' Chiba et al. (1973) CoDp =D 2T - (@)
2/7
,DBo” + 1} for 7 < Zk*
Mori and Wen (1975) Dmax - DB _ . —O.SZ/Dt
- D b
max Bo
| 34, 1/4
| | ) 0.5 4
Rowe (1976) DB = (uo - umf) (Z + ZO) ; /kg

*Numerical method is used to calculafe Dy for Z > Z,

- o 045 0.2 P 0.4, 0.2

DBO = (6G/m) " /¢g and Dp " = (6G/m kB) /g

where A, B, C, D, E and kg are constants determined by the properties

of the solid particles;~ZBo is the height of the jet ‘above the distributor;
(cm) 3 and Zy is the height from the bottom of the bed where the bubble

“radius becomes equal to the pitch of the holes in the dlstrlbutor (cm).
G denotes the volmetrlc gas flow rate through a nozzle (cm /sec)

**~Z ls a constant characterlzlng a dlstrlbutor

ORIGINAL PAGE IS
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~u_ 1% (2-2)

o
it

0.652 [ A, @

Bm 0

DBo

0.347 {At @ - umf)/nd}o'4 (2-3)

(o}

Equation (2-1) was derived empirically but it can be obtained as

a solution of the following differential equation for the case of a

non-tapered fluidized bed,

= 22 (D, -D (2-4)

Bm B)

I.C. D, =D o at Z = Q (2-5)

Equation (2-1) can cover the previous data listed in Table 1 within
¥ 50 % error. However, all of the data used were from fluidized beds
without the presence of bed internals and from beds without tapered
wall. No genéral correlations #&pplicable to beds with tapered geometry
and with bed internals haﬁe beeh developed. In spite of thé fact that
there is no supporting experimental data available, Equations (2-4) and
(2-5) are used for the case of tapered beds and the beds with internal
tubes in drder to maintain the‘consistency with Equation (2-1). The
validity of Equation (2-4) shouid be examined by future experiments..

The maximum bubble size DB is a - function of the distance from the

m . S
distribution when the bed is a tapered one. DB should also be modified
when horizontal cooling tubes are present. This work is left for the

second phase study.

1-2.  Bubble rising velocity

Table 3 shows the previous investigation of the bubble rising
‘velocity. The available correlations are also listed in the table.

The absoiute rising veloéity of a bubble is affected not only by the
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TABLE 3. SUMMARY OF THE MEASUREMENTS AND CORRELATION FOR
THE RISING VELOCITY OF A SINGLE BUBBLE

GB = Glass beads

S = Sand

SS = Swede seeds

C = Coke

AC = Alumina Catalyst
Investigators Bed Size Particle size Measuring Given i

cm ' technique Correlation

Davidson et al* 7.6 ¢ GB, Eb= 150 n Capacitance Up= 0.71 gDB
(1959) : 15.2 X15.2 S - 400 1 probe w

d
P
SS, = =170 u
d
2

Harrison § Leung*

(1962a) 61.0 x 61.0 S, d_=.60~150 Capacitance uB= 0.64 gD
B.S. Mesh probe o
Rowe & 14.0 ¢ GB, d_ =504y Dissection ug= 0.60 [gDp
Partridge P of the bed w i
(1962)
Toei et al* 7.6 ¢ GB, d_= 80~100# X-ray Photo- up = 0.66 gDB
(1966) 10.0 X .10.0 - GB, d = 16-~24# graphy and o
s , dP= 80-120# Capacitance
s, dP= 35.48# probe
pve pdp= 80~1004# . :
Park et al+ 10.0 ¢ c , ri 344,154, Electro- oup = 0.63\/gDB
(1969) p 86y resistivity o
probe
, . . 1/2
Rowe . & : 29.5 X 14.4 GB , d_ = 3007400 u  X-ray Photo- up = 0.64 g
Matsuno P graphy e 0.521
(1971) , I ; , B
" Donsi et al ©35.0 ¢ ~ AC, d_= 170~350 u  Photography up = 0.545VgD,
(1972) . P | B

3
1]

Wall correction factor'from_Uno and Kinter (1956) was used in these works .

+
if

: The~relation uB§= Ug = (uo’- uﬁf) was appiied to o_btain“Boo
PAGE 0
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bubble size but also by ghe location and sizes of the surrounding bubbies.
Therefore, the correlation gives only the average value of the rising
velocity. The rising velocity is also affected by the presence of
internals, but a general theory has not been developed to take the effect
of internals into account. Therefore, in the present model the

following form is adopted:

u = u - u -
8= Y " Unet Kg VEDR (2-6)

1-3. Gas velocity in emulsion phase

The gas veiocity in the emulsion phase could become downward at
high gas velocity depending on the circulation pattern of particleé.
The possibility of downward flow was pointed out by Kunii, Yoshida and
Hiraki (1967j and was further® examined by Fryer and Potter (1975).
Howevef, the complete description of the gas flow pattern in emulsion
phase has not been clearly established as reviewed by Horio and Wen
(19755).

As ‘long as the gas‘flow'rate in the emulsion phase is much smaller
than that in the bubble phase, the calculated conVefsion{may not be
éffecﬁed“Very‘much regardleés of the gaé flow rate assumed in the

emulsion phase. That is the reason why it is assumed in the Bubble

‘Assembiage Modely(Mori'and Wen (1975b))that the gas flow rate in the

emulsion phase is zero.
Therefore, in the present model the gas flow rate is calculated
based on the two-phase theory to keep a consistency with hydrodynamic

model. This,aséumption can be easily changed simply by putting a



B
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different value for emulsion phase flow rate. However, if negative flow
rate (i.e. downward flow) is assumed, we need to solve the two-point
boundary value problem to obtain the gas concentration profile as shown

by Fryer and Potter (1975).

1-4. Solids Mixing

The mixing of solids is caused by the motion of bubbles an& their
wakes as shown by the experimental study of Rowe and Partridge (1965).
The effects of bubbling phenomena on solids mixing are classified into
two categories, i.e. bulk circulation and local turbulent mixing. = The
bulk circulation rate due to the lifting of particles by bubbles is usually
expressed as (Woollard and Potter (1968)).

upward flow rate of particles ;[’

= (u - u) A £ (L-e ) em®/sec
where fw is the ratio of the particles volume in the wake of the bubble
including the accompanied void space lifted upward by the bubble to the:
volume of the bubble. Siﬁce the area available for the downwafd flow of
solids is Ay {1 - €p (11+ fw)}, the mean residence time-of particlés in |

the downward flow is {1 - €p (1 + fw)}Lf/ {fw‘(u - umf)}. The mean cycle

(0]

time for circulation Oc:is given as the sum of the residence times of

upward and downward movements.

@é = Lf [ 1/Gé + {1 f Eé (1 +kfw)}/{fw (uo - umf)}] | /jc2_7)

where ug denotes the average rising velocity of the bubble.

!
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The average bubble fraction,Eé = (Lf - me)/Lf israpproximated by
(2-8)

ep ¥ (ug - upg)/ ug
-ﬁB can be eliminated from Equation (2—71 by substituting Equation (2-8).
Thus, a simple expression for solid cyclebtime can be obtained as follows:

ec= me/(uo B umf) fw (2-9)

Therefore, the cycle time of solid circulation is nearly as rapid
as the passage of the gas (Lf/uo) except for the case of low gas velocity.
TheréfOre, the assﬁmption of complete mixing is acceptable.

‘However, for the tapered bed wall or in the presence of the internal
tubes or baffles in the bed the cycle time and the solid mixihg intensity
will be reduced. According tb Sutherland (1961) the mixing index from
tapered bed is much lower than that from non—fapéred bed in the range
The-packing affects the solid mixing drastically as

uo/umf = 1.0~1.3.
It can be expected that in a tapered FBC

reported by Gabor (1966).
with many heat exchange tubes, the solid mixing is probably very poor.
However, the way to estimate the value of fw for thg case Qf a fluidized
bed with internal tubes has‘not been established and, thergfpre, fw
iemains an adjustable parameter in the present model. Since thé exchange
of particles between the wake'phase and thé emulsion phase is expected

:‘to‘be fést:even.undei the bresenpe of internals, the single phase back-
'floW‘ceilxmoae1 is applied to simulate the axial temperature profile.
There ié a Very close iesemblancé between’the prgsent model and the

"dispersion model. The relationship between the model parameters is given

by (see Horio and Wen (1976)).

‘EZ = @lo - umf) fw AZ:.: ' ' R Sonn (2‘103
; 1 - €g R |

where AZ is the height of a complete mixing ceil in the backflow cell model.
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1-5. Elutriation of Char and Fines

; It is aésumed that the char size before combustion is the same as the
size of the coal fed in. The elutriation rate of fine particles is pro-
portional to the concentration of the fines in the bed and the cross-

sectional area of the bed for elutriation At’ therefore,

dw, = A, K+ T ¢* dy. [g/sec] (2-11)

where dwé is the elutriation rate of coal/char particles whose diameter
is between y and y + dy, Wc and Wb are the weight of char and the weight
of total bed materials respectively, ¢* dy denotes the weight fraction
of fine based on the total weight of char whose size is between y and
.o y + dy. K* is the specific elutriation rate constant. = The available
correlations for K* are listed in Table 4. However, most of the
correlations are not applicable for the size range less than 150 microns.
Correlations B, C and D give similar values forkK* in the rénge greater
“than 150 microns, but below this size the rate constants of correlations

C and D decrease with an increase in particle size. Correlation A is

i derived in this study based on the experimental data of the saturation

carrying capacity for uniform-sized pafticles reported by Zenz and Weil
; ; (1958). kAlthough thesé data are not the rate of elutriation of fines,
| the,ofder of magnitud¢ of correlatioh A is not very much different from
other correlations in the range d_ > 150 microns. ’Comparison Qf
coirelations A and E is shown in Figuré 1.

In the modeling of FBCQ the’attentionkis focused on the effect of

B
L

freeboard and the pfesénce of bubbles. The concentration of fines

decréases exponentiaily-along the height above the bed surface and reaches

| ORIGINAL PAGE IS
, OF POOR QUALITY
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TABLE 4 Correlations for elutriation rate constant

A. Zenz and Weil (1058) +

- , 1.87 u 2
5.27 x 107 (u_“/g dp p.") 0 ~  581.8
gdpps
K*
p_u :
g0 5 9 5 1.15 uo2 =
4.97 x 1077 (uw /g d_p.9) 2 581.8
[¢] P s gdp
P s

B. Yagi and Aoji (1955)+t+

K*d
: 0. .
-H—P-= Fr [0.0015 Re, 0.0 Retl 1

C. Wen and Hashinger (1960)

o p 115
* -
-—%a—ja~7 - 1.52 x 107> Fr0"° Ret0'725 ——E&)

pg o.t pg
D. Tanaka and Shinohara (1972)

| o .p 015
7k ]
ey = 0-045 R
Pgtto™"e g

1) The equation is fitted by the present authors.
++) The equation is fitted by Leva and Wen (1971)

— 2 L » '
Fr = (uo—’ut) /gdp, Ret = dp u, pg/u
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10 :

T T T l l

© correlation A
B . correlation B

(cf Tables ) _

elutriation rate constant , K, g/crfsec

O 1} 2]
B 7
i FBC e )
pressure, atm|5 | 4 |||
- [coal feed rate kg/br{170(105) 11
excess air, % |17 {15} HI
00T 1 L1 | L !
0001 | | 001 o 0.05

: particle diameter of char, cm

Figure 1. Elutriation rate constant determined by fitting experimental
values of carbon combustion efficiency (£ is an adjusting

parameter multiplied on the correlations. “ o
| el ORIGINAL PAGE IS
~OF POOR ,QUALITY
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the equilibrium value at TDH. Large, Martinie and Bergongnore (1976)
modified the equation by Zenz and Weil (1958) as follows:

F, = Fi°° + Fio exp (—-a.1 Z) (2-12)
where Fi is the fractional entrainment of ith size internal and Z is
height from the bed surface, However, the available data are not
sufficient to develop correlations for parameters in Equation (2-12)

and, therefore, the effect of freeboard is not considered in the present

model.

2, Deséripfion of Gas and Solid Contacting in FBC’

The bubble hydrodynamics, solids mixing and the size distribution
of char particles are the majoxr factors in the mathematical formulation
of the gas-solid contacting process in a FBC.

The Bubble Assemblage Model can be characterized by the following
features: |

1. Discrete representation forrthe axial distribution of process

variables, which is convenient for the numerical computation of complex

" reaction system.

2. The effect of bubble size on the axial gas and solid mixing is

'considered automatically by setting the compartment height equal to the

average bubble diameter at the middle cross section of each compartment{

3. Bubble size is a function of the bed diameter and is axially

‘distributed. It is estimated_by*applYing an empirical correlation.

‘4. Bubbles and c]oudskare both combined into the bubble phase, - The

‘gasvinterchange coefficient between the bubble phaseraﬁd.the:emulsion ‘

phase is a function of the bubble size and distributed axially. =
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5. The effect of distributor geometry on hydrodynamics is considered
by the formulation of a separate jet region from the bubbling region.
In the jet region, jet height correlation and initial bubble correlation
are used.

6. The gas velocity through the emulsion phase is assumed negligible.

The present FBC model also has most of the features of the Bubble
Assemblage Model except items 2 And 6. Since the effect of compartment
size distribution is minor in most of the cases, fixed compartment size
is used to avoid the complexity in temperature iteration. For the
estimation of bubble size Equation (2-6) is applied in the FBC model so
that the change in the cross-sectional area can be automaticaliy taken
Mmdammmt

Gas interchange coefficient is estimated by the following correlation

proposed by Kobayashi, Arai and Sunagawa (1967):

Kpp = 11/Dy (C.G.S. Unit)  (2-13)

The following correlation by Basov et al. is used to estimate the

vertical jet height:

d A :
_ ) Tt B 0.35
h : — (u, U ) }

i~ 0.0007 + 0.556 &_ 'm, (C.G.S. Unit) (2-14)
j

However, in the case of FBC many distributors have horizontal nozzles

and the direct application of Equation (2-14) can result in too large

e jet height. Therefore, in the case of horizontal jets Equation (2-14) is

multlplled by an adjusting coeff1c1ent

In regard to the bulk solid mixing, three models are formulated and
tested: (1) complete mixing, {2) single phase backflow cell model,
(S)Vtwo phase backflow cell model. ~ Figure Q iilustrétes'the‘singléfphuse

and two phase backflow cell models. Since the solid circulation is usually

-
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ELUTRIATION

1

WITHDRAWAL

v ¥
WE WW
v 4
Xe, Xei | ]oz
b AW ]
v | |
FEED = Xy Xg1 IAZ1
EMULSION BUBBLE/WAKE
PHASE PHASE
(a)  Two phase backflow cell model of }(b)

Ishida and wenv

Figure 2. Solid mixing models.
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Single phase backflow cell
model (this paper).

W . = upward and downward flow

min

rate of solids (both are

equal in magnitude).
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very fast in the fluidized bed cowbustor operation, the simple model based on

the assumption of complete mixing is still useful and practical for rough

estimation. [n the latter two models thec same compartment size as that

] of the gas phase model is used. o
The axial variation of the size distribution of char causes the

axial distribution of average particle surface areca available for

combustion, ‘In addition the change in the size distribution of .char
affects the rate of elutriation. . The total surface area of char for

combustion can be written as

5 total surface area surface area total volume
of char per unit = per unit volume ¥ of char per unit
volume of bed of char volume of bed

(2-15) - f
i The second term of the right hand side-of the above equation is

dependent on the bulk solids mixing model and can be calculated from

material balance. However, the first term must bgrdetermined by popﬁ-
lation balance for char particles which are shrinking during the course
of combustion. 7

; A general model which takes into considerafion the variation in

the size distribution density function isvdcvelobed in Section 3.

_queyer, bécause of the numerical difficulties encountered in solving

_ fhe.equations of this mo&éllan?diterﬁaﬁive imodel is de?elopéd_whiéh.'

.considérs only  the ovéféll size distribution“of char. In‘£his;$implified :

model the axial variation of the total surface area of char per unit

volume of bed can still be taken into account by considering the variation

of the last term of Equation (2-15) based on the material balance.
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The different combination of the gas-phase model, the bulk solids
mixing model and the model for the specific surface area of char provides

a complete FBC model but of different level of sophistication. Three

models of different complexity are developed in this research. The

definitionvof each model can be found in Table 5.

3. Kinetics for coal combustion and limestone - 302 reaction

3-1.- Coal combustion

The thermal decomposition of coal particles is completed almost
instantaneously and produces volatile product and char. The following

equations are recommended by Field et al. (1967) to estimate the

weight fractions of volatile products. | l

CH, = 0.201 - 0.469 X + 0.241 X

4 vm vm

= 0. - - 2
H, =0.157 - 0.868 X _ + 1.338 X' (2-16)
Co, = 0.135 - 0.900 X+ 1.906 X2

2 v vim
CO = 0.423 - 2,653 X+ 4.845 X°

v vm

_ 2
HZO = 0.409 - 2.389 va * 4.554_va

Tar + Other = - 0.325 + 7.279 X - 12.880 X2
- . . v vm

where X  is the weight_fraction ofkproximate volatile matter of coal on

‘dry ash free (daf) basis. The composition of char produced by rapid heating

~ is different fér eéch system and fof‘eacﬁ.type‘of coal bﬁt no general

étudy is éVailable. Therefore, iﬁ this wéfk’it'is’simply asSUmed that

 th§ volatile H,vdnd>O are released and react with oxygen,insiahtaneously,

while éarbdn, nitrogen and sulphur remain in the_char; ,The'ré1éése'fa£e of sulphur

is assumed to be proportional to the combustion rate of carbon.




TABLE 5 DEFINITION AND PERFORMANCE OF MODELS OF DIFFERENT
‘ : LEVEL OF SOPHISTICATION

i DEFINITION PERFORMANCE
!
'i Total Zas Bulk solid Axial variation Temperature Volume fract- Surface area Reactivity oy
¢ omedeys 1 phiase mixing of char size ion of char of char per unit char = k A
! . - . c'e
i e distribution vol. of char
‘—7..—-.. - Pl D YL CEas
f Level I ! Not Complete Not considered Uniform Uniform Uniform Uniform
! : specified* mixing " '
cLevelaal . BAMEH single phase Not considered Axially Axially Uniform Axially
backflow distributed distributed distributed
cell model
Two phase Two phase 7Axially Axially Axially Axially
backflow ~backflow distributed distributed distributed distributed
cell model cell model | :
* Homcgeneous éomplete'mixing model and plug flow model are used in calculation, but two phase
;odel can be used in place of them.
** Subble Assemblage Model
o G |
=8
=
e
=¥
BE
22
. E@ N
. R .
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Of course, more realistic bust complicated treatment is possible in-
troducing additional parameters.

The combustion rate of one char particle for a given size is estimated by

- 2 4 :
Te -rw de ke Coz [gmole/sec] (2-17)

where kc is the overall rate constant and is given by

k, = 1/ (1/k g + 1/k_p) ' , (2-18)

where the chemical reaction rate constant ch is estimated by the
followiné correlation (Field et al., (1967)):

k., = (T/1000) exp (17.9 - 35,700/RT) (2-19)
The gas film diffusion coefficient, kcf, is estimated assuming the
Sherwood Number is equal to 2. Avedesian and Davidson (1973) confirmed
by their experimental combustion of char in a fluidized bed of 7.6
¢m in diameter that the{Shefwood Number is constént (Sh =1.42) regard-

less the partiéle size which was:varied from 0.23 to 2.61 mm. The

assumed value, Sh = 2, in this model can be changed to other values

~1if necessary but the assumption of a constant Sherwood Number seems

reasonable.

3-2.  Limestone - SOg,reaction

The mean residence time of limestone in the bed is long and the

~circulation rate of solids is rapid enough to assume that the limestone

is completely mixed. The aésﬁmptibnibf complete mixing is acceptable

~if the temperature distribution“is'uniform enough so that there is mno '

dead burning of limestone and no serious effect of temperature history of
each particle on the reaction rate. TIn the present model the average

bed volume is used for calculating the rate of limestone - S0, reaction.
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The reaction rate perylimestone particle can be expressed as
(Borgwardt (1970))
T, ‘=% dg ky, (T, £)) c’goz (2-20)
m=1.088 ¢ 1
where kvg(T’ fz) is overall volumetric reaction rate constant and is
a rapidly decreasing function of limestone conversion fz. However,
the experimental data are not enough to determine a reliable correlation
for kvl‘ Therefore, in the present FBC model development a function
sub-routine is prepared for the average value of kvz in the bed based

on the interpolation of available experimental data and population

balance for limestone: conversion.

§
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Section III

GENERAL MODEL FOR FBC

In this section a general model of FBC is derived. This model is

described in the following sequence:

3-1,
3-2.
3-3.
3-4.
3-5,
3-6.
3-7.

3-8.
3-9.

3-1.

Reactions

Reaction rates

Overall carbon balance

Overall sulfur balance

Overall mass balance for’gaseous species

Gas phase model ; -
Populétion balance for 802 absorption

Population balance for char combustion, segregation and
elutriation

Heat balance

Reactions

It is assumed that the calcination of limestone and devolatilization

of coal are occurring instantaneously. The following reactions and their

reaction rates are considered.




25

Reaction Rate

Per unit vol. Per one
No. Reaction of emulsion particle
1 Ca0 + SO2 +0.5 O2 = CaSO4 rl* | ri
2 Ca0 + H,S = CaS + H,0 r,* , r;
3 C+ 0, =00, T * r; |
4 C + 0.5 02 = C0 . r4* ri
5 C + H,0 = CO + H, r5* rg
6 S(char) + 0, = SO, r6*, ré
7 S(char) + H, = HS r,” r;
8 N, (char) + a x* 0, re* g
= 20 0x NOx- + (1"anox)N2 ‘ (3-1) -

Let Mg and Ms the vectors of chemical species and at the same time

the Vectdrs of molecular weights as follows:

Mg = col (Mgy) = col (M, Mcoz? Msoz’ MHZO’ Mo Mst’ MHZ’

2
Mo s W)
X 2

My = col (My;) = col Mleygr Meago,» Meas» Mo Mso W o 02

By ‘using Mg and Ms’ Equation (3-1) can be written in one matrix equation
as:

‘A'Mg + B M, =0 ' R , (3-3)

5 GE 18
RIGINAL PAGE
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i = 1 2 3 4 5 6 7 8 9
0, co, S0, H,0 co H,S H, NO N,
[ R
i=(1) -0.5 0 -1 0 0 0 0 0 0
(2) 0 0 0 1 0 -1 0 0 0 i
A = (3) -1 1 0 0 0 0 0 0 0
Y -0.5 0 0 "0 1 0 0 0 0
(5) 0 0 0 -1 1 0 1 0 0
(6) -1 0 1 0 0 0 0 0 0
(7 0 0 0 0 0 1 -1 0 0
(8) -0 .x" 0 ) 0 0 0 0 2 1l-a
I.oX nox nox
" 7
= {aij} (3-4)
7= 1 2 3 4 5 6
Ca0  Caso, CaS C S N, [‘
s ~N &
i=(1) -1 1 0 0. 0 0
(2) -1 0 1 0 0 0
(3) 0 0 0 -1 0 0
B = (4) 0 0 0 -1 0 0 = {b..} (3-5)
(5) 0 0 0 -1 0 0 Y
(6) 0 0 -0 0 -1 0
(7) 0 0 0 0 -1 0
8 | 0 0 0 0 0 -1

Accordingly the gas phasé concentration vector C is defined-as follows:

¢ = {C;, C,, C

={C

0. C

2" €Oy

1 v2 73

C

Cqr G5 Coo G

cn 3 Cims Canos
SO2 HZO CO

08 s cg} |
CHZS’ Cypr C

NO_*
X

C.. 1}
N,

(

3-6)
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3-2.. Reaction Rates

The reaction rate (positive for production rate) of i th reaction

is denoted by

*® o gmol ]
S [ sec.cm> (emulsion)

Here emulsion refers to the dispersed solids. The voidage is assumed
€
to be nf"

The formation rate of j th species due to the i th reaction 1is

given by
T*,. = r¥ a, . k i ‘
gij i 71ij [ gmol of (Mgj or Msi) ] (3-7)
, sec.cm® (emulsion) :
r*.. = ¥ b..
sij i 7ij

The total formation rate of each species can, therefore, be obtained

as follows:

* = = {3 1* a..
Rg RA {z ¥ alj} (5-8)
R; = RB = {;t r; bij}

where R is defined by
R = {rxf} | | (3-9)
The rate of reactions 1 and 2 can be expressed as

* = - - Y = ‘ . _
tf = ene T ; (i =1 and 2) , s (3’10)

whereyle denotes the number of limestone (or dolomite) particles per unit
volume of emulsion and the reaction rate for single particle, r{, is
supposed to be written by the first order rate equation regarding the

reactant concentration C3 (802) or’Cé (st)'as follows:

ORIGINAL PAGE IS
OF POOR QUALITY
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- 3
- I d . .
r] = __3&__ kvl (T, fﬂ, dz) Cq (3-11)
T d23
r; = z k,, (T, fz, dl) Ce (3-12)

where kVl and kV2 are the overall rate constants.
The rate equations for the reactions 3, 4 and 5 are assumed to be in the
following form:

* = - 1 =" : -
¥ = Pye Th (i=3, 4 and 5) - (3-13)

where PNe denotes the number of char particles per unit volume of emulsion
and the reaction rates for a single char particle, ri (i = 3, 4 and 5) are

defined as

S A 2 - i
Ty =W dc k3 (T, dc) C1 (3-14)
AN 5 7 » ’
T,= T dC k4 (T, dc) Cl : . (3-15)
s a2 C1ey
T = dC k5 (T, dc) C4 (3-16)
‘The rates of reactions 6, 7 and 8 are approximated by
* = * 1= -
Ty o (r3 + rz +‘r§) (i =6, 7 and 8) ; (3-17)
where the constants, a; = (i'= 6, 7 and 8), are assumed to be
i Xsg Xee
o - N 2 _-_ .
....6 27 ( . ) / ( C ) (3-18)
. ’
ag : A <3

5 MN2 " - E :“ PR 1v(;f?9)
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3-3. Overall Carbon Balance

Figure 3 illustrates the factors contributing to the overall carbon
balance.

Let ¢ denote the overall size distribution density function for char
particles. The function ¢ is defined so that

¢ (y) dy = number fraction of char particles whose dimensionless
diameter lies in the region between y and y + dy. (3-20)

61 $ () dy = 1 (3-21)

where y is defined as the ratio of char diameter, dc’ to the maximum -char
diameter in the feed, dcm’ namely

y = dc/dcm ; (3-22)

An average over the range y = 0~1 for an arbitrary variable A is
defined by

<A> = 61 4 ) A () dy - (3-29)

The mean volume of a single char particle in the bed is then expressed

as follows:

‘ » w3
(mean volume of a char particle) = 3 dcm ¢V
_ 3 3 3
wv = Ry ; = <dC >/dcm‘

From Equations (3-14),(3-15) or (3-16) the average reactivity of char

is written as

(average reactivity of char) = 7 dim < y2 ki (T, y)> (i ="3"5) . (3-24)




30

elutriation rate of char: nce

( :3’ size distribution of char: ¢e

oxygen concentration
C

| Co2 = 02,1

char size distribution, ¢
total number of char particles, Nc

"A=:| ~ bed temperature, T

cooling tubes £

' C.p = C
) _ : 02 02,0
coal feed rate, n, T V¢

£ LY J ;

. R LAY el

size distribution of —Té;ﬁfo‘z. \ e,
coal, ¢f - Nt

limestone feecd rate; n,

Y

air \/

¢, =9

W

withdrawal ‘rate of char, L

withdrawal rate of limestone, n, =m
L : 3 AT Lf

| Figﬁref3. Illustration of‘the'popUIaﬁionfbalance around a fluidized bed:
: combustor.  (n:  number of particles/sec)
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Letting Nc the total number of char particles in the bed, combustion

efficiency, Nes is defined as

< ko oy’ s c; (3-25)

2
M Nc T d X i

N o= C cm

it e

Wer Xoe

1 for i =3o0r4
4 for i=35
and the bar in Equation (3-25) indicates the space average over the bed.

The overall material balance for carbon in solid phase is derived as

T 3 T .3
Weg Xcr T 6 Yem Poh Xo Pew Yww T 6 Yem Peh Ko Pee Yve
(feed) (withdrawal) (elutriation)
SMON 1 B o< ko yEs G (3-26)
C c cm .y i j
i=3
(réaction)b

where subscripts f, w and e denote feed, withdrawal and elutriation respectively.

P IS
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As to the first term of Equation (3-26) the following relation can

be written:

3

_ T
Wee T8 Yem Vv Pef Pef (3-27)

cf

Substituting Equations (3-25) and (3-27) into Equation (3-26) we get

. (ncwwvw *ne Yyl Xe Pop 3_28) f
B n ] p X . (3-
cf "vE Tef Tef

The elutriation term nce'wve is estimated by using the specific

ke
elutriation constant K as follows (see Appendix V):
At N ¥ 3

= c ~9a
Nee Yye = Wy <K y" > (3-29)

By using Equations (3-28) and (3-29) we obtain the ratio of char particles

“withdrawal rate to feed rate as,

e - (1:- nc) by g ) XCf Pef (3-30) ;[)
Nef Yo+ 0 A < K* 5, X
VW t y ¢ Peh
Wy,

where © denotes the mean residence time of limestone at the steady state,

6= N/mpe =NJ/n | w e (3-31)

From the volume balance 0 is estimated by- (see Appendix I)

M- Ve (3-32) N

(N, Wep XAf/pA)(l )

wlf/plf * (ﬂ/6) dgm 1pvw ncw *
kwhere the paraméter gAe’dethes the ratio of the ashrelutriétion rate:-to the
total ash fqrmation rate.  The numerical value of EAe must-be-evaluated
‘based on ash elutriation rate constant. In this study, however,‘gAe is

assumed to be 0.5.. ~ ’ . = . B ’ P
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3-4, Overall Sulfur Balance

The sulfur balance is derived as follows:

1. (total sulfur in - ngLXSf e . F ( N )
feed gas and formation rate) MS mf ySO7 ¢ yuas,f

2. (total sulfur capture rate by _ Vog XZCa

~
= . f
adsorbent) M L
Ca
where f is the average conversion of adsorbent (limestone or dolomite; in

3

the ‘bed and is defined as
“ 3-33)
2 sl (
fl E 6 ¢£ (f2 ) fz dfl
¢, (fg) is the density function of the distribution of adsorbent conversion
and has the feature

1

6 d (fz) df, =1 (3-34)
In addition,
! d; - —
3. (total sulfur capture rate. = NQ g { kvl C3 + kV2 C6)
where
- 1 L 1 ~
Cr== [£ [ C, S/ k. , ¢, df | dz
vl 3 Lf 0 3 0 vl "4 2
S _ 1 I, ' 1
Ko C6 =1 T2 C6 i) kvz ¢y dfl ] dz
£f 0 Q0 ’
Defining the sulfur retention efficiency by
moles 502 in flue gas
Ms 7 ],~ ‘moles sulfur input
, ; GX)ES
1.
TGINA] 0
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We get the following overall relationships on sulfur retention and

adsorbent conversion;

_ Kl (3-35)
N [S] %
. N M. { k. C. + k. C
fg _ 4 Ca vl 3 - v2 6 (3-36)

"ot Paf o,ca
where [Ca]/[s] is the molar ratio of calcium to sulfur.

If we can assume that the temperature profile is almost uniform in

the FBC Equation (3-36) can be simplified to the form

A— YT It LT cC
£,= Ny Mo, {kyy (T, dp ) Cp + kyp (T, dp ) Cg Vin

g = Ny Meg VR }o(3-37)

of Pog Xoca

3-5. Overall Mass Balance for Gas Phase Species

~ Theoretical air flow rate required for complete combustion of coal

is given as follows:

Fosen = Oer See/Me Yoo, 2/ (3-38)
where | ._ :
Ry 2 MO/ LCigMg) + 0.5 (/M) + ge/i) = Choe/ig)] (3:39)
The~excess‘air ratio, EAR, is aéfined by |
EAR =5me/kpm,rth -1 PR T (3-40)

Neglecting the CH4 formation, the mole fraction of oxygen at the top

~of the bed is obtaiﬁed as‘follows:
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M. vy A X
. . c Yo2,f ™2 ) cf
Yoz = L1+ EAR) ygy g - X L2 - Eeg) g e R 1S
. - ORIGINAL PAGE &
I
X, X X OF POOR QUAL
S g gt (- B A
MHZ S 02
A, A, M,y w X X -
J [ 1 +EAR + - 2X C702,f + sz (MILCa Mgy 1 (3-41)
cf mth ~Ca MMg
where
£ = CO formation rate °
®CO ~ carbon consumption rate
_ amount of H, formed (3-42)
842 = amount of H, and H,0 formed
£ = sulfur release rate in the form of H2S
y2s~ total sulfur feed rate
Ay 3 (Xgg ne go/aMy) +Ogp/Mop) + (1 + §p) (Xye/ 2My5)
3=
+ (X Mypo) (3-43)

The outletrconcentration of COz, co, H2,_H20, SO

be given as follows:

0 H28 and NOX can then

1 Yot Xor ; Xoca  Xom
Yoy =5 [ —me—— (1= Ea ) n AW (e 4 By Ry (3244
€02 T F_ M 50 ¢ e Yo gl
i Mg | e T M MMg mf 7¢O,
‘ WX
. cf “CEf - -
Yoo © F_ [ M. 0 Me * Fng Yeo, £ (345)
1 Wor Xue WoeXne NS
Y B [ —=—— . + P Y + B Y NI R ARt 3.46)
H2 T F o T Bo nf gt e Yy, T e Gnse o
: SR w X
= £'Sf
- {F_o(Y O S =S A A I
VmfUHS,E T S0, § Mg 1,8 171,
1 W .X} W X ) ;
. cfHE cf hf =
Y, == + + F .Y o+ F .Y +F oY oy
HQO Fm R M{Q MHZO ,,mf hf ,mf ll2f oot HZS,f (% 47
k S : Wi Xa
- . i £ASE ‘
S € N AT ¢ ) ¢ =2 b (1 -k
CHRH}DQAILIU&GE}IS ; VmF st,f / SOZ,F | MS st '(: V”Z)

OF POOR QUALITY
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1 -qn W X :
S cf "Sf
_ 3-48
Y502 P L7t Fae Usop,r YHZS,f)] (3-48)
1 Wer %o
y = — [ +F o (y +y )] ' (3-49)
H2S P T8 ne Yizs, £ " Ys0, o *H,s

total molar flow rate, Fm, is written as:

X X
o ‘ %Ca Mg (3-50)
Fo= (L+EAR) Fo o+ A wep +Wpe V.. * " )

3-6. Gas-Phase Model

The basic arrangement of a compartment for the gas-phase material
balance is illustrated in Figure 4. The reaction rates in bubble-cloud

phase and emulsion phase are written in the form,

{ 1 ] :
{reaction rate. in . _ . * » - :
bubble-cloud wake ~ (Eci EBi)AVi,engB,i | (3-51N
phase)

(reaction rate in

*
emulsion phase) - ) AV R ‘ (3-52)

= (e ))AVs oe Rop i

ci

where Eg is the volume fraction of cloud including bubble. Using‘MUrruy‘s

model (Horio and Wen,1975b).

BL T aL L -1 L -
T B G PRSI , (3 Doy

il

Bi - “wr B, i
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The bubble fraction, €pi is given by

€p,i = {Q&) - umf)/uB}i (3-54)

and f& is the ratio of the volume of wake effectively contacting the

bubble phase gas to the volume of the bubble.

In order to express the material balance it is convenient to introduce

the mole fraction vectors yp i and Yg i defined by

Yp,i = Upy,i? (j = 1~9)
v (3-55)
Ypi = Wy st (j = 1~9)

where j indicates the name of the gaseous species as already defincd by Equation

(3-2). A material balance for bubble-cloud phase and emulsion phasc can

be written as:
7 * ) /f"

e = (e .~e. ) RT . v, ,
Famoi YBoi - Pam,i YB,i-17 Sci®hi) Fgp,i AVief (3-56)

3

(bulk flow out - in) = (formation by reactions)

= K o .oes LAV, g AR
mBE, 1 %B,1i Vi,esWs,1YE,1) ~ Fume,i YeE,:
- (gas exchange) - (net flow from bubble phase'to emulsion phasc)

N * .
F . . - . o= - . = < '
Em,i yE,l FEm,l yE,i—l (1 Ec1) A‘l,ef PE,i

Ko el . AV, . Y , |
Knge,1 8,1 “Vijer Or, 178,10 Foe i Yoe, s (3-57)

The last term of Equation (3-56) or (3-57) is définéd as fblldW5:

Foos L |

meg,i ¥ B,i  f Fuppi >0

FuBE,1 YBE,1 e (3-58)
1

Fo.y. .
mBE, 1 yE,;'.~ mBE,i < 0

KmBE i5~the4quified gas interchange coefficiqﬂt and related tO'KBE;bY thér

o folldwing‘equaiionf

Kupe,s = Mg i/ RT/P) S | o (3-59)
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3-7. Population Balance for SO, Absorption

The assumption of complete mixing of sorbent particles is appropriate
for S0, absorption process, since the rate of reaction is much slower than
the mean circulation cycle of particles. The distributipn density function
of absorbent conversion, ¢2, in;roduced iﬁ section 3-4, thérefore,
satisfies the population balance equation (see Appendix II).

y a4, (df,/d0) )

Ny df, = Tpgber T Mg 9

(3-00)

where it is assumed that the elutriation of the adsorbent particles is
negligible. Assuming no attrition or particle breakdown, we have
Noe = Moo (3-61)
Substituting the rate equation (3-11) or (3-12) into Equation (3-60),

we have the dimensionless equation:

d(9, A,) |
———— = ' - 3-062
—aE, "B Cue ) 5-62)
where relative reactivity of the adsorbent Agris defined by
Ao (T,dp £y = ko (T,odp, €37k, (T,d,0) - (80, reaction)
or o : = ; ' , (3-63)
Az =,kv2 (T,dz,fz)/kV2 (T,dliO){ : '

(HZS reaction)
and the parameter Bz is defined as follows:

Neg Por %pca
Ny Meg kyp (T2d,,0) Ty

(802 reaction)
£

3
i

AR L ‘ T (3-04)
Npg Par Xeca \
N, M ka(T,dQ,OJ Ce

|

(H;S reaction)

% Ca
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The solution of Equation (3-62} for the case of fresh limestone

feed, namely ¢gf = 6(f2), is given das follows {see Appendix III):

B B
Eoep (-5 2 oag (3-65)
}\2 0 >\2 2

¢, (£,,T,d,) = B,
1 - exp |- 6 3 dfz ]

2
Therefore,
A~ ___ - 1 — :

- = 1
= k,; (T,d;,0) é A, ¢, df,

FN

= k. Cf,dl,o) A (3-66)

L

Using the parameter B2 defined by Equation (3-64), the relation (3-37)

can be written in a simple form

£

-~

L= Ay /B, , (3-67)

where it is assumed that only one of the reactions 1l and 2 is taking place.

The reactivity of the adsorbent can be obtained as a function of fz, T and

dl by the following technique:

1.

2.

Specify T and d,

Specify B2

Obtain ¢£ (fz) from (3-65) and calculate AZ
Obtain fz from (3-67) : o

Specify énother BZ and repeat 2-4

kSpecify another T'and'dz and repeat 2-5

~

LA =, (f,, T, d)) S (5-68)

;2"
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In order to consider the size distribution of the adsorbent, the distri-

bution density function ¢zs (dz) is introduced as

number fraction of absorbent

particles which have the = ¢25 (dg) d(dl)
diameter between d2 and d2 + ‘ i
d (dz) v

fhax o (d)) d(d) = 1

~

Thus, the relationship between the average reactivity Ag and the average
conversion of the limestone is obtained in the form

d max " ° — :
< Ag > 6 . (fl’ T, dz) ¢£s (dz) d(dz) (3-69)

>

3-8 Population balance for char combustion segregation ‘and elutriation

For the combustion of fairly large particles, the rate of solids

‘mixing may become the dominant factor since the segregation of char particles
éreatly affects the combustion. According to the obSérvétibn'by Avdesian
and Davidson (1973) a char pérticle whose initial size was greater than
1.3 mm burned out in their FBC taking more than 160 seconds. Their results
are shown in-Figure 5. The’superficial gas vélocity and the carbon fraction
were 38.3 cm/§¢c and 0.9% respectively. On the other hand, unless the bed
internals are present, the circulation cycle, 8, is obtained from ﬂqpation
(2-9) for a bed of Lg =60 cm as 1.8 sec (f, = 1 is assUmed).r Therefore,
solids ih thé bed seém to undergo good circulation to disperée the char
particle over the bed. -

,Howevér, for finc.particles inba deep bed the'ratés*of ?éactionm;nd
ﬁirculafion may be of comﬁérﬁbléyextent§v In this range;éf’péfticle‘size f
elutriation plays’;n important role’in determining the cbmbustjoh éfFicieﬁcy.

k o GE 18 ‘ ‘ , ‘ : o :
ORIGINAL P& | e
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FIGURE 5 |
(¢ ) (INITIAL AVERAGE CHAR PARTICLE DIAMETER) % (mm?)

3.6g CARBON; U, = 46 mm/s;
720 kg CARBON/m3

da = (0.39.mm; m

kL

Pe Ll
(2) U = 214 m/s; (b) U= 300 mm/s; (c) U = 383 m/s

-Burn-out time as a function of the initial averaqe char part1rle
diameter (Avdesian and Davidson (1973))
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>0 if vy . <0 i=2,1 ORIGINAL PAGE Ig
E, >t .
Nq,i = : OF POOR QUALITY
0 if vE . >0
PR S
>0 if VE,i >0 ;
nu,i - . : <0 1=2 It
0 if V. . =
E,i -

where Ve denotes the volumetric flow rate in the cloud-emulsion phase and
3
is positive for upward flow.
From the total number balance of char particles, the initial conditions

for ¢B i and ¢E ; are derived as follows:

*
Np i 95,5 (00 (dv/d8)g 5 oo = Mg 5 = Mgp,i =~ "p,i-1 © "B,i
(i=1,1) (3-74) -
* ) .
Np,i 9g,5 (O (d/d0)p 5 voo = Mpp,i = MpE,i = Me,i 7 Mui-l

- N, . ., + N . + N, . n_ .
d,i+1 u,i d,i W, 1

(1=1,1 (3-75)

The functions ¢B i and ¢E i,also must satisfy the normalization condition,
. b 1] ; .

rtogy . dy = '61“’13

! i dy =1 . (3-76)

,1
The assumption of complete mixing in each compartment is expressed by

N, ./AV L=

B,i/%Vsp,1 = "B,i+1/VB,1+1 T "BE,i/VBE,1 - (3-77)
N L /AV Lo _

E,i/%sp,1 = "a,i/Vd,i T (3-78)

o s ’ L= Ny s Ven
nu,1+l/vu,1+1 nw,l/vw,l nEB,l/ EB,1
where N is the number of char particles in a cell and n is the number flow
rate of char particles between cells. The volume of cell, AV g s

and Astli’ and the volumetric flow rate of partiéles including ash and
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limestone paxticles, VB,i’ yBE,i’ VEB,i’ Vu,i and Vd,i
follows:
BVep,i = Vi ef €51 Ty
OVep 3 = BVy op 11 - eg 3 (1 + £ - e
Ve,i T (U~ Unfi Aes By (B eng)
Ve,i = Xspe,1 Yier (! 7 %p,4) )
Tepi Ve

- - - AV,
Vee,i ® VEB,i T VB,i ~ VB,ix1 * °Bi W 1,ef‘3§;;—'(1/%

vu’1 = VE,i (if VE, > 0) sy
R
0 (if VE’iS 0)
Va,i = Vg,i (A Vg 5< 0) A
Tt
0 (if VE,iZ 0)

From a volume balance for the i Eﬁ_leVel

Vi oo =V L= VL
E,1 net,1i B,1

The overall volume balahce for the i th compartment gives

Vhet,i+1 = 'net,i T VB,i ~ VB,i+1 T V£,i T Vw,i
AV M - *
iC n L feg -
- 5 U Ceyy - fyeg i) Ty v (- ey
Cf a ,

£ Xag/op)

are defined as

(3-79)
(3-80)
(3-81)
(3-82)

(3-83)

(3-84)

(3-85)

(5-86)

(3-87)

~In Equations (3-83)and (3-87) Pa denotes  the density of ash particles

formed after combustion, and r . . and r . . are defined as
v cB,1 cE,1
: R g * '
r . B .o+ T R A :
sooneByi T 3BLE e T4B, 1 SB, i
. * ' & ; e * -
be =y . 4T . +T

cki,i = "3E,i 4E,i  TSE,i

- (3-88)
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The particle exchange coefficient, KsB in Equation (3-82)

E,i
is a parameter proportional to (l/DB) as reported by Kobayashi, Chiba
and Thara (1971).

“The following relations are the boundary conditions for the bottom

and top compartments.

Vo,1 T V4,1 T Va1 T 0 (3-89)
Vu,10 +1 - Ve 7 ' (3-90)
VB, I+ 17 Va1 17 0

where Ve is the total volumetric elutriation rate including ash particles.
’ *
The shrinking rate of a single char particle (dy/d6) in Equations
(3-70) and (3-71) is given:

2 M

* C o
ch "C cm
* 2 MC _ _
(dy/de)g 5 = - o—y—gq— (k3 € + kg C; + kg Cplp 5 (3-92)
; ch °C “cm

These equations are adequate to determine the axial distribution of

‘size distribution function ¢B and ¢E for the given temperature and gas

 phase concentration.

‘The system described by the population balance equations (3-70) and

©(3-71); overall number balance (3-74) and (3*75)‘and,thevintegral cbnstraints

(3-76) also satifies the material balance as proven in Anpendix IV.

_However, it is convenient to develop material balance equations, when we

need,to'device a steadily converging numerical algorithm.
For the weight fracti¢n of carbon in the solids of the i th cell

we have the following material balance equations:

ORIGINAL PAGE IS
OF POOR QUALITY
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(bubble-wake phase)

g i-1 *B,i-1 * YEB,i "E,i
*

+ AV, €, 4 fw TeB,i MC (3-93)

= g3 ¥ ¥pE,i) %p,i
(cloud-emulsion phase)

X

“a,i¢1 *B,i+1 © Yu,i-1 ¥E,i-1 T YBE,i ¥B,i T V£,i V£,
' *
- , .- L £0)
(wd,i tWai T YEByi tMwi) ¥ei t Vi TG, tfpi Bi) Tem,i
1 M
I C fc,i T etube,i)-rcE,i 'C (3-94)
where
wB,i - VB,1 psB,1
"E,i = VE,i PsE,i (3-95)
¥BE,i = VBE,i PsB,i [,
YeB,i - VEB,i PsE,i
wu,l = u,i psE,i—l
wd,l N Vd,i 95E,1
and correspondingly
Wy,1 T Wa,1 T MB,1 T Y
y ' i U (3-95)
Wl 1w+l "B,
_‘_"’B,Ilc + 1 .w..d,_I.t v 17 0
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The two phase backflow cell model illustrated in Figure 2 is applied
to FBC to simulate the process of char combustion, circulation and
elutriation in Level III.

The size distribution density function of char particles in bubble-
wake phase ¢B,i and in cloud-emulsion phase e ; satisfies the following

3

population balance equations (see Appendix II)

d (b ;(dy/doy ;1

Ng,i dy F= = Npp g %5t i1 %8,i-1 0 (Mpeui * TB,i0%,i
(i=2,1,-1) (3-70)
d dy/de) . .1
. [9g,3 (/d0)ep 51 e e g g
E,i dy BE,i ®8,1 ~ "em,i%E,i T "1 i

FLi %mio1t Ma,ie1 9,1+l

- (n,_ . + N, . +n . .
( u, i d,i w,1)¢E,1

(i=2,1,-1) (3-71)

For i = It (top compartment)

d[¢y ; (dy/d®)"py ;]

Ng.i & =Mpp g %5 *M,ao1 9,01 (MpE,it"s,i0 %84
d dy/de)
Ng [bg,; (/dO) 5 51 )
g &y BE,i ®B,i ~ "EB,i %e,i " "¢,i Pf,i (3-72)

. : ) ‘
nu,i—l ¢E,i—1 Te e (nd,i * nw,i)¢E i

)

- For i =1 (bottom compartment)

. Aoy, 5 (@r/do)gy ;]

B,i dy =0

eB,i 6,1 - (PsE,i T "B,i) %s,i

* . '_._v
aloy ; (dy/do) . ] o | (373
E,i ,. = Mpp 5 % 4

MLCTEES TSI PSR C IS TR e L
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3-9 Heat Balance

Assuming that the temperature differences between gas and solids and

between the solids in cloud, in wake and in emulsion phases are negligible

the following equations are derived for axial temperature distribution:

s {(Si - D wnet,i * wmix,i} Ti+1

(heat flow .in from (i+1)th cell)

“leg1S) Wnee,i * i1~ ) Mnee o1 ¥ Vmix,i
N . .
* wmix,i—l * ww1} Cgm,l Fgm] Tl

(heat flow out from ith cell)

+[cs (i1 wnet,i-l * wmix,i—l) ¥ cgm,i-l Fgm] Ti-l

(heat flow in from i-1lth cell)

. |
FTMAY e (A Xeg) - Wop 4 AV e (B - ep )/ Vie of

(heat generated by (heat consumed by calcination
combustion) of limestone)

tWeiCopiTes = UgoypstVy (Ty - Tyy)

(sensible heat ‘(heat recovered by

accompanied by cooling tubes)

solids feed)
‘where

S.
1

(3-96)

(3-97)

y
!
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*
The reaction rate T.s in Equation (3-96) is defined by

* * *
= - - - 3-98
rc,i (Ec,i EB,i) ch,i +Q Ec,i Etube,i) rcE,i (3-98)
The net flow rate, w . and the backflow rate, w_. , is calculated
net,i mix
by i
*
Ynet,i ™ Ynet,i-1 - "£,i 7 Xy i) T My s T Te, MYy (599
Wmix = (Yo~ Upe) Aty (1 - ) ' (3-100)

For calculating reaction rates, the temperature of char particles, Tc,'is'treated

separately from bed temperature, T, assuming a temperature difference exists bet-

ween char particles and the surrounding gas and taking the following heat balance:

' |
2" qa,m veoat rhar

2 . (T Ma/Xge nd ?  (3-101)

c P : {
where €' is the emissivity of particles, X' is the thermal conductivity of

the gas surrounding char particles and o is the Stefan-Boltzman constant.

1 TAGE 1S
RIGINAL FAUS 2
OF POOF. QUALITY
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Section IV
LEVEL I MODEL FOR FBC

The general model defined in Section 3 is simplified by imposing
the assumption of complete mixing for solids.
In this case the size distribution of char particles withdrawn from

the bed is the same as that of char particles in the bed. Therefore,

Instead of the equations introduced in 3-8 the following simple equation

can be used to obtain the size distribution of char:

déR )
Ne dy " Mew $=Mep bp N e (4-1)
where »
Rz (ay/de)t = o ndd a o
= (dy/de) = - oTe /(m ¢ 9em Peh XC) | (4-2)
. . v . .
S 3 = 2 ral X __
T oy AV/E AV 2OV dmd2 kooh . O) T, (4-3)

where AC (y) is the relative reactivity of char. Neglecting reaction 5,
ch Ac(Y) = k3 kx | L (4-4)
The solutioh ofithe differential equation (4f1) under ‘the constraint':
rh o) ay =1

is obtained as follows:

Y 8 | | | |
where : D
i - 1+ (0A, /WK o | s
Y() = exp (B, 1 S ay] 48
, . . L | |
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Zely) = (f)y (g/Y) dy (4-7)
C.=1+B_ él ‘[Y(y)zf(y)/xc(y)]dy/él [Y() /A () 1dy (4-8)
B - dcm Peh xC (4-9)
MM, ek C

C cQ 02

Nef
Beg = Bowm (4-10)

. cw :

According to the definition of Bcw’ we obtain the following relation

from Equations (3-26), (3-27) and (3-31):

2 -
) 3<A.ye> (1 -n])

Bew = A, © 3 (4-11)
(b, + W < K y™>) n.

The gas phase model shown in Section 3-6-gives a solution for the

exit oxygen concentration in the form

e 2 2
C = ,fl(NC < AC yo > ﬂdcm

02,1 s k

0’ Lf, us Uoe COZ,O Sed) (4—12)
The form of the function, fl, is dependent on: the assumptions for the

gas hydrodynamics in the FBC. The first term enclosed in the parentheses

of Equation (4-12) is part of the coefficients in the reaction rate

-equation and C02 0 represents the concentration of oxygen above the
) . :

'“distributor'plate;

- On the other hand, the overall material balance for oxygen'in the

‘gas phase is given by

| s e et
Fn Oo2,0 = Yoz, = Ne <Ac v > md," ke © o (4-13)

~TNAL PAGE I8
ORIGINAL PAGE
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From Equations (3-25), (3-26) and (3-27) the outlet oxygen concentration
can be related to the combustion efficiency as follows:
Vef fo

Y02,0 ° M. T Ne
C m

Yo2,1 (4-14)

Using Equations (4-12), (4-13) and (4-14), we can obtain the following

relationship between n_ and k.o 9

02 where the term Nc < AC y~ > and C

02,1
are alréady eliminated.

£y(keo Cozo Mg

Les Uy U gy C L) =0 (4-15)

02,0
where f2 is a function dependent on the assumptions for fluidized bed
hydrodynamics.

If we can assume that the gas phase is completely mixed Equation (4-15)
can be simplified as

ch Y02 ='E£O [ y02,f me/Fm T Wer XCf nC/MC Fm] (4-15)°

In the case of plug flow we obtain

. : w XApe M o : T ‘
—_— - cf “°Cf "¢ P
k y =k [ —=——1/ an [ ] (4-15)

c0 702 ‘c0k’ MC Fm ) ’wcf ch nc

Mc Fnf Yo2,£
For shallow fluidized bed combustors Equation (4-15) is preferred compared
with Equation (4-15)"". In such cases as in the gas phase model presented

in Section 3-6, it may be too complicated to obtain the term Eéo Y92

analytically and numerical solution by iteration technique becomes necessary.

By an overall heat‘balance, the bed temperature T is obtained as

B +C oW T > w. . T..
';gmf me*Tgt *oTef Yef ch‘+~tszwzf TZf

.f QC'wa7(1 f'”C) - q, wa f U AHE TW'ﬁV

—

(4-16)

=
o

Cgm Fm * Cch Wef (XCf ¥ XAf)cl - nc)

L+ A wcf‘fo n.* U AHE :

i
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ASSUME BED TEMPERATURE, T.

ASSUME COMBUSTION EFFICIENCY, n..

CALCULATE kCOCO2 FROM EQUATION (4-15).

-————Q{AKSSUME MEAN RESIDENCE TIME, o CALCULATE 8B,
- FROM EQUATION (4-9)

Y
-r—-—%{_ASSUME CHAR HOLD-UP, Nc. 3

CALCULATE B_¢
FROM EQUATION (4-10)

CALCULATE n_ , FROM EQUATION (3-30).

4

CALCULATE N, FROM EQUATION (3-31).

A
| CALCULATE Eq. (4-5)
L NO TEST FOR N_ CONVERGENCY. 8(y.B > Bps ©)
YES , wv<Acy2>
and <K*y3>.
CALCULATE © FROM EQUATION (3-32).

NO

TEST FOR © CONVERGENCY.
YES |

CALCULATE B FROM’EQUATION (4-11),
NO

TEST FOR B_, CONVERGENCY.
YES '

CALCULATE T BY ENERGY BALANCE (4-16))
Al '~_N~~‘~' ); ORIGINAL PAGE IS
NO

. o ‘ ’ OF POOR QUALITY
TEST FOR T CONVERGENCY.

FIGURE 6. FLOW DIAGRAM FOR THE COMPUTATION OF COMBUSTION EFFICIENCY.
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The algorithm for the computation of Level I model is shown in Figure 6.

The purpose of developing this Level I model is to compute the size
distribution of char particles and to estimate the loss of carbon resulting
from elutriation of fines. As already discussed previously the assumption
of complete mixing is acceptable for the modeling of FBC, unless the

| solids mixing is so restricted by the presence of the internals.




Section V
V. - LEVEL II MODEL FOR FBC

The major objective of the development of the Level II model
is to predict the effect of axial solids mixing on the temperature
profile and on the distribution of char pafticles along the bed axis.

The following assumptions are made:

(1). The density functions of char particle size distribution in

_ the bubble phase ¢B,i and in the emulsion phase ¢E,i (i-= l~It) are
approximately equal to each other and, therefore, the mean diameter
of char is uniform throughout the bed.

(2). The difference between the weight fractions of char in the. /
bubble phase and the emulsion‘phase'is negligible. However, an axial :
distribution of carbon exists which can be designated by the carboh
weight fraction in the bed, x.

The equations introduced in Sections 3-1~7 and Section 3-9 may
still hold even the above assumptions are made. Because of the
assumption (1), equations for ¢ derived in Section IV are used,

~instead of equations for,¢B,i and ¢E,i derived in Section 3-8.

In place of Equations (3-93)~(3-95) the following equation is

obtained for :the weight fraction of carbon, X

v  : , {(Si —1)whétxi~ + wmix,i ! X
~_{Si wnet,i * (Si“l 5 1)w“et,i'1 * wmix,i ¥ wmix,i-l f wwi}xi -
+{Si-l wnet,i-l * wmix,i-l} xi-ly, ; ‘ : ' ;(5—1)

= Tei Mier Mo 7 Vei¥e - :
| | ORIGINAL PAGE IS
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., can be obtained from Equation (3-99).

The net flow rate, w
net,1i

In the present programming of the Level II model further
simplifications are made. The additional assumptions are:

(3). 1In oxygen rich operation reactions 2 and 7 can be
neglected. |

(4). In fuel rich operétion reactions 1 and 6 can be neglected.

(5). Reactions 5 and 8 can be neglected.

(6). Oxygen consumption for reaction 1 is neglected. Equations

(3-56) and (3-57) are used to solve oxygen and sul fur dioxide balances.

Letting Y denote the mole fraction of oxygen, equations

B.or E,i
(3-56) and (3-57) become,

*
Fom,i'Bi = Fm,i-1VB,i-1 ¥ (1 7 0-5 &gl Top 38V; gy 4

(5-2)
= Kpg,; (P/RT;) 8Viep 3 (Vg 3-Yp 3)
. *
Fem,iYe,1 = FEm,i-17F,i-1 * (2 - 05 &) Tep i AV
(- ey i - ®8,3 = Ctube,i)  (5-%)
= Kgg i (P/RT) AVieq 5 (g 5 - Vg 4
Let YB’or E i designates either mole fraction of sulfur dioxide
or hydrogen sulfide, depending on the case, we get
F | Y P Y - X ‘ AV * XSf Uk
Bm,i "B,i FBm,i-lf B,i-1 * Yy s:W,i(rslB,i . Xog CB,i) ,
U ‘ ’ b . . ‘ - (5_4)
= Kgp,y (P/RTY) AV ep o (Yp 5 - Yp )

ey —
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-

Feni YEi - FEmic1 YE i1 T AVi(l - gy 7 fBi T Stube,i)
CAE - R
x (T , - — T .
LE,1 ch cE,1 (5-5)

= Kpp ;(P/RT) &V, ep 5 (Vg 5 - Yg 3)

* N
where the term (Xsf/XCf) T denotes the generation rate of

¢ Bor E,i

SO2 or H28.

The equations applied for calculation are:

[Gas phase concentration]

Oxygen: ’ Equations (5-2)* and (5-3)*
Sulfur dioxide or hydrogen sulfide: Equations (5-4)* and (5-5)*
Other species: Equations (3-44)~(3-47)

[Axial distribution of char concentration]
Equations (5-1)%*, (3-99)*
[Axial distribution of temperature]

Equation (3-96)*

[Reactivity of sulfur adsorbent]

Equations (3-35), (3-65), (3-67) and (3-68)
[Average reactivity of char]
Equétions‘(4—5) and (3-24)
where thé’equatioﬁs marked by the symbol, *, have the following
boundary conditions: |
1),‘jfor Equations (5-2) ahd'(5—3j:

Yo 0= Va0 = Yoot F /By ORIGINAL PAGE IS
o o OE POOR QUALITY]
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2). For Equations (5-4) and (5-5)

Y =Y

E,0 ~ ¥B,0 © Ys02,f "me’Fn

of Yios, £ Fmg/ P

3) PFor Equations (5-1), (3-99) and (3-96)

wnet,l =0
wnet,It+1 b We
wmix,l =0
wmix,l - 0

4) For Equation (3-96)

TO= Tgf

= [

Cng cgmf
The system involves a diffusion (i.e. backflow) term and nonlinear
reaction terms. Therefore, iteration is necessary to solve the
equations. The flow diagram illustrating the iteration procedure

is shown in Figure 7.
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INPUT DATA

HYDRODYNAMIC CALCULATIONS

NO NO
COMBUSTION LIMEEBONE$ PRINT

i ELUTRIATION LOSS FIXED
° CARBON FED = (1-ELLOSS YES YES
CARBON IN COAL

S0, CAPTURE

| INITIAL VALUES
- ETCA, 7, Ti =T

' * ; T1,0LD = Ti

| . BUBBLE HYDRODYNAMICS

| X FROM COMPLETE MIXING MODEL

: - =X KINETICS CALCULATIONS
‘ PARTICLF TEMPERATURE

COMBUSTION RATE CONSTANT

| GAS PHASE MATERTAL BALANCE
| c1en = 02 IN - 0 OUT

L THEOR. 02

i
1 17
i

SOLID PHASE CARBON BALANCE

SUBROUTINE SUBROUTINE SIMQ ASSUMING CONSTANT
| CRRECT COEFFICIENTS FOR EQ. 5-1
! . ! o
B ; CARBON FED
NO
by | _ ENERGY BALANCE
‘ Tj It ; e
TNORM = 2. [T4 914-T4| o
o B ORIGINAL PAGE IS
1, t | o  OF POOR QUALITY
TAV =z T§ [EERY SR . ,
i=1 EERmm
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FIGURE 7 (CONTINUED
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Section VI
LISTS OF LEVEL I AND II COMPUTER PROGRAMS

6-1. " LEVEL I PROGRAM

\JJ’:' e

OF POOR QuALITY

i
{
,
H
!




!
|
i
|
A

Qc01 .

0002

00073
0004

000S

000~

[»)
2
e et ot e e

OD2000200
DODOIVOD

AN N NI NI TN NS

0035

0035
00477
0039
0019

. 0040

0041
[oXo X Nrs

DAPWN~O D

NGOYNNO0OAN

[aXalal

anann N

D

AN

DO0Y

% %

]

A MCDEL FORF COMBUSTIOCN AND ELUTFITIATION BEHAVIORS
OF A FLUTDIZFR EED COMBUSTCF Me HORIN 1976

MOLEFCUL AR WEIGHT

FEAL O MC e MHZ2 ¢MS ¢ MO2 G MA2 s MH2C 3 NCAJMATLR

NATA MOy MHZ gMS MO g IN2 sMHZ2C oNCA WWNAIR/L12002003200320 02800180
14009 ,28.8/
DIMENSION DPO

( 3¢ PDPF(35) ,CF(20L)FRACT(35)
RIMENSINN DHIFW
cT
D

l).PHIW(ZOl).PHIFW(’Ol)

35)
00) PHIF(20]) PHI(ZO[)'AKF(ZOL)oAKFI(ZOl)'YY(ZOl
s ALAMAWEC JWEEFC, AT
o1)

1, OPFO(35) yFRA
CCMMON Y (201),
L1)eZF( 2011 +CCoAL
29ALAM(201 ) JALAN

PARAMSTERS ASSUMED

CATA NDRPeRPASHyPHUASH FETCN/1eQeSeled 00 lE-57/
NNEP T MUMARER OF SUADIVISION OF AN INTERVAL OF DPO
RPASHI FRACTION NF ASH CLUTRIATED

EETCMI TIOLHEPANCHE LIMIT OF ETC TTEFATICN

CONTANMTS

E«TCM=0 4] 7—4
% IFLUTR 1=2%NZ, 2=¥YAGl, 3=0TFERS
ITLUTP=
[FLYTR=
IFLUTAR=1
IMODFL
IMNNDEL
HIITA=1.
Dq—_- 10.
ANDP=NND

FMPE =045

GC=GRrN,. 1

THOC=] .4

LIMESTONS NC. 1359
WHLS =244

XLCA=(). 39

FHCL CA=RHAOLZ*XI_.CA
FAOL=2RLCA

XGA0=042?21

RG=3T L, 08

DATA ODPFGFRACT/7C*¥Ce O/

>

2
1

DATA DOIN/0e0D07,% 004310.005190-005800.0lOQoOoOIZ&o 014740400175,
1060203, 060246,0402%540,0351 600041730004 795304054%90+070L9040R33
2040991900 L1A5400 1367404 165140415819 002362400 27744063327:043952.
3Qoﬂf"~3§-0c"‘)5l?‘00070093)00 s le09]1eSe2e002e07

INOUT 17 NAM= AND PRAOPCRTISS. GF COAL

XF .X‘i oX\l.XW-N

EFANCH,1000) "ROML 4 INAM2 3 XCF 4 XCV
NO=N

XAZ] o =X CF=X V= Xb=XS—XN—XN
XC=XCF & XCV-

CEADCRY 100L) (UPF(TIYsl=14N)
CREADE I, 1001 )Y (FEACT (T I=1oN)
DHOP=RHICH( L e = XCV=XH=X5=XT-XN)

E(:M:n")(: (P\‘ )
DUT "AUT 1 O NAME  ANC FRCPERTICS (F CTAL

AR TTT 492000 NAML Y NAMY YXCF o XCV o Xhre XS0 XCip XNo XW o { NOF (1) yFRACT (1), 1=
LleN) ) ) i

ﬁawtﬁﬁF(L)

AP AYEDELLEY /2

UM,

A Ly N

[F{LatTal) PRAVE(DORFE(I)4DEF{I-1))%045
FReCT{T)=FFACT (1) /DPAVA¥] .
‘Uv—¢Uw+FDACT(T}

S
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0043 t CONTINUE

i C
1 C CALCULATINAN TF ANUMBER FRACTICN FRCM WEIGHT FRACTION
i C
] 0paa D0 7 T=1sN
: 0045 FEACT(I)=FRACT(I)}*DPF(N)/ (RDP®SUM)
0046 NEFA(TY=DPPFE(I)
i onaz FRACTO(T)Y=FRACT(I)
: 004e IF(T«"0aNY GO TC 7
! 0049 NOP=NPF([+]1)~DPF (1)
i 0050 7 CONTINUE
C
; c IMPUT 2 IPFRATING CCNDITICAS
1= C ‘
i 00R1 10 RFAN(S,1001) WCCALsCABES sEXAIRGUC Py TKsDToHLMF ¢ DPL 4 IUMF [
: 00s2 IF(TK+5QaNe) G TN 5
: C
i c FIFPASATORY  CALCULATION
! C
! 0053 AT=3,1416%0,2%5%DTh%x2
r 00=4 AK1=17490~35.7/(Ce00LSRE*TK)
i 0055 AK=EXP(AKLY*TK/1000,
0N&A VISC=3,72F=5%TKE*0467€
0na7 : N=4,28%(TK/LH0 4 ) %% o 75/P
NoRRA FHNG=MA[R*P /{(RPGXTK)
¢
! C THEORETICAL AIR FI LW FATE FMTH (MCLF/SEC)
| ) C :
0059 A2 LW Z L LXH/MH2%0 e S+ XS/MS=XC/MO2) *¥MC/ XC+1 W)
“DOAD AL =XH/MHPRO0 4 S+ XC/MUR2 ®XN/MN2 4 XW/MH20
0nAlL AlLFO=A1
0N0A2 ALF1=AL*A2%MC/XC
00 A3 ALF2=A2
0064 FMTH=WCNALXXC/(MCHxA2%XGNO ) s
00+%" IF(EXATReFNGDIEXALIR=(PRUJORAT/ (RGRTKAWCOAL J—AL) A2 EMCHXGOV/XC— 1
00 &ah FMOS( 14+ XATR)RFMTH+AL®*WCTAL
COART IF(UR «FQeNe JULSFMORRGEXTK/ (PX*AT)
C CALCULATION NF HYDRODYNAMIZ FARAMETFEES {
¢ g
N AJ UMF=(YISC/NTL/RFCAY ¥ (SQRT( 33« 7%%2+40040E%DPL A% IRFHIGK ( RHIL~-FHOG) *G
1/VISC/VISC)I=33.7)
006D UR=0, 71 %SQRT(G*C )
0070 US=9.3R8%SQRT(GXLCT)
0N~ IF{UB G T USYUR=US
nnz2 UN=UT#U0—=MF
N7y TH=(HU-UMF ) /UR
Ara . DPCP=SORT(13.¥UN*VISC/((RHTP— QHnG)*G))
no 74 : ATERPOR RJOARHOG/VISC
nNy7s IF(FF LE«Ss7A) GC TC 12
0077 RE=CF/NPCR . :
no7H CRCRE (56 , zﬁ*rwqchIDC/(((Qkﬂp ORCGYAG)%#2) ) x%0+.33333%xN
0075 RFE=RFRNPCR
0RO IF(RT LE+S40.) GU TC 12
07+ ) DRCR  =U0%%2 ¥RHEG/Z( (RHOP=RFNG) %14 1%G)
a2 12 CONTIMUF
ol .
o aUT PUT 2
e -
0ur 3 TWRTTE (6 42C0a 3 ITLUTR sBETA,INCDEL.CRB,LER
C : ‘
C CALCULATION OF TERE S IZE DISTRIBUTICN
¢ DFENSITY FUNCTICN GF CCAL PARTICLES FED TC THE SED . PHIF (1)
— » ¢ T ' o
: ‘onne S ITNAX=):
nnNg|s " ) NENG
onPAa : DN T T=1 N
L 00R7 DPF(T)I=NOFH (1) .
| onAm . ERACTLTIY=FRACTC(CI)
R Lk LL o CoaNTIVuE R
: ' 0020 ' N La T=LyN .
; 0eal : IFCINOXeTQe 0 ANDGOPF (1) o =GeCRCF) INDX=1
‘ AR 1) [ ) ICENIECTI) o LT« DOCE) G TN 14
X 0163 ’ IFUTNDXeSQe L) GO TU la’
00Ga : : CIFCINDXGFQe2Y GU TP L3

000K . A=PRE T 4L : ) ; ’ = ;
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3 84 LA 05 I W LN R AR P RININS RS Co 6= 8= (o e (=3ips 00 00 © O

SO000000000000000000000DDOVC0O00D0OOOOD™
(2}
QOQQUMaQQGﬁom&wNwQQQﬂQu&WNPGQO‘

aan

e =Y E-ToY-Y- Y- 1Y}
o et e b (70 (8 =P Pt 0 rms
fo X No Yo o X- ¥ X Xi, ]
NONSWN-OWY

BsEFRACT(ISLD .
DRFE(I¢L D=DPEQL D

RRE] T ) =DRCR

FHAC?@K“&D%FQ&@YGR)

CONT I NUE . ' /

Sl oPRACTITO1)

BL=F ¢ -

DRFE(I1¢] J=A : AGE IS L
FRACT(E+1)=8 ORIGINAL P i

a=a1 : OF POOR QUALITY | t

Bl
C@N7KMUE
IFC INDXsEQo 2) MN=NG]
D=FLOAT (NDP}
DPDP=DPOL1)
DPELYI=0.
PHIFL ] )=0o.
=]
L=2 . . : :
DO 20 I=],3¢ * 3
DO 18 J=1 «NOP : -
A=FLOATI(NDP-J) SDDP /D
DPELY=OPO(ED~A
IF(OPLL)eGToDPF(K)). GO TO 15
PHIF(L )=FRACT(K)
IF (DP(L)cEQ.DPFIK)) K=K+]}
G0 7O 17
CONTINUE
XX=DP (L)
DP( L) =DPF {K)
OP(L+ b= ’
PHIF(L)=FRACT(K) :
IF(K.EQsN} GO 7O 21 i
L=l+] P
K=K+ 1
PHIF(L)=FRACT(K)
IF(KeEQeN+1) GO TO 21
L=L+]1
CONTINUE
“DOP=DPO(T1+1)=-DPO(I)
CONT INUE
CONTENUE

-CALCUFATION oF THE REACTIVIT!ES OF CHAR PARTICLE o ALAM(I) AND
SL%I§XAT[DN RATE CONSTANTs AKE(1) :
¥ =0

EUTIE, adn g

A AMILI=ACTIVIVYC L) vDCMe RKOG o VI SCoD e AKsUOD
ALEMAR=( ] o~ EMNF ) $RKHOL *U0

BT 7 9 Q- .

f VL ; , A
B AT "ldf"b IV( YCI) eDCMsRHOG o ¥VISC oD A UOD ) : !
R RERTE Tt f Al 1) » s
COMRE D AT RS (1) +SUML :
LTF'-RELFV(@P(l)oRHOP.RHOG.VISCD,:q
AKE“HB-Os
IF{UOLLE.UTF)GO -TC 23
GO TO Gn21'122-123D.IELUTR
CONT.INU
A«UG&&Z/GRHOM&‘?‘DP(l)*G) S
IF(AolLT ¢S50l eB)AKELT )TA®R] o B66#RHOGEUDSS ¢ 269E 3
RF«AOGEO%QRQQDAmﬁCx):Attl.lsz.nuoctuooa.QWBEeﬁ
GO TC 124
CONT INUE
RET DR LD RUTFERHOGZYVISC
auo«U?F2$#2/GC$®PﬂHD»

HH=RE T A0, : :
AKECT D= CmuOORSﬁOo@L@XFP&XN‘FR‘V!SC/DW(I) ,

GO 7O 126 _ SR o
CONT INUE ;

AKE (I D=1+ 52E~5% (U0~ UTF)taztRHoc/soRr«ctoP(l))t(op(n»*uTrtRHOG/

IVISC) #%0. 725% ( (RHOP-RHOG) /RHOG) #%1415 . WEMLYESS
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000000000 ROTVROGROLOONIODOTNLOCNL
ot pasd bt (o gk e o8 faich o 7 (220 ) (7 o e (0 00 el e (5 ) b 0 (e 3 [ e £ (2D
000000000000@@@@@@mOdiﬁdﬂﬂﬂ#dﬁOO
VO~NGNBDUN=OODR-ORIPWUN=CORBNGUASHUNE=OOR

000000A0000 0GO00
NNNRNNNNNNNN

1ot e e Bk o i et it £
OB NN PWNE=OO

20 X
PN
MRy
)

“0222
0223
0z224
0228

0226
0227
0228
0229

- 0230

o

onn

iy

S
(N8

30

32

3006

non

ann

ano

e i

iy
MEXHARECT D= AKEMAR

£ )
Y?’AKBC P el Ve ARECE I PAKEG JL p=AKEC D
CONTINUE

CONTIMUE

AXETCD D
ALAMHQi?

ne 3¢ I=

AKET (I =0 AREC L DAALAML I~ DCAKECIDAALAMIL! D20.S%0Y (1) +AKEL(I-]1)
ALAME”&%

Clo/2LAMII—- L3¢ Lo ZALAMCTI?) %0 SEDY LI} SALAMIC(I-]1)
CONT LM

PHETTL=SUML
SUM=0 ¢
SUML=Qa
A=0o

=0 o
=0 ¢
2ol
¢

PHIFL LI =PHIF(I)ZPHITTL
BR=Y({ " ¢u24PHIF{ I}
AR=VL T} %BE

SUM=E £+ AAY*DY( I 1

)% 5+SUM
SUME=(R{+BB) DY ( 1) «S4SUM
A=A A
B=88
CONTINUVE

AlLLAMVF=SUM

ALAMAF=SUMI1

WRITE(64+3006)SUML,ALANMVF

FORMAT{ ¢ SUMI=' EL2e¢as ' ALAMVF=1,E]1244)

CUT PUT 3 AND A

VCF=WCOAL/RHOC

WLS=CABSEXWCOAL XXS¥MCA/MS .
VLS=WLS/RHOLCA

VMF=HLMFXAT

THETM=VMF%( 1 «—~EMF)/VLS
TH1I=WCOALXXA%X(] «—PASH)/ (RHOASHRVLS)
ETHMAX=THETM%#0.,0001

WBED=THETMXWLS

WRITE(6+200]1) WCOAL+WLS yCABSIsEXAIR,FMO,UQ+P s TKoDT yHLMF, AKsDPCR,
IVCFCVLSOTHETM!ALA”VF.ANDPOPASH'RHGAQH.EETCNOETHMAX
Al=ALFO

A2=ALF2

DYH=—THETM* 0,29

DETC=—0e05

INDETC=0

ETC=1++EXAIR

IF(ETCoeGT el eO)ETC=]1l,

DETC=—0+.2499999¢

DETC=-0,0Z%

PEVC=~0¢1

EC=0+0 .

ITERATION OF ETC (CCMEUSTION EFFICIENCY) STATES FROM HERE

VC¥=Qo,
BCL=QQ

ﬂTERATKON LOOP FOR ETC.UP TO.=500 CONTIPUE"

DO S5QQ TETC=1.,30 -

!FQETCQLE.O.’ GO TO. 501 -

INDTH=0 - -
WHEToTHETM/(KQOTH1$ETC“

ITERATION LOOP FOR THET o “IF 70 2100 CON*INUE e

DO 200 ITHET=! .30

1F ﬁTHET.EQoOe»THET=OOOOOR

IF(THETLELOe} GO TC 201

XINF=EXAIR/(EXAIR+ALF 2}
COXO—(EXAIR+ALF2)*P/G((I-QEXAIR)/XGOO#ALF[)*RG‘TK)

i




0275

Q277
0278
0279
0280
0z8l
o282
0283
028a
0285
0286

‘0287

0288

0289
0290

0291
0292
0293
0294
0295
0296

sXals!

ann

(¢]

10N

al

42

45

S0
51

200

201
210

500

501
510

GO TO (4] 420, 1MODEL

CONTINUE

COXAV=L L L e~ XENF)®{1c—ETCI+XINF)%COXO0
GO TO A5

CONTINUE
COXAV==(1le—XINFI*ETC/ALOG(Le—~(1ea—XINF)*ETC)
COXAV=COX AVXCOXO0

CONTINUE

BC= DCM*RHOC*XC/GZo‘MC*AK*THET*COXAV)
IF(ETCeEQelese) GO TO 210

INDBC1=0,

B8C1=0,

DBC1=100,

ITERATION FOR BCl » UP TO %S0 CONTINUE =

DO S50 IBCl=1,20
8C10=BC]l
EBMAX=ABS(BC1)*0,00005
CALL POP(BC+BCL,THET,L)

,A—(ALAMV+THET‘ECl/((lu—ETC)*ALAMVF)

EBCL=8C*A-BC]
CORRECTION OF BC 1

CALL CRRECT(lBCloINDBClwDPCloBClchClZ-BCl-EBCII.EBCIZ-EBCI.EBMAX)

IF(INDOBCL:EQe2)G0O TO SL
IFCINDBCLoEQel e ANDLABSIEBCE~BClO) 4L T.EBMAX)GO TO 5]
CONTINUE
WRITE(643010)BCeBC)cTHETCCsALAMALALANV,,EC
CONTINUE

VCW=(1.—ETC)®VCFRALAMYV/ (ALAMV+THEET %EC)
THETASTHETM/( 1l +VCW/ YL S+ TH]L®ETC)
WBED={VCWXRRHOP tV_S*RHOL +THL*VLS*ETC*RHOASH)®THET
EE=THET~THETA

THE=THET

CORRECTION OF THET

CALL CRRECT(ITHET INDTHsDTHsTHETL s THET2 e THEGEELsEE2+ EE, ETHMAX)
XX=ABS{THET-THE)

IF(XXel_EsETHMAX) GO TO 210

THET=THE

IF(INDTHeEQe2) GO TO 210

CONTINUE .

CONTINUE

WRITE(6,3000)

CONTINUE

BBC=0.

[F(ETCQEQ.I.) GO TO 212

BRC=({1.—-ETC)*3, *ALAMA/((ALAMVQTFET*EC)*ETC)
E_NBL’BBMJﬂ(BC*BBC)*ZQ

SETCDLEC=ETC

CORRECTION OF EYC

CALL CRREC \lIFTC'!NDETC»DETC.ETCI.ETC2-ETC-El-EZ-E.EETCM)
AK-ABSvETf—ETCOLD)
IFfXX¢LEocVO1E—4) GO -TO Si0

CAE AKNDETC.EQ-Z) GO TC slo0

ELOSS=1 c—ETC~VCW/VCF
XGO={ (L e~ETC)*A24EXAIR)%%GO0/(A1+EXAIR)
HCHAR=THET*VCW*RHOP

HC ARBN=THE T % VC WkRHO C ¥ XCF
HRC=HCARBN/WBED

CONTINUE ‘

CONTINUE

WRITE(6,3001)

CONTINUE

.Al—AT/(HﬁED*EC)
} YAL1=0.
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0297
0296
0299
6300
0301
0302
0303
0304
0305
0306
0307
0308
0309
o310
0311
0312
0313
031a
0315

0316

0317
0318

0319
0320

0321
0322
0323
0324
0325
0326
0327

0328

0329
0330

0331

0332
0333
0334
033s
0336

ann

YB2=YRL

TCEZ=YC]

YAL=DP{ I SE3*PHIF{IT/AM_AMVF

VBE=DP(E AR *PHI (L ] FALAMY

VCL=DF (T PR3 %*A JHAKEC FI*OHICT?

PREFWECEI=C(YALAYAZ2 I #OY (I 1 %0 54+PHIFW(I~-1}

PHEWELI=(YBLLYB2MDY (I ) %0 S+PHIWLI-])

PHIEW( Id=¢(YCL+YC2IXDY(I )} %0« S+PHIEW(I~-]
520 CONTINUE ‘ .

DO 5320 1=2sL

PHIFMLII=PHIFW(TI/PHIFWIL)

PHIWC T =PHIWELT  /PHIW(L)

PHIEW( L I=PHIEW( L /PHIEW(L)

530 CONTINUE
ELOSS=loe~ETC—VCWAVCF
XGO={(lo—~ETC)*AZ2+EXAIR) ®XGOO/(AL+EXAIR)
HCHAR=THET*VCW*RHCP
HCARBN=THE T*VCW*RHOC*XCF
HRC=HCARBN/WBED

OUT PUT .5 (RESULTS)
lYRITE(G'ZOOO) NAMl.NAMZ-XCF-XCV.XH.X sXOs XN XWs(DPFLI)FRACT(I),I=
s N)

WRITE(G!ZOOQ)IELUTRvBETA:IMDDEL.CE.EB
WRITE(6,200]1) WCOAL s WLSsCABSIEXAIRsFMOsUQ Py TKyDT HLMF4AK ,DPCR
IVCF s VLS s THETM, ALANMVF y ANDP y PASHsRHOASH,EETCMy ETHMAX
WRITE(6+2002) ETCsXGO+sTHET+sBC+BCLl s VCW 3 VCF VLS HCHAR, WBEDHRCs EC,
LELOSS sALAMV s ALAMA
URITE(6'2003)(Y(1)'09(1)1PHXF(I)'PHI(I)tPHlFN(I)QPHIN(I).PHIEW(I)‘
TAKE(I ) s ALAM{ L) »I=1,L)
WRITE(6+30085)

790 CONTINUE

800 CONTINUE
GO TO 10

10CO FORMAT(ZA4,7F8.0414)

LOGO1 FORMATL LQF84.0)

2¢00 FOPMAT([HL-///[OX;'FBC CALCULATION'//]10X+s*EFFECT .OF ELUTRIATION
10N %DM?USTIDN EFFICIENCY'//-IX.ZAQv1X0'CUMPOSITIDN OF COAL*,7F10.4
29/ 2E12¢4))

2001 FORMATI(/* WCOALWWLSsCABSsEXAIR+FMO,UCsP+TKDTHLMFI/L0EL12.47 /" AK,
1DPCRyVCF s VLS s THETM, ALAMVF ¢NDP s PASH,s RHOASH"/9E12,8//* EETCMsETHMAX®
2:({2E12¢47)})

2002 FORMAT(/' ETCoXGO+THET«BC+BCLl*"/SE]12.4//° VC"VCF'VLS'HCHARJVBED'
1HRCGEC1EhOSvoALAMV!ALAMA'/lOElZ.4 ) . :

2003 FORMAT(/® npP PHIF - PHI PHIFW

1 PHEW PHIEW AKE ALAM®*/(9E1244))
2004 FORMAT(Y ELUTRIATICN CORRELATICN : NOu&'¢l2+% BETA=®4Fl0¢5/
17t GAS PHASE MODEL 2 NO&*,12,' DB.,EB=%.F10e1+sFl0s5/)

3000 FORMAT(/" THET KFAS NCT CONVERGED,*'/) :
3001 FORMATL/" ETC HAS NOT CONVERGED.*/)
3005 FORMAT{1H1?
3010 FORMAT( /% POP Xk¥%k®  2Xs7E1]143)
_END




L e

0001

+ 0002

0003
0004
0005
0006
0007
0008
0009
oolo
0011
0012
0013
0014
001s
0016
0017
0018
00ls
0020
0021
0022
0023
0024
0025
0026

anoann

10

100

llo
150

SUBROUTINE CRRECT(IL s INDX +DX s X1 s X2 XNEWJELE2+E,EMAX}
I: NUMBER OF THIS TRIAL, 1 FOR FIRST TRIAL
INDX: INDEX OF THE TRIAL LEVEL
INDX=0: JUST PROACEEDING

INDXx13: THE ROOY HAS BEEN CAUGHT BETWEEN X1 AND X2
INDX=2: THE ITERATION HAS CONVERGED
IF (ABS(E).GT.EMAX) GC TO 5

INDX=2 ’

RETURN

CONTINUE

IF(INDX+EQs 1) GO TO 100

X2=XNEW

E2=E

IF(1.EQel) GO TO 10

IF(E1%E2.LE.04 )INDX=]
IF(INDXJEQ.1)GO TO 150

X1=x2

El=€2

XNE W= XNE w+D X

RETURN

CONTINUE .

IF(EI®ELLT,s0s) GO TO 110

El=€E

X1=XNEW

GO YD 150

E2=E

X2=XNEW

CONTINUE

XNEW=S(X1-X2)*E2/(E/-EL)+X2

RETURN

END
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0001 SUBROUTENE PORP{BC:BCLsTHETHL)
THIS SUBROUTINE

CALCUILLATES THE SIZE DISTRIBUTION DENSITY FUNCTION

PHT (1) AND SECOND AND THIRD MOMENTS AND AVERAGE VALUE OF
{ELUTRTIATION CONSTANT * PARTICLE VCLUME)

FOR GIVEN BC, BCl AND THET, )

000z COMMON ¥{201)+DY(200) o PHIF(201)yFHI(201),AKE(201).AKEI(201),YY{201
1)»2ZFL200) cCCoALAMY cALAMAGLEC s WBED (AT

ZoALAMI20L D s ALAMI (201}

anaannnn

00903 LF 8L =0n
0004 SUMI=0e
- Qo00s SUM2=0.,.

0006 X1=0s
0007 DO 100 I=1,L
0008 A={ ALAMI(E)+THET*AKEI( 1 )*AT/WBED)*RC
0009 IF{AnLTe 0w IE=-30)A=050
0010 YY(IDP=EXP(A)
0011 X2=X} . s
0012 IF{I.EQe1)GO TO 100 i »
0013 ZECIN=(1a/ZYY (1) +1la/YY(I=1))%0eS*PHIF(I)®DY(I)+ZF(I-1)
001a X1l=YY(I)*ZF(I)/ALAM(TI)
001s% SUMI=(YYC(I) /ZALAMAI) +YY(I—1)/Z7ALAM{I-1))%0+5%DY(I)+SUM]L
cole SUMZ2=(X]14+X2) %0 .5%DY (1 )+SUM2 '
0017 100 CONTINUE
o018 - CC=(1.+BC1&SUM2) /SUM]
0019 SUMI=0s
0020 SUMZ2=0.
0021 SUM3=0.
0022 All=0.
0023 A21=0,
0024 A31=0.
0025 DO 200 I=1l.L .
00286 : Al2=A11
0027 A22=A21 i .
0028 A32=A3] )
0029 PHI(I)=(-BCI*ZF{I)+CCIRYY(I)/ALAM( 1)
0030 AL1=PHI(I)®Y(1)%x%2
0031 A21=All%xY (L)
0032 AJ1=A21%AKE( 1)
0033 SUMI=(AL1+A12)*0.5%DY( I )+SUM]
cCo3e SUMZ=4A21+A22) %0 +S*DY(1)+SUM2
Q035 SUMZI={AIRCA32)%x0,5*%DY(1)Y+SUM3
0036 200 CONTINUE
0037 ALAMA=SUM]

f : 0028 ALAMV=SUMZ

i 0039 EC=SUM3 *AT/WARED

H : 0040 RETURN
00azi END




0001

0002
0003
0004
0005
0006
0007
0008
0009
0010
0011l
0012

annnn

’ S

-

FUNCTION ACTIV (YeDCM,RHOG,VISL+DsAK,UO)

REACTIVITY OF CHAR
AS A FUNCTION OF PARTICLE SIZE,
GAS VELOCITY AND TEMPERATURE

DP=Y%®DCM

IF{DP JLE« 0« 00001)DP=0.00001}
SC3=(VISC/{RHOG*D) ) *%0s3333
REP=UO*xRHOG*DP/VISC

Al=0.1

SHP=REP*%],2%A1%*SC3

SHP=2 .

AKF=SHP*D/DP
ACTIV=1e/(AK/AKF+1ls¢)

RETURN

END

ORIGINAL PAGR g
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;
|
|
|

0001

0002
0003
0004
000S
0005
0007
0008
0009.

0010

0011
0012

anon

a0

FUMCT ION FREEFVIDP s RHOP yRHOGVISC)

CALCULATION OF TERMINAL VYELOCITY LT
FREE FALL YELOCITY

G=9804.1

UT=(RHOP-RHOG} *G*DP*DP/( 18+*VISC)
RET=UT*RHOG*OP/V ISC
IF{RETWLE«S276)G0 TQ 40

UT-(((RHOP—RHOG)*G)*#2*4./(225.*RHDG*VISC))**0.33333*09

RET=UT*RHOG*DP/V ISC

- IF(RET+LE«5404)G0 -TO 40

UT=SART ((RHOP—RHOG) *3 4 l*G*DP/RHOG)
FREEFV=UT

RETURN

END



72

6-2. LEVEL II PROGRAM




LS

™

NP SWRN—O 9

NI N0 NI 7=t o e e ot s e s

N O 75

23

24

A GENEPAL MODEL OF FLUINIZI T CCMBUSTOR
PROGRAMMID Yy
Me MORIO AND P. FENGARAJAN
AT
WEST VIRGINIA UNIVERSITY  (AUGs,1975)

REAL MCoMH2 ¢MS i MO2 e MN2 yMH2GsMSN 2 MH2S +MCC o, MCO2sMCACN I MCAIGMCASDS
1+ MMGCO3 s MMGOsMA IR (MGAS
COMMAN ZHE(46) sAHE(A6) 4PV(46) PH(A6) s ZF(46) FFCl46),
1FFAD(A6)ZDIS(A6).FDIAE)AHTAV(101)+ETUBE(10L1)+DB(46) MFFED MDI
COMMON /HYMAIN/ UD(AE) dUMFLA6) e HIAB) s AT(A6) DTLAE) ,T(101)eX(4S)
1YE(Q6),FPREAA) EPC(A46),0VBB(A6) +DVBBEF(46),0BAV(A6)+UB(45) yHLMF
C2HLF s VMF 3 FMO o FMF s UF ¢ PF o TEF 3y RGr GaMGASy DPF IX, DPFLULDPD IS DPP yRHOCAD,
BEMF ,YB(4A)Y +PAV JHCRJAKBF(46) +BEDVOLWEFFVOLWSOLVOL TETURE o 14 1FRAC
COAMAMOAN /GEN/ ZULOL) s DVBEFF(101) s ZBLA6) yATH(A6) ¢PT+sDZAV MTIT MT M) , M
COMMON/LEMATN/ZAMD DNZL sDTHICK +FW
) s GAMA
FAD( A
FR

S
.

DIMFNSIOCN ALFA(4A) ,BETA(4E (

IWMIX(46) s ANTT(4A) WEFC(L6) W 6),WD(86) +S(46),THW(AE) o
2DRPANF(20)sDPCF(20) FRACTA(20)«FRACTC(20) +XGF(B)s XGA(B)sAG(R,?),
BYBO(46) s YFNI46) 2SRELB(A6) ¢ SRELE(A6) s ZAVG(A46).TPBLA6)»TPF (45,
ARC(AE)FRA(S5) RRF(AE),TOLD(A6) AAA(2]116),BBB(A6) FEM{46H)FHEHM(40)

NAMFL IST / NPCF / HLMF JVMFE HLFyPAV,TAV,TWAV,UFEAV . WCOAL 4 WAD ,WCAD,
¥ CABS UF 3y TR PF o F XATTN « XGF +GZCNsGZH2S s GZH2 s IGNITEWMGAS; FMTH, FME, FMY,
SRHOCAD , ?HTTH
2/OPCF L/ TR 3 TF3C HCR JHLE- s HLMF JVMF L BECVOL, EFFVOL . SOLVOL W TZT )T,
*HARSFAJQTRANS,; QVOL s QAREAWWELT«CELULCLCSS, WDIS

NATA MCoyMH2 ¢MSyMC2sMN2 yMH20 ¢MSN2 . MH2S, MCO,MCO2sMCACD3 yMCAN,MCA S4
Lo MMGCO3 3 MMGD  MALR
1/12002o'320'320v28¢vlRon64l'340-280-Q40v10001'56-089136 lasB4e32
2+40431428R.8/7

NDATA AAALRBTI/2162%04/

EMF = Q4%

46),CELT(46) +sUHE(L101),

RG = R2,0F

G = QR0 1

PI = 3.141593 :
DATA PHDC'DHHA%HoQHﬂAollcholohv?-ﬁ/
ETUBE(1)=0.

TRFECL)I=0%

TRC(L)=0.

N2AV(1)=0.

Un(l)=C.

NVAR{1)=0.

AHFAV(1)=0.

TATA HAOI:-A.QTQANquVD‘..OAREA /4%060/

Sk 1D OFNS!TV G/CN**3

PHLC PHGASH PHOAD
TCMAL ASH' L IMESTONE CR DOLCMITE
RHOCH . RHOCAD

CHA® . CALCINED AOD[Y!VES

HF AT C&ﬂA(ITY OF FEED MATFRTIALS A* 23 DEG.»
uAD*.C(F : CAL/L. G * CEG ). CGMF : CAL/( ‘MOL * Dru)

“CALL EESTGN

MAIN QUTAIT 1 { Cf. SUBRAUTINE DESIGN )

ORIGINAL PAGE 18
OF POOR QUALITY

N=C OINITNPLPLN=C I aNOIHPRPWNI-“~OQONOA LN -
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33.

56

(13.

B,

h‘\.
66
AT,
63,
(T .
70
71l
72
73-
744
75

-

or



C ‘ Thoe
c S1ZE DISTRIARUTION OF LIMESTONE OF DOLOMITE PARTICLFS ;g.
(o .
C NDPAD ¢ TOTAL NUMBER OF SIZE INTERVALS 79
C NPADFE :. 'IPPER ROUND OQF FACH SIZE INTERVAL - 80.
c FRPACTA : WEIGHT FRACTION g%.
C .
25 , RFAL(S5,1L000) NDPAD 934
26 TTREAND(S,1091 )Y (PPADF{T).1=1,NDPAD) 844
2= READ(S 41001 )Y(FRACTA(1)4I=1+NDPAD) BE .
2R SUM = FI ACTA(LY%2.0 / DPADF(]l) A6 .
20 DPADR = FIACTA( L) %0sS*DPADF (1) B7»
30 . DO 10 1 = 2,NDRPAD as,
31 DPAAR = (NBADF(T1) + CRADFLI-1)) * 0,5 39,
32 SUM = FRACTA(I) / DPBAR + SUM 90«
33 . DPADR = FRACTA(1) * DPBAR + DPADR - 91 .
34 107 CGNTINUE 72 .
C A’.
C DPADH  : SURFACE VOLUME MEAN DIAMFTER FAR HYDRNDYNAMIC CALCULATION 9%,
c OPADR : WEIGHT MEAN OIAMETER FOR REACTIOCN RATE CALCULATION 95 4
C : 97 e
36 DPB=DPADH g«
c 99,
C DPB : AVERAGE PARTICLE SIZE DF BED PARTICLES 100
C ' 101,
G COMPDSITON OF ADDITIVES 102,
c 103,
37 READ(S+1010INAMEL L « NAMEL 2 ¢« XCACO 3, XMGCD 3 104,
C 105,
C COMPDOSITINN AND NET HEATING VALUE OF COAL 106,
c j 107.
2p READ{ S, 1O10)NAMECT + NAMEC2 ¢ XCF 4 XCV o XH 3 XS XNy XNy XW,QCOAL 108,
30 XC=XCF+XCV 109,
40 XA=] o —XC—XH—X5~X0~XN 110
Al NCDALC=QCOAL 111,
47 STCP=0,0 . . 112.
< ——— e e i o i e e b e e i e 114,
c XCFE ¢ FIXED CARABON 115 [
c XCV 2 VOLATILE CAGBON 115, I
c XH -1 HYDRNGEN 117 .
c XE T SULPHUR 118,
c X1 OXYGEN 119.
C XN 7t ‘NI TROGEN 1204
C XW ¢ MOTISTURE 121
G e DRY BASIS ——m—m e ——— 1272.
C QG Al ¢ CAL/GRAM 123,
C 124,
¢ 125,
C T1zZYL OTITRIBUTION GF COAL 126
c : . 127 .
C 1285
43 READ( S+ 1000 )INDPC 129,
44 READ( 5+ L00LM(DPCF(1)e1=1yNDPC) 130,
Ag REAN( =, LNDOLIY(FRACYC(I),41=1,NDPC) ‘131,
ne DP2=(, L32.
47 - SUM = ©,7 133,
aa ‘ DO 20 I=1.NDBPC 134,
40 DP1=DP2 135,
sp DP2=DOCE (1) , 136,
s 1 SUM = FRACTC(TI)%2:0/(DP14+DP2) + SUM 137
52 20 , CONTINUE 138,
33 DCF = 1e0/51¥ 139,
S e DCAV. =¢34 0/6«0) X DCF" 140
C 4 .
s DCFE 1 SURFACE V-1 '"ME MEAN DIAMETER OF CHAL FEED %45.
C ) . R 143,
C NPERATING CONDI ! NS 1 (BED CONDITIONM) 144,
c ‘ L45.
6 READ(S s 1020 )HLMF , Vi vHLF » PAVs TAV, TWAV ;UHEAV 1ha,
o ) L47.
C OPERATING CONDITION 2  {SOLIDS AND GAS FEERS) L,
c ! : ) . ; . : 149
TE READ(S s 1021 YWCOAL yWAN yCABS UF , TR yPF oI XAIR y (XGF(T)ol=1,s7), 150 ~
1G2C0O+ GZH2S, GZH2 : ‘ 151 |




57 I¥ (TF +EQe 0e¢0) TF =x 298,0 152.

59 T(1) = TF 153,

C 154,

C XGF (1) : FEED GAS COMPNSITION (MOLE FRACTION) {55.

Cmm e e e - - - —————— i e e e ] 6

c I 1 2 3 a4 5 6 7 3 YT

c XGF = 02 co?2 502 H20 ca H2S H2 N2 158,

C—= — - —— e e e e e e ] 50,

_ C : 150

v C GZCO s GZH2S s GZH?2 —=—— USED TNLY FOR FUEL RICH CASE 161 .
| C GZCO : (CO FORMAYION RATE)/(CARRCON COMRUSTION RATF) 162 t

: C GZHZ2S I (H2S FORMATION RATE)/Z(SULPHUP FEED RATE) 153

i C GZH2 I (H2FORMATION RATE FROM COAL)/(HZ2+4H20O FROM COAL) L64,

i c 165,

; C QCOALC : HEAT OF COMRPRLETE COMBUSTICN CAL/ZG { COAL) 1A6 .

g C QCOAL : HEAT OF INCOMPLETE COMBUSTION CAL/G(CODAL) 167

T C : IF)B.

59 QCQAL=QCOALC—67636¢%GZCOXXC/MC 169 .

. 60 : READ(S5,1000)IGNITH 170.

AL IF(WCUOALFQs0«)IGNITE=0 171 .

62 TSF=298, 172,

Cm e e e e e e L73.

C IGNITE 0 1 174,

C NO COMBUSTION COMBUSTION 175

Cmm—m — o e e — e —_ —-—= ~ L76.

63 XGF(8) = 1e-XGF(1)-XGF(2)—=XGF (3 )—XGF (4 )=XGF{5)=XGF (£ )=XGF(7) 177

54 MGAS = XGF(1)#MO24XGF (2)MCO24+ XGF (3 )*XMSO2+XGF (4 YXMH2N+XGF (S)Y*MCT 178,

I #XGF (I *MH2SE+XGF (T )IEMH2+XGF(B)*xMN? 179.

&5 A=l Z{(XH* 0o S/ZMH2+XS/MB~X0/M02 ) AMC/XCH+1 ) 1RO,

: 66 FMTH=WCOAL*XC/(MCRkXGFL LIRA2) % (] «—XW) 131,

i 67 FMF=FMTH* (]l . +EXATIR) 182,

. 68 IF(UF aGT o0 YFMF=LIFXATBLLYXPF/(RG*TF) 113,
60 IF (UFeEQa0e0) UF = FMFERGKTF /(PFXATHR( L)) 134 . i

70 FXAIR=].E5 t 35,

71 IF(FMTH.LE«0Q«0001)G0O TO 22 125,

72 EXAIR=FME/FMTH=1. LR7

73 22 CONTINUE 143,

T4 IF{FMFeLT4040001)STOP 199,

75 AlZ(XC*GZCO*0 « S/HC+KOIM02+(L.+GZH2)*XH*O.S/MH2)*(1.~XW)+XN/MH?1 120,

76 FMO=F MF+A1%xWCOAL 1L,

77 AN = 24,9F—8 % EXATIR %% 0,446 192,

c 13,

Cc FMQO : AVERAGE FLDH RATE OF GAS IN THF RFD MOLT /30 1774

c 193

78 AG({l,]1)= FMF*XGF(I)/FMO—((1.~GZH2)*XH‘O.%/MH2+(1.—GZH?€)*xﬁ/M”—X1/ 19,

IMO2) X WCDALZFMOX( 1 o~ KW) 137 .

79 AGILs 2)=—(GZCO*XC*¥0eS/MCH( | s—GZCOYAXC/MC)*WCOAL/FNMOK{ Lo—XW) ITas,

80 AG( 2+ 1)=FMFRXGF(:2)/FM0O 199,

al AG(2+:2)1=(14~GZCO)RXWCOALXXCA (1 o —XW)/(NCERFM(C) 2G0 .

a2 AGE ¢y L )= (WCOALKR( ] o~XW) RXS/MS+FMFR(XGF{3)+XGF(€))Y/FMN 201 o

83 AGLAs 1 )=IWCOAL®R(XHE(Le—XW)/MH2Z+XW/MHZOYAFMEXXGF (4 )4+XGE(A)+XGF (7)) 207.

S-(FMFR(XGF{A)+XGF(3) )+ WCOAL*( 1e—~XWIKXXS/MS)XGZH2S)I* (1., —GZH2)/F M0 203 .

84 AG(Ss L I=FMFEXGF (5 )/FMO 204

as AG(S5+2)=GZCORWCOALEXCR (1 o =XW)/{ MCXFMQ) 2054

a6 AG(6E+1)=AG(3+¢1)%GZH2S 206

87 AGL7+1)=AG(4 s 1) XGZH2/( 1 e~G2ZH2) 207

[0 208,

C RHOCH. 2 DENSITY OF CHAR 209,

C RHOCAD * DENSITY 0OF CALCINED ADDITIVE 210

88 T RHOCH = (1e=XH-X0O)*RHOC 211

R9 _!F(IGN[TE-EQ.O)QHOCH RHQC 212,

90 RHOCAD = (xCACD3*MCAD/MTACD3+XMGCD3*MHGD/MMGCC3+].—XFAFU3 XMGCO3) 213 .

13RHOAD 214,

9l IF(IGNITE.ZQe0)RHOCAD=RHDAD , 215,

92 CIF(CABSENGO2 s AND (WAD,GT 404 : . 216

i ICAss-VADtXCACHB/MCACHB/(HCOAL*(l. XW)YEXS/MS+ (XGF (3 I+ XGF(B) ) *FMF) 217,

93 IF(CABSeGT«e00e s AND JWADGEQsO4) 218

: LWAD=CABS*(WCOAL*( ] ¢~ XW)*XS/MS*(XGF(3)+XGF(G))*FMV)/(XCACQB/HCACH3) 219,

94 - WCADP=WAD*RHICAD /RHOAD , 220

3s RHOGAS=PAVEMGAS/ (RGKkTAV) 221

96 VISC=3 4 72E—6X(TAV¥XQ ,676) 222 .

N & E Y - S 223

C MATIN QUTRUT ?2 224

C e S T T & : . - . ) 225,

? ! QT ‘ WRITE (532000) NAMTL 1+ NAMELZ2 4 XCACQR ¢ XMGT O3y (DPADF{ 1) +FRACTACT) & 225

; : *1 = L sNDPADY - ; , ' , 227
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WRITE (6,2010) DPADH,DPADR

WRITE(64+2020) NAMEClvNAMECZ-XCF.XCV'Xk-XS.XD.XNoX?oXW.QCDAL.OCDALC

2k ok ok Ok ok ok e ok ok ok ok K ok e ki o sk ok ok ak ok ok oK ok ook 0k sk ok ko ke s ok ok ok ok ok ok ke ok Kk Kok K ok o Ok kR K ok kK

tt*****##tt*tﬁ*#t‘#‘.‘tt‘tt*t‘#Q.‘##ttt‘l****ﬁ#***t*#******tk**#**

*5

0e0) VMF

1

+ NDPC

= VOLUME( HLMF)

0) GO 7O 900

£ B .+ NO COAL COMBUSTION. IGNITION 1S ZERO
TEMP 1TERATIONGENERGY BALANCEsMASS BALANCE

?Tgu * PAV / (RG*T(2))
f)

0

2

«0

a6

WRITE (6+,2030) ( DPCF(I),FRACTC(I),s I
WRITE (642040) DCFyDCAV
WRITE (6+0PCF) L
DO 25 1I=1.46
TW{1)=TWAV
UHE( 1) =UHFAV
25 : CONTINUE
ZAVG(]1) = 0.0
X({1) = 0.0
DATA RR{1)yRRB(1),RRE(1)/3%0.0/
DO 30 I=2,MT
T(I)=TAV
30 CONTINUE
***“************t#.““‘#*“*****“**#
INITIAL BUBBLE HYDRODYNAMIC CALCULATION
IF (HLF. ¢eEQe Oe0 o«ANDe VMF +EQGs
CALL  HYDRQD .
DO €11 I=2.M1
ZAvG(1) = H(I) + H{I-]) ) %
1L CONTINUE
*****************“‘**t******‘*‘***#***
IF(IGNITE. EQol)GD TO &1 .
EYC=0.
YAV=XGF (1)
XAV=WCOALXXC/(WCNALEWAD) R (1le—XW)
FMO=F MF
IF (WAD.,EQeDe O +ANDes IGNITE LEQ,
FOF CONDITIONS A
WHEN NO IGNITION,
CALCULATIONS SKIPPED,
¥YyBl1) = YAV
YE(1) = YB(1)
FEM{]1) = UMF(1l) x%
FAM(1) = FMO — FEM
DO 115 1
RRB(1) =0.0
RRE(I)Y = 040
YB(1)=YAV
YEC1)=YAYV
x{ I)=XAV
IF (I «GTWw M1) GO TO 11 5
FEM(OT) = UMF{L)X®XAT(I)*(
FBM{I) = FM0O — FEM(I)
IF (UO(TLY oLEe UMF(1)) FEM(I) =
CONTI WUE
IF (IGNITE «FEQ, 0) GO TO €30
41 CONTINUE ;
QCLCM : HEAT CONSUMED BY CALCINATION,
DISTRIBUTED UNIFORMLY TO EACH COMPT,

o
QIN. =

CS=0¢2
ELLOSS
IF (IF
CELU =
WELT =
TAV=12

1« 0—ETUBEC(T ) )*PAV / (RGX*T(1)}

THIS HEAT CONSUMPTION IS

HAV ING TEMP «>900: KELVIN.

: SENCIBLF HEAT CARRIED IN BY THF FEED SOLIDS AND GAS,

(CADFXWAD+CCF*WCOAL ) % (TSF—=2734)
QCLCN={42500., 0xXCACD3/ZMCACO3
CGM=6 4840 457-3%(TAV=-273s)

1s
= 06.07

B8C «GTa. 0O)
WCOAL * XC % ELLOSS*(l.—XW)
CELU /. 025 :

00.

ELL.OSS = (G0

+ COMF*FEMF*(TF=273,)

+ 238104 0%¥XMGCC3/MMGCO3) % WAD .

A4 = WCOAL . xXC *(lo-XW)*(lo—ELLDSS)/(FMﬂ*MC)

AMODF

= 10.0 * RHOCAD * (le0

EME)

PREPARATORY STATEMENTS FﬂQ THt WHCLEFE

‘ETCA =
YAV =
TCIY
¥YB8(1)
YE(L)

09975

-/ (RHOGCH.: % DCF )

ITERATIONS

FMFXXGF (1) /FMRQ ~ AGXETCAXR(L +=0+5%GZC7))

TAV
YAV
YAV

- Do 130

I
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275

278
279«
280 .

282,

283

287 .
288,
283,

290,

707,

297 .

27 3.
2964 %
295
296

297

298,
299.
300«
301,
3024
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133 CONT INU=

Ny

NNNNNNNN
Bladad ol ad o o ool g
NP UNTO

TNNNN
DN N 5 o
=00 ®

Y
v

30 *  CCNTINUE gpa.
BOUDARY CONDITION OF OXYGEN CONCENTRATION 382‘
»
YBO(1l)=AG(1l+1)+AG(Ll+2)*ETCP 307,
YEO(1)=Y80(1) 308,
YB8(l)=YB0(1) 309,
YE(1)=YEO(1) 310,
M1oLD = M1 %%é.
* L ]
FROM HERE TN THE STATEMENT NO.600 : TEMPERATURE ITERATION LOQP giz.
.
C DO 600 ITRIAL = 1,30 315
CALL HYDRO 316
DO 150 I=1,M1 ' 317
IF (1+EQGel) FEM(II=UMF(II*AT(I) *(1e0-ETUBE(I)) *PAV/(RG*XT(2) 3184
IF (1 «NEel) FEM(I) = UMF({TI)*AT(I)*(1,0~ETUBE(T))*PAV/(RG*T{ 1) 319,
IF(UD(I)LESUMF(IY)) FEM(I) = FMOD 320
FBM(T)=FMO~FEM(TI) } 321,
150 CONTINUE | 322
IF(ITRIAL NTel1sANDeM1oeEQeM1lOLD)IGC TC 170 323.
J1=1 324,
. DO 56 1=2,M] 325
WFEFC(IV¥=0., : 326
WFAD(1)=0. . 327.
J2=J1 ) 328,
IF(JL «GTeMFEFD)IGO TO 56 329,
DO S5 J4=J1,MFEED 330.
IF(ZF(J) «GTH(I))IGO TO S5 . 331
WEFC{T )=WCOALXFFCLJYI R (XA+(1eO~ETCP)IXC)X( ]l oe~XWI+WFC(I) 332
WEAD( I)=WFAD(Y)+WCADXRFFAD(J) 333,
JZ‘J*I 334-
58 CONT INUE 335.
J1=J2 336.

56 CONT TNUE

IF(J1eGTeMFEED)IGO TO 58
DD .57 J=Jl+MFELCD
WFC(M1)=WFC(M1)+WCOALRFFC(J) %X (XA+(1e0—ETCP)IRXCI%(] e—XW)
WFAD( M1 )=WFAD(M])+WCADXFFAD(J) .
57 CONTINUE
58 CONTINUF :
170 CONTINUT
DO 133 1=2,M1
TOLODCL)Y=T(1I)

N AW O VDN
e 6 o 5 00 st s s

L1 I G W G W W W
PPPERADPPULW

»
X
.

FROM THE STAT*MENT NG+ 200 TO 300 : ITERATION NF MATERIAL HALAMCE 349.

BASED ON THE GIVEN TEMPERATURE PROFILE. GAUSS. SEIDEL METHON 350

: . 351

200 CONTINUE : : 352
INDEX = O 353
DETC = —-0.05" 354,
EETCM = 0401 355,

D0 201 NT = .1+30 356
199 CONTINUE o 357,
v WNETI=WCAD+WCOALX( XA+XC*k( 1o 0—ETCAY®(1e—FLLOSS) )R] o—XW) 358,
XAVIC-WCDAL*XC*(1-—ETCA)*(1-—XH)*(1- ELLDSS)/WNETL 3595
: DD 1.1 = 1,.M1 G0,
X(1) = XAVIC 361
GENB  AND GENE :‘GFNERATIDN RATE OF OXYGEN 362
GENE=0, ‘ 363-
GENB=0, . . 364
quATE =00 R = o 365,
DO 235 [=24,M1 L 3660
CALL AKK(AKB.T(I).PAV-DCAV-TPD(I)'YB(I);’G) 3R7
TAVB=(T(II+TPB(I)}) /2. 369,
CALL AKK{AKES, T(t).PAV.DCAV.TPE(I)oYE(X)oQG) SR AN
TAVE=(TII)+TOE(IV)/ 2 370
I11=1-1 371,
AME AMODFExX( 1) 372
CA L GPHASF (AKB.AKF.AM.PAV PG.ETUDE(I).EPH(I).EPC(I). 373
E(I).DVBB(!).FEM?Il).FEM(!l)-FHM(!)'FEM(t).T(I).TAVB.TAVE.YB(LL 3744
2).15(11).YB(I).YE(!).GENB.GFNF) : ‘ 375,
Al = DVEB(IYxXMC ‘ 376
RRB(T1) = A1*%AM&(PAV/RG)I*X(EPC(T)= EP”(I))*YB(I)*AKB/TAVB 377
RRE(TI) = L*AM*(PAV/RG)*(lo—FPC(l)—FTUH‘(!))*YE(I)*AKE/TAVE 3728,
RR(IY=(PR

H(I)*RRE(I))/X(I) 379,

ORIGINAL PAGE 1S
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222 TCRATE = TCRATE + RRB(1I) + RRE(I) 3A0.

C¥ WRITE (64202} I.RRR‘I);PRE(I).RR(I).YE([).YE(!) 38l1.

C%202 FORMAT (20%,%  I1,RRBUI)RRE(II+RR{IV+YB(I)HLYE{L) = *,T50,15,5X, 382.

C* 1 1P5E12.4) 333,

Cw WRITE (64203) TPBI)sTPE(I)yT(I)uX(I),ETCA 384,

C%203 FORMAT (%0°',' TPB(I)+TPE(I}sTCI)eX(I)sETCA = *,T6E0+LP5EL1244) 385,

Cs WRITE (64204) WFC(I) ,WFAD(I) ,AKB,AKE 386,

C%204 FORMAT('0',*  WFC(I1) WFAD(I)yAKByAKE = *,T60,]1P4E]12.4) 387,

223 235 CONT INUE BA 4

224 ETCG=FMFAXGF (1 ) +WCOAL* (]l e~ XW)*XN/MO2—-FBM(1)*kYB(ML)—-FEM(ML) XY (ML) 333,

22% FTCG = ETCG/(FMTH*XGF(1)*{(1.~FLLCSS)) 350,

- Cx* WRITE (6+205) ETCGsTCRATF 391,
g C*205 FORMAT (0% 4SOXs'FTCG = "4FHe@y20Xy ' TCRATE. = 9 4F7434/) 392,
: 226 IF { NT «NE,. 1) GO TO 215 ) ) ) 393,
! 227 IF { ETCG o LT o ETCA o«QRe ETCG «GEe 1le0 ) GD TO 215 394,
! 228 ETCA = ETCG » 395,
! 22q : GO TO 199 396,
230 218 CONTINUE 397,

- C ) 399,
i C DEFENCE FOR CONTRADICTON BETWEEN GAS AND SNLID MATERIAL BALANCE = 399,
i C 400
P 231 TCAR = WCOALX(La—XW)EXCk(],—~ELLOSS) 401
: 232 IF (CICRATE oLEs TCAR) GO TO 241 402,
2313 Lo 212 1 = 2.M1 : 403«

23a RPRB(I) = RRB(YI) * TCAR 7/ TCRATE 406,

235 RRE(TI) = RRE(I) % TCAR / TCRATE _ 405,

236 RREI) = ( RRBUID#RRE(I) )./ X(1) 406

237 BE =.AKBF(I) * DVBB(I) % EPB(I) * PAV / (FG * T(I)) 407

238 IF (BBeEQW0es) Y¥B(I) = 040 . 403,

239 BB] = FEM(I-~1) * YE(I-]) — RPPE(I)/MC 409,

240 882 = BB1*BB/(RB+FEM(I}) =-RPR3(I)/MC + FBAM(I-1) * YB(I-]) 410,

241 IF (BB «NE. 040) YB(I) = B32 / ( FBM(I)+FEM(I)%BB/(BB+FEM(I)) ) 41l

242 YE(I) = ( YB{IV*BR+BAL)/(8B+FZM(T1)) 412

243 212 CONTINUE 4173,

Cx%x WRITE (64230) 414

C*230 FORMAT ("0%eTO, I, T244 FFI(1)* yT4B,*RRE(I)*,TASL*RR(T) ", 415,

C* 1T90+°YB(I)*sTLI12e*YF(I)*,/) 416,

. CHx_ WRITE (64240) (1sRRBUI)},PRE(I)IRRIIISYBOINWYFUT)1=24M1) 417

C$240 FORMAT (1]10,1P5SE2244) 413

244 ETCG=FMF*XGF(1)Y+WCOALX*{1 ,—XW)*XXC/MNP= FEM(MI)*Yd(Ml)—FEM(Ml)*YE(Ml) 417

245 I ETCG. = FTYCG/UFMTHXXGF(17%{ ] ~FLLOSS)) 420,

246 IF (ETCG WGTa '1e0) ETCG = 0,999 a2l

Cx* WRPITE (64+205) ETCG4TCAF : a2

247 241 CONTINUTZ : 423,

248 250 CONTINUF 4248,

249 WMIX{1)=0, 425,

250 WNET(1)=0. G258

251 WDIS=(XA+(l.—ETCG)*XC)*WCGAL*(1.—XW)+WCAD WELT 427

252 IF (WDIS sUTe0e0) 'WDIS =040 428,

253 Ji=1 : 4272,

254 LM AL . I=2,M1 430,

255 WD(I)=0. &3],

256 J2=01 432,

257 IF(J]1+6T«MDISIGO TO 61 , : _ 433

258 : DO K0 J=J1»MDIS e 434,

259 TF(ZDIS(J)eGT«H{I))IGO TO 60 a3s,

260 ~WD{I)=WO(I)+WOIS*XFD(J) : o v . 43E

i 261 J2=J+1 : ~ , : 437

! 262 60 ' CONT INUE : ) ‘43a,

: 263 J1=42 : L ‘ : 437,

: 264 61 R T CANTINUE ' 440
{265 IF(J1«GT+MDIS)IGO TO €3 , Gl

I 266 0. A2 J=JLlsMDIS ‘ G2,

E 267 ; wo(ul)-wo(nl)+wol5tFD(d) . , Cany,

i 268 68 ) CONTINUE ‘ [

i 269. 63 CONTINUE ; 4,

} B SR o i L ) G445
C WMIX ¢ UP— AND DOWN—WARD SOLID MIXING FLOW WHICH IS SUPERPASED ON 447

[ C : FLOW OF SOLIDS, . G/SEC 448,

! c CWNETCI) 3 NET FLOW RATE OF SOLINFRCM THF TOP OF I—TH COMPARTMENT, 449,

¢ C . POSITIVE VALUE MEANS  THE "UPWARD FLOW. 450,

I 270 . _ - DO 255 I'=2 4M1 431
271 uNEr(!) NLT(I—l)+ﬁFC(I)+wFAD(I)—WD(!)—RP(I)*X(I) 632

272 S(1)=0. 453,

273 . SIF{WNET(I) o GT-O.)S(I)—I ' 454 o

274. WMIX(I)=AT(I)%(]1s0- ETUBE(I))*(UO(I)—UMF(I))*(lo—EMF)*RHDCAD*Fw 4554
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330
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33a
33s

[a¥a 18l

Ce
Cx% )
C*x206 FORMAT (000 ,* THIS ‘1S AFTER MATE

C
cx220 . CONT INUE

IF{WMIX(I)elTe0s)WMIX(I})=0,
255 CONTINUE

CARBON CO“CENTRATIDN CALCULATION,

MM=M*xM .
DO A1l T=L.MM
A1l AAA(T)=0."
DO 412 I=1+M

412 BBB(I)=0.

A (2)-UNET(2)*S(Z)~WD(2)
AAA(HI)“&M XC214+(S(2)-1: ) *¥WNET(2)
AAA(MM)I==RRIML)=WMIX(MI-S(ML)RWNET(ML)~-(SIMI—1e)XWNET(M)I-WD(M])
AAACMM-—M)=S(M)RWNET (M) +WMIX(M)
A1=(1.0-ETCP)ISXC/{XA+(1.0-ETCP)*XC)

' DD 413 TI=1leM
I1=1+]1

I1F (WFC(Il) eNEe 080 ¢ORe WFAD(I1l) oNE, 040)
*BBB(1)=~WFC(I1)*A1/(WFC{I]1)+WFAD(T1))
413 CONTINUE

MO=M=-1
DO 270 I=2+M0
II=(1I-1)%M+] . ‘ .

I1=1+#1
AAA(T [)==RRII1I-WMIXCIL)-WMIX(T)-SCIL)I*WNET(IL)-(S{TI)-14)*WNET(TI)
1-wD(TI1)
AAA(TII-MI=S(T)*WNET(TI)IHWMIX(T)
AAA(TTIHM)I=(S{TII I -1 ) ®WNET(I]) +WMIX(I1)
270 CONTYINUE
CALL SIMQ(AAA,BBB,MyKS)
SUM=0.,
SUM2=0.

DN 280 ‘=ch
X{1+1) = 88R3(1)
SUM2=SUMZ2#X(I1+])
280 CONTINUE
XAV=SUMZ /FL OAT (M)
SUM=0, :
DO 285 I=2,M]
SUM=WD(T)*X(1)+SUM
285 CONTINUE
CLOSS = SUM - CFLU )
ETCC = 10 — SUM. 7/ ( WCOAL * XC: %
DO 220 1 =
WRITE (64,206 I.VD(I)’WNET(I).X(I

XW) *x(1le—ELLDS5) )

BALANCE CALCULATIONS"+/ 4

1e—
s M1
ETCCe XAV
TAL
=t 3 TS50+s15,5X»1P5E12e4)

1 T+WDCI)sWNETUTI) e X(UT)sETCC XAV
EE = ETCC - ETCG

CALL CRRECT (NT.INDFX.DFTC;ETF1ocTC2vETCAoE1-EZvFF FfTCM)
IF (INDEX +FQe 2) GO TO 211

201 CONTINUE

HRITE (6+3400)

3400 - FORMAT (*0*+]10X+"  ETCA HAS NOT CQNVERGED. SeNOs = 3400',/)

hnnnn

NN

‘ 211 CONTINUF

SUM=0,
ETC = 1e — CLOSS /. ( WCDAL * XC % (1le—XW))

. DO 2Q0 T=2,M}

SUM=RR(I)®X{I)+SUM

290 CONTINUE - -

THE DEFINITION OF RR{1) 1S CHANGED. FOP TFMP:RATUPﬁ CALCULATIDMS.
RR(I) (HEAT GENFRATIWN PATE~ HEAT CONSUMPTION RATZ) IN THE

‘1TH COMPARTMENT.,. : :

10C=0
DO 291 1= 2.%1
T® (T(1)=900¢) 291,291+292
92 10C=1QC+1
91 CONTINUE ,
" DACAL = 040 :
1F (1QC «GT4. 0) DACAL = QCLCN/FLOAT(IQCY
T DC 295 1=2 M1
AQCAL=1.

IF (T(I)eLE«900«) AQCAL=0.
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RREI)=RR{T)I*X(T)/SUM*QCDALXWCOALXETC—DQCAL*AQCAL 532

336

337 295 CONTINUE 533,

338 300 CONTINUF 532,

C 535

C CALCULATIODN NDF TEMPERATURE 5%9.

C .

339 Al= CADF*WAD/WCAD 533.

340 A2= CCF/{XA+(1+0-ETCP)}%*XC) 53G ¢

34l A3=CGM*FMQO : 540,

342 ALFA(2)=(WNFT(2)%S(2)+WMIX(2)4+WD(2) )*CS+ATH+UHE(2) *XAHEAV(2) %DVBB(2) S41,

343 BETA(2)=((S(2)=1« )%RWNET{(2)+WMIX(2))*CS 542

344 GAMA(2)=0, 543,

345 DELT{2)=RR(2)+CCGMFEFMFX( TF-273, )+ (AL XWFAD(2)+A2%WFC(2))*(TSF-273.) 544,
LYUHE(2)*AHEAV(2)*xDVBB( 2)*(TW( 2)-273.) 545

346 DO 310 I=3,M S46.

347 11=1—1 547

- 348 ALFA(TI)=(WNETTINXS(II+(S(I1)-1e)*WNET(T1I)+WMIX(TI)+WMIX(IL)+WD(I)) 548,
I%CS+A3+UHE( 1) *AHEAV(I)*DVEB(1]) , 5449,

349 BETALII=((S{TIT—1e)YXWNET(I)+WMIX(I))*CS 550,

350 GAMA(ID)=(S(IL)SWNET(I]1)+WMIX(I]))*CS+A3 551«

351 DELT(I)=RRII)+(AL®WFAD(I)+A2*WFC(I))*(TSF—-2736)+UHE(I)®AHEAV(I ) * 552
LOVBBl I )X (TW(TI~273.) 553,

352 310 CONT INVE 554 o

353 ALFA(MII=((SIM)=1 o )RWNETA{ M) +WMIX(M)+WC{M1))*CS+A3 555
L+UHE(M])*AHFEAV(M]1)Y*DVBB(M]) 3355,

354 BETA{M1) =0, 557,

355 GAMA(M!)=(S(M)*HNET(N)+WMIX(M)) S+A3 S583.

356 DELT(Ml)=QP(M1)+(AI*UFAD(M1)+A2*UFC(M1))*(T F=273¢) 5509,
l1+UHE{M]1) *AHEAV(M]1 ) *DVBB(M]1 ) %(TW(M]1)-273.) 5560
C . S561.

C TEMPERATURE SOLUTION BY S1IMQ 562

357 DO 501 I=1,MM 563.

358 501 AAA(I)=0, 5646 .

359 DO 502 I=14M SA5 .

360 502 BBB(1)=DELT(I+1) SHA .

361 AAA(1)=ALFA(2) SHT

362 ’ AAA(M]1)= —BETA(2) S68e

363 AAA(MM)= ALFA(M1) 569,

364 AAA{MM~M)=—~GAMA(M].) 570

365 DO 503 I=2:+M0 571

366 11=C1—-1)%M+1Y 572

367 AAACTI I )Y=ALFA(TI+]) 573

368 CAAA(LTI~M)=—GAMA(T+1) 574,

369 . AAA(II+M)——BETA(I+1) 5785«

370 503 CONTINUE 575

371 CALL SIMQ(AAA'BBB.M-KS) . ) ’ ) 577

372 TNORM=04 R : o 578

373 TAV=04e - S73

374 ) DO 504 1=2,M1 ) 530

375 . -T(Il=BBB(I—1)+?7%. : 531,

L Cx WRITE: (6+4207) 1,T(1) . L ) 582

C*207 FORMAT (*0%", *%k%x AFTER ENERGY BALANCF #%%, [,T(I) = *,[55,F12¢2) 593

376 ) TAV=TAV+T (1) : : 584 .,

377 TNORM=TNORM+ABS(T(I)~TOLD( 1)) L e R 58S

378 504 CONTINUE . ) s 586

379 R TAV=TAV/FLOAT(M) : : 587

380 TNORM= TNDPM/FLOAT(M) . . 588,

AT 381,_¢_ 360 CONTINUE o e o TR S5 e
b C* WRITE (6,208) TNORM : : ' ’ 350
! C®208 FORMAT (*0°¢, SOXs *TNORM = '3 TAO+FSe1l) R : St
382 5 U IFCTNORMeL Te 00 O1%TAV) GO TO 6lo0 : : 592

383 MIOLD = M1 i : 593

i 384 600 ~ : CONTINU” 594,
b 388 WRITE (64 3003) 595,
] 386 3003 FORMAT('0%, 10X, *GAUSS SEIOEL TEMPFPATURE TRIAL HAS. NANT CONVFRGCD,. S36e
. 1 SeNOs = :3003%4/) 827

3a7 610 CONTINUE - : . . S98 .

388 : ‘ DO 620 1T = 2yMml : : ) ) 5929,

- 389 Al = AHEAV(l) DVBB(I)' ) 500

390 HAREA = HAREA + Al . ; : : 501 e

391 QTRANS = UME(T) % Al & ( TUII=TW(T) § + QTRANS R 602

o 392 S RRED) "RRA1) / DVBBEF(1) : ) 503 .

1 : 393 ZAVG(!) *= ¢ HOI=LY ¢ HITY ) % 045 : : o ) 6QG4.,
| o 394 620 . CCNTINUE - : 505
Y R S 395 : avouL —,QTRANS/BEDVOL, - ) . : : - A06-e

[ 396 IF (HAREA oNEs 0s0) GAREA = QTRANS/MAREA , : 507 &

' ; : =t .




© el M fmia o e B . o

397 : T™PB(1)=T(1) 568,
398 TPE(1)=T(1) 609,
399 TAV=TAV=-273, 610,
: 400 . DO 612 1=]1.M1 611
401 T(I)=T(1)~-273 512
402 TPRC(II=TPB(I)—-273. 613,
: 403 TRE(I)I=TPE(1)—-273, 614,
! 404 612 CONTINUE AlSs
; C ZrsommsmoEEs H16.
H c MAIN QUTPUT 3 617
C e I P Y -+ 618
4085 . WRITE(G6+2001)ETCoXAVeTAV, ITRTAL+(1,YB I sYECI) s X(TI)eH{I)ST(I) 519,
‘ 1 +ZAVGUI)TPBCI)+TPE(T) s WNET(I)4RR{I) sI=14M]) 6520 a ;
:‘ 406 TAV=TAV+273, 621«
P c ) ) 622,
S 407 630 CONT INUE 623 e
o C CALCULAT ION OF S02 REDUCTION : 624
i C : 625
b 408 IF (IGNITECEQe0) TCRATE = 0,0 ) . 526
] 409 | D0 710 1=2,M1 627
: 410 - y¥yBsa(1)i)=va(1l) . 628
i all YEO(T)Y=YE(Y) : ) 629
; 412 ¥Y8(1)=0. o 630,
: 413 YE(I)=0. . _ 631,
i Ala 710 CONT INUE 632
i 41% FTS=1e 633
; 416 Al=WCOAL*XS/MS*FLOAT(IGNITE)X(]l+—XW) 634
i 417 DENOM=(XGF(I)+XGF(6))IRFMF+Al 635
i 418 IF (DENOM o, LEs 1,E-6) GO TC 810 636
; 4190 CABSE=WAD¥XCACO3/MCACO3/DENCM . 637 «
i o] 638
: c CABSE i EFFECTIVE RATIO OF CA TG S(ACTIVE) IN THE FEEDS 639,
! C : 540 .
: 420 DD 711 1=2,M1 641.
‘ 422 SRELFE(1)=0. 443, /
i 423 IF (TCRATE +4LE. O04) GO TO 711 6H4.4 o >
i 424 o SRELB(I) = RRBII)Y/TCRATEXA] . ) 545
i 425 SRELE(I) = RRF(I)/TCRATE®A] : 565,
i 426 711 CONTINUE 647 o
i 427 SRELB(1)=0a ’ 648 .
| 428 SRELE(1)=0. 549 o
i 429 YR(1)=(XGF(3)+XGF (6)) *FMF/FMO ’ 5504
! 430 : YE(1)=YB(1)'L ‘ : 651
: 431 o CETS=1 : ) ) 52
| 432 NETS=—041 ! Co 653 .
| 433 EETSM=040005 S : 654 ¢
! 434 . INDX=0, . A55
i 435 A2=0, - . 6556
: 436 . lFCNAD GTe0e)A?= lo : 057 e
! 437 : § DO 800 1TRY=1,30 658 4
| 438 : i FS-ETS/CABSE . : ) 65T
i C ! 650 o
! C FS ¢ FRACTIDONAL CONVERSION OF ADCITIVE 661
H C ' ’ : 662
{ 439 AKOZAKAD(FSyDPADR+TAV) *A2 2 : 6634
C . : 66O
C IF THE RESIDENCE TIME OF SOLIDS AT THF TCP CCMPARTMENT IS TOM SMALL . AR5
C AND UDO 1S SMALLER THAN UMF IN THIS CCMPARTMFNT¢ IT IS ASSUMEDN . 5H5
[t LIMFE IS INACTIVE FOR 502 ADSGPPTION. 6T o
: . C . ! v L E45H8 o
Lo 440 A3=1, ‘ : 6694
A 44} IF(UO(MI).GT.UMF(ML))GG TO: 730 : . LT 0.
442 THET = VYMFx{] +~EMFIXRHOCAD/WCAD : AT1le
4473 CIF(VMEXR( ] ¢=EMF)®PHOCAD «GT WNET(M)*THFT*b.)A3’O- [ B AT
; ; 444 730 -CONTINUE L ) O R ) . A3,
: 485 ’ ) . : DO 740 1=2 M1 574
t { 486 . S @ 50 £ (R c ’ e o : 67
XS d AKE=AKQ ) : : [ 676,
448 IF(I+EQeM])AK= AKO#A3 i : 677 : i
: 449 AM=(1le—EMF) Ce 678. z
J 450 CALL GPHASE(AK.AK.AM.PAV-RC'ETUBE(I)-FPB(I).EPC(I)- k : 679, ;
: L1AKBEC 1) oDVBBUI) o EFBMITL)FEMITI L) sFERMIT)Y JFEM(TIYeTOT) o T(I)3T( 1), . 580«
) ZYB(XI).YE(IL).YU(I).YE(I).SRELB(I).SQFLF(I)) : . : 681«
451 740 ONTINUFE - 682«
a5 ETSC= 1.—(FBM(M1)*YE(M1) FE EMIML) 2YE (141)) /ZDENOM AR, s
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l Y EE=ETS—ETSC -. ‘ : égk.
|

454 CALL CRRECT(ITRY s INDXKyDETSsETSLsETS2+ETS+EL +E2+EE 4EETSM) 6585,

455 IF({INDXsEQs2)GO TO 810 686,

458 o CONTINUE 657 «

AST WRITE{6,3500) 683,

| AS8. - IBO0 FORMAT(Y0",10X." ETS. HAS NOT CCNVERGEDs S.NO. =  3500°%',/) 689.

i 459 810 CONTINUE : 6590

j C S T 591) .

! c MAIN OUTPUT 4 . ‘ 692,

[ e ¥ T 693,

460 WRITE(6,2005)ETSVFS,CABS, CABSE 594,

Lo (HCT )+ ZAVG(T) s YB(I) 4 YE(I)4SRELB(I)+SRELF(I)eI=2,M1) HI5,

| 461 XGO(1)=( FBM(M1)*xYBO(MLI)+FEM(MI)*YEQ(M]L) ¥ / FMO 696,
| 462 . XGO(2 )=AGI2+1)1+AG(2¢2)RETCH+WADR(XCACAQI/MCACOI+XMGCO3/MMGCO3) 697, ‘
| A63 - XGO(3)=( FBM(ML)XYB(ML)+4FEM{(MLI)XYE(ML) ) / FMO 6598 d

l 464 XGD(4)=AG(4a,1) 699 «

B 465 XGO(S5)=AG(S,1)+AG(5,2)%ETC 700,

i 466 XGO(6)=AG(6,+1) 701

i 467 XGO{7)I=AG(7+1) 702

- A68 : ANDOX = AN * WCOAL % (1l+~ETC) * QCOCAL / FMND 703,

469 ‘ WRITE(6,2006) (XGA(TI)s1I=1,7),ANOX 7048 .

ATO 800 CONT I NUE 705

! a7l IF (V.iFeEQe0s0) VMF = SOLVOL 706

| 472 1F (HLMF +EQs 0e¢0) HLMF = HEIGHT(VMF) : 707

! 473 IF (HLF «EQe 040} HLF = H(MI) , 793,

c .

; ol PRESSURE DROP CALCULATION 7{?.

{ C 7 .

! c a0k K% ok o ok K R Sl ok Kok sk ok Kk Ok oK K o ok ok o ok R o ok ok kX 712,

] C ALL THE PRESSURE DROP GIVEN IN CM OF WATER 713,

! C ook 2 sk ok 2 ok % o o sk ok K i oK A ok ok ok ok e ok sk ok ok Kok o ok sk ke 7la.

! C 715,

j C PRESSURE -DROP CALCULATIONS ACROSS THE GISTRIBUTOR 7L

| C 7L,

: 474 TEMP = (T(1)+T(2)) * 0.% 71,

475 RHOFG = PF * MGAS / {(RG*TEMP) 712

476 UDR = FMF % RG % TEMP/ PF /(AND*0,25*%PI4DNZL*%2) 720,

AT7 DPDIS = { UDR/0+6 ) %%2 % RHOFG / (2,0%*G) 721

478 - WRITE {(642050) OPDIS 7%%.

c , 723,

C PRESSURE PROP CALCULATIONS IN THE FLURTIZIED RED-SECTION 724,

c ‘ : : 725,

479 CCOWRITE (6+2051) 725

480 NL = M1 727,

48 IF (IFBC +GTWs 0) Nl =:M}] —'1 72%

AR? . PO 920 1 = 2,N1 723

483 DPFIU = (14O0=EMF)®(130—EPB(IN)* (H{(II-H(I=1)) * RHOGCAD 730,

4pa WRITE (64%2052) 14 OPFLU 731

485 920 CONTINMUE 732,

4R6 IF (IFBC «EQe0) GO TO 930 73%

e : 73480

C PRESSURE DROP. CALCULATIGNS IN THRE FIXFC BED SECTION 735,

C ! : 735,

&R7 EL = ( H(M1) — H{M1-1) ) / G 737

48R E2 = ( 1.0 = EMF )} / EMF *% 3 733,

i 4989 LDPFIX = EL % ( 150406 % (- 140 — EMF Y % 2 % VISC * ‘17 (M]) 739 .

b 177 NPAR %% 2 4+ 1«75 % E2 * RPHOGAS ¥ UYOIMLII*%2/DPRA) RS 2-X o P

i 490 930 CONTINUE 741 .

j 491 IF ( 1FBC <EQs 0) DPFIX = 0.0 : 742 %
g 497 WRITE (6432053) DPFIX N : : 743 I
: 493 : R WRITE (6+0PCF1)~ ) ’ . 744, 0k
! 494 . T MRITE (645 2060) , THS =
! 495 i DO 9]_0 1 Z2aML LT HE .

| 496 WRITEF (642070)" I.H(I).ZAVG(I).DBAV(:),UB(I).:PB(I).FPC(I).UJ([). THhT

| ; U LUMECT) ' _ THP

P a97 910 . ‘ ; ~ . CONT INUE : ' THT

[ 498 1000 FORMAT(110) - : , , R h

! 499 1001 FORMAT(BF1l040Y oA - ' : 751,

' 500 1010“FORﬂAT(2AA/(8F10.0)) : : 752,

| 501 1020 FORMAT(BF10,0) , , : , : 753.

; 502 1021 FORMAT(8F1040). . , : 754,

! 503 2000 FORMAT (2109 o IX+2A8 10X *XCACO3 = 1 3FB43,10Xs " XMGCO3 = ', FBHE.3/40", 755

Pl ] *TAL1s "DPADF 3 CMY',TBl1,'WTFRACTIONY /210" 5 (TA4L+FB .4 TBL,FBe4 ) 756

[ 508 2001 FORMAT(//10X%s *RESULTS ,ALL TEMPERATURES TN CENTIGRADE T/ / i TRT.

| : , *%Y ETCyXAV,TAV,ITRIAL «=*,3E12.44147// TRY,

] 12x.'1';cx.'va-.10x.'YE°.Lox.'x-,11x.'z'.11

Xy VT 10Xy VZAVSY ‘ 7594

{ : . : 3 -




505
506
507
508

520
521
522
523
524
s25S
526
527
528
529
530
531

533
s34

535
536
537
538
539
540
Sa]
54 2

543

L0000

Clg et

~

2005

2006
2010
2020

2030
2040
2050
2051}
2052
2053
2060

2070
10000

[aXe ke

100

4000
110

10

:onc'TPB'¢10X-'TPE'v7Xv'WNET"9Xv'Pn'/(I401P1051204))

FORMAT(//!' (ETS+FS,CABS,CABSE)I=Y"/)1O0Xy8EL2e4/7/77Xs"HT e 310Xs*ZAVG®,
110X+*YB* s 10Xy *YE? y 10X, *SRELB" 22X, * SRELE'/(1P6E13e4))

FORMAT(/? QUTLET GAS CONCENTRATION®' +//5X+'02%,10X+7CN2%,9X, *3502",
19X s *H20® 39X ¢ "CO"» 10X ®H2S " ¢ OX s " H2Y 4 10X " NCX'"//BEL12477)

FORMAT (°0%+5Xs *SURFACE VOLUME MEAN DIA. = OPADH = *4Fl1l0.4,3X,'CM*

*¢5Xe "WEIGHT MEAN DIAs = DPADR = ?5F10.4+3X:+'CM*,/)

FORMAT ('0°olx'2A‘c3x"XCF = VeF503,3Xe'XCY = P eFSe343XetXH = %,
AFEG5e3,3Xs " XS = T ,F5,343Xe X0 = ' 4F543,3X3 XN = 1 ,FS4343Xs'XA =
$F5.3'3X"Xw = VyF 56347911 Xs"QCOAL = ' ,FR.2+s3X+*CALS/GM®*, 10X

PQCOALC = YsFBeZ43X, "CALS/GMY, /)

FORMAT (*0'+TA1l,*DPCF o+ CMY (TBLs*WTFFRACTION*/Z7%0"+{T41+,FR44,T81,

*FBaé))

FORMAT(*0%:T21, *SURFACE VOL MEAN DIA rF CCAL FEED = DCF = *3F10ab.
*¥3Xo Y CMY o EX¢ I1DCAV = *2F100d,/)

FORMAT (*0% 440X, 'PRESSURF DROP ACROSS THE DISTRIBUTNOR = ", 1PF11l.4)
FORMAT (20" 420X, *COMP.NOY 413X, PRESSURE DROP IN THE BED®./)

FORMAT (20X+15,20Xs1PE1l44)

FOGRMAT (*0% ,40X,"PRESSURE DRDOP IN THE FIXED BED SECTION = v 1PF1L.
*4)

FORMAT (0" 43Xs %1 33X "HETGHT "4 EXs "ZAVGT 43X, YAV.BUBOLE DTIAY ,6X,

1" BUBBLE VFL.'o#Xo'BUBBLE FRAC«®T 35X 'CLOUD FRAC*+6Xs"SUPLWVELOCITY?®
£93Kes "MINGFLUSVEL o *0/)

FORMAT {154F8e3» 2X9F8.3-6(3X,ID=12.4,ZXY)

sTOP

END

SUBROUTINE AKK({AKR«T sP+DCosTPsYD24+RG)

THIS COMPUTES REACTION RATE AKRs AND PARTICLE TEMF. TP

EM=0.5

SiIGM=1.36F~-12

SHP=2 4

INDX=0

DTS'—"-], 00«

P=T

ETSMAX=0.05

DO 100 I=1,30

AK S= CXP(l7n9~35 T7/(.001986%TR))XTP/]
TAV=(T+TP ) *,
D=4.26*(TAV/1800-?**1.75/9
COND=0.56897—04+1 s 0TE—07%TAV
AKF=SHPxD/DC

AKR=] o /{1 /AKS+ 1+ /AKF)
ETS=TP-T—AKR*PkYD2%7900e /7 ( (2. 0%COND/DCH+(((TP+T)%RTP
« +TH%2 ) HTO4TEHI ) KEMERSIGM Y XRGXTAV)

CALL CRRECT(ITyINDXWOTS,TPLsTP2yTPLEL+sT2yEZTS,ETSMAX)

IF (INDXeFQ.2) GO TN 110

CONTINUE

WRITE (6, 4000) ) .
FOPMAT (Y0' 10X TP CALCULATION HAS MNOT CONVERGEDS SeNNe=4000'4/)
CONTINUE )

RETURN
"END

000,

SUBROUTINF CRRECT(I 4 INDX»DXsX1eX2eXNEWs L eF2sF EMAX)
13 NUMBER NF THIS TRIALs -1 FOR FIFST TRIAL
INDX: INDEX NF .THE TRIAL LSV L .
INDX=01? JUST PROCEEDING
ITNDX=1: THF R00T HAS BEEN CAlIGHT BE*VFFN X1 AND X2
INDX=2: THE ITERATION HAS CCONVERGED
1F. (ABS{E) «GT«EMAX) GO. TN .5
INDX=2
RETURN
CONTINUE :
IF{INDX.EQs1). G TN 100
X2=XNEW :
EZ2=E
IF{LeEQel). 67 TN 10
ITF{(EL#*E2.LF.D . ) INDX=1
IFCINDX, FQ 1y6n 70150
X1I=X2
El=r2
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iz
3
3
2
p23
)
1
a
8
g
q
8
i3]
2
R
g

I,Q-
15,
15
17
12,
L3
204
21
22
23
2%«
25
26
270
28
27
30
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1 o i L,
| |
1
1;
558 XNEW=XNEW+D X 832,
557 RETURN 8373,
558 ‘160 CONTINUE 334,
550 IF(EL*E.LTe0.) GO TO 110 835,
560 ’ El=E 8336,
s6l ; X1=XNEW 837.
562 GO TO 150 838 .
563} 110 E2=E , . 339,
564 X2=XNEW : 340,
56% 150 CONTINUF 841,
566 XNEW=({X1=X2V*E2/(E2~E]1)4X2 342, ]
567 RE TURN 343, ;
568 ° END : B44,
569 - SUBROUTINFE STMQ(A«BaNsKS) : 845,
R 570 DIMENSION A{2116).B(46) 346
c 47
C FORWARD SOLUTION B4R,
C 349,
571 TAL=0.0 : : 850,
572 Ke=0 ' : 851
573 Jd=—=N . ‘ BS2.
ST 4 i D0 65 J=]l.N . 8353,
578 JY=Jd+1 - 854«
576 JI=JI+N+ ) 355
577 BIGA=04 856 o
578 1T=JdJd—Jd 857
579 DO 30 I=J4,N - 858,
C 359,
C  SEARCH FOR MAXIMUM COEFFICIENT IN COLUMN 860
: . RAL e
580 1J=XT+1 952
581 IF( ABS{BIGA) — ABS(A(1J)))20,30,30 BA3,.
582 20 BIGA=A(IJ) AR4 .
53 IMAX=1 CUHAS . :
aH4 30 CONTINUE RAA,
o , : , 96T .
C TEST FOR PIVOT LESS THAN TDOLERANCE ( SINGULAR MATRIX ) 6 o
C . : '-.‘")90
585 IF( ABS(BIGA) — TOL) 35,35,40 570«
586 35 KS=] ' 371
S5R7 WRITE(64100) KS 3772
s88 100 FORMAT(/% NO SOLUTTON?Y 4 KS=*,12) (o om73.
589 sTOpP T 374 .
‘ ¢ SO o : 375,
C INTERCHANGE ROWS IF NECESSARY ~ AT hA.
C . ~ ST7e
590 40 11=J4Nx(J=~2) : ; ; B73.
591 IT=1MAX—Y , ; 879
592 ’ . DO S50 K=JsN ) SRO e
593 I1=11+N BBl
594 12=1141T BH2
595 SAVE=A(I1) 383,
596 ACIL)=A012) RE4 o
597 A(I2)=SAVE" B35, .
C £ v FRE
c DIVIDE EQUATION BY LENDING COEFFICIENT , , 387 e
. 598 o SO'A(115=A(11v/BIGA ' : T LT PR A T T TRBTY .,
599 ST SAVE=BUIMAX) ) . - K90 .
600 B(IMAX)=B(J) . , : : . 991 .
601 - B(J)=SAVE/BIGA o e . , Q3D
o - : : : ’ - B : . [ RCLe A
c ELIMINATE NEXT VARIABLE : : a5
T o . : 5 : - , 595,
‘€02 IF( 4 = N) 55,70,5% ; ; : AR .
603 55 TQS=N¥X(J~1) : S ~ 897
604 N : : o B0CAS IXSJT N 5 : 393,
6505 IXJ=1QS+IX : » , : T BO9
606 IT=3d-1X P i ' : ~ - 900
607 DO 80 UX=JY N g : . ) 0L
608" IXIX=N*( IX— 1)+Ix - . . . 902
509 JIX=ITXIX+TT : : 903
P 610 60 A(IXJIX)= A(IXJX)—(A(IXJ)*A(JJX)) - ' : Q08
, ; 611 65 B(XX)=B(IX)~B(J)*A(IKJ) o TR S ABA,




[]
c ) 9“6.
" BACK SOLUTINN 907,
‘ o 908
612 70 NY=N-1 909,
613 I T=N*N 910,
614 DN 80 J=1+NY 9l le
615 IA=IT-J 912
616 I18=N-—-J ; 913
617 I1C=N 9l4a.
A1B8 DO 80 K=1+J 915
6le B(I1B)=B(IB)-A(TIA)%*B(1C) 916«
620 IA=1A-N 917
621 80 1C=1C—-1 918 ;
622 RETURN 91%e
623 END 920
- 624 SUBROUTINF GPHASE(AKB: AKE s AMsPAV,FGe ETURESZEPB +ERC+AKRE,DVRHB 4FBMO, 321
i “FEMOFBMFEM, To TB+TE,YB0YZ0,YB1l,YE]l +GENR,GENE) 922
: 625 Di= ((l.—-FTUBRE- EPC)*AM*AKE/TF+AKBF*EPB/T)*PAV/PG*DVBB+FFM 923
~ 526 ALF=AKBE*EPR*DVBB*PAV/ (D1%XIEXT) 924
627 D2 = FBM+ALFXFEM+((EPC-EPR)*AKB/TB+ . 925,
TALF* (]l «0—iEPC~ ETUBE)*AKE/TF)*DVBB*AM#PAV/RG Q25
A28 IF (D2 «E0Qs 0a40) YBl = 0.0 927«
629 IF (D2 <N, 0.0) YBI=(FBMOXYRO+GENR+ALFXFEMOXYED) /D2 328
A£30 YC1l=(YEQOXFEMO+GENE )/D1+ALF*YB1 929
631 RETURN Q30
; 632 END Q31.
633 FUNCTION AKAD(FSsDP.T) 232,
63la DIMENSION FA(13),RR(13),RB(13),RC(13) 333,
6385 DATA FB/0.0.0-OS.0.1.0.2-0.3.0.Q,O-SoO.ﬁ.O.V.O.B,O.Q.O.QR.l.O/ 934,
636 DATA RS71s0950622+0460759040010540+00040+s0¢00022+0s000]15+0.00011, 3354
100000750400004,04,00002+0.000014s1E—10/ 338,
i 6’37 DATA RE’/laO'Ovs'OQBQvO.165|00C3‘00007l!00003610.0022500.001/#=i' 337.
: 1 0.00089+,0+400042+0400017y1+0E—10/ 933
: 638 DATA PC/1:0306T7550463+304459003350421+06115:0405+0.01950,0072+ 939,
o 1 0.0028,0400124140F~10/ 940
639 DP1=0.13 ) Q41
640 DP2=0+025 . : GED .
i 641 DP3=0+00G#H 43
H 642 IF(DP «GF. DP2 ) XXX=ALOG(DP/DP2)/ALCG(DPRPL/DP2) : ihu .,
P 643 IF( DP 4L Ts DP2) XXX=ALOG(DOP/DPI)Y/ALCG(NRP2/DP3) GhHS .,
§ 644 ALIME=0.0 IHF
645 AKAD = 0.0 ) QY 7.,
64 6 IF( FS «GEs le0) RPETURN } Q4R ,
647 ) o DO-10 I=2+13 : . . 47 e
6a8 N=1 : S : : Q50
649 IF( FS sLEe FB{(I) ) GO YO 11 . 951 »
650 10 - CONTINUF . . : : 952 .
651 11 CONTINUE 953
652 Nl=N—-1 : . Q354 «
653 A=(FS—=FB (Nl))/(FB(N)iFB(Nl)) I . 955 e
654 ‘ IF(C DP +LTe DP2) GO TO 12 - : g ) : 256 .
655 . R1I=(PRIN)I/RRIN1) I *%xA*RP(N]1) o . 957 »
6%6 RZ"(RB(N)/PH(NL))**A*RB(NI) : : : Q3R
657 : GO T2 13 : : : ‘ Q52 .
658 .. 12 CONTINUE B : ) 260 o
659" Sl RLE=(PBIN)/ZRBUNL) ) **A%RB(N1) R : . S G951
660 . R2=(RCIN)Z/RCINL ) ) xxAXRC(N1) Q62 .
661 13 CONTINUE ‘ 953
662 ALIME=(R1/R2 Y*®¥XXX%XR 2 : ; : : ‘ QG4
663 G IF( ALIME «GTa 1e¢0) ALIME=1e0 . : A5
664 : TSG ="7 T ) : . : ) S LI
665 IF (T «LYe 1100) TSG = 110040 : : T,
666 o SG =.=193.75%TSG + 2.75£05 : 9Ah .
6€7 } AKAD = 49040*%¥EXP(—17500:0/1+3B7/T)*%x 5G ¥ ALIME ) D69
: Cx  WRITE. (63520) AKAD : , ' 970
C*20 FORMAT ('O‘-SOX.‘AKAD = 1,1PF12.4) : : ' 971
668 RETURN : : : ’ 9'7;}.
669 ) END : ) 973
670 SUBRDUTINE DES TGN D7 b

671 . ‘COMMON ZHE(QB)-AHE(Q&);PV(A&)oPH(QF)oZF(ﬂt).FFC(Qﬁ)- : ‘ Q75

. ‘ | o | |  ORIGINAL PAGE IS
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1FFAD(46)?ZD]:(46)nFD(AG)oAHEAV(101).ETUBE(101)¢DB(46).MFFrDoMDIS QY6 .

672 COMMON /DEHYD/ DBED$101),ABED(101).DTUBEI(101), 977
1PHI(101)+PVI(101)20YA(101), 978 .
2TARRNG(101) 979 .

673 COMMON. /GEN/ z{101). DVBEFF(IOL)OZB(QG)OATB(Q6’0PI.DZAV.MTB-MT.Ml.M 980,

674 CDMMDN/DENAIN/AND.DNZL;DTHICKoFW 981 .

675 DIMENSION DTUBE(46) 4 TARR(45) gg%.

C AXIAL VARIATIDN OF BED CRCSS SECTION 9R4 «

C 335 .

676 READ (5+1000) Al+A2+:A3,A4 QRE .

677 READ (5+1001) MTB.(ZB(JH,ATR(JS) s J = 1, MTB)} 9837 .
c . 9AR8. t

C. - TARRNG 1 2 3 4 918G,

C b VERTICAL TRIANGULAR ARRANGEMENT 990

C g m——— VERTICAL RECTANGUL AR ARRANGEMENT Q91

C B i HORIZONTAL INLINE ARRANGEMENT . QY2

C A —~——— HORIZONTAL STAGGFRED ARRANGEMENT 993,

c G4,

C 995,

(o HEAT EXCHANGE TUBES 996,

678 . READ f5,1002) MTHE«{ZHE(J+1),AHE(J) ,DTURE(A+PVIJ) OHIJ), Q97

" STARRUJ) s J = 1,MTHE) 998

C . : 993G .

c T LOCATION OF FESD AND CISCHARGE 1000.

679 READ (5+1001) MFEED(ZF(J) +FFC(J)SFFAR(J)» J = L +MFFED) {00%.

C ) 002,

680 READ (5, 1001) MDISS{ZDIS(J)+»FD{J)s J = 1+MDIS) %902.

C ’ ) 004,

C DISTRIBUTNOR 1005,

C 1006.

681 : READ {(S5+s1003) AND + DNZL + DTHICK 1007.

682 DO 100 J =1, MTHF L00%.

683 IF (AHE(J) «GTs 0e0) GO TC 100 1009,

684 IF (DTUBE(J) «EQe 000} GO TO 100 1010

685 AHE(J) = PI * DTUBE(J) / (PH(J)I*XPV(J)) 1011 [’

6R6 éoo CCNT INUE 1012, :

1013~
-C CONDITION FNDR COMPUTING AVERAGE CELL SIZF 1014,
C - - 1015,

687 READ (541003} DZAVFW "101A.

6R8 N = IFIX (ZB{(MTB)/DZAV) 1017,

689 IF (ZB(MTB) — FLOATIN) ¥ DZAV «GTa. 041 * DZAV) N = N + 1 1017

690 IF (N +.LTe (101)%1) GO TN 2S 1019

691 . WRITE (652020) N 1020,

6§92 2020 FORMAT ('O'vZOXn'ARRAY SIZE FDR Z ToO SMALLe N> (101)s TRACE DZAVIOQZ21.
1 IN SUBROUTINE DESIGNe MAKE SURE N < Z ARFRAY SIZF, N = W I15) 1022

693 sSTapP 1023

694 25 CONTINUE . ’ 1024

695 WRITE (6,2000) Al:A2+A34A4 1025

696 - WRITE (6£42001) o 1026.

697 WRITE (64+2002) (ZBE(J)«ATB(I)s J = 1.MTE) 1027,

698 WRITE (6+2003) 10245 .

699 WRITE (6+2004) (ZHE(J+]1)sARE(J) sDTURE(J)ISPV(IIsPHIJ)» I42R(J), 1023+
1J = 1 +MTHE) v . 1030

700 WRITE (642005) : ;. ! : : : 1031

701 WRITE (6+2006) (ZF(J)+FFCIU)sFFAD(J)W J = 1,MFEEDN) 1032.

702 WRITE (64+2007) ! 1033.

703 . WRITE (6+42002) (ZDISLJ)FD(J) s J = L.MDIS) 1034.

704 WRITE (6+42009) ANDDNZLOTHICKWDZAV,FW : 1035,

c - : : ) 1036.
C SPECIFIC HEAT =XCHANGE AREA CALCULATICGN FOR EACH CNMPARTMFENT 1037
c-. ) . : 103=,

705 z(1) = zZ8(1) 1032,

706 CABED(1) = AT8(]1) - 1949

707 DBED(1) = SART(4.0 % ABED(I) /. P1) : k04l .

708 ovall) = 0.0 : 1042

709 DVBEFF(1) = 0.0 : ' . o : : : 1043,

710 o IHE(L1)Y = 04,0 S : e SN ) ‘ . 1044,

711 IARRNG(1) = 0 o : . ) 1045 .

712 ‘ , 'DO 1o 1= 1.N : ; L0046

713 Z0I1+1) = ZCI) 4 DZAV. - = S : . : 1047

714 IF (I «EQ. N} Z{I+1) = ZB(HTB) ) : ) Soloan,

716 IF: C ZHﬁ(J) eLEs Z(I) oANDe ZHE(J¥+]) o#GEWe Z(I41) ) GO TO 30 LObQo

717 IF ( ZHE(J) «LFe Z(1 +1 V- s ANDs ZHF{J#L1) oLTe Z(I41) ) GO TH 20 lDrL.




[
718 e DENOM = Z{I+1) — 2{(I} 1052
719 : F1 = ¢ Z(1+1) — ZHE(J) )} / DENOM 1053.
720 £F2 = ( ZHE(J)Y — ZL1) ) 7/ ODENCM 1054,
7ot AHEAV(I+]) = F1 * AHE(J) + F2 % AHE(J-1) 1055,
722 DTURETI(I+]1) = Fl * DTURE(J) + F2 % CTUBE(J-1) 1056
723 PVI(I4]1) = F1 % PV{J) + F2 ¥ PV({J-T1) 1057,
7264 PHI{I+]1) = F1 % PH{JY + F2 % PH{J-]) 1058,
725 GO TN 40 : 1059,
726 30 AHEAV(I+1Y = AHE(J) 100
N 727 DTUBEI(I+]1) = DTUBE(J)} 1061,
728 PVI(I+1} = BY(J) 1062,
729 PHI(I+1) = PHID) 105%. ,
730 49 TARRNG{I+1) = TARR(J) 1064
731 GO TO 50 : 1065
732 20 CONTINUE 1066«
733 30 CONTINUFE 1067
. : C 1068.
C CELL VOL CALCULATION {0?9.
c 070
734 CALL AREA ( Z{I+1),0OBEDC(I+1),ABED(I+l) ) 1071
735 DVBII+1Y = 0.5 % GABED(I+1II4ABED(I)) * (Z{I+]1)~2(1)) %07§.
c 073
c BEFFECTIVE CELL VOLUME EXCLUDING THE VCLUME OCCUPIED BY THE 1074,
: 'g HEAT EXCHANGE TUBES . %8;?'
H v Ye
; 736 OVEBEFF{I+]1) = DVBLI41) % (1.0 — 0,25 * AHEAV(I+1) * DTUSEI(I+1)) io77.
! C 078
! C TUBE  VOLUMFE FIACTION 1079,
: C : 1080,
; 737 ETUBE(I+1) = 1.0 — DVBEFF({I+1l) 7/ DVB(I+]) 1081
738 10 CONTINUE 1082,
739 WRITE (6+2010) 10334
740 ML = N+1 1084,
741 MT = M] 10es.
3 742 PO 60 I = 2 , Ml 1038, |
! 743 WRITE {(652012) I,Z(I)+DVB{I)DVBEFF(I) ETUBF (I)AHEAV(I), L0137, i
' IDTUBEILIY+PVI(I)yPHIC(TI)s TARRNG(I) 1038,
744 “60 : CGNTINUF 1039,
745 WRITE {(6.2011) 1090
746 DO 70 I = l.M1 1091.
747 WRITE (6,2013) 1.Z{1),DBED(I) ABFD(T) 1032«
748 70 CONTINUE 1093«
749 1000 FORMAT (4A4) 1094«
750 1001 FORMAT (1107(HF10.0}) : 1025,
751 1002 FORMAY (T110/(5F10.0,110)) L09A .

752 1003 FORMAT (8F1040) 1097 .

753 2000  FORMAT ("19,20Xs4A84//) 1098,
754 2001 FORMAT ('OI,T41,'HTaABGVF DISTRIHUTOR,CM* ,TAL,"CROSS SECTIOGMAL '+ 1032,
1"AREA OF BEN¢SN«TMat /) 1199,
7S5 2002  FORMAT (T49,FBs4,T96:F 10+ 3) 1101,
756 2003 FORMAT (*0f4TH, HETGHT ot M, T204 7 SE.HFAT THRANSLARFA ,SQ.CMACU.CM 5. 1102
LTS8+ "DIACTOF TURBESsCM® s T7B, TVEQ.PITCHCM? yTOG, "HORSPITCH, LM, 1103.
~ 27113, "TUBES ARRNGT* /) 1104
i 757 2004 . FORMAT (T8&,F&4+2+7T33, Fa.4.Te7.F6.3.782,F6.3.T99.Fo.3.T118.12) L1105,
: 758 2005 FORMAT (%07',T21,.*S0LIDS FEED LEVEL', TS, FRACTINN COAL FED?', 1106.
: LT81s *FRACTION LIMESTONE FED',7) ~ 1107
759 2006 FORMAT (T'Z—’vFé-Z'TSB"FGoQsTBﬂ-F&cQ) : L1108«
760 2007le9RMAT ('0°3T21,°SOLIDS DISCHARGF LEVEL*,TRI1,'FRACTION DISCHARGENR®L109.
; Pt s7) : : : : L11l0«
: 761 2003 FORMAT (T29 2+, TER,F6et) LLLL.
! 762 2009 'FORMAT ('o'. T‘2v'M sOF OISTPIBUTCR HOLES *3T40 ' = 3 T45sFTals /s 1112
; 1909 s T12: P NOZZLE DIAMETER ' oT40e =3 T45,FTa8,33X, CM® /10", TL2, LLL3.
! . i 29DISTRIBUTOR THICKNFES #,T40,9=9,T48, F?.a.3X.~CM-./.-o-.T1?. o LLlLl4e
ACAVERAGE CELL SIZF = ~DZAV 1 T40 4 =03 TA5,FR3a3¢3Xs"CMT /"0, 712y 1115
H . Q‘FW':TQOQ"""TQ‘StQG-—i) ll].”:.'v'
i 763 2010 FORMAT ('o'.Ts.FND.-,Tio.'HPIGHT'.Tzo.'CFLL VOLUMF'.T35.'CFLL TFELLLE7,
| ' , _ éVDL-"TSO.’TUBL VOLsFRs* gy TEZ s OGP s HE @ AREAY s T7S5 3" TUBE DIA »THT L11s.
i ) ‘ VWERWZPITCHS , T100, *HOR, PITCH'.TL14.'TURE ARRNGT® 4 /) 1119.
: L T64 2012 PORMAT (TAsI136eT)10+F6e62+TIB+1PEL12.45T33,1PE1224,T50,y1PE10e3,T62, 1120
1 - mlPEIO-B,T75.IPE10.3,T87 1P£10.3+ 71004 1PF10+34T116413) 1121e 4
e Tes 2011 " FORMAT (900 ,TL10sy"COMPT «ND&? .TZS.'HFIGHT'-T@Z.'BED DIA«' TS5, 1122
b 1*BED C/S AREA'./) o i123%
766 2013 " FORMAT (T12;13vY259F6o2.T40.IPELO...YSS-LP?IO-B) 112a.
767 RETURN | 1125
768 END 1126
4 R ;
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769 ~ - SUBRDUTINE HYDRD 1127.

770 - REAL MGAS 1128,

j 771 COMMON ZHE(46) s AHE(AB) oPV(486) yPH(AE) 4ZF(46) +FFC(46) 1129,

: - 1IFFAD(46) +ZDIS(46),FO({46) . AHEFAV{101),ETUBE(101).DB(4A)MFEEDMDIS 1130,

: T2 v COMMON: YDEHYD/ DBED(101) ,ABED(101).DTUBFI(101)., 1131

IPHI(101)»yPVI(101)+DVBL101). 1132«

21ARRNG(101) 1133,

773 COMMON/DEMAIN/AND yDNZL oDTHICK sF W . 1134,

774 COMMON ZHYMAIN/ UOC46) dURF{A6)H{46) yAT(46)+0T(A6) +T(LOL)sX(A46)s 1130:p

: 1YE(46).FPB(46),FPC(46)-DVFB(&&).DVBBEF(AS)-DBAV(QG).UH(AG)vHLMF- 1136

; 2HLF s VME 4 EMO s FMF JUF sPF s TEF s RGyG yMGAS +DPFIX+ CPFLUDRDIS+DPBsRHOCAD, 1137,
K FEMF+YB(A6) yPAVsHCRWAKBE(A46)+BENDVOLEFFVOLSOLVOLSTETUBE,ICRLIFHBC 1138, ‘
: 7785 CCOMMON /GEN/Z Z(1011:OVBEFF(101) ,ZB(46) AT (46).PI.OZAV.MTB.MT-Ml‘M{igg. '

i . C 40 «

: C CALCULATION OF BUBBLE HYDRODYNAMICS 1i4l.

i P 1142,

g 776 1=0 1143«

777 SUM=0.0 1144,

: 778 SUMEFF=0,0 1145

779 BEDVDL = 040 1146

780 SUMV = 0,0 1147,

781 ICR -0 1140,

782 HCR — 050 1149

783 1FBC = 0 1150,

784 DTUBEI(L)Y = 0.0 1151,

785 15 =1 %1 1152

T86 13 IF (1 «LE« M1) GO TO 5 1153

i 787 TLL)Y = T{(M1) 1154,

i 788 X(I) = X{M]1) 1155

i 789 YR(I) = yYB{ML) 1156

! 790 YE(T) = YE(ML) 1157,

ld 1158

¢ CALCULATION DOF MINIMUM FLUIDIZING VELQCITY LLs9,

C 1150,

791 5 CONT INUF . Ll&L

792 IF {IFBC «GTs 0) GO TO 11 1162 L

793 H(I) = Z(1) 1143

794 DT(I) = DHFD(T) 1le4.

795 S ATCLY = ABEDCID) _ 1165

796 pves(1) = pvBL1) 1166+

797 DVBREF(I) = DVBFFF(I) 11a7.

798 11 CONTTINUF 11565,

799 TEMP. = T(1) 11LA%,

800 IF (1 «5Qas 1Y TEMP = T1(2) , 1170,

801 12 RHOGAS = PAY ¥ MGAS / (RGXTEMP) 11716

802 c VISC = 3,72FE—6 % TFMP *%0.676 , }}7%.

’ 74 .

C UMF{1) ——— MIN,FLUIDIZING VEL« AT THF H(1) LEVEL ABOVE THF 1174,

C DISTR IBUTNR 1175,

803 . AL S 33.7%%2 40,0408 % (DPR/VISC) 117/

1 **2 ¥ DPH % Gox. (RHGCAN — FHOGAS) * WHRGAS 1177,

804 ME(I) = VISCAtDPRBRRHCGAS) % ( SOR'(AI) - 33.7 ) L1778,

80% IF (I «G6T. 1Y GO TO 16 LL79%

BO6 UO(1Y = FMF % MGAS /RHCGAS/AT(1) L180.

RO7 DB{L) = 04347 % C:AT(L) * (UDCL)-UMF{L1)) ZAND. ) %%0.4 Li8l.,

808 GO TO 15 , ) 1182,

c , ' 1183,

! c UQ(T) ~—— SUPERFICTIAL GAS VEL s AT H{I) LEVFEL A3dOVE AISTAFTAUTAR 11Ra.

809 Le UOCL) = FMO % .RG & TOIY / (PAVXAT(I)%(1.0-FTURE(I))) 11135,

S B10 I1F (IFBC +GT« 0) GO TO 128 “1l8AW:

811 IF (ABS(UOCT)I=UMF(1)) elEs 0401 * UMF(I)) GO TO 18 L1887,

812 IF (UOCT) o LT -UMF(T)) GO TN 10 L1,

813 GD TO 17 L1 3%

c . : 1.1.{‘0"

C 1CP e INDICATDR FOR THF" CFITICAL HFIGHT WHERE U0O = UMF 1170,

C . s Ll

8la 18 ICR =1 1193,

' ot LIP4,

C BUBBLE S1ZE CALCULATIONS - L SR 1195.

815 17 DBMAX = 04652 * (AT(1) *{1+0—ETUBECI)) * ABS(UDCII—UMF(IY))*x%x044. 11964

816 16 (DBMAX W LT. PHILI)) GO - TC & ’ L1997 .

817 IF (IARRNGU(I) oGTes 2 +AND. PHI(TY wGF s 0+45%DBLI-1)) DBMAX=PHI(1). 1198,

sle 8 DACL) = DAMAX — (DBMAX~DB(I-1)) #* CXP(—-0.3 * {(H{(I)—H(I=1))Y7DT(1)) 1199,

819 DRAV(ILY = 0.5 % (- DB{I) + DB(I—1) ) : o S 1200,

820 - AKBE(T). = 110 .7 DBAV(I) ; 120L.

| (ot : 1202,
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839
840
341
842
843
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Be2
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CALCULATIONS FOR UBR =~

Uugsg -~ BUBBLE VELe. AT SLUGGING CONDITIONS,
Ul merem—  ABSe. BUBBLE RISIKG VELOCITY,
EpPR ——— BUBBLE FRATION,
EF¢ ~--- CLOUD FRACTICN
UBR = 0,711 * SQRT (. G % CBAV(I) )
UBS = 04355 * SAQRT { G % {(DT(IY+DT(I-1}) / 2.0 )
IF (URBR +GT. UBSY UBR = UBS - "
UDAV = Q0«5 * ( UDTTY + UN(CI~1) )
UMFAY = 0+5 % . { UMF(I) 4+ UMF(I-1) )
UB{I) = UNAV ~ UMFAV % UBR
EPB{I) = ( UDAV — UMFAV ) / UB(IL)*(la0-ETURF{I})
ALFB = EMF % UB{1} / UMFAV
EPC{I) = EPB(I) % ALFB / ( ALFB — 1.0 ) _
IF (EPB(I) «GTs O0e7)} EPB(I) = 047 _
IF (EPC (1) 2GTe (0,99 — ETUBE(I)) ) EPC(I) = 0,99 — FTUBE(I)

BEDVOL = BEDVOL + DVBB{I)
SUMV = SUMYV + DVBBEF(T}

sSOLVOoL = DVBBEF{(T) - DVBB
SUMEFF = SUMEFF + SOLVOL

S5UM.= SUM + SOLVOL / ( 0.
IF (ICR +GT. 0} GO TO 3K
IF (HLF «NE. 0.0) GO TO.2

TEST FOR CONVFRGENCY

IF {ABS{SUMEFF~VMF) LT,
IF (SUMEFF «LTe. VMF) GO T
VOL = SUMV~{SUMEFF—-VMF) %
H{T) = HEIGHT(VNL)

CALL AREA ( H(TI)s DTC(I},
SUMY = SUMY — DVRATF(T)
SUMEFF '= SUMEFF — SNOLVOL

SUM = SUM — SOLVOL / (0.5
oveB{l) = 0.5 * ( AT(I) +
DVBBEF(I) = 0VvaAlI1)Y * { 1
GO TO 16
CONTINUE

TEST FOR CONVERGENCY
IF (ABS{HLI)-HLF) LEs T

IF (ABS{H{I)=HLF) LE. O
IF (H(I) JLTe HLF)Y GO TO
H{I) = HLF :
BEOVOL = AFDVAL — DVBB{(1)
SUMV = SUMV ~ DVEBEF( )

SUMEFF ‘= SUMEFF "« SOLVOL

SUM = SUM — SOLVIL /A (0.5
CALL AREA ( H(I)e NTLI1)y
OVBB(I) = D48 &% ( AT(L) +
DVBRFE(YIY = DVAB(IY = ( L
GO TO-16

UN(I) = UMF(I) )
AT(1) = FMO % RG * T(1) /
CALL HFATI ( ATLI}s OT(I}
ICR = 1

DVBREI)Y = 0.5 %= [ AT{I) +
DVBHEF(1) = pvaB{1y % ( 1
G070 17

CONTINUE

HCR = H(T)

IF (ABS{HET)-HLF) «LEs 1.
IF { ABSU{VMF-SUMEFF)} sLE.
T = 174 1

DBAV{I)Y = 0.0

URLIY = 0.0

AKBE{ 1) = 1000,0

EPB(I) = 060 .
EPCLT) = 0.0 :

IF (VMF WEQs 0.0) GO TO &

FIXED BED CONDITIONS

VOL = SUMV 4 ( VMF — SUME
H(T) = HETGHT(VOL) '

BUBBLE RISING VELAT MIN.FLUDIZATION,

(I) * EPR(T)
g % (AT(I)+ATC(I~1)) )
0

SOLINIUP RN OCIDNDAP ERHODON0 TP

Vs Q1 FVMF) GIY TC 1295

W L PSS NP RS NI PO et et ot 12 et ot P 140 C O O O O OO

1IN RS R IS TN M NS NG R 80 T R I A RO IS NI NI DO N PGS D N A 10 N O S RGN NI NP TN

5

A NSURIWNFG LNy DRSO SN NG
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0O 15 1
{1¢0 — ETUBE(T)) / (l.0-FPH(1)~STUBE(T)) 3?
3
ATCI) ) 34
15
36
#(CAT(T)Y + AT(I-1))) 37
ATCI—-1) ) % ( H{I) - H{I=-1) ) iR
0 — 025 * AHEAV(I) % DTUBEL(T1)} ) 332
4Q
41
/_;;)
43
QE-3AHLF) GC ™™ 125 %4
25 % (H{1)-H(I~-1))) G TN =0 i} &
1s . 06
a7
243
,’_ 44
) 230
KCATCIY 4 AT(T-1)Y) 25l
ATLLY ) : 252
AT(I-1)Y ) * ( H{I) — MHLI~-1)Y ) 253
e0 — 042% X AHTAVIY) ¥ DTURTI(I) ) 294%
29%
2%
{ PaV % U (1) % (LeO—~FTURS(LT)) ) 2%
 JHOIY ) 2%
25
ATCI-1) )y % ( H{T) = oH{t~=1Y ) 2hA
s ~ 0625 % AHCAV(LI) * DTURFI(I) ) S&
“
26
) : 264
OFE=-3%HLF) GO TG 125 24
Q.01 % VMF ) GD-T7. 128 2
¢
2
2
2
2
2
2
2
2
2
2
2
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883  ¥S CONT INUE 1279.
A8 : IF (VMF «E0es 0.0) Hil) = HLF 1280,
88 : CALL AREA ( HEf}; DY(i}- AT(I) ) 1281 .
886 DVBB( 1) = 0S*¥(AT{I}SAT(I=1))*(H(TI)=H(I-1)) 1282 .
88?7 ODVBBEF(I) = DVBEI[)*%(1.0 —0.2S*AHEAV(I)*DTUBEI(I!)) 1283,
888 BEDVOL = BEDVOL + DVBB(I) 1284,
889 SUMVY = SUMV + DVBBEFI(1) 1285,
890 SUMEFF = SUMEFF + DVBBEF(!) 128¢.
RO SUM = SUM + DVBACF(I) 7/ (0.5%(AT(I)+AT(I-1))) 1287.
a9 IFBRC = 1 L2383,
89 GO TO 13 1289,
894 125 ML = 1 1290,
89S TETUBE = l.0 - SUMV/BEDVOL 1291. i
894 EFFVOL = 35UMV 1292,
897 SOLVOL = SUMEFF 1293.
898 M= Ml -1 1294,
C* WRITF (K,206) 1295, 4
C* DN 910 I = 2.M]1 12960 i
C* WRITE(64207) ToHII)DBAVIID)UBI(I)+FPB{I)+ERPCII)IUD(I)UMF(TI) 1237. ;
cC*9]10 CONT INUF 1298, 4
CR206 FNRMAT (90 43X 1% ,3X,"HEIGHT',3X,'AV.BUBELF DIA®+6X,*BUBBLE VEL."1299, ]
C* 14X+ *SUBBLE FRACe® +5Xs 'CLOUD FRACe ' e6Xs * SUPJVELOCITY! ;S5X, 1300, ;
C* 2'°MINFLUGVEL. * /) 1301. ;
C®207 FORMAT (I5,F843+6(3X+1PEL12e4,+:2X)) 1302, g
826 RETURN 1303, s
300 END 1304, P
901 SUBROUTINE APFA ( ZI1, DTI, ATI ) 1305,
902 COMMON /GEN/ Z(lOl).OVEEFF(lOli-28(46)oATP(46)'pl.DZAV.MYB.NT.M[.M{%O?.
£ 07
& CALCULATION (OF THF CR0OSS SECTIONAL AREA GIVFN THE HEIGHT ABOVE 1308,
c THE DISTRIBUTNE 1309,
& 1310
203 po=10 J =1  ATH 1311
904 IF ( Z1 6T, 23(J) ) GO TC 10 1312, |
909 RJM]L = SQRT ( ATB(J-1) 7 P1 ) 1313 !
206 A= 21 - Z7(J=-1) ) 7 ( ZB(Y) - ZB(J-1) ) 131a.
°07 B = SQRT ( ATR(J) 7/ ATB(J=-1) ) - 1.0 1315,
308 RI = ( 1¢0 ¢ . * B ) x RIM] 1316.
Q09 DY! = 240 * R1 1317.
910 ATl = Pl % ] %% 2 1318,
911 GO TO 20 1319.
912 10 CONT INUFE 1320.
913 20 CONTI NUE 1321, 1
ala RE TURN 500,
Q15 END 1323,
916 SUBKOUTINE HFATI ( ATI, DTI, 2ZI ) 1324,
917 - COMMON /GEN/ ztlolb.ovaEFF(101).za(QO).AYB(Aei.p!.DZAv.nrq.ut.ml.M{ggs.
c 6
g CALCULATION OF THE HEIGHT GIVEN THE CFROSS SECTIONAL ARFA {g%z.
-
918 R = SQRY ( ATY 72 PT ) 1329.
919 DTL = 2.0 * RT 1330.
920 5 DO 10 J =1 « MTB 1331.
921 & { ATI 0Ts ATBL)Y ) 6C T |0 1332,
Q22 A = SQRT ( ATI /7 ATB(J-1) ) - 1.0 1333.
923 B = SQRT ( ATB(J) 7 ATB(J-1) ) - 1.0 1334.
924 . € = ZBly) - Z28BLJI-1) = 1335,
925 21 = ZB(J-1) # A = C / B 1336.
926 GO TO 20 1347,
Q27 10 CONT I NUE 1332,
Q928 20 CONT INUF TET S
929 RETURN 1342,
930 END 1341,
93] RUNCTION HE IGHT (VV) 1342,
932 CONMON /GEN/Z Z(101)+DVEFFF(101)+ZP(A6)sATR{AA)PINZAV MTIMT M, M]1343, ’
€ 1344,
c CALCULATION OF THE MEIGHT GIVEN THE FEFFECTIVE VOLUME OF THE BED 1345,
C (EXCLUDING THE VOLUME OCC'I?1-D RBY THF TUALS) 13aK.
€ = 1347,
21313 H = 0.0 1349,




948
949
950
95

953
954
5%
956
957
as8
959

ann

100

SENTRY

SUM = 0,0

SUM = SUM + DVBEFFLI)

H = H & DZay

IF ( SUM LT, VV ) GO YO 100

H = ( VW — SUM ) & DZAV / DVBEFF(I1) + H

GO TO 110
CONTINUE
CONTINUE
HEIGHTY = H
RETURN
END

DO 100 I = 2 4 MT

FUNCTION VOLUME (Z2Z)

nad e
N=0 O
.-

53
S4.
SSe
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1361 .

COMMON /GEN/ Z(101),DVEBEFF(101)+ZB(46)ATB(A6) 4P 1 ,DZAV MTI MT Ml M1 362,

CALCULATON OF THE EFFECTIVE VOLUVMF CF THE BED GIVEN THFE HEIGHT

N = IFIX (ZZ/DZAV)+]

IF ( ZZ - FLOATI(N=1) * DZAV +GTe 0401 * DZAV ) N

SUM = 0.0
DO 100 I = 2 4 N

SUM = SUM + DVBEFF(I1) =

IE-§ I LT+ N} GO-TO 300

A = 160 - ( 2Z - Z(N) ) 7 CZAYV

SUM = SUM = DVBEFF(TI) * A
CONTINUE

VOLUMFE = SUM

RETURN

END

= N ¢+

1363.
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Section VII
MANUAL OF LEVEL I COMPUTER PROGRAM

7-1. Description of the Main Program

The FBC computation is initiated from the section between ISN j
(i.e. internal statement number) 1 and 26. Elutriation correlation

and gas-phase mixing model are chosen following the rule,

IFLUIR = 1 Correlation A

IELUTR = 2 Correlation B

IMODEL = 1 Homogeneous complete mixing
IMODEL = 2 Homogeneous plug flow

The elutriation rate calculated from the correlations chosen above
is multiplied by adjusting parameter BETA before the use for calculation.

The statements from ISN 42 through 50 are for the input data of
coal properties, i.e. name, composition and particle size distribution.
In the section between ISN 36 and 50 the weight fraction is converted
into number fraction mainly by the statement at ISN 41. Than at ISN 45
the size distribution density function is obtained and substituted into
FRACT(I).

The operating conditions are fed to the program at ISN 51. The
basic parameters which are derived from the operating conditions are
calculated by the statements up to ISN 73.

From ISN 74 to ISN 82 the critical particle diameter DPCR is
calculated by solving the equation,

ut (DPCR) = u,
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From ISN 84 to ISN 91 a new grid is introduced at the point dc = DPCR
and FRACT(I) vs DPF(I) relation is modified. Then from ISN 92 to
139 the value of size distribution density function for the coal particle
PHIF(L) corresponding to each interval of DP(L)~ DP(L + 1) is found
from the FRACT(k) vs DPI(k) relationship. The value of DPQ is defined
by the preceding data statemept based on the Tyler standard mesh
opening. The series DP is almost the same as the series DPO except
that DP includes the critical diameter DPCR as one of the grids.

The reactivity of char, ALAM, elutriation rate constant, AKE,
and the dimensionless diameter of char particle, Y, are evaluated
from ISN 140 ~ ISN 176. Where AKE MAX is for the maximum allowable value
of elutriation rate constant.

The integrations
Y; Yi k"
6 3 (l/kc) dy and 6 1 (K /xc) dy

are performed between ISN 177 and 182 and stored in ALAMI AND AKEI.

By the DO loop 32 the second and third moments of the feed size
distribution are calculated.

From ISN 210 the iteration to determine n. (= ETC), © (= THET)
and Bcf (= BCl)is prepared. The iteration scheme is basically the same
as the one illustrated in Figure . Instead of using N and n, for
iteration parameters © and Bcf are used.

ETC iteration is started from

1 if EXAIR > 0

ETC =
1 + EXAIR if EXAIR < 0
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The interval for changing ETC should, therefore, be negative.
DO loop 500 is for ETC iteration. DO loop 200 is for THET iteration.
The average oxygen concentration E;; ( = COXAV) is calculated
by the specified model in the section ISN 231 - ISN 239 so that
the parameter Bcw ( = BC) can be calculated at ISN 240.

From ISN 242 to ISN 256 the calculation to determine Bcf ( = BC1)
is performed. Subrontine CRRECT is called to correct the assumed value
of BCl. EBCl is the difference between the two values of Bcf assumed
and calculated.

Then the new value of ©, THETA, is calculated at ISN 258 and the
difference of assumed values and calculated values, EE, is examined by
CRRECT subroutine.

The new value of Bcw is obtained at ISN 273 and the difference, E,
of this value and the previous value of Bcw is taken so that E is used
for the criterion for ETC iteration. The new assumption for ETC is
given again by the CRRECT subroutine.

The statements from ISN 289~ISN 311 are devoted to the transformation
of number density functions PHIF, PHI and PHIE into the density functions
based on weight fraction, PHIFW, PHIW and PHIEW. Total elutriation loss,
ELOSS, oxygen mole fraction at the outlet, XGO, total amount of char in
the bed, HCHAR, total amount of carbon in the bed, HCARBN, and the
weight fraction of carbon in the bed, HRC, are calculated and printed out.

In this program the temperature iteration and bubble hydrodynamics
calculations have not been included, but combining with Level II program
all of the necessary information can be available.

The relationships between the main program and sub-programs are

shown in Figure 8.

ORIGINAL PAGE 18
OF POOR QUALITY
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called at

ISN 143
and 148 FUNCTION ACTIV -

(LEVEL I)

g o

called at
ISN 248

-

SUBROUTINE POP

called at ISN
251, 262 and

276

=

called at ISN 151

FUNCTION FREEFV

SUBROUTINE CRRECT

FIGURE 8. STRUCTURAL ILLUSTRATION OF LEVEL I PROGRAM
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7-2. Input to the Program

The input data of Level I program is shown in the following table.

The INTEGER variables are right justified.

card the execution returns to the lst READ statement.

Column
Card 1 1-4
4-8
9-16
17-24
25-32
33-40
41-48
49-56
57-64
65-68

Card 2 1-8
9-16
17-24
25-32
33-40
41-48
49-56
57-64
65-72

Card 3 1-8
9-16
17-24
25-32
33-40
41-48
49-56
57-64
65-72

Card 4 1-8
9-16
17-24
25-32
33-40
41-48
49-56
57-64
65-72
73-80

ORIGINAT, PAGE 18

OF p
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TABLE 6

Variable

NAM1
NAM2
SCF
XCV
XH
XS
X0
XN
XW
N

DPF(1)
DPF(2)
DPF(3)
DPF(4)
DPF(5)
DPF(6)
DPF(7)
DPF(8)
DPF(9)

FRACT(1)
FRACT(2)
FRACT(3)
FRACT(4)
FRACT(S)
FRACT(6)
FRACT(7)
FRACT(8)
FRACT(9)

WCOAL
CABS
EXAIR
uo

P

TK

DT
HLMF
DPL
UMF

If the 4th card is a blank

Example

PITY
S
0.504
0.222
0.046
0.027
0.042
0.014
0,013
9

0.002
0.0045
0.0066
0.0125
0.025
0.05
0.1
0.168
0.3175

.0

.075
.031
.088
Sies
+212
.344
si18
.002

OO0 O0OO0OOOO O

~N
o
N

w

N=HAEOON
e » -
NOO =N
—
-
o

w

WL e
- -

wn o

0.168

~
o
o

Type

Alphanumeric
Characters
REAL

REAL

REAL

REAL

REAL

REAL

REAL

INTEGER

REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL

REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL

REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
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7-3. Output of the Pro,ram

The output of a typical run of Level I program is following.




|

FBC CALCULATINN

EFFECTY OF CLUTRIATIDN

PITTS
0.2000% -02
0+4500F -02
0« 6600F-02
0. 1250F-01
0.2285-01
0.25005~-01
0e5000F~-01
0.1003F 00
0.1580% 00
0e3175 00

SLUTRIATION

GAS PHASE MODEL 3

COMPOSITION

0.0

O.1114¢ 03
0.11005 02
0.2182E 01
0+1995 00
0., 1995 0
0.2049F-01
0.,20535-02
0,9278E-04
0.1192-06

CNRRFLATICN

NOo

OF COAL

0+.5040

: NCe 1 BFTA=

NALEAR= 10.0

WODAI JWLSCABSFXAIRP qFMCaUUDePe TK DT JHLMF

042920F 02

0.2172 ol

0.22005 01 0+60C0E~-01

AK sDPCR 4 VOCF J VL S+ THE TM AL AMVF NDP PASH ¢&kHCASH

0.72337 ol

FETCMETHMAX

0.2285z-01

0.1000%~-04

TTC ¢ XGNe THFT,BC,AC]

Ce9291F 0O

0.53325-07

VCW s VCF 4o VL SyHCHAR G WRFD,

0s821CT-01

Y

0.0

Qe 6299% ~-02
0.135a¢ -01
Oela]l7¢~-01
0s.1921%-01
02079 - 01
0.27725~01
0e32767-01
0s 39067 -01
0e¢39277-01
0.a530-01
0.5512F-01
0e6551F-Cl
0. 7196 -01
De?7482F-0C1]
0.78745-01
0.C2G1F-01
O« 1105 00
Oe1313% 0O
01559 00
CelS575Z 00
0. 1BSSS 00
0es220°2% 0O
Qel2624F 00
Ce3121lF 00
0e3159F 00
03573+ 00
0.48400% 00
0e 52007 00
0e 529LE 0C
0.6233= 00
NDe7429r €9
O« RROO" 00
0.1000F n1

0.~70657 02

OF

0.0

02000F =02
0.43007 ~-02
0«4500F-02
0.61005-02
0.6600% -02
0.9R00F-02
O«10a407-01
06 1240F~-C1
0«.1250E~-01
O.14705-01
Oel1 750F-01
0s20R0=~-01
0.2285F -01
0+2460--01
0.2600‘-0[
062950F -01
0s3510c-01
0eal17nF-01
0.4950F -C1
0e50008-01
0.5850-01
0+7010F~-01
0.”2330F-01
0s9910F-01
0.1003= 00
0.llt~f 00
01397 QO
0.15%1% 00
Os1HRO+ 00
O.19381% 00
0e238 2 00
0.27%4% 00
0e317¢ cH

0.2086F 02 0.230SF 01

0. 303€F 01

0.1859F €S CelOCSE OC

HRC 4FCLELOSS+ALAMV, AL AMA

042309 01 O.l138€5 04

PHIF PHI
0N 0s.2CCEF 02
2.0 0.9523F 02
Jelllas 03 0.2391F 02
Oel11148% 03 0.1257¢ 02
0.1100% 02 Q«77178 01
0.1100F 02 0.5369F 01
0e2182F 01 0e4aSSEF 01
0s.2182¢E ol O«.3a]lar 01
N0.2132F 01 Ce1357t 01
02182 01 O0.1285° 01
0.1995F 00 0.1215F ol
0«199SF c¢CC Cel0S1F 01
Del995% 0O 0.7836F 00
0.1995E 00 0.58834F 00
0« 1995F 00 0e 36515 00
N.199%F 00 0+3%32% 00
0.2049-01 0.3CS52F 00
0.2049~-01] 0.24317 00
J«2049F~-0] 0.1€¢53 00
Qe2049F-01 0. 700SE-01
0«20495-01 0+€64507-01
N0.2053-02 0.5605c-01
0.2053-02 Oe431€E-01
N0+2053%-02 0627427 -01
0+.2053F-02 0.a]16E-02
0420837 -02 0e4l325-02
0.9278C-04 0e434485-07

2

Ce3278F ~04a 0s23235~-02

0s?2785-08 0.0
0.3278F-04 0.0
Oe1192F =06 0.0
041192F-06 0e0
01132F-06 040
011328 -06 0«0

100000
0+295€2

ON CCMBLSTION EFFICIENCY
0.2220

0.0860

0« LOSSF 02

0.3036F 05

Oe.17ClE 03

0.7832E 05

PhIFw

0«0

0.0

0+5154E-01
0.611567-01
O.112a4€ 0O
C«11S5F 00
O0.l14%4aF GO
O«.1€1aF 00
Ce«1S49F 00
0«1S70F 00
0.2243F 00
Ce2363F 0O
0.2€02E 00
0.2819€ 00
C«3CS6E 00
0.3118 00
0.3533€ 00
0«3733F 00
0.4129¢ 00
D«4913E 00
0es4S77¢ 00
0+.€4a”F 00
0e5668% 00
Qe €CO" 00
0.7874FC 00
Ce7<CBF 00
CePG25F 0C
0.9157F 00
0es<SSRSE 00
0+.S€ES]1T 00
D+9987F 00
O0eSGESF 00
0e9%CS4%: 00
0elCCOS 01

0.0270

0.6017€ 02

0.2131E~-04

0.137S5E-01

PHIw

0«0
0.6064E-03
0+3044E-02
0+3289E-02
0.51576-02
0.5814E-02
0+9916E-02
0.la36E-01
0«.1953E-01
0« 1974E~-01]
0.2%532€E-01
0.3589E-01
0.5255€E-01
0+.6402E-01
0.7305E-01
0.7488E-01
0.9879€-01
0«1397€ 00
0.1988 00
0«2623E 00
02657 00
0.33S0E 00
0.4523€ 00
0+6136F 00
0.738S5F 00
0.7424E 00
0«8152€ 00
0.9360E 00
0« 1000E 01
0. 10005 0
0.1000E 01
Ce1000E 01
0.1000E 0]
0.1000E 01

0.0a20

0.4000E 01

0+.1000E 01

O«1131E-06

PHIEW

0.0
0.8692E-01
0.2901E 00

D+41561E 00
0.5300E 00
0.6192E 00
0.6984E 00
0.7009€ 00
0.7584E 00
0+3384E 00
0.9306E 00
0.9806E 00
0.1000E 01
0.1000 01
0.1000E 01
0.1 000E 01
0.1000E 01
0«1000E 01
0.1000E 01
0.1000% 01
0.1000E 01
0.1000€ 01
0.1000E 01
0«1000€ 01
0.1000F 01
0.,1000€ 01
0.1000E 01
0.1000E 01
0.1000€ 01
01000 O1
0.1000E 01
0.1000 01

0.0140

0.0130
0.1121€E 04 0.7300€ 02
0.5000E 00 0.1400F 01
0.6694E-01 0.1236E-03
AKE ALAM
0+42709E 01 0.1000€ 01
0.2709E 01 0.9928F 00
O.1121E 01 0.9847E 00
0.1064E 01 0.9840€ 00
0«7496E 00 0.978Ba4E 00
0+.6846E 00 049767 00
0«8456E 00 0.,9692E 00
0.3262E 00 0.9638E 00
0¢2350E 00 0.9571E 00
042315E 00 0.9567E 00
0.1710E 00 0,949SE 00
0¢1235E 00 0+940SE 00
089S0E-01 0.9300E 00
0.7511E-01 0.9237€ 00
0.0 0.9183E 00
0.0 0.9171€ 00
0.0 0.9036E 00
0.0 0«.8874E 00
0.0 0.8690E 00
0.0 0.8482€ 00
0.0 0+.8469E 00
0.0 0.8244E 00
0.0 0. 7977E 00
0.0 0«.7685E 00
0.0 0.73€62E 00
0.0 0+7338E 00
0.0 0+7030E 00
0.0 0+5643E 00
0.0 0.62€1E 00
0.0 0.6220E 00
0.0 0«5S826E 00
0.0 045393E 00
0.0 0.4974F 00
0.0 0«8€ES5SE 00

0+335S0€E 02

0. 7792E-03

ALITYAD ¥00d 40

SI 49vd TVNIOINO

|
1

Py




FORTRAN
symbol

AK

AKE

AKET

AKEMAX

AKF

ALAM

ALAMA

ALAMI

ALAMV

ALAMAF

ALAMVF

ALFO, ALFl,

ALF2

ANDP

AT

BB

BBC, BC

BCl

Nomenclature

99

for Level I Computer Program

Mathematical

symbol

Cw

cf

Unit

cm/sec

cm/sec

o

cm

Description
chemical reaction rate constant
for char combustion

specific elutriation rate constant

-

maximum value of elutriation rate
constant

mass transfer coefficient for
char combustion

reactivity of char

== 353
= 6 .y o = dc/dcm
=3 S 5 3
re . d./d_

f y
0

3
rtoeey” dy
0
dummy parameters

number of sub-intervals in the in-
terval of DPO

cross sectional area

dimensionless parameters

dimensionless parameter

adjusting factor for elutriation rate
constant
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FORTRAN
symbol

BETA
CABS
cC
COXAV

COX0

DB
DCM

DETC

DDP

DPAV

DPCR

DPF
DP FO
DPL
DT
DTH
DY

E

EL-EZ EEE
EE2, ETCL; ETE2

ETC

Mathematical
symbol

[c,1/1s]

by

100

Unit Description

- calcium to sulfur ratio in the total
- solids input

- dimensionless parameter

3 -
gmol/cm average oxygen concentration
gmol/cm3 oxygen concentration at z=0
cmz/sec diffusivity of oxygen
cm average bubble diameter
cm maximum diameter of coal particles
- step size for combustion efficiency
iteration
cm interval size of dc axis
cm average than particle si:c in a
size interval
cm critical diameter for elutriation
(char diameter whose tcrminal
velocity equals gas vclocity)
cm diameter of inlet char
cm extra memory for DPF
cm mean diameter of limestone particles
cm column diameter
sec step size for O iteration

- interval size of y
- relative error for BCw iteration

- relative error of Bc from the
previous iteration step

- coal combustion efficiency
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3
FORTRAN Mathematical Unit Description %
symbol symbol %
EB € - volume fraction of bubbles é
a
EBC1 - difference between the values of B ,5
cf ;
assumed and calculated
EBMAX - tolerance limit for EBC1 =
4
EC (A/W) <K y> |
' i Y ;
EE sec difference betweem the values of
0 assumed and calculated
EETCM - tolerance limit for n. iteration
ELOBS - fraction of carbon elutriated :
EMF € - void fraction of bed at u = u
mf mf
ETC Ne - combustion efficiency
ETCOLD - value of ETC from the previous 3
' iteration
ETHMAX 0 sec maximum value of ©
max
EXAIR EAR - excess air ratio
i
FMO = gmol/sec molar mass flow rate of outlet gas |
FMTH Fmth gmol/sec the critical molar mass flow rate
of air
FR Fr - Froude Number
FRACT - weight fraction of particles in
the corresponding size interval
FRACTO - extra memory for FRACT i
FREEFV U, cm/sec terminal velocity (or freefall |
velocity)
G g cm/sec2 gravity acceleration
HCARBN g hold-up of carbon in the bed
HCHAR g hold-up of char in the bed

ORIGINAL PAGE IS
OF POOR QUALITY




FORTRAN
symbol

HLMF
HRC

IELUTR

IMODEL

INDBOI, INDETC,
INDTH

INDX

MAIR

NAMI , NAM2

NDP

PASH

PHI

Mathematical
symbol

me

Unit

cm

g/gmol
g/gmol
g/gmol
g/gmol
g/gmol
g/ gmol
g/ gmol

g/gmol

atm

Description

bed height at u = u e
mass fraction of carbon in the bed

index for choosing elutriation
correlation

index for choosing gas phase model

index for Bcw’ Ne» and O iterations

index for defining grids of dC

average molecular weight of air

atomic weight of C

atomic weight of Ca

molecular weight of H:

molecular weight of 1,0

molecular weight of N,

molecular weight of 0,

atomic weight of ¢

name of coal (A-Type variabics)

number of sub-interval in tic
interval of DPO (This valu
can be changed artificiallv).
NDP > 1

number of size distribution inputs
(see READ (5,1001) statement)

pressure
fraction of ash elutriated
size distribution density function

for char particles, number
fraction basis




FORTRAN Mathematical
symbol symbol
*

: PHIFW ¢f
PHIF ¢f
PHITTL
RE Rep
RET R

ep
Qr!
RHOAS!] pA
RHOC Pe
RHOG
°g
RHOLCA
RHOLS pgf
RHOP p ==
SE3 S
e
SHP Sh
P
THI ,THE,THET, 0
THE , THETA
THETM 0
max
TK T
: ; UB UB
VISC u
uo u,
UMF umf

‘ ' ORIGINAL PAGE IS
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Unit

g/cm3

g/cm3
g/cm3

g(Ca)/cm3
(limestone)

&/en’
g/cm3

sec

sec

2K
cm/sec
g/cm-sec
cm/sec

cm/sec

Description

size distribution density function
for char fed to the bed, weight
fraction basis

size distribution density function
for char bed to the bed,
number fraction basis

size distribution density function
for char, weight fraction basis

Particle Reynolds Number for DPCR

Particle Reynolds Number for
terminal velocity

density of coal ash
density of coal
density of gas

density of Ca in limestone

density of limestone
density of char
Schmidt Number
Sherwood Number

mean residence time of limestone

maximum value of 0O
average bed temperature
bubble rising velocity
viscosity of gas
superficial gas velocity

minimum fluidizing velocity

E
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FORTRAN
symbol

us

ur

UTF

UCF

VISC

VLS

VMF

WBED

WCOAL

WLS

XC

XCF

XCV

XINF

XLCA

XLS

X0

XGO

Mathematical
symbol

mf
wcoal,f

Lf
Af

2Ca

0

Y02

104

Unit

cm/sec
cm/sec

cms/sec

cmS/sec

3
cm

g
g/sec

g/sec

Description

terminal velocity of char particle
terminal velocity of char particle
volumetric flow rate of coal
viscosity

volumetric feed rate of limestone

bed volume at u u
mf
total bed weight

mass feed rate of coal

mass feed rate of limestone

mass fraction of ash in coal ,
(dry basis) =

mass fraction of carbon in char
(dry basis)

mass fraction of carbon in coal
(dry basis)

mass fraction of volatile carbon
in coal (dry basis)

mole fraction of oxygen in the
gas outlet when combustion is
completed

mass fraction of Ca in limestone

mass fraction of nitrogen in coal
(dry basis)

mass fraction of oxygen in coal
(dry basis)

mole fraction of oxygen in the
outlet stream

Ty

seedindloe i}

adabodlibladedtd s fiads




FORTRAN
symbol

XGOO

XH

XLCA

XNEW

X0

XW

XX
Y (active)
Y (pop)

YA, ¥B YO
YAl, YB1, YCI

b & 4

ZF

Mathematical

symbol

Y02.0

%

XCa,E

1120

105

Unit

Description

mole fraction of oxygen in the feed

mass fraction of hydrogen :n coal
(dry basis)

mass fraction of Ca in limcstone

corrected value of unknown trom
subrontine CRRECT

mass fraction of sulfur in coal
(dry basis)

mass fraction of oxygen in coal
(dry basis)

mass fraction of moisture in coal
(dry basis)

dummy parameter
dimensionless char size
dimensionless function

dummy variables for integration

dimensionless function

dimensionless function
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SECTION VIII

Manual of Level II Computer Program

8.1 Description of the Main Program

After introducing constants and assumed parameters, subroutine
DESIGN is called at ISN 24 to feed the data of design parameters into
the program. From subroutine DESIGN we have the first output listing.

The size distribution of adsorbent particles is then fed from
ISN 25 to ISN 27. The different mean diameters of adsorbent particles
are calculated in the section from ISN 28 to ISN 35. The mean size of
bed particles is assumed to be equal to that of adsorbent particles as
seen at ISN 36. The composition of adsorbent is fed at ISN 37.

Composition and heating value of coal are read at ISN 38. The

size distribution of coal particles is fed from ISN 43 to ISN 45.
Then the surface volume average diameter of coal particles, DCF, is
calculated. The mean diameter of char particles in the bed, DCAV, is
approximated by the statement at ISN 54.

DCAV = (3.0/5.0) DCF (8-1)

This relationship is derived based on the following consideration;

The average size of char particles is needed to calculate the specific

surface area of char particles per unit volume of emulsion, B8, = Py -dc2
By the use of carbon mass fraction, x , a, can be written as
= épl (1-e )X (8-2)
. dc,sv Pef Xeg
where d S is the surface-volume mean diameter of coal or char particles
]

and is expressed as

=g iy
CaS¥ cm v

/¢a (8-3)

» .
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1 1
where wa = 6 y2¢ dy and wv = 6 y3¢ dy are the second and third moments e
3
of size distribution. If the effect of elutriation can be neglected, -

wa and wv can be written as (see Horio and Wen (1975a)):

2
ac (1-2/Bcw) + Z/Bcw (SCR) (8-4d)
w /'4' - - i
2 >
- l—exp(-Bcw/Z)élexp (Bcw y2/2)dy (FDC) (8-4b)
3 6 6 :
ac (1- | = + T)- B3 (SRC) (8-5a)
cw cw cw
wv/wvf = = »
3 3 1 2
il - * 5= B0 —%! )/ exp(—%‘i y©)dy|
Ccw cw 0
(FDC) (8-5h)
where
1/(1-e 'Bcw) (SRC) {
e 1/(1-e Bew/2) (FDC)
-
= e T
e -—11—Ji—42%: for FDC
4MC 0 D02 C02 :

and (SRC) and (FDC) represents Surface Reaction Control and Film Di ffusion

Control respectively.

In most of the cases the value of = is small enough to approximate

i btdladasidl ficiaid ialas dfaedad il ld Lle

(1/3) waf (SRC) (8-6a) g
s i

(2/3) V¢ (FDC) (8-6b)

(1/4) Yog (SRC) (8-7a)

vy
,) . ’ 7
._/5) V£ (FDC) (8 71)
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Thken,

(3/4) d (SRC) (8-8a)

e,sv,f
C, 8V

(3/5) d (FDC) (8-8h)

e, sv,f

In coal combustors the rate is mainly controlled by gas .l
diffusion. Therefore, we have Equation (8-1).

At ISN 55 operating conditions, such as bed height, average bad
pressure, average bed temperature expected and average cooling water
temperature are fed. At the same time the value of overall hecat
transfer coefficient, UHEAV, is fed. If the proper heat transfec: ;
correlation is available, UHEAV should be calculated elsewhere ftiom
the operating conditions. Among the input variables in this read
statement either WAD or CABS and either UF or EXAIR must be zero !

If there is no coal feed (WCOAL = 0), UF has to be specified instead

faadiii AR B i b e el sttt ds s d i b L g0k b ide £ 1 10 e ar,

of EXAlk.

03 22 ched Luid

The parameter EHZ and gst introduced by Equation (- 12)

‘o’
must be specified here.
At ISN 60 the actual heat of combustion, QCOAL, accountin: ior
partial combustion is calculated from the heat of complete coml.i tion,
QCOALC and (CO (GzZCOo) .
The read statement at ISN 60 is for the parameter IGNITL FGNITE

is 0 for the case of no combustion and is 1 for combustion. Thi

parameter is to control the computation. If IGNITE equals zero, the

computation skips the combustion calculation - ISN 37 - 408.

The solids feed temperature, TSF, is specified by the statement of
ISN 02 as 298 °K. This statement can be changed depending on the
operating condition.

ORIGINAL PAGE IS
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From ISN 63 through ISN 87 the statements are used for the overall
gas phase material balance. The statements of ISN 78-87 define the
value of AG(I,J) which are the coefficients of Eqs. (3-41), (3-44) and
(3-49). Statements of ISN 88-93 are for calculating the density of
char and adsorbent particles and the calcium to sulfur ratio, C /S, or
mass feed rate of adsorbents, WAD. WCAD at ISN 94 is the mass flow
rate of calcined adsorbentg. Right after this calculation we have the
second group of output listing, giving the compositions of adsorbents
and coal, size distributions and average particle sizes.

The assumed temperature TAV is substituted into T(I) at ISN 108.

Then, subroutine HYDRO is called for calculating bed expansion,
bubble characteristics, gas interchange coefficient, etc.

In this program the compartments are numbered as shown in Figure 9,

The bottom compartment is numbered 2 and the inlet gas is numbered 1.

ISN 145 specifies the fractional loss of carbon due to elutriation,
ELLOSS. The amount of solids elutriated is defined at ISN 148. There
could be three steady state solutions for a combustion problem. Two of
them, upper and lower, are stable solutions but the middle solution is unstable.
The temperature iteration is needed because of the temperature dependent
coefficients of heat balance equations.

Before the combustion calculations are performed, initial temperature
and combustion efficiencies are assumed at ISN 149 and 152. High
temperature and high efficiency should be assumed to get the stable solution.
The DO loop 600 starting from ISN 164 is a large iteration loop for
temperature calculation. The gas flow rates in both emulsion and bubble
phases are calculated in the DO loop 150. The parameter Ml in the statement

of ISN 174 is defined previously in subroutine HYDRO and denotes the top

ORIGINAL PAGE 18
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MT TOP OF THE FBL

. FREE
BOARD

WEC(M1) E' WD(M1) TOP OF THE BED
WFAD(M1) s —> Wol

TL

FBM(T), FEM(T), WMIX(I) NET(I)
n ——>u0(1) -
7r (QMPARTMENTS
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wFAé(%) ——> 2 ——> WD(2)

-

YB(1), YE(1)

FIGURE 9. TILLUSTRATION OF THE COMPARTMENTS
AND NUMBERING IN LEVEL Il PROGRAM
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compartment number. However, due to the change in the calculated
temperature the expansion of bed can be different from the previously
obtained value and so is the parameter Ml. Therefore, Ml newly obtained
from HYDRO is compared with the old value, MIOLD, at ISN 172. If there
is no change in M1, the calculation in the section of ISN 193-192 is
skipped except in the first iteration.

The DO loops 55, 56, and 57 are provided for the arrangement of
solids feed to each compartment. The statement at ISN 189 is for the
calculation of char flow rate corresponding to the coal feed in each
compartment. The statement at ISN 190 is for the additive feed rate.

In these statements MFEED, ZF (J), FFC (J) and FFAD (J) are supplied
from subroutine DESIGN.

The DO loops 60, 61 and 62 give the distribution of solid discharge
rate from compartments. MDIS, ZDIS(J), and FD(J) are also defined in
subroutine DESIGN.

Calculation of gas phase material balance is performed in the
section, ISN 202-248. Combustion efficiency based on oxygen consumption,
ETCG is calculated. Net flow rate WNET(I) and the back mixing flow rate
WMIX(I) are, then, calculated in the section of ISN 272 and 276. The
coefficients of the solid phase carbon balance Eq. (5-1) are calculated
by the statements between [SN 285 to 308. Then, subroutine SIM) is
called. The results from the subroutine are substituted into the array
X(I) at ISN 306. It must be recalled that the compartments are numbcred

starting from 2.

ORIGINAL PAGE 1S
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The combustion efficiency, ETCC, based on carbon consumption is
calculated at ISN 315. ETCG and ETCC should agree with each other.

Should these differ largely, initial guess value for combustion efficicncy
is altered and the calculations are repeated. CRRECT subroutine is used
to achieve this agreement between ETCG and ETCC.

The temperature calculatioﬁ is then performed based on Equation
(3-96). The coefficients are defined first and the subroutine SIMQ is
called at ISN 373.

The average norm between the new temperature profile and the previous
profile is calculated finally at ISN 382 and checked for the tolcrunce
limit at ISN 384.

Results are printed out at ISN 406. The sulfur capture calculations
are performed in the rest of the main program. Effective C; to 5 molar
ratio including the sulfur supply from inlet gas, CABSE, is defined at
ISN 420. If IGNITE is zero, the sulfur in the coal is not releascd.

Therefore, effect of IGNITE is considered at ISN 417.

The sulfur release rate in each compartment is computed at ISN 121-427,

By the statements at ISN 430 and 431 the starting values of sulfur
concentrations in both bubble and emulsion phases are set for thc
calculation. The sulfur retention efficiency, ETS, is set as unit: flo:
the initiation of the iteration. The statements from ISN 432 to ISN 445
are necessary for applying Regula Falsi method by using subroutine CRRECT.
By the statement at ISN 439, the average conversion of adsorbent 'S
is calculated from the overall balance. The rate constant is calculatoed

at ISN 440 calling the function subprogram AKAD.

—
v
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Then the same calculation scheme as that of combustion calculation
is applied, i.e. subroutine GPHASE is called to calculate YB(I+1) and
YE(I+1) from YB(I) and YE(I). The sulfur retention efficiency can be
obtained from YB(M1) and YE(M1) as stated at ISN 453. The error
between the assumed and calculated sulfur efficiency is fed to subroutine
CRRECT at ISN 455. After the convergence of Ng the results of sulfur
retention and the outlet gas concentration XG(1)°XG(7) are printed out.

In the final section the pressure drop calculation is performed.

To calculate the distributor pressure drop the average temperature
is assumed to be

(average temperature at distributor) = (T(1)+T(2))/2
By using the gas velocity at the distributor orifice, UOR, the pressure
drop is calculated by

aP,. = (UOR/0.6)2 pg/28

The pressure drop in the fluidized bed section is assumed to bc
equal to the weight of bed material per unit cross sectional area and the
calculation is done at ISN 481.

The pressure drop of fixed bed section, if it exists, is calculated
by using Ergun's Equation. The index IFBC at ISN 484 is zero if thcre is
no fixed bed section at the top of the bed. IFBC is defined in subroutine
HYDRO.

Finally the bubble hydrodynamic results are printed out at [SN 194,

ORIGINAL PAGL i
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In this program, an empirical correlation to calculate the Nox

concentration in the outlet gas is incorporated (Ruth (1976)).

AN = 2.9 x 10”8 (ExaIr)?+449

where

AN = gmol NO, emission/cals. fuel burned,

2

EXAIR = excess air, in ffaction.
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The input data for Level II program is read as shown in the following

table.

Card

Card
Card

Card
Card

Card

Card

L ]

[

6

ORIGINAL PAGE IS
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All INTEGER variables are right justified.

Columns

5-8
9-12
13-16

1-10

1-10

11-20
21-30
31-40
41-50
51-60
61-70
71-80

1-10

1-10

11-20
21-30
31-40
41-50
51-60

1-10

11-20
21-30
31-40
41-50
51-60

1-10

11-20
21-30
31-40
41-50
51-60

TABLE 7

Variable

Al .
A2
A3
Ad

MTB

ZB (1)
ATB (1)
ZB (2)
ATB (2)
ZB (3)
ATB (3)
ZB (4)
ATB (4)

MTHE
ZHE (2)
AHE (1)
DTUBE (1)
PV (1)
PH (1)
TIARR (1)

ZHE (3)
AHE (2)
DTUBE (2)
PV (2)
2
TARR (2)

ZHE (4)
AHE (3)
DTUBE (3)
PV (3)
PH (3)
IARR (3)

NCB
DATA
1.2
1.3

0.0

4181.0

50.0

4181.,0

100.0
13415.5
200.0
13415.5

20.0
0.0

0
0
0

o il Bl ]

60.0

0.145
5.4
8.9
11.43

Exgggle

4

3

Type

Alphanumeric
Characters

INTEGER
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL

INTEGER
REAL
REAL
REAL
REAL
REAL
INTEGER

REAL
REAL
REAL
REAL
REAL
INTEGER

REAL
REAL
REAL
REAL
REAL
INTEC: &

B i iais
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Columns Variable Example Type
Card 8  1-10 MFEED 1 INTEGER
Card 9  1-10 ZF(1) 12.7 REAL
11-20 FFC (1) 1.0 REAL
21-30 FFAD (1) 1.0 REAL
Card 10 1-10 MDIS 1 REAL
Card 11 1-10 ZDIS (1) 0.0 REAL
11-20 FD (1) 1.0 REAL
Card 12 1-10 AND 288.0 REAL
11-20 DNZL 0.3734 REAL
21-30 DTHICK 2.54 REAL
Card 13 1-10 DEAV 5.0 REAL
11-20 FW 0.15 REAL
Card 14 1-10 NDPAD 8 INTEGER
Card 15 1-10 DPADF (1) 0.0045 REAL
11-20 DPADF (2) 0.0066 REAL
21-30 DPADF (3) 0.0125 REAL [
31-40 DPADF (4) 0.0250 REAL
41-50 DPADF (5) 0.0500 REAL
51-60 DPADF (6) 0.1003 REAL
61-70 DPADF (7) 0.1680 REAL
71-80 DPADF (8) 0.3175 REAL
Card 16 1-10 FRACTA (1) 0.1720 REAL
11-20 FRACTA (2) 0.0500 REAL
21-30 FRACTA (3) 0.1220 REAL
31-40 FRACTA (4) 0.2250 REAL
41-50 FRACTA (5) 0.2200 REAL
51-60 FRACTA (6) 0.1510 REAL
61-70 FRACTA (7) 0.0590 REAL
71-80 FRACTA (8) 0.0010 REAL
Card 17 1-4 NAMEL1 LIME Alphanuneric |
5-8 NAMEL2 ST18 Characters .
Card 18 1-10 XCACO3 0.820 REAL :
11-20 XMGCO3 0.020 REAL g
Card 19 1-4 NAMEC1 PTGH Alphaimmes § |
5-8 NAMEC2 COAL Characters

FTRT: VT TTRERRITT LTy e I TOERe S0ee




Card

Card

Card

Card

Card

Card

Card

20

21

22

23

24

25

26

Columns

1-10

11-20
21-30
31-40
41-50
51-60
61-70
71-80

1-10

1-10

11-20
21-30
31-40
41-50
51-60
61-70
71-80

1-10

11-20
21-30
31-40
41-50
51-60
61-70
71-80

1-10

11-20
21-30
31-40
41-50
51-60
61-70

1-10

11-20
21-30
31-40
41-50
51-60
61-70
71-80

1-10

11-20
21-30
31-40

'41-50

51-60
61-70
71-80

Variable

XCF
XCv
XH

XS

X0

XN

XW
QCOAL

NDPC

DPCF (1)
DPCF (2)
DPCF (3)
DPCF (4)
DPCF (5)
DPCF (6)
DPCF (7)
DPCF (8)

FRACTC
FRACTC
FRACTC
FRACTC
FRACTC
FRACTC
FRACTC
FRACTC

HLMF
VMF
HLF
PAV
TAV
TWAV
UHEAV

WCOAL
WAD
CABS
UF

TP

PF
EXAIR
XGF(1)

XGF(2)
XGE(3)
XGF(4)
XGF(5)
XGF (6)
XGF(7)
GZCO

GZH2S

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
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Example

0.504
0.222
0.046
0,027
0.043
0.014
0.013
7900.0

8

0.0045
0,0066
0.0125
0.0250
0.0500
0.1003
0.1680
0,3175

0.0750
0.0310
0.0880
0.1290
0.2120
0.3440
0.1190
0.0020

OO0 OO0 DOLDOO
- il T - it
OO0 O0OO0O0O0O

Type

REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL

INTEGER

REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL

REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL

REAL
REAL
REAL
REAL
REAL
REAL
REAL

REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL

REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL

R AN
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Columns Variable
Card 27 1-10 GZH2
Card 28 1-10 IGNITE
8-3. Output of the Program
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Examgle
0.0

Tzne
REAL

INTEGER

The output of a typical run of Level II program is following.




NCE CATA 1.2 1.3

AREA OF BED,SQ.CM.

CROSS SECTIONAL

HT.ABCVE DISTRIBUTOR,CM

VER.PITCH,CH HOR.PITCH,CM TUBES ARRNGT

DIA.OF TUBES,CW

SP.HEAT TRANS.AREA,SQ.CM/CL.CH

HEIGHT ,CM

ovo

1280
0.000

0.0
FRACTION COAL FED

w

ooo

Qoo
NOO
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FRACTION L IMESTONE FED

SOLIDS FEED LEVEL

1.0000 1.0000

FRACTION DISCHARGED

12.70
SOLIDS DISCHARGE LEVEL

1.0000

66.00

NO.OF CISTRIBUTOR HOLES

NOZZLE ODIAMETER
DISTRIBUTOR

288.0
C.3734
2.5400

CH

CH

THICKNESS

5.000 CM
0.150
CELL EFF.VCL.

DZAV

AVERAGE CELL SIZE =

Fw
HE IGHT

TUBE ARRNGT

VER.PITCH HOR .PITCH

TUBE DIA.

TUBE VOL.FR.SP.HE.AREA

CELL VOLUME

NO.
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NOX

0.0000E 00 0.0000E 00 0.0000E 00 0.1839E-04
1.1519E 01

H2S

co
PRESSURE DROP ACROSS THE CISTRIBUTOR =

PRESSURE DROP IN THE BECD

H20

coz2 soz
0.1535€ 0C 0.3500E-03 0.5742E-01
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Nomenclature of Level II Program
FORTRAN Mathematical
Symbol Symbol Unit Description
AAA - - matrix coefficients
AG - mole outlet gas composition (0,, CO,, SO,, '
fraction HZO’ €0, H.S, HZ' NZ) =
AHE auE 'cmz/cm3 specific heat transfer area
AHEAV auE cmz/cm3 specific heat transfer area in each ,
: 1 ,
compartment ]
AKB k. cm/sec overall surface reaction rate constant s
for coal combustion in the bubble phase é
AKBE KBE i 1/sec gas exchange coefficient in the ith
5 compartment
AKE kc cm/sec overall surface reaction rate constant
for coal combustion in the emulsion ’
phase
AKO kvz 1/sec volumetric reaction rate constant for
SO2 reaction
ALFA - - temperature matrix coefficient
AND Nd - number of distributor holes
ANOX NOx mole NOx concentration in the efflucnt gas
fraction
AT At i cm2 cross sectional area of the bed at
: each location
ATB - cm2 cross sectional area of the IBC at
specified locations
BBB - - matrix coefficient
BEDVOL '} cm3 total bed volume
BETA - - temperature matrix coeffic.icnt = i
CABS [c.1/18] mole mole ratio of calcium to sulfur
a : .
ratio in feed solids
CABSE [C,If/[S]. mole effective ratio of calcium to sulfur
da f . . 3
ratio in the feed (gas and solids)
CADF Ceg Cal/g°C heat capacity of additives fed



FORTRAN Mathematical
Symbol Symbol
CCF Ccf
CELU We
CGM C

gm
CGMF Cgmf
CLOSS -
CS Cs
DB DB
DBAV DB,av
DENOM -
DCAV dc
DELT -
DNZL -
DPADH -
DPADR d

P
DPB d2
DPDIS -
DPFIX -
DPFLU -
i B i
DTHICK -
DVBB AV,
DVBBEF -
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Unit

Cal/g°C
g/sec
Cal/gmol°K

Cal/gmol°K

g/sec

cal/g°K
cm

cm

gmol/sec

cm

cm

cm

cm

cm
cm H,0

cm H,O
cm H,0

cm

cm
3

cm

3
cm

Description
heat capacity of coal fed

elutriation rate of unburnt char
molar heat capacity of gas

molar heat capacity of gas at feed
temperature

total carbon loss
heat capacity of solids
bubble diameter

average bubble size of each
compartment

total sulfur fed into the bed
average particle size
temperature matrix coefficient
diameter of distributor holes
surface volume mean diameter of
additives (used in hydrodynamic

calculations)

weight mean diameter of additives
(used for reaction calculations)

particle diameter of additives
pressure drop across the distributor

pressure drop in the fixed bed
section

pressure drop in the fluidized
section

diameter of the bed at each location
distributor plate thickness
volume of compartment

effective volume of compartment
eccluding tubes

S Bt LAt A ALl 4 bt LR R s colbtat ds f it o bt A re ot it it s Ll sdda el Aada iddy )3

bolshad sttt niais tond bashnb ol Lol d) tndude it iad o i 2o
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FORTRAN Mathematical
Symbol Symbol
DZAV -
EFFVOL -
ELLOSS -
EMF emf
ETC n
ETCA = -
ETCC -
ETCG -
ETCP -
ETS -
ETUBE etube,i
EXAIR EAR
FBM FBM
FD -
FEM FEM
FFAD -
FFC -
FMF me
FMO F

m
FMTH F

mth
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Unit
cm

cm

wt.
fraction

gmol/sec

gmol/sec

gmol/sec

ghol/sec

gmol/sec

Description

average compartment size

effective volume of bed eccluding
tubes

|
31‘
|

elutriation loss

void fraction at minimum fluidization
carbon combustion efficiency
assumed carbon combustion efficiency

combustion efficiency based on carbon
consumption

combustion efficiency based on oxygen
consumption

efficiency of pyrolysis
efficiency of sulfur cupture

tube volume fraction in each
compartment

excess air
molar flow rate of gas in bubble phase

fraction of total solids discharged
at each location

molar flow rate of gus in emulsion

fraction of total additives fed at
each location

fraction of total coal fed at each
location

molar flow rate of inlet gas

total molar flow rate of gas in the
bed

theoretical feed rate of inlet gas
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FORTRAN Mathematical
Symbol Symbol Unit Description
FS fz - fractional conversion of additives
FW fw - volume fraction of wake to bubble
G g 980.1 cm/sec2 acceleration due to gravity
GZCO 3 - ratio of CO formation rate to carbon ‘
CO
combustion rate
GZH2 EH - ratio of H, formation rate from coal
2 to sum of H2 and HZO formation rate
from coal
GZH2S EHZS - ratio of H.S formation rate to sulfur
feed rate
H(I) ,H(I+1) hi cm height of the bottom and top of each
compartment above distributor
i+l
HAREA - cmz total heat transfer area
HCR - cm critical bed height
HLF Lf cm height of the fluidized (expanded) bed
HLMF me cm height of minimum fluidization
ICR - - indicator for critical bhed height
IFBC - - indicator for the fixed hed section 5
IGNITE - - index for combustion culculation
(= 1, combustion, = 0, no combustion) |
MAIR M. g/mole molecular weight of ai |
;

;
1
;
2
3




1S E
127 ORIGINAL I;?GE |
OF POOR Q@
FORTRAN Mathematical ;
Symbol Symbol Unit Description 2
MC Mc g/g atm atomic weight of carbon |
MCACO3 MCaC03 g/g atm molecular weight of CaCo, ]
MCAO MCaO g/g atm molecular weight of Ca0 ‘
MCASO4 MCaSO4 g/g atm molecular weight of Ca.SO4
*MCO MCO g/g atm molecular weight of CQ
MCO2 M g/g atm molecular weight of CO
CO2 -
MDIS - - number of solids discharge locations
MFEED number of solids feed locations
MGAS Mg g/g mole molecular weight of feed gas : x'
Mi2 MHZ g/g mole molecular weight of hydrogen
MH20 M” 0 g/g mole molecular weight of water
2 ]
nizs MHZS g/g mole molecular weight of HZS
MMGCO3 MMgCOS g/g mole molecular weight of MgCOs
MMGO MMgO g/g mole molecular weight of MgO
MN2 MN g/g mole molecular weight of nitrogen
2 V
i
MO2 Mo g/g mole molecular weight of oxygen '
2
MS Ms g/g atm atomic weight of sulfur
MS02 MS02 g/g mole molecular weight of SO2 .'
MT - - total number of divisions of the
FBC + 1

MI'B - - number of specified locations




FORTRAN
Symbol

NAMEC1
NAMEC2

NAMEL1
NAMEL2

NDPAD
DPADF
FRACTA

NDPC
DPCF
FRACTC

PAV
PF

PH

PI

PV

QAREA

QCLCN

QCOAL

QCOALC

QIN

QTRANS

QVOL

RG

RHOAD
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Mathematical
Symbo1l Unit Description
= - name of coal
- - name of limestone
- cm size distribution of limestone :
wt. fraction particles - number of size intervals
- (NDPAD), upper bound of each size
interval (DPADF), weight fraction
(FRACTA)
cm size distribution of coal particles -
wt, fraction number of size intervals (NDPC), upper
bound of each size interval (DPCF),
weight fraction (FRACTC)
P atm average pressure of the I'BC _
- atm inlet gas pressure at the distributor ]
Py cm horizontal pitch of the cooling coils L 3
3
L 3.141593 mathematical constant i
= cm vertical pitch of the cooling coils
- Cal/cmzsec heat transfer rate per cmz heat
transfer area
q, Cal total heat of calcination of
limestone
Q. Cal/g heating value of coal for incomplete
combustion
- Cal/g heating value of coal for complete
combustion
- Cal/sec sensible heat carried in by feed
solids and gas
- Cal/sec total heat transferred to the
coolant
- Cal/sec cm3 heat transfer rate per em” of bed
R cc-atm/gmol-K gas constant
Pog g/cm3 density of limestone
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FORTRAN Mathematical 7,
Symbol Symbol Unit Description
RHOASH A g/cn3 density of ash i
RHOC Pef g/cm3 density of coal
RHOCAD Py g/cm3 density of calcined additives
RHOCH Peh g/cm® density of char e
RHOFG - g/cm3 density of feed gas |
RHOGAS p‘ g/cm3 density of gas in the bed
RR g/sec rate of combustion in each

compartment per unit carbon

concentration
RR (I) - Cal/sec heat generation rate minus heat

consumption rate in each compartment
RRB - g/sec rate of combustion of carbon in the

bubble phase in each compartment
RRE - g/sec rate of combustion of carbon in

the emulsion phase in each compart-

ment
S (I) - ~ index for net flow (-1, for

downward flow, +1, for upward flow)
SRELB &.} - gmol/sec sulfur release rate in the bubble

phase
SRELE - gmol/sec sulfur release rate in the emulsion

phase
T < bed temperature
TAV - °K average bed temperature :
TCAR - g/sec total carbon available for combustion
TCRATE - g/sec total carbon combustion rate
TETUBE - - total volume fraction of tubes
TF Tg ** inlet gas temperature
THET ] sec residence time in the top compartment
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FORTRAN Mathematical

Symbol Symbol Unit Description

TNORM - = temperature for convergency criterion

TOLD - b bed temperature in the previous
iteration

TPB - °K temperature of particles in the
bubble phase

TPE - . temperature of particles in the i
emulsion phase

TSF Tee ki 4 temperature of feed solids

™ S °K temperature of coolant

TWAV - °K average coolant temperature

UB uy cm/sec bubble velocity

UF ug cm/sec superficial gas velocity at the
distributor at the inlet temperature
and pressure

UHE u Cal/cm®sec®k overall heat transfer coefficient !

UHEAV - Cal/cmzsec°K average overall heat transfer
coefficient

UMF unf cm/sec minimum fluidization velocity

uo u, cm/sec superficial gas velocity

VISC u g/cm sec  viscosity of gas in the bed

VMF cm3 volume of bed at minimum fluidization

WAD Wog g/ sec total limestone feed rate

WCAD - g/sec total calcined additives feed rate

WCOAL W g/sec total coal feed rate

WELT - g/sec total solids elutriated

WFAD - g/ sec feed rate of calcined additives at
each location

i
WFC - g/sec feed rate of char at each .ocation
WMI X Wnix g/sec upward and downward flow rate of

solids due to backflow
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FORTRAN

Symbol
WNET

XAV
SAVIC

XC

XCACO3

XCAO
XCF

XCV

XCF (I)

XH

XMGCO3

X0

YAV

YB

YBO

YE

YEO

Mathematical

Symbol

¥net

X
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Unit

g/sec

wt. fraction
wt.fraction

wt. fraction
wt. fraction
wt. fraction
wt. fraction
wt. fraction
mole fraction

wt. fraction

wt., fraction

wt. fraction
wt. fraction
wt. fraction
mole fraction

mole fraction

mole fraction

mole fraction

mole fraction

e

IS
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Description

net flow rate of solids

carbon concentration in the bed

average carbon concentration in the
bed (IC denotes initial condition)

total carbon content in the coal

CaCO3 content in the limestone

Ca0 content in the additives 3

weight fraction of fixed carbon in the
coal (d b)

FSVPPLITRET T LyRprr yowvsy

weight fraction of volatiles in the
coal (d b)

feed gas composition (02, C02, SOZ’ HZO’

Co, H,S, H,, N)) /

weight fraction of hydrogen in the
coal (d b)

MgCO3 content in limestone

weight fraction of nitrogen in coal (d b)
weight fraction of oxygen in coal (d b)
weight fraction of sulfur in coal(d b)
average oxygen concentration in the bed
bubble phase concentration of oxygen in
combustion calculations or sulfur dioxide
in SO2 calculations

bubble phase concentration of oxygen
emulsion phase concentration of oxygen

in combustion calculations or sulfur

dioxide in SO2 calculations |

emulsion phase concentration of oxygen
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FORTRAN Mathematical

Symbol Symbol Unit Description

Z Z cm height above the distributor

ZAVG - cm average height of the compartment
ZB - cm specified location

égls - cm locations of discharge and feed
ZHE - ‘ocm locations of bottom and top of the

cooling coils
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Section IX

MANUAL OF COMPUTER SUB-PROGRAMS

In this section the sub-programs used in the computer programs
(Level I and II) are explained in detail., Following Table 9 shows the list of
subroutines in alphabetical order. Except the subroutine SIMQ which is the
duplication of one of the subroutines in SSP supplied by IBM, explanation

is given for each sub-program.

TABLE 8
LIST OF ORIGINAL COMPUTER SUB-PROGRAMS

No. Title -Used in Functions
1 ACTIV Level I Calculation of the reactivity of char
%c' f:r gizen data of y, dcm’ og. u, ﬂ
88 e’ 8
2 AKAD Level II Calculation of the rate constant of sulfur
capturing reaction, kvz for given data of
fz, dz and T.

3 AKK Level II Calculation of the combustion rate constant
: k. and the temperature of char particles E A
£6r given t, p, dc and Y02

4 AREA Level II Calculation of A
distribution, 2z

¢ for a given height above

5 CRRECT Level I § II Calculation of the value of an unknown
parameter assumed for the next trial of
Regula Falsi iteration

6 DESIGN Level II Input subroutine for the design parameters
of the bed, Redistribution of the parameters
for each elemental volume

7 FREERV Level I Calculation of the free fall velocity
(terminal velocity) of particle of given
property (dp.) in the gas of given

property (ns.ws)




No.

10

11

12

13

Title

GPHASE

HEIGHT

HFATI

HYDRO

POP

VOLUME
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(Table 9 Continued)

Used in

Level II

Level II

Level II

Level II

Level I

Level II

Functions

GPHASE given the value of gaseous species
concentrations in bubble and emulsion phases
of the ith compartment, yg; and ygj, from

a given hydrodynamic and Einetic informations
and the values of yg ;.1 and yg j.1. It

is assumed there that the reaction is first
order about the relevant species.

Calculation of the effective height
of the bed excluding the volume occupied
by tubes.

Calculation of the bed height above the
distributor at any given corss-sectional
area of the bed.

Calculation of the bubble hydrodynamics-
minimum fluidizing velocity, superficial
velocity, bubble size, bubble fraction,
cloud fraction, bubble velocity and
location of the fixed bed section above
the fluidized bed section, computation
of height at minimum fluidization or
height of fluidized bed.

Calculation of the size distribution
density function of char in the bed.

Calculation of the effective volume of
the bed for the given height of the
fluidized bed.
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9-1. Function ACTIV

Reactivity of char, xc, is calculated in this sub-program based on
the equation:

xc : 1/(ch/kcf =

ch must be fed as an input but kcf is calculated in the subprogram by
assuming Sh = 2. The value of Sherwood number can be changed as a
function of Reynolds number easily, since Reynolds number is also
computed in this sub-program although it is not used. Then the mass

transfer coefficient is given as

ke = Sh - U'oz/dc

where dc = dCm .y
The inputs and outputs of this sub-program are,
Inputs to the sub-program: Y, DCM, RHOG, VISC, D, AK, UO

Qutput from the sub-program: ACTIV

= - e A

Nomenclature Code Model variable Description Unit
AK ch chemical reaction ratc¢ constant cm/sec
AKF kcf mass transfer coefficicnt cm/sec
ACTIV Ac reactivity of char -
D DOZ diffusivity of oxygen cm2/sec
DCM dcm maximum diameter of char

particles cm
RHOG pg gas density g/cm3
uo u, gas superficial velocity cm/sec
VISC v gds vescosity g/cmesec
¥ y dimensionless particle

diameter of char
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9-2, Function AKAD

-~

Mean overall rate constant for sulfur capturing reaction, kvl’
is computed by this function sub-program. The sub-program shown in
this report is for temporary use because of the lack of general kinetic
data. This function is designed based on the data by Borgwardt (1972)
for Type 4 limestone. The condition of Borgwardt is summarized as follows:
1) reaction: limestone - SO2
2) temperature: 1253 °K
3) particle size: 0.0096~0.13 cm
Mean overall reaction rate constant is calculated by the equation,

kyg = Ky Sg Ay (£, d))

-

where kvz is defined as

k7, = 3.72 x107° exp (- 17.5 x 10%/RT)
This value of activation energy was obtained by Wen and Ishida (1973).
By using Borgwardt (1972)'s data the specific surface Sg is correlated

with temperature (calcination temperature) as

Sg = - 193,75 T + 275,000 cmz/g T>1100K . For T < 1100 K, & . = *g at
: 1100 K
From Borgwardt's experiment the relationships between Az and fQ are

obtained. The data are reformed using Equations (3-65) and (3-66)
and the function Al (fz) is calculated for each particle diameter. 3 é

The results are stored in the sub-program. Linear

Hwr I

interpolation on the semi-logarithmic space is applied to obtain the i
value of Al for the arbitrary input of fz and dz' The equations

for the interpolation are:
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To improve the validity of this function sub-program, kinetic data
covering wide temperature and particle size ranges are needed. The direct
combination of a kinetic model for one particle will not be effective due
to the computation time limitation. It is, therefore, recommended to

provide the value of kvz over the wide conditions such as

T = 950~1350 °K
dz = 0,01~0.5 cm

and apply the interpolation not only for f2 and d2 but also T.
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The inputs and outputs of this sub-program are,
Inputs: FS, DP, T

Outputs: AKAD

Nomenclature Code Model variable Description 3
=

AKAD iQL mean overall reaction rate constant ]

ALIME il mean reactivity of adsorbent j

DP dl particle diameter of adsorbent |

DP1, DP2, DP3 dza’dlb particle diameters of stored data 1

FB(I) %21 mean conversion data grid

FS %2 mean conversion

RR(I), RB(I), mean reactivity data corresponding

RC(I) to the particle sizes of DP1, DP2, /
and DP3 respectively. =

u *1a

R2 Alb

XXX n (d,/d,)

- (dla/dlb)

9-3. Subroutine AKK

Combustion rate constant, kc’ and the temperature of char particle
are calculated by this subroutinc., At first, the char particle temperature
is assumed to be equal to the bed temperature. Applying Equation (3-101)
the following equation is used for the criterion equation for testing
the assumed value of char particle temperature:

7900 k_p yo,/RT”

Error = Tc T

. 3
- -1
d =

C C

== (Tc + T)/2
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where
Ge i lly WX
"t o % | - 3 ORIGINAT, PAGE IS
A” = 0.5659 x 107" + 1.07x 107" T* OF poor QUALITY]
are used. £

For calculating kc the following data are used:
ch - (TC/IOOO) exp (17.9 - 35.7/(0.001986 Tc))
Sh = 2

D = 4.26 (T-/1800) 173

/P

Subroutine CRRECT is applied for correcting the assumed value of T..
The inputs and outputs of this sub-program are,

Inputs: T, P, DC, YO2, RG

Outputs: AKR, TP

Nomenclature Code Model variable Description Unit
AKF kCf mass transfer coeeficient

AKR ch chemical reaction constant

AKS kc overall combustion rate constant
COND A” thermal conductivity of gas

D D diffusivity of oxygen cmz/sec
EM £ emissivity

ETS Error

ETSMAX max(Error) tolerance limit for iteration °x
SHP Sh Sherwood number -
SIGM o

T T bed temperature %
TAV o average temperature for gas film °g

P T char particle temperaturc °K
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9-4, Subroutine AREA

By using this subroutine the cross sectional area of the bed can
be calculated at any given height. Into subroutine DESIGN a set of
the data zj and Ajj j = 1-MTB is fed and stored in the common address
before subroutine AREA is called.

For a given height z, zj_1 and zj are searched so that

Zj_lf z <ZJ.

Then, the cross sectional area A correspondint to z is obtained

by the following equation:

A= wrz
z - z._1 A. 1/2
r= [1+ E____Jz_ '{(KJ—) =1 5
j i=1 j-1
= 1/2
Fe1 = (A /%)

where it is assumed that the diameter in between zj_1 and Z4 is
proportional to the height. The diameter D, is also calculated.
The inputs and outputs of this sub-program are,
Inputs: ZI

Other parameters supplied from common(GEN/:ZB(J), ATB(J), J = 1, MTB

Nomenclatures Code Model variable Description

ATB(J) Aj bed cross section at z=2z.

ATI At bed cross section at z=z

DTI Dy equivalent diametcr of bed
at z=z

RI n radius at z=2z

ZB(J) 2 height from the distributor

J where the data for cross-

sectional area is given

Unit

cm

cm

cm

cm

cm

Z1 z height from the distributor cm

AR L el ol it Ll Lt by

i el e iddin

Ll LM A el S

Akl i Lhhhbises M=l ed Ly
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9-5. Subroutine CRRECT

Subroutine CRRECT provides the assumed value for the unknown
variable to be used in the next iteration of Regula Falsi method and
also judges if the iteration has converged.

The regula Falsi iteration has two different periods,

Period 1: the root is ndot captured in the interval (INDX = ()

Period 2: thg root is captured in rthe interval (INDX = 1)
as illustrated in Figure 10.

The parameter INDX is an indicator of the periods and INDX = 2
indicates that the iteration has converged. During period 1 the search
for the root is repeated by proceeding in one direction specified by the
sign of increment for X, DX. Once the root is captured in the interval,
Newton-Raphson scheme is applied.

To apply this subroutine the following statements must be prepared
in the program from where CRRECT is called.

1) Initial assumption for the unknown parameter, X

2) Value for differential increment, AX

3) Tolerance limit for ERROR: E

4) 1Initial value for INDX the error, INDX = 0

5) DO loop for iteration

6) A statement to get off from the DO loop when INDX = 2.

Therefore the program looks like

= =

g Eeaeem (positive for the search by increaseing X and negative
’ for the search by decreasing X).

EMAX-= ... (must be always positive)

INDX = 0
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DO 000 I =1, AA (aA is for the maximum acceptable number of trials)

E = function F (X)

CALL CRRECT (I, INDX, DX, X1, X2, X, El, E2, E, EMAX)

IF (INDX. EQ. 2) GO TO
000 CONTINUE

XXX CONTINUE

XXX

The initial value of X and the sign of DX are very important factor

to get a successful result from the iteration.

If there are multiple roots,

special consideration for choosing these values is needed.

In the ordinary case it is recommended to start from the maximum or

minimum possible value of the unknown X.

The inputs to the subroutine are, the number of trial (i.e. DO loop

variable), I, INDX, increment DX, assumed value of X,error E and the

tolerance limit EMAX. The results of previous iterations, i.e. X1 and

X2 and the corresponding values El and E2 are additional inputs to the

subroutine. However, these values are always renewed by the subroutine.

The outputs from the subroutine are INDX, X1, X2, El, E2 and the value

X for next assumption.

Subroutine CRRECT can be applied to the multi-dimensional search

problem. In this case, the unknowns are X1

Dxm, E1 =T Em and EMAX

1 "

must have the following structure:

=,

b

EMAXI = .....

INDX1 = 0

DO m I1 =1,

ORIGINAL PAGE IS
OF POOR QUALITY

..... Xm and, therefore, DX

1

EMAXm are needed. The main program

saaddbiisibie binhlanit b Libai il oa Mab A i e cildhe bl e
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X2=.,...

DX2 = ...

EMAX2 = .....

INDX2 = 0

DO m-1 12 =1, AA

T e

i E e

EMAXm = .....

INDXm = 0 :
DO 1 Im =1, AA

EM = Fm (X1 Xm)

CALL CRRECT (Im, INDXm, DXm, Xml, Xm2, Xm, Eml, Em2, Em, EMAXm)
1 If (INDXm. EQ. 2) GO TO Al

Al CONTINUE

CALL CRRECT (I2, INDX2, DX2, X21, X22, X2, E21, E22, E2, EMAX2)
(m-1)IF (INDX2. EQ.2) GO TO A(m-1) /
A(m-1) CONTINUE

R e e L
CALL CRRECF (11, inBxi, ox1, x11, x12, x1, E11, E12, E1, EMAXI)

m TF (INDXl. EQ.1) GO TO Am

Am  CONTINUE
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9-6. Subroutine Design

All the design parameters are fed into the main program by calling
this subroutine. The axial variation of the bed cross-section with
respect to the bed height (At vs. z), the locations of the heat transfer
tubes, the specifications of the tubes (specific heat transfer area,
tube diameter, vertical pitch, horizontal pitch, tubes arrangement),
solids feed locations and the fractions of feed through each nozzle,
solids discharge locations and the fractions of materials discharged
through each discharger nozzle and diameter of the distributor tubes
and thickness of the distributor plate are the bed design parameters
fed into the program.

Specific heat transfer area of the coil in a section of the bed
refers to the outside surface area of the coils available for heat transfer
per unit volume of the bed in that section. The tubes arrangement
is coded into four divisions, and in the program it is denoted as
IARR (I). If IARR (I) is(l) it refers to the vertical triangular
arrangement; (2) the vertical rectangular arrangement; (3) horizontal
in line arrangement, and (4) horizontal staggered arrangement.

If the specific heat transfer area is not given, but the tube

diameter is given, the former can be calculated from the expression

Que = T do/(PH . Pv)
where AE is the specific heat transfer area [cmz/cm3 (bed) ].
do is the outside diameter of cooling coils

PH is the horizontal pitch

Pv is the vertical pitch

ORIGINAL PAGE 18
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(a) triangular arrangement

<<

.

; Ao

(b) rectangular arrangement

FIGURE 11 {LLUSTRATION FOR THE ARRANGEMENT OF
HORIZONTAL COOLING TUBES
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For the triangular arrangement as shown in the Figure 19,

Total heat transfer area

e © “Total volume
1 4 L
3 ( o ) . ! d, ;
=¥ == 5,
) Py Py L H'V

For the rectangular arrangement,
m™d md
(") o

a Z e—— =
HE = P pL #

The height of an elemental volume of bed corresponding to each
compartment is chosen. The height should be so chosen that the total
number of compartments is always less than the maximum dimensions
allowed by the program. After having chosen the elemental volume, the L
specifications of the heat transfer tubes are computed for each compartment.
Also, the diameter and area for each location are calculated. The
differential volume of each compartment, and the effective volume excluding
the volume occupied by the heat transfer tubes are computed.

Volume occupied by tubes per unit volume of bed is given as follows:

T d
(for rectangular arrangement): 4 o ——H
- T T %
H Vv
1 =L
(for the triangular arrangement): 2 (7%) L = d_o
1 P_P = w
5 -y
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Tube volume fraction is, then, equal to

Siine * 1 - effective vol./total volume

For each compartment, the height, volume, effective volume, tube fraction

specific heat transfer area, tube outer diameter, vertical pitch,

horizontal pitch and tube arrangement are printed out in additions to

the diameter and cross-sectional area of the bed for each location.
So, essentially, subroutine DESIGN takes care of the design

parameters and distributes them to each compartment.

Nomenclature
Code Model Variables Description
AY, A2; K3, - ALPHANUMERIC CHARACTERS
Ad
ABED At i Area of the FBC at each location
»
AHE Ak Specific heat transfer area
AHEAV AE i Specific heat transfer area in
=
each compartment
AND ny Number of distributor holes
ATB At i Cross-sectional area of the FBC
E]
DBED Dt i Diameter of the FBC at each
= location
DEAV AZ Average cell or compartment
height
DNZL - Diameter of distributor holes
DTHICK - Distributor plate thickness
DTUBE do Heat transfer tubes outside
diameter
DTUBEI d0 i Tube outside diameter in each
’

compartment

cmz/cm3

cmz/cm3

(3%

cm

cm

cm

cm

cm

Ci

cm

e bdont o
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Model Variables
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Nomenclature (Cont'd)

DVB

DVBEFF

ETUBE

FD

FFC

FFAD

IARR

IARRNG

MDIS

MFEED

MTHE
PH
PHI
PI
PV
PVI

ZB, ZHE, ZF,
ZDIS

ZDIS

ZHE

Z(1), Z(1+1)

Zi+1

Description

-

Volume of each compartment

Effective volume of each
compartment

Tube volume fraction

Fraction of total solids dis-
charged at each location

Fraction of total coal fed at
each location

Fraction of total additive fed
at each location

Tubes arrangement code

Tubes arrangement code for
each compartment

No. of solids discharge locations
No. of solids feed locations

No. of specified locations

No. of coil locations

Horizontal pitch of the coils

Unit

3
cm

cm

cm

Horizontal pitch in each compartment cm

Pi
Vertical pitch of the coils
Vertical pitch in each compartment

Height above the distributor

Location of solids discharge

Locations of the bottom and top
of the heat transfer coils

Locations of the bottom and top
of the ith compartment above the
distributor

3.1415926

cm

cm

cm

cm

cm

cm
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9-7. Function FREEFV

This function gives the terminal velocity of single particle based

on the equation g
(b, - p.) sd2/18u Re < 0.4
P g P CEEs T
2 1/3 500

4 - 225 d : R
{loy, - P8}/ (225 o, 1) b 0.4 < Rey < |
{3.1 (p,, -0 )g d /p }1/2 500 < Rey < 200,000
e e ae % , |

where the particle is assumed to be spherical. The inputs to this

CAM LUAElb Lig i bl )y iitlilalen

function sub-program are d , p_, p_ and u.

3 3
Nomenclature Code Model variable Description Unit
DpP dp particle diameter cm /
FREEFV u, terminal velocity cm/sec ]
G g gravity acceleration cm/sec2
RET Ret Reynolds number for u, -
RHOG pg gas denisty g/cm3
RHOP pp particle density g/cm3
uT u, terminal velocity cm/sec

VISC u viscosity g/cm-sec
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9-8, Subroutine GPHASE

This subroutine is designed for solving Equations (5-2) and (.-3)
or (5-4) and (5-5) simultaneously. The value of parameters in the equations
and the concentrations of gas coming into the ith compartment, YBO and YEO
must be fed to the subroutine. The outputs are the concentrations of gas
coming out from the ith compartment, YBl and YEIl.

Equations (5-2)~(5-5) are modified into the general form and arc

solved and analytically to obtaim YBl and YEl1. The solutions are

- "om,i-1 ¥8,1-1 * %1 Fomyi-1 g -1 * PN :
t Faa i tO Fpy g *8, 5 OV, (kg /Ty + 0, kg /TpIP/N
Yo" Ui ' NI 1 6 Ty
where
a) = Kgg 3 (P/RT;) BV, /D)
oyt FEm,i = Jit - o = Etube,i) a..i kcE,i/Tl;
* Kgg,i %,i/T1! (P/RIY,
Ty 5 (T, * Tes,1)/?
Té 2@ T, 72
where GENB and GENE are the generation rate of concerning species in the

bubble phase and that in the emulsion phase. In the case of combustion

GENB and GENE are set as zero in the main program. While for SO0,/lI,S

calculation GENB and GENE represents the SOZ/HZS formation rate which
is assumed to be proportional to combustion rate.
The inputs and outputs of this subroutine are:
Inputs: AKB, AKE, AM, PAV, RG, ETUBE, EPB, EPC, AKBE, DVBB,
FBMO, FEMO, FBMO, FEMO, FBM, FEM, T, TB, TE, YBO,
YEO, GENB, GENE

Outputs: YB1, YEIl
ORIGINAL PAGE IS
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Nomenclature Code

AM

AKB

AKBE

AKE

ALF

DVBB

D1

EPB

BEE

ETUBE

FBM, FBMO

FEM, FEMO

GENB, GENE

RG

TE

YBO, YBI1

YEO, YE1l

Model Variable
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¢

cB
cE

B.i-1* 'Bi

Bi-1, B}

Description ~  Unit

specific surface area of char

particle in the bed cm /sec3

combustion rate constant
in the bubble phase

gas interchange coefficient 1/sec

combustion rate constant in
the emulsion phase

particle diameter of char cm

volume of ith compartment cn®

volume fraction of bubbles -

volume fraction of bubbles
and clouds

volume fraction of heat
exchange tubes

molar flow rates of gas in
bubble phase

gmole/sec

molar flow rates of gas in
emulsion phase

gmole/sec

formation rate of the
concerning species by
other reactions

gmole/sec

pressure atm

Cms-ntw/gmnle
e 3

gas constant

temperature of char particle °K
in bubble cloud phase

temperature of char particic "k
in emulsion phase

mole fraction in bubble phu-¢ -

mole fraction in emulsion pha:.c
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9-9, Subroutine HFATI

This subroutine calculates the height corresponding to the given
cross sectional area of the bed. The idea is basically the same as that
of subroutine AREA. The height, z, corresponding to the area, At' is
calculated by the formula,

=
(A/A; P77 -1

(z; - z. ,)
_1)1/2 = j j-1

zZ =2 +
1

(AJ./Aj

The input to the subroutine is Ai‘ The output will be the diametcr
and height above the distributor corresponding to the given cross-sectional
area.

This subroutine is called from subroutine HYDRO to determine the
level of U, = Ue. This situation does not occur at the cylindrical
section, but occurs at the tapered section. Therefore, we never have
the situation of A, = Aj = Aj-l’ and the trouble of dividing by zero
is automatically avoided. The explanation of computer codes is the same

as that given in the subroutine DESIGN,

9-10, Function Height

This function sub-program calculates the height of the bed for the
given effective volume of the bed. Effective volume is the total volume
of the bed minus the volume occupied by the tubes. The input to the
subroutine is the effective volume, and the output is the bed height. The
explanation of computer codes is the same as that in the subroutine HYDRO,

9-11. Subroutine HYDRO

This subroutine essentially calculates the bubble hydrodynamics of

the bed. Following is the list of equatiuns used in this sub-program.

g bizdiads s
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ud
ok 2 3 = 3.0/
Upg = ( by ) {[33.7° + 0.0408 d;g (o), - P )py/u"] 33.7)
(Wen-Yu Equation)
-0.3A2./D, .
Dpi DBmax,i = (DBmax,i = DB,i-l)e 21,3
D = 0.347 [A, ((u, 4 - u e ;)/n ]0°4 (Miwa's Equation)
B,1 . tnl O,i mf,i d
0.4 : =
DBmax,i = 0.652 [ At,i (uo,i" umf,i)] (Mori-Wen Equation)
Upe 3 * 0.711 gDB,i
uBS,i = 0.355 th,i
i Vi g Ys,i = Unf
eB,i = (uo i umf)/uB,l
S ag/(ag_)

In this subroutine, the following method is used to determine the bed
height. The bubble hydrodynamics is calculated for each elemental volume
(chosen already in the SUBROUTINE DESIGN). The height of the bed is the
summation of the heights of each elemental volume accounted. When the
total height reaches the given expanded bed height the iteration is
stopped. In case the expanded bed height is not given, but the height
at the minimum fluidization is given, then the volume of bed corresponding
to the minimum fluidization height is calculated, and used as the criterion

for determining the expanded bed height.
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The program is also designed to take into consideration the formation
of a fixed bed section over the fluidized bed section.

First, the volume of bed at minimum fluidization is evaluated in the
case when bed height is not given. Subroutine HYDRO is called inside the
temperature iteration loop till the convergency is obtained. Depending upon
the temperature of the bed, the hydrodynamic parameters and the bed height
are determined. If more number of compartments are needed than for the
earlier iteration, then for the excess number of compartments the temperature,
carbon concentration, bubble and emulsion phase oxygen concentrations are taken
as those corresponding to the last compartment in the earlier iteration.

Knowing the temperature, the density and viscosity of the gas, minimum
fluidizing velocity and superficial velocity are calculated for each compartment
using the equations given earlier. The bubble diameter above the distributor
is calculated knowing the u e Yo and number of distributor holes on the gird.
u, is compared with U ee Since the corss-sectional area of the bed increases
as the height increases, the superficial velocity decreases. If at any
instance, u, is less than or equal to ung it means the presence of a fixed
bed section. Then different calculations are to be performed for the fixed
bed section. Four different cases are analyzed:

1. Expanded bed height given, no fixed bed section:

For each compartment, the bubble hydrodynamics is calculated.
uper Yy and Db are calculated at the bottom and top of each compartment. The ;
average value of these variables are used to compute the bubble size, bubble
fraction, and cloud fraction for each compartment. The iteration iz performed

till the height of the last compartment reaches the expanded bed height. |

B 1
RIGINAL PAG
‘OF POOR QUALITY




e e e e i =

156

2. Expanded bed height given, fixed bed section present:

The bubble hydrodynamics is calculated for each compartment.

As the height increases, uy is decreasing, and when it is smaller than
Unes cirtical height has been reached. The critical height corresponds to

the height of the bed above the distributor at which the fixed bed section

starts. At this location uj is eéqual to upee Above this height, there

g LA bt ai 0l s okt

is no fluidization, and the bubble fraction is zero. The presence of
critical height and fixed bed are tagged by the symbols ICR and IFBC.

If they are greater than zero, critical height and fixed bed section

lahiddddetiatisiadaii o didid o

are present.

For each compartment the volume of solids and the effective height
of the solids are calculated. Sum of these heights would be the height f
of the bed at minimum fluidization.

3. Height at minimum fluidization given, no fixed bed section:

Instead of basing the convergency criterion directly on the

minimum fluidization height, the volume of the bed at minimum fluidization
is used. This would help avoid any inaccuracy involved in the calculation
of the effective solids height in each compartment. Also, it would bhe
easy to determine the total bed height when the effective volume of solids
in the bed equals the volume at the minimum fluidization. The sums of
each compartment volume, effective volume of solids ( excluding the bubbles
and tubes) and the effective height of solids are computed. The iteration
continues till the effective solids volume equals to volume at minimum
fluidization. If it exceeds me, the excess solid volume corrected for )

the expansion and tube fraction is subtracted from the effective
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(excluding tube volume) volume of the bed tc pgive the correct volume of the
bed. From this effective volume of the bed, the expanded bed height is
calculated.
4. Height at minimum fluidization given, fixed bed zection present:

As before, computations are performed till Uy becomes smaller than
Upg In the fixed bed section, the bubble fraction is z-ro., Fixed bed is
equivalent to the condition of hinimun fluidization. Total volume of the
bed is the sum of the effective volume of the fluidized bed section and the
difference in the minimum fluidization volume and the volume of solids in the

fluidized section. Total height of the hed is computed from the total volume

of the bed.
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Code
AHEAV

AND

AT

DB

DBAV

DBED
DBMAX

DPB

DTUBE, DTUBEI
DVB, DVBB

DVBBEF, DVBEFF
EMF

EPB
EPC
ETUBE

FMF

FMO
G
HCR

H(I), H(I+l)

HLF

HLMF

—
M
=

Model Variables
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Nomenclature

(SUBROUTINE HFAI, HYDRO, AND VOLUME)

he

Descrigtion

Specific heat transfer area for
each compartment

No. of distributor holes

Cross-sectional area of the bed
at each location

Bubble diameter

Average bubble size of each
compartment

Diameter of the FBC
Maximum bubble size

Average particle diameter in
the bed

Diameter of heat transfer coils
Volume of each compartment

Effective volume of each com-
partment (excluding tubes)

Void fraction at minimum
fluidizaticn

Bubble fraction
Cloud fraction

Tube volume fraction in each com-

partment
Molar flow rate of inlet gas

Total molar flow rate of gas
Acceleration due to gravity
Critical bed height (uo = U ¢
Height of the bottom and top of
each compartment above the

distributor

Height of the fluidized bed
(expanded)

Height of minimum fluidization

Indicator for critical bed height

Unit

cmz/cm3

cm

cm

cm

Cm
cm

cm

cm
cm

cm3

gnol/seg

-
cm/sec

cm

cm

Clh

AL Ll shih asa s b2 de Lt A ML b1l il ped
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Nomenclature (Cont.)

Code Model Variables Description nit
IFBC - Indicator for the fixed bed section
ITUBE, IARRNG - Tube arrangement code for each
compartment
M - Total number of compartments in -
the expanded bed /
M1 - Total number of locations
compartment
MGAS Mg Molecular weight of gas g/gmol
PAV Pav Average pressure of the FBC atm
PHI PH; Horizontal pitch of the coils cm 1
for each compartment 7
RG R Gas constant atm.cm>/gmol -K
RHOCAD Py Density of calcined additives g/cm’
RHOGAS pg Density of fluidizing gas g/cm3 :
SOLVOL E Volume of bed, total cm’
SUM < Height of solids alone (no bubblc), cm
total
SUMEFF - Volume of solids alone, total cm3
SUMV effective volume of the bed cm3
T T Temperature of the bed °K
UB Uy Bubble velocity cm/sec
UBR Uy Bubble rising velocity cm/sec
UBS Ups Slug velocity cm/sec
UF ug Superficial gas velocity at the cm/sec
inlet pressure
uo u, Superficial gas velocity cm/sec
UMF u e Minimum fluidization velocity cm/sec )
VMF Volume of bed at minimum cm’
fluidization
X X Carbon concentration wt. fraction
YB - Bubble phase oxygen concentration mole fraction
YE - malsion phase oxygen concentration mole friction
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9-12. Subroutine POP

The calculations of the size distribution density function ¢ (yi),
second and third moments of ¢ and the average value of elutriation
constant are performed in this subroutine by the use of Equations
(4-5)~(4-8).

The major inputs to the subroutine are BC, BCl, THET and L. The
major outputs from the subroutine  are PHI (I), (I=1, L), ALAMA, ALAMV

and EC. Numerical integrations are performed by trapezoidal method.

Nomenclature Code Model Variable Description Unit
AKE (I) K*(yi) elutriation rate constant g-cmz/sec
AKEI (1) 6Yi (K*/Ac) dy g-cmZ/sec

defined in the main program
ALAMA 61 o y° dy -
ALAM(I) kc(yi) reactivity of coal for -

¥ = yi
ALAMI (1) £ian ey s

calculated in the main

program
ALAMV v ooyt ey 2

v 0

A, All, Al12, A21, A22, dummy variables cm®
A31, A32
AT bed cross section
BC Bcw defined by Eq. (4-9) -
BC1 Bcf defined by Eq. (4-10) -
CcC Cc defined by Eq. (4-8) -
DY (i) increment of y;yi-yi_i
EC e

(At/wb)< K ¥ > =
L total number of grids on -

y-coordinate

S ALl Mt i bandabi Lo bl aadis il rn L
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(Cont.)

Nomenclature Code

PHIF(I)

SUM1, SUM2, SUM3

THET

WBED
X1, X2
Y(I)
YY (1)

ZF(I)
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Model Variable

¢(Yi)

ORIGINAL PAGE IS
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Descrigtion

size distribution density
function

dummy variables for
integration

mean residence time of
limestone

total bed weight

dummy variables
dimensionless char size
defined by Eq. (4-6)

defined by Eq. (4-7)

unit

sec

B it

ablatialbiaiioi i L bl tast o
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9-13. Function Volume

This function sub-program calculates the effective volume of the
bed for the given height above the distributor.
The input to the subroutine is the height and the output is the
effective volume. Any division by a small number (zero) causing .
exponential underflow or overflow jis taken care of by the IF statement
preceding the DO loop.
If (ZZ - FLOAT(N-1)* DZAV + GT - 0.01 * DZAV) N = N+1. This
statement avoids the computation for infinitesmal difference in height
(ZZ - FLOAT(N) = DZAV) that would arise because of the hexadecimal
storage of numbers. The explanation of computer codes is the same as that

given in the subroutine HYDRO.
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SECTION X

COMPUTED RESULTS

The performance of the model (Level I and II) is examined for a set
of operating conditions based on the data reported by the National Coal
Board, England., Combustion efficiency, axial bed temperature profile,
carbon concentration in the bed, oxygen and SO2 concentrations in the
bubble phase and emulsion phases, bubble diameter and sulfur dioxide
cpature efficiency are the key variables computed in the models to evaluate
the FBC performance. The effect of bed geometry, bed temperature, excess
air, molar ratio of calcium to sulfur in the feed and the presence of
internals on these variables is examined. These results are presented
in Figures 12 and 18. The results depict the trends that can be expected
in the range of operating conditions selected for simulation. The accuracy
of the results cannot be quantitatively assessed at this point duc to lack
of experimental data on the performance parameters. However, from a mechanistic
point of view the models can simulate experimental performance of a FBC quite
closely taking into consideration the various physical and chemical phenomena
occurring in the bed.

Figure 12 presents the various profiles obtained using the Level [I model
for a uniform (non-tapered) bed. The calculated combustion efficiency is about
93 percent while the remaining 7 percent accounts for carbon loss largely due
to elutriation. The carbon loss in the solids withdrawn is negligible
(0.2 percent of carbon f2d) since the carbon concentration in ihe bed and the

amount of solids withdrawn are small.

Table 9 shows the comparison of the calculated results with experimentul data.

The agreement between predicted results and the experimental data are satisfactory,

515
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Yg - mole fraction oxygen in bubble phase

YE - mole fraction oxygen in emulsion phase
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TABLE 9 COMPARISON OF CALCULATED RESULTS WITH
EXPERIMENTAL DATA FROM NATIONAL COAL BOARD.

Variable NCB DATA COMPUTED RESULTS
Combustion Efficiency 92.8% 92.84%
Average Bed Temp. 1470°F (799°C) 1457°F (791.5°C)
Outlet gas concentration

Oxygen 4,3% v 4,67 v
Carbon dioxide 13.9% v 16.36% v
Sulfur dioxide 400 ppm 374 ppm
Sulfur capture efficiency 83% 81.69%

ORIGINAL PAGE IS
OF POOR QUALITY
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Figure 13 shows the profiles of temperature for the tapered bed. The
combustion efficiency is 99+ percent. The high combustion efficiency
estimated is largely due to negligible elutriation loss from the bed because
of the presence of a fixed bed section above the fluidized bed section.

The large temperature gradient observed in Figure 13, is because of poor
solids mixing. In order to provide a fixed bed portion in the tapered bed
uo/umf is selected to be around 2.0.in the fluidized bed section which is

considerably less than the ratio in the non-tapered .bed.

Figure 14 shows the SO, concentration profile for the uniform bed. The

2

S0, concentration in the emulsion phase is lower than in the bubble phase due

2

to absorption of SO, by the calcined limestone in the emulsion phase. Bubble

2

phase SO, concentration increases because of higher combustion rate (higher

2

S0, release rate) in the bubble phase. Concentration of carbon in the cloud-

2
wake phase of the bubble is higher than that in the emulsion phase, becuase

the fines char particles are preferentially carried by the bubbles. The SO2
capture efficiency is around 82 percent which compares favorably with 83%
reported by the National Coal Board.

Figure 15 shows an increase in the sulfur capture efficiency with increase
in [Ca/S] ratio in the feed. In order to obtain an environmentally acceptable
level of 802 in the flue gas, the molar ratio of calcium to sulfur should be
at least twice the stoichiometric amount. Test data reported by NCB for
similar operating conditions are shown in the Figure 15.

The effect of bed temperatures on the sulfur capture efficiency (ns) is
shown in Figure 16. The decreaﬁe is ng at higher temperatures is due to

decrease in the reactivity of the calcined limestone particles. The reactivity

is strongly dependent on the pore structure. At high temperatures, the
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porosity decreases due to formation of very dense sulfate layer resulting in
lower reactivity of the limestone particles. Although the trend observed in
Figure 16 indicates that lower temperatures are suited for higher sulfur
capture efficiency, from the standpoint of combustion efficiency it is not ‘
economical to operate at low temperatures. Furthermore, the calcination of
limestone particles cannot occur at temperatures below 650°C.
In a bubbling fluidized bed model, the bubble diameter is one of the im-
portant parameters which affects the performance of the bed. It is well

known that the bubble size increases as the gas flow rate is increased and

also increases along the bed height above the distributor, Bubble diameter
is also affected by bed geometry and presence of coils in the bed. Figure 17
is a plot of bubble diameter versus bed height for a uniform bed with and
without coils. The coils hinder bubble growth and cause the large bubbles

to break resulting in smaller bubble diameters. This effect is observed in
beds with horizontal coils, In beds where vertical coils are present the
effect may not be quite the same.

The Level I nodel is used to calculate the combustion efficiency (nc)
as a function of excess air. The model calculates the elutriation loss from
experimental correlations., Figure 18 shows the combustion efficiency and
carbon conceintration in the bed as a function of excess air. The initial
increase in n. is due to a higher oxygen concentration in the bed. However,
at higher values of excess air, the elutriation loss will become greater and

offset the increase dn e due to higher oxygen concentration. The combustion

efficiency at extremely large excess air ratio will be expected to drop.
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SECTION XI

CONCLUSIONS AND RECOMMENDATIONS

The general fluidized bed coal combustor (FBC) model developed in this
study is a valuable tool in predicting the performance of the combustor under
various operating conditions and bed geometry. The simulation results
indicate that the model predicts the combustion efficiency, bed temperatuie
profile, oxygen and sul fur dioxide concentration profiles and sulfur
retention efficiency within the range of observed data from pilot scale FBC
units,

Due to the complexities of the various physical and chemical processes
occurring in the bed, the general FBC model is divided into various levels

with increasing degree of complexity in each level. This approach is

convenient both from the standpoint of conceptualization and ease of computation.

Two levels of the FBC model are described in this study.

In the Level I model, the char particle size distribution, shrinkage,
and the elutriation of char particles are considered in deriving the basic
FBC equations. The population balance approach is used to calculatc the
particle size distribution in the bed. Solids in the bed are assumed to be
completely mixed. The gas phase model is formulated so that either plug

flow or complete mixing in the gas phase can be used., Temperature

variations, bubble hydrodyuamics and SO.-limestone reactions are not considered

in Level I model. Elutriation of char particles is calculated using available

correlations in the literature for the c¢lutriition rate constant.
In Level 1l model, the single phase baclilo. compartment model is used

to describe the -olids mixing in the bed. for the gas phase, a modified
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version of the Bubble Assemblage Model is employed. Axial variations of
temperature, carbon concentration in the bed, combustion efficiency, oxygen
concentration in the bubble phase and emulsion phase are calculated in the
model. Also included in the model is the Soz-limestone reactions which are
used to calculate the sulfur retention efficiency and the SO2 concentration
in the flue gas.

Level I model is derived for a uniform (non-tapered) bed whereas Level II
model is applicable for both tapered and non-tapered bed geometry. When used
in combination with Level I model, Level [I model can cover a wide range of
FBC operating conditions,

The FBC models developed in this study have been demonstrated that they
are capable of predicting the performance of experimental FBC units within
a reasonable level of accuracy. Ilowever, the models are by no means complete
and efforts to seek further improvements are being undertaken. In the absence
of experimental data on the various parameters, the model has not been refined
sufficiently. The accuracy and sensitivity of the various parameters have
not been tested in depth. The user is therefore cautioned against interpreting
the results beyond the range of applicability specified in the model equations.

Several simplifying assumptions have been made at various stages of model
development to overcome computational difficulties. These assumptions should
be re-examined as more data from experimental units become available. Further-
more, the correlations available in the literature for estimating bubble
hydrodynamic quantities, elutriation rate constant, etc. need considerable
refinement. For example, the correlations available to estimate the bubble

diameter and bubble rising velocity do not take into consideration the presence
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of cooling coils in the bed. Modifications of the empirical correlations

to extend the range of applicability to these operating conditions could
improve the validity of the model predictions. Extreme discrepencies
between prediction of the elutriation rate constant from available
correlations exist. It is not unusual for these correlations to give
predictions differing by several orders of magnitude. Improvements in
accuracy of experimental data is needed to extend the range of applicability
of the model.

Correlations of elutriation rates which take into account the effect
of shrinkage of char particles, presence of fine fly ash particles, fluidizing
gas velocity, temperature and other hydrodynamic variables, need to be included
in the model to accurately estimate the elutriation loss from the bed.
Correlations presently used in the model are not satisfactory.

The devolatilization of coal as it is fed into the bed has not been
considered in the computations. The devolatilized products can cause increase
in temperatures or form a reducing zone near the feed point. This effect
should be considered in detail.

A major effort is needed in refining the Soz-limestone reaction kinetics.
The reactivity of the calcined limestone depends on the temperature, particle
diameter and *the conversion in the bed. Presently available rate expressions
do not consider all these variables. These variables have to be analyzed in

detail to improve the rate expressions used in the model.
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NOMENCLATURE
(except Appendix II)

matrix defined by Eq. (3-4)

total heat exchange area
cross sectional area of bed

specific heat transfer area based on
outside area of tubes and volume of
bed minus internals
matrix defined by Eq. (3-5)

n f/n

d /(ZM 0 k

enf ch’c 02)

constant defined by Eq. (3-64)

constant defined by Eq. (4-8)
concentration of gaseous species i

molar heat capacity of gas

molar heat capacity of gas at feed temperature
heat capacity of solid

heat capacity of solid at feed temperature
bubble size

initial bubble size

maximum bubble size

bed diameter

ash particle size

particle diameter of coal or char

maximum diameter of coal particles

particle diameter of additives
(limestone or dolomite)

excess air ratio

CIII2

2
cm

cmz/cms(bed)

mol/cm3

——

cal/gmol-°K
cal/gmol - °K
cal/g-°K
cal/g-°K

cm

cm

cm

cm
cm
cm

(S 1]
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axial dispersion constant of solids
molar flow rate of gas through bubble phase

molar flow rate of gas through emulsion
phase

total molar flow rate of gas

molar flow rate of inlet gas

theoretical feed rate of inlet gas
Froude number

conversion of limestone

volume fraction of wake to bubble proper

volume fraction of wake to bubble proper
effective for reaction

acceleration due to gravity

maximum height of jets above distributor
total number of cells

specific elutriation rate constant

gas exchange coefficient in ith cell

modified gas exchange coefficient (Eq.3-59)
solids exchange coefficient in ith cell

overall surface reaction rate constant
for coal combustion

film diffusion coefficient
chemical reaction constant
value of kc for the maximum particle size

overall surface reaction rate constant of
reaction i, (i=3,4 or 5)

overall volume reaction rate constant of
reaction i, (i=1 or 2)

fluidized bed height

minimum fluidization height

cmZ/sec
gmol/sec

gmol/sec

gmol/sec
gmol/sec

gmol/sec

Lm/eecz
cm

2
g/cm” -sec

1/sec

l/sec-cm3

1/sec

cm/sec

cm/sec

cm/sec

cm/sec

cm/sec

1/sec

cm

cm
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atomic or molecular weight of species i
number of holes in distributor
number of ash particles held up in the bed
number of char particles held up in the bed
number of char particles held up in ith cell
number of adsorbent particles held up in the bed
number mass velocity vector of char particles
number of ash particle withdrawn per unit time
number of char particles elutriated per unit time
number of coal particles fed to the bed per unit

number of coal particles withdrawn per unit time

downward flow of particles

upward flow of particles

number of char particles transferred from
emulsion phase to wake phase per unit time

number rate of limestone particles fed to the bed

number rate of limestone particles withdrawn
from the bed

number of char particles transferred from
wake phase to emulsion phase in the ith cell
per unit time

average pressure in the bed

lower heating value of coal on dry basis adjusted

for CO
heat of calcination of limestone

gas constant
dimensionless shrinking rate of char

ratio of cloud sphere volume to bubble volume
reaction rate vector for reactions 1-8

total formation rate vector for gaseous species

total formation rate vector for solid phase species

terminal Reynold's number

g/mol

1/sec
atm
cal/g

cal/g

82.05 cm3-atm/gmol/°K or 1.987 cal/gmol.°K

1/sec

gmol/scc-cm3

(emulsion

gmol/sec-cm

(emulsion)

gmo]/seC'cm3

{eimulsion)

B
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reaction rates defined by Eqs. (3-88)
rate of reaction i
rates of reaction i in emulsion phase

and in bubble phase

formation rates of species M_. or M_. by
reaction i g L

rates of sulfur capture in bubble phase
and in emulsion phase

rate of ith reaction for one particle

reactibn rate per char particle

reaction rate per limestone particle

internal surface area of calcined limestone

local bed temperature
temperature of feed gas
temperature of ith compartment
temperature of feed solids
temperature of cooling water

overall heat transfer coefficient of

cooling tubes based on outside tube diameter

superficial gas velocity

bubble rising velocity

minimum fluidization velocity
terminal velocity

volume of bed (total including tubes)
volume of bed excluding tubes

volumetric flow rate of solids in bubble-
wake phase excluding voids

volumetric solids exchange rates from
bubble-wake phase to emulsion phase
and from emulsion phase to bubble-wake
phase respectively :

3
gmol/sec-cm
(emulsion)

3
gmol/sec-cm
(emulsion)

gmol/seccm3
(emulsion)

3
gmol/sec-cm
(emulsion)

gmol/sec-cm3

(emulsion)

gmol/sec

gmol/sec
gmol/sec
cmz/g

)
cal/cm”-sec.’K

cm/sec
cm/sec
cm/sec
cm/sec
3
cm
"

3
cm /=ec

cms/sec
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volumetric down flow rate of solids in
emulsion phase excluding voids

volumetric flow rate of solids in emulsion
phase excluding voids

volumetric elutriation rate
volumetric feed rate excluding voids
volumetric net flow rate excluding voids

volumetric upward flow rate of solids in
emulsion phase excluding voids

volumetric withdrawal rate of solids excluding
voids

total weight of bed material

solids mass flow rate in bubble-wake phase
solids mass exchange rates from bubble-wake

phase to emulsion phase and from emulsion
phase to bubble-wake phase

total weight of char in the bed

coal feed rate, dry basis

solids down flow rate in emulsion phase
elutriation rate of unburned char
solids mass flow rate in emulsion phase
feed rate of solids

limestone feed rate, uncalcined basis

upward and downward flow rate due to backflow
of solids

net flow rate of solids

solids upward flow rate in emulsion phase
withdrawal rate of solids

mass flow rate of wake

mass fraction of carbon in char

mass fraction of water in coal

!
i
g
i
:

cms/sec
cms/sec

cms/sec
cms/sec
cms/sec

cms/sec

cms/sec
g
g/sec

g/sec

g/ sec
g/sec
g/ sec
g/ sec
g/ sec
g/sec

g/ sec

g/ sec
g/sec
g/sec

g/ sec
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mass fraction of ash, carbon, hydrogen,
nitrogen, oxygen, sulfur and in coal
(dry basis)
mass fraction of calcium in limestone

mass fraction of volatiles, dry basis

mass fraction of volatiles dry ash free
basis

mass fraction of carbon in the bed

mass fraction of carbon in bubble-wake
phase

mass fraction of carbon in emulsion
phase

mass fraction of carbon in solids
feed

function defined by Eq. (4-6)

mole fractions of oxygen in bubble and
emulsion phases

mole fractions of SO, or HZO in bubble
and emulsion phase

dimensionless diameter of char particle

mole fraction of gaseous species j
in the feed stream

mole fractions of gaseous species j
in bubble phase and in emulsion phase

mole fraction vectors of gases in
bubble phase and emulsion phase

height above distributor

function defined by Eq. (19)

cm
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Greek Symbols

e

€ co’ S H2 Eh2s
PA
pcf

Pch
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adjusting factor of elutriation rate -
constant

emissivity -
volume fraction of bubbles E
volume fraction of clouds and bubbles -
volume fraction of bed at U, = Upe -
volume fraction of internal tubes -
volume fraction of cloud and wake -
combustion efficiency of coal -

efficiency of sulfur capture -

time sec

mean residence time of solids sec

mean circulation time of particles sec

= k =
kc/ cO

reactivity of limestone defined by Eq. (e-63) -
viscosity of gas gm/cm-sec

weight fraction ash particles elutriated -
from bed

parameters defined by Eq. (3-42) -

density of ash g/cm3
density of coal g/cm3
density of char g/cm3
density of gas g/cm3
density of lime or calcined dolomite g/cm3
density of limestone or dolomite g/cm3
density of solids g/cm3




Subscripts
B

b

ch

187

number of char particles per unit volume of bed

number of adsorbent particles per unit volume
of bed

size distribution density function of char
particles

size distribution density functions of char
in bubble-wake phase and in emulsion phase

size distribution density function of elutriated
char particles

size distribution density function of char
particles fed to the bed

distribution density function of adsorbent
conversion

conversion distribution density function of

adsorbent fed to the bed

size distribution density function of withdrawn
char particles

7 ¢ y3 dy
0

1 3
{) . ¥

1 3
{) R

bubble or bubble phase

bulk density or bed

carbon

coal, char, cloud or circulation
char

downward flow

l/cm3

J/cm3
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emulsion phase

effective (excluding the tubes)
feed

gas
heat exchange

lime or limestone

minimum fluidization

solid

upward flow

wake

withdrawal or cooling water
axial

Z=0

Z = Lf
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Mean Residence Time of Absorbent Particles, © ‘

The number of absorbent particles, char particles and ash

particles are indicated by NQ, Nc and N The total volume in the

A’
bed occupied by solids is (1 - emf)vmf and is calculated from the

following equation:

3

= = 3 - = == :
(- °mf)vmf TN dz *3 dcm Y 1 da N = H1 |
Substituting the definition of ©, namely :
0= N,L/nmf = Nc/"cw = NA/nAw (3-31)
we get {
i (- .0 Vor (1-2) |
o =¥ 3 =3
6 ("zf df. : ncw dcm lva : nAw dA )
By the use of the relations, ’
; =
M " Yelfis
m 3 i = nc) Wef T .3
6’ n 1/ = e n 1/}
cw cm 'vw o 6 cm ce 've
cf
and
}
s _d—f = Re W Ne tl - &) '
6 Aw A P
A
we have
= !
= i emf)vmf (3-32)
Yot = L ) d3 v ncwcfof (1 ) :
Pog 6 cm VW Cw Pa EAe
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APPENDIX II

Derivation of Population Balance Equations

Consider a m-dimensional state space of the state variable

X = (Xl, Xz.... Xx)

m
The state variables can be.particle size, density, conversion,
temperature, etc. Population balance is made around a small segment
of state space, dV,

g rren de (I1-1)

dv = dX, dX
The kinetic equations relating the change of the state on one
particle at a given condition are assumed to be known. The equation
can be given as:
e
i ;
('33- ek [ %) i =1w (I1-2)

As the result of a change in the state variable described in Equation

(II-2), particles in the subspace dv enter into the subspace ‘Iv  continu-
ously.
dx1 dx,
dv = {dX2 . dx3 —— dxm (33—0- + uxl' dx3 e dXm (5 =4 —F
= - e

—— i
= i£1 [ dXi ( de )x=xdv]’i§1 a—‘f;‘ dvde
Also, the particles in the subspace dV are continuously leaving the

neighbouring subspace dV'"(see Figure II-1),

R. (x + dx)
m i
dv' = . I

i=1l dXi

dvde (11-4)
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= Input and output due to change in state of the particles.

n

Direct input and direct output.

= Accumulation.

= State space.

FIGURE 1I-1 ILLUSTRATION OF THE POPULATION BALANCE .




I1-3

Furthermore there are direct input and output of particles
due to the feed, withdrawal, coalescence, agglomeration, breaking up,

splitting or attrition.

L
input =N ¢ (x) I : o . e
p :
smy $ dVED ........ et tetio s 8 (11-5)

output = N § ¢ (Xj - Xj, Xi = xi . dxi)

accumulation = d (N ¢ (x)) 4V
Since the term 2 can be rewritten as follows:

Ri(xi = Xi K dxi)

P oo (X5 =X Xy =X, 4 dX) ax; dvde
E R EE =
R, (%) 9 ¢ R,
£ ' e = 5 ) dvde (11-7)

We obtain the final expression of the population balance as

e _ 3¢R;
) Nfax. *n

91 ¢ (I1-8)

in in out out
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Mass balance

The relation between ¢ (density function for number fraction)
and ¢* (density function for weight fraction) is given by

NZ d: pp &V = W ¢ av (11-9)

because
¢dv: fraction of the number of particles which have the state
X~x+*ax

¢*dV: weight fraction of particles which have the state

E=-X+42
Therefore,
6 W
§ 8 —— (11-10)
55
The average mass of one particle mp is calculated by
1000 o & av
= L+ (11-11)
r ;o0 av
X

Then each term in the equation (II-8) can be written in terms of ¢*.

. WMo (11-12)
36 m pp dg 56

where the fact that (pp dg) is not dependent on 6, but only dependent

on X is used.

3
: :¢Ri _ow  2TRMMppdp) ]
5 ' L= (11-13)
* * 3
& ! Wi 1 168

S8 1Y G ]
2 3 X,
= i (op p) i
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N » *

in "in n, m ¢ w )
= = X pX X £ X X =
out Yout PP &
* * % 3
Wo 9 ¢ R, ¢ R. a(p_d )
a6 3 = P 4
' i PP i (11-15)
* *
* %in %n " Yout Yout
A Simple Case
= constant and X =d /d
p 17 %/
*
we™ 24 R 3 W ¢*Ri = -
L) . f i} X; 1t — * ¥in%in " YoutPout
(11-16)
W "R
3 X loss of mass due to shrinkage volume balance
1
(pp = constant Xl = dp/dp m)
* * *
36 ""[ﬁaxi = X, ]+Vin¢in ~ Vout Yout
(II-17)
if pp is constant the Equation (II-11) becomes
™ 3 b 3
& d dv == d 1I-18
.= T 6 “pm p v : )
= - ; = 3
q’v = e = £ ....xf ¢ X1 dXl ch2 dxm/fff....f dv
> - (11-19)
Total Number Balance
The disappearance of particle occurs only when dp becomes
dXl s
clx1 = +(—a-é—)x de = - Rl (x))(_,o de Rl <0 (11-20)
= 1->0 1
ORIGINAL PAGE IS
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Then total number of particles disappeared during dé is given by:

N SIS ¢(X =0 _‘ﬂ"”‘l dé (11-21)
XZ"'xm dX1
Therefore,
dN = =
B T N xf...i ) (X1 = 0, x)Rl(Xl-O,x)dxz...dxm
2 m
(11-21)
SUMMARY
. . - 3R,
basic equation: -=— = - N 21: 3%, - e e S (11-8)
We" 3¢ *R a3
[ ¢ Ri ¢ i 9 (Dp P)
. d = S e =
i i p_d3 axX;
= (11-12)
* *
“in %in = Yout Yout
*
where Ri = (d Xi/de)
Total number balance
dN
=N, -8 _. ¢ Nxf...i ¢ (x) Rl (x) dxz""dxm (I1-19)
20 Xy
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Nomenclature for Appendix II

dp: particle diameter

dpm: maximum particle diameter

dvV: small volume in the state space
n: particle flow rate (number/time)
Mint flow rate of direct input

n flow rate of direct output

out:
N: total number of particles in the system
m: dimension of state space

m_: average mass of one particle

W: total mass of particles in the system

0: time

¢: distribution density function of x based on the number of particles

¢ : distribution density function of x based on the mass of particles

p_: apparent density of particle
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APPENDIX III

Solution of the Population Balance
Equation for Sulfur Capture Reaction

The population balance equation for sulfur capture reaction can }

be given by

Wt "N (IT1-1)

Integrating this equation by assuming initial value Y(0) and the

integration constraint, fl ¢2f df = 1, we obtain
0

Bz +Y (0-)
Yl (f) = 3 (I11-2)
exp [ [7(8)/A)df]
Therefore,
E, + Y (0-) :
0,(F) = =2 e

f
Ay e ILEBIA ) df]
The function °£ must satisfy the constraint
df

f By
Agenﬂé X_;l.df)

1 1
s f)df = (B, + Y, (0-
I 4y (£)4F = (By + Y, (0-)}

m
—

ORIGINAL PAGE IS
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Then,

B 1

Y (111-4)

1 df

/ B
O 2, epusist-an)
0 Ay

Substitute Equation (III-4) into Equation (III-3) and use the relation

1 £ B

1 1 B
[ o exp [ [ dfldf = - 5 [exp(- Sk af) - 1)
= = 3 0 g

then we have

B
£
(B /A,) exp [ - [° & df)
¢2(f)=§' L _ggkg
1 - - 1 = df
exp | 5 L ]

(3-65)

Samataae oty Ll oLt
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APPENDIX IV

Relation between Population Balance and Material Balance

Consider a reaction system of shrinking particles as illustrated ¢ -
in Figure IV-1. The system can be divided into a small complete mixing j
< cell. The process in a single cell is described by the population

balance as follows:

1) differential population TS E Eew

balance: N dy === = tv=1) !
2) boundary conditions for

particle shrinking system ¢ (1+) =0 (IV-2)

(i.e. no particles beyond

y=1): '
3) integral constraint: fl ¢ dy = 0 (Iv-3)

0
where
* *
R =(dv/dd) = fiv. . )
(1v-4)

=d /d
y = d/dn
On the other hand, from the material balance

= 3 2 o+
o ' - 4 7 dpm N pp< ¥y (Iv-5)

(input) (output)
where

== 3
5 3 dpm Yy

=1 3 1
v =/ ¢ ydy//" ¢ dy

— =i
< y2 R.> = {)l $ yz R“dy/.fl ¢ dy i
0
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ACTIVE PARTICLES

HOLD-UP = N PARTICLES

SIZE DISTRIBUTION OF

ACTIVE PARTICLES = ¢ i

ACTIVE PARTICLES "o

@ ¢
>

Ne¢

ACTIVE PARTICLES
¢

‘ o INERT PARTICLES vj

vy INERT PARTICLES

INERT PARTICLE VOLUME
HOLD-UP: V.

FIGURE IV-1 ILLUSTRATION FOR THE POPULATION BALA!NCY
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Equation (IV-5) can be rearranged into the form
= gy -
We = a [wv "= IN<y" R >} (IV-5)
where i
=8 3
a = §"ppdpm

The problem is stated as follows:

Is Equation (IV-5)° dependent on the system described by
population balance?

The answer is shown below.

1) Equation (IV-5)° is dependent on Equations (IV-1)~(IV-3)

Multiplying y3 on both sides of Equation (IV-1) and integrate it
fromy = 0 to y = 1, we obtain
61[ left hand side of Equation (IV-1)]. y3 dy

1+

=N PR -3 shy? e R dy) (1V-6)
61 | right hand side of Equation (IV-1)]- y3 dy

= 1

% nf va » nO ‘Dv {) ¢ dy (1v-7)
After substituting Equations (IV-2) and (IV-3), we have the form

3 o

By e B4, -IR <y & >

3

By multiplying by %—n dpm pp, Equation (IV-S)‘ is obtained.

2) Condition (IV-3) is derived from Equations (IV-1), (IV-2) and IV-S)‘

In this case Equation (IV-6) remains in the following form: !

2

Equation (IV-6) = - 3N <y’ R > 61 ¢ dy (1V-6)
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Equating Equation (IV-6) with Equation (IV-7), we obtain the value of

integration of ¢,

. e Vve = Ve
n, wv - 3 N< yZR* > a[no = 3N <y2 R'>]

/
0

Therefore, from Equation (IV-5)~

: E5
/ dy = 1
0 ¢ ay

3) The overall number balance can replace Equation (IV-4)

The overall number balance equation for this system is given by

ng-n =-NR (0) ¢(0) (1V-8)

This equation can also be derived from Equations (IV-1), (IV-2) and
(IV-3).
Consider a case in which constraint (IV-3) can be ignored.
Integrating Equation (IV-1) over the interval y = 0~1 and applying
Equation (IV-2), we have

*
-N ¢ (0 R (0) =ng-n 61 ¢ dy

By using Equation (IV-8),

. ng + N ¢ (0) R (0)
J* ¢ dy = = ]
0 n,

-




i
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Conclusion

Equations (IV-1), (IV-2) and (V-3) are necessary and sufficient
equations to describe the system. Material balance equation is no
longer an independent equation when the system is expressed by these
three equations. Therefore, there are four combinations of equations
to formulate the performance equations of the system. For instance,
if we use the material balance equation with the population balance
equation and solve them simultaneously, it is not necessary to consider
the integral constraint (IV-3). The selection of equations for
constructing the numerical iteration scheme must be decided from the

view point of numerical stability and rapidness of convergence.
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Nomenclature for Appendix IV

dp diameter of active particle

dpm maximum diameter of active particles
n number flow rate of active particles
N number hold-up of active particles
R shrinking rate of a single particle
vy volume flow rate of inert particles
Vi volume hold-up of inert particles

Ve total volume of solids in the cell

W mass flow rate of active particles

y=dp/dpm dimensionless particle size

¢ size distribution density function
P density of particles

by Z 61 ¢ )"1’/6l ¢ dy

Subscripts

f feed or input

0 outlet

| S

cm
cm

1/sec

1/sec

cms/sec
3

cm

cm

g/sec

g/cm
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APPENDIX V

Elutriation Rate

Let we denote the total elutriation rate of coal or char

*
[g/sec]. By using ¢e , the size distribution of elutriated particles

on weight fraction basis, and ¢e, the size distribution of elutriated

particles on number fraction basis, we have,

y>

e v

€

dw =w_¢* dy = w dy (V-1)
© e ‘e =

On the other hand, the elutriation rate is given by the specific
*
elutriation rate constant, K , in the form

dwe * *
K__. = K ¢b dy (V-2) !
t »

where ¢; is the density function of size distribution of the char
particles in the bed based on the total weight of bed. ¢* is the

size distribution density function based on the total weight of char

particles in the bed and is related to ¢; by
*d = id
wC ¢ y- = wb ¢b y (V-3)

Substituting (V-2) and (V-3) into (V-1), we obtain

dw_=w_ ¢ dy = L i (V-4)
e s = Wb Y
or by using ¢ and bos
w_ ¢ A, W +
o, = —= 34 . y— K ¢ dy (V-5)
- wve s wb v /
where
= 3 = 3 ORIGINAL PAGE Id
s LI E 5L 1 0 OF POOR QUALITY
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Now since the number of particles elutriated per unit time, N>
and the total number of coal particles in the bed, Nc’ are given by

L] 3
S we/ wve 6 dcm pch)

= &3
Nc wc/wv 6 dcm pch)

We obtain the final form

Bty 4.4 (V-6)






