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I. INTRODUCTION

Among the various ways of direct burning of coal, fluidized bed
combustion appears to be the most attractive, both from an economic
and environmental standpoint. By carrying out combustion in a
fluidized bed combustor (FBC) operating at relatively low temperature
(750°C~950°C; 1382°F-1742°F), both S0, and NOX emissions can be
maintained at environmentally acceptable levels. In addition, the FBC
is well suited for burning low grade, high sulfur coal.

Fluidized bed combustion involves the burning of coal particles
in a bed containing limestone/dolomite additives and coal ash. Under
normal operating conditions the coal particles constitute less than 4
percent of the total solids in the bed. The limestone/dolomite is added
to absorb the sulfur dioxide released from coal during combustion. Sulfur
dioxide reacts with calcined limestone/dolomite according to the following
reaction:

Ca0 + S0, + 1/2 02 —_— CaSO4

NOx emission is kept low due te low combustion temperature and by the
NOX reduction reaction with carbon present in the fluidized bed. The
low temperature operation of the fluidized bed offers little, if any,
clinker formation of the ash. The heat of combustion is removed by
steam colls immersed in the bed. The steam coils also control the
temperature of the bed with minimum hinderance to the solids mixing

and circulation in the bed. The high heat transfer coefficients

between the bed material and the heat exchange surfaces [250 to 420 W/m2

°K (45 to 75 Btu/hr ft2°F)] and the large heat generation rates



2
[2.0. to 5.0 MW/m3 (0.193 to 0.483 X 106Btu/hr fts)] in FBC result in a
smaller boiler volume for a given duty than the conventional pulyerized
coal burning boilers.

Pressurized fluidized bed combustion is also being investigated
because of its potential for power generation in gas turbines
combined with conventional steam turbines, In pressurized FBC, the
combustion is <carried put at elevated pressures, generally in the
range of 600 to 1000 kPa (6 to 10 atm abs.)}. The hot, high pressure
flue gas is cleaned to remove the particulates and expanded through a
<as turbine to generate additional glectricity.

Adthough the FBC offers several advantages, it is mot free from
shoxrtcomings. Problem ameas include erosion of immersed heat-transfer
coils, «continuous feedimg of selids inte the bed, agglomeration of
solids, formation of stagnant zenes .on the Jdistributor plate, carry-
over of unburnt char particles in ithe flue gas, high particulate
emissions, and im ‘the case wof pressurized fluid bed .combuster (PEBC),
the difficulty #n hot gas .clean~up. Fhe extent of these problems has
to be evaluated and resedved befiore any large-scale commercialization

is wventured.



IT. LITERATURE REVIEW

A considerable amount of investigation on the performance of
fluid%zed bed -combustion systeﬁ has been under way particularly in the
U.s. a%é U.K. (Argonne National Laboratory (ANL), Combustion Power
Compin& (CPC), Pope, Evans and-Robbin;_(PER),,Westinghouse Research
Labofatories (WRLY, Exxon Researéh and Engineering Company (ERGE),
Morganéown'Energy Technology Center (METC), National Egal Board (NCB),
BritighrCoal Utilization Research Association (BCURA). Most of the
expefimental tests have concentrated on feasibility evaluation of FBC.

As a result of these studies, a considerable amount .of pilot plant data
relateé‘to FBC performance has become av;iléble~in recent yearsm'

A systematic, theoretical examinatiom of these data has. been initiated
only recently, and attempts are presently being made to develop theoretical
models for predicting the perférmance af FBC under various operating
conditions. A review of the médeling efforts in fluidized bed combustion
has begn presented by Caretto (1977). The fundamental and engineering
aspects of fluidized bed coal combustion ha&e béen discussed by Beer (1977).
Almost all of the FBC models proposed t; date are based on the two phase
theory of fluidization (Davidson and Harrispn {1963)). According to this
theory, the fluidized bed is as§umed to cénsis£ of two phase, viz., a
continuous, dense particulate phase (emulsion phase) and a discontinuous,
lean gas phase (bubble phase) with exchange of gas between the bubble phase
and the emulsion phase. The gas flow rate through the emulsion phase is
assumed to be that corresponding to minimum fluidization, and that in
excess of the minimum fluidization velocity goes through the bubble phase
in the;fbrm of bubbles. However, as pointed out by Horio and Wen (1977},

Rowe (1978), Catipovic et al. (1978}, this assumption may be an
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ovexsimplification for particles smallex than 50 ym and larger than
2000: ym. Experiments with fine powders‘(dpl< 50: ym} conducted by Rowe.
(1978) show that the dense phase voidage changes with gas velocity, and
that as much as 30 percent of the gas flow may occur interstitially.
Catipovic, et al. (1878) have pointed out qualitatively the difference
in the fluidization of larger particles.

Avedesian and Davidson (1973} developed a combustion model based
on the two phase theory. Their objective was to study the mechanism
of combustion of carbon particles in a fluidized bed of ash particles
at 1173°K. The combustion was assumed to be controlled by two
diffusional resistances, namely:

(i) JInterphase transfer of oxygen from bubbles of air
to the surrounding ash particles.

(ii)} Diffusion of oxygen through the ash phase towards

each burning carbon particle,

Campbell and Davidson (1975) later modified the Avedesian and
Davidson model to include the presence of carbon dioxide in the
particulate phase and applied the model to predict the carbon particle
size distribution in a continuwously operated fluidized bed combustor.

Baron, et al, (1977) proposed a model for the FBC based on the
two phase theory for predicting the combustion efficiency and carbon
concentration in the bed. In their model, they took into account
the carbon loss due to elutriation and attrition of bed particles,
employing the correlations develpped by Merrick and Highley (1974).
Borghi, et al. (1977) have proposed a mathematical model for the
comﬂustion of coal particles in fluidized bed which takes into account

the evolution and burning of wolatiles in addition to the combus:ion of



residual char. Their conclusions indicate that (i) the devolatilization
times for coal particles are commensurable with the solids mixing time
and (ii) the homogeneous release of volatiles in the bed, as opposed to
instantaneous devolatilization is close to reality. Gibbs (1975)
derived a mechanistic modei for the combustion of coal in a fluidized
bed capable of predicting the combustion efficiency, carbon hold-up

and spatial distribution of oxygéﬁ,in the ﬁedf The carbon loss due to
elutriation, attrition and splashing of coél-from bursting of bubbles

on the bed surface was taken into account in the model formuiation. The
burning rate of coal was assumed to be’ diffusion contrclled. The carbon
loss predicted by the model was stroﬁgly dependent on the mean bubble
diamefer which is an adjustable parameter.

Gordon and Amundson (1976) examined the influence of several
operating variables on the steady state performance of a FBC. Based
on the model calculations, the} found that multiple steady state
solutions exist in the typical range of operating variables. 1In
particular, it was noted that one of the key factors in determining
the state of the bed, as well as the multiplicity of the system was
the gas interchange coefficient between the bubble phase and emulsion
phase.

Horio and Wen (1978) have proposed a model based on the population
balance technique to calculate the char elutriation loss, particle size
distribution in the bed and size distribution of the elutriated char.

In the FBC models described so far, they have at least one of the

following deficiencies:
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(1) The bubble diameter was taken as a constant and an adjustable
parameter. In reality, bubbles coalesce as they ascend
through the bed. The bubble diameter changes with the
height above the distributor. Bubble size is also affected
by the immersed cooling coils. (Baron, et al. 1977;

Gibbs, 1975).

(2) Dévolatilization of coal is not considered. (Horio and Wen,
1978; Avedesian and Davidson, 1973; Campbell and Davidson,
1975; Baron, et al. 1977; Gibbs, 1975; Gordon and Amundson,
1976).

(3) The mechanism of carbon combustion was assumed to be
diffusion controlled. This is true only for large particles
at high temperatures. (Avedesian and Davidson, 1973; Campbell
and Davidson, 1975; Borghi, et al. 1977; Baron, et al. 1977).

(4) Solids mixing in the emulsion phase was assumed to be uniform.
Hence thé bed was assumed to be under isothermal conditions.
This is not true because the experimental data show a
non-uniform temperature profile across the bed. (Avedesian
and Davidson, 1973; Borghi, et al. 1977; Baron, et al. 1977;
Horio and Wen, 1977).

Bethell, et al. (1973) presented a model for sulfur dioxide retention
by limestone in a fluidized bed combustor. Horio and Wen (1975) have
also formulated a model for the removal of sulfur dioxide by limestone
in a FBZ. In their model, the hydrodynamics of the fluidizing gas is
based on the bubble assemblage model developed by Kato and Wen (1975),
Chen and Saxena (1977) used a three phase bubbling bed model (bubble

phase, cloud-wake phase and emulsion phase) for predicting the sulfur



retention efficiency in a FBC. ?he model predictions were compared with
some experimental data. However, a limitation of the model is that it
assumes isothermal conditions in the bed. The models described above for
SO2 absorption do not take intosac‘count the char and volatiles combustion
in the bed. (Bethell, et al. 1973; Horio énd Wen, 1975; Chen and Saxena,
1977).

Recently, Horio, et al. (lQ??).présented a model for fluidized bed
coal combustion that can estimaté-the‘perfbfmance of a FBC under fuel
rich operation and also predict the NOx emissions from the combustor.
This model does not deal with the NOx release from volatiles and char
during the combustion. Char particle temperature is assumed as a constant,
100°C above the bed temperature?',Char particle temperature is actually
dependent on the oxygen concentiation and is different in the bubble
and emulsion phases. Also, the .char temperature affects the carbon
concentration in the bed which i# turn affeéts the NOx reduction rate.
Perira and Beer (1978) have proposed a mechanism for the formation of NO

(nitric oxide) from fuel nitrogep:aqd the subsequent reduction of NO by

y

volatiles. However, they have nét deal% with the reduction of NO by
char subsequent to the completion of devolatilization in the bed which
has been established by other workers (Oguma, et al., 1877).

A general methematical model for FBC has been developed (Rengarzjan.
et al. 1977, Rajan, et al. 1978) employing the modified version of the
bubble assemblage model (Kato and Wer, }969, Mori and Wen, 1975}. The
nocal includes the devolatilization of anl, char combustion and 802
absorption. Predictions of the combustion efficiency, axial temperature
profile and sulfur retention efficiency in the bed were compared with

experimental data. A deficiency of the model is that the elutriation of



char and limestone is not considered, Experimental values aréiused:fQ{
elutriation losses in the calculation,

All of the models proposed so far do not take into account the
char combustion, SOZ absorption and NOX reduction in the freeboard,
which may be substantial. A classification of the fluidized bed

combustion models discussed above is presented in Table I.



Model
Description

Investigators

Two phase
bubbling
bed model

Two phase
compartment
in series
model

Three phase
bubbling bed
model

Avedesian and
Davidson (1973)
Gibbs (1975)
Campbell and
Davidson (1975)
Gordon and
Amundson (1976)
Baron,et al.
{1977)

Horio,et al.
(1977)

Rengarajan,
et al.(1977)

Horio and Wen
(1978)

Rajan,et al.
(1978)

Chen and Saxena
(1977)

TABLE 1.

CLASSIFICATION OF FBC MODELS

Gas Flow Pattern

Bubble
Phase

a)Plug Flow
b)Plug Flow

c)}Complete
Mixing

Complete
mixing
within
each com-
partment

Plug Flow

Emulsion
Phase

Plug Flow
Complete
Mixing

Complete
Mixing

Complete
mixing
within
each com-
partment

Plug Flow

Solids mixing
in the bed

Complete Mixing

Complete mixing
within each
compartment
with backflow
of solids from
one compartment
to another

Complete mixing

1)

2)
3)

4)

1)

2}

3)

4)

5

2)

3)

Remarks

Bubble diameter is assumed
to be uniform throughout
the bed in most cases and
is an adjustable parameter
Cloud and wake are combined
in the emulsion phase.

No reactions in the bubble
phase.

Char combustion is assumed
to be diffusion controlled
at all temperatures.

Bubbles grow along the bed
height.

The bacKkflow solid mixing is
considered using an adjustable
parameter.

Cloud is combined with the
bubble phase.

Reactions take place in the
bubble phase.

Cloud-wake is treated as a
separate phase and is in

plug flow =
Isothermal condition through-
out the bed for solids, char
and gas.

Bubble growth is considered.
Combustion occurs in cloud-wake
and emulsion phases only.

w
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III. OBJECTIVES OF PRESENT WORK

Most of the modeling work performed to date has concentfated on a
few specific aspects of the fluid bed combustion process: The many
deficiencies of the previous work have been pointed out earlier. It iS
the aim of the present work to reduce these deficiencies, and to
formulate a comprehensive FBC model taking into account thlie following
elements which were either partially considered or not considered at
all in the previous work.

(1) Devolatilization of coal and the subsequent coibustion

of volatiles and residual char.

(2) Sulfur dioxide capture by limestone.

(3) NOx release and reduction of NOx by char.

(4) Attrition and elutriation of char and limestorie;

(5) Bubble hydrodynamics.

(6) Solids mixing.

(7) Heat transfer between gas and solid, and solids

and heat exchange surfaces.

(8) Freeboard reactions.

This model will be able to simulate most of the important performance
characteristics, viz.,

(1) Combustion efficiency of coal.

(2} Sulfur dioxide retention efficiency.

{3) 802 and NOX emissions.

{4) Particulates emissiomn.

(5} Attrition and elutrfatiom of char and limestone.-

(6) Size distributfom of char and: Iimesfone in the bed

and in: the elutriated: matexial..
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(7) Axial bed temperature profile.

'(8) 0,, G0, CO,, SO, and NO, concentration profiles.

93

(9) Pressure drop across the distributor and the bed.

The present work will aid in the understanding of the performance of
FBC under a range of operating conditions. For example, 802, NOx and
particulates emissions from the FBC can be eétiﬁated for a range of
operating conditions. The optimum operating temperature and gas residence
time in the bed, which would give maximum combustionr efficiency and lower
80, and NO, emissions, can be estimated. The temperature profile
simulated based on the model(wili help identify the proper location of
cooling coils in the bed to avdid steep temperature gradients for design
of coils configuration and packing density. '

The uniqueness of the proposed model is its capability to accoumt
for (i) the freeboard reactions which may be substantial; (ii) the
solids mixing within the bed; (iii) the devolatilization of coal;
(iv) 802 and NOX release during the combustion of char and volatiles

and the simultaneous absorption of 802 by limestone and reduction of

NOx by char, and (v) the entrainment of char and limestone from the bed.



IV. MODEL ASSUMPTIONS

The foliowing assumptions are made in constructing the FBC model:

1. Single phase backflow cell model is used for solids mixing
calculation.

2. Two‘phase bubble assemblage model is adopted for gas phase
material balinces.

3. Solids exchange between the bubble phase and emulsion phase
is assumed to be rapid.

4. Bubble size is a function of bed diameter and height above
the distributor. When cooling tubes are present, bubble size in the
tubes region.of the bed is based on the horizontal pitch distance
between the tubes.

5. Bubbles and clouds are both combined: intc. the bubble phase.
The gas interchange coefficient between: the bubble and emulsion phases
is a function of the bubble size and is distributed axially.

6. The gas flow rate: through the emulision phase corresponds to.
minimum fluidization velocity.

7. Devolatilization of coal is neither instantaneous nor uniform
in the bed. It is assumed that volatiles release rate is proportional
to the seolids mixing rate.

8. Volatiles are assumed-to be released in the emulsion. phase.

9. Volatile nitrogen and sulfur in coal increase as a function
of bed temperature. (Fine, et al. 1974},

10. Sulfur and nitrogen in the residual char are assumed to be

released as SO, and NO, during the combustion of char.

12
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V. MODEL BACKGROUND
The various physico-chemical processes occurring in the FBC are
shown in Fig. 1. The basic elements of the overall combustion process

are described as follows:

1

1. Dewvolatilization and Combustion of Char:

y

Coal particle fed to the ﬁot combustor is‘rapidly heated while
undergoing devolatilization (ar pyrolysis). The volatile matter of
coal is evolved into the parti;ulate phase or emulsion phase of the
bed. The bed temperature and'£he proximate volatile matter content
of coal determine the yield of'volatiles. Volatile yield is estimated

by the following empirical correlations {(Gregory and Littlejohn, 1965):

V=VM-A-B (V.1)y
A= exp(26.41 - 3.961 1n t + 0.0115 VM) (vV.2)
B = 0.2(VM - 10.9) N v.3)

o

where V = yield of volatiles, f_of coal, daf

VM = proximate volatile ;atter in coal, daf %

t = devolatilization teﬁperature, °C
The compositions -of the pr;ducfs of devolatilization in weight
fractions are estimated from tﬁe correlations developed using the data

of Loison and Chauvin (1964):

0.469 X+ 0.241 X

2
CH, = 0.201 - " - (V.4
' 2
_ ) V.5
H, = 0.157 0.868 Xy * 1.388 X (V.5)
- ' 2 (V.6)
C0, = 0.135 - 0.900 X + 1.906 Xp |
CO = 0.428 - 2.653 X, -+ 4.845 xéM (v.7)
Hy0 = 0.409 - 2.389 X, + 4.554 x%M ‘ (V.8)

Tar =-0.325 + 7.279 x@M ~ 12.880 X%M (V.9)


http:exp(26.41
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Solids Elutriation
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F-‘--ﬂ“‘“———————“—'—-_' ————— _—.——I—:— —————————————————————
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)

I
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|
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Fig.1 Schematic Illustration of the FBC
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Volatile nitrogen released during devolatilization is expressed as
{(Fine, et al. 1974):

VN = 0.001 T -0.6 gm/gm coal, (d.b.) (v.10}
and volatile sulfur is expressed as:

VS= 0.001T ~ 0.6 gm/gm coal (d.b.) (V.11)

Despite the extensive research in the area of coal devolatilizatiomn,
accurate rate expressions describing the rate of devolatilization of coal
.re unavailable to date. However, it is estimated that the time needed
for the devolatilization of a 1 mm coal particle is 0.5-1 sec under the
conditions existing in the FBC (Beer, 1977). Solids mixing time for a 2 ft.
combustor with a bed height of 4 ft. and a superficial gas velocity of 4 ft/
sec lies in the range of 2 to 10 secs depending on whether solids mixing
is good or poor. Hence it is more likely that a major portion of the
volatiles will be released near the coal feed point. In the model, fw’
the solid mixing coefficient will represent the amount of volatiles
released wniformly and (l-fw) will represent the proportion of volatiles
released near the coal feed point.

At temperatures above 650°C and in an oxidizing atmosphere the rate
of burning of volatiles is fast compared to the time required for volatiles
evolution. However, the combustion of volatiles released in the emulsion
phase is controlled by the availability of oxygen in the emulsion phase.
Since the oxygen concentration in the emulsion phase is low, the voiatile
gases in the emulsion phase first tend to form CO by partial combustion;
whereas, the volatiles exchanged to the bubble phase burns completely to
CO2 because of excess oxygen present in the bubble phase.

The rate of burning of CO is expressed as (Hottel,et al 1965)

>,1.8

0.5
= 3x101°(§:E3 exp(-1600C/RT)Y y

HZO ’ ~

ole/-m3sec
gm

1
Co + 5 02 ————~—>-C02, rCO

17.
y 7.5 Yq
w0 T+24.7 Y,
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Residual char burns according to the reaction:

C+ %0, —(2- %aco + c% - 1)¢o, (V.13)
where ¢ is a mechanism factor, which takes the value 1 when CO2 is
transported away from the char particle and 2 when CO is transported
away (Field, et al. 1967) during char combustion. The factor, ¢, is 2
function of char particle diameter and temperature. For small particles,
CO0 formed during char combustion diffuses out fast because of rapid mass
transfer and burns to form CO2 outside the particle; whereas, for large
particles, because of slower mass transfer, CO bums within the particle

and €O, is transported out, ¢ is expressed as:

¢ = 2—9—14%—- for dc < 0.005 cm (v.14)

p'-t-

(2p + 2} - p{dc - 0.005)/0.095

$ = > 7 2

for 0.005 < d_ < 0.1, cm W.15)

where p is the ratio of carbon monoxide to carbon dioxide formed during
char combustion and is given by (Arthur, 1951}.

p= CO/CO2 = 2500 exp(-12400/RT) (V.16)
The rate expression for char combustion is estimated by Field et al.
(1967)

2
= 7 i,
rz w dc kc C02 gmole/sec particle (V.17)

where kC is the overall rate constant, and is given by:

Kk =2 B ¢ cm/sec (v.18)
c 1 N 1
ch kcf
ch = chemical reaction rate constant
= 8710 exp(-35700/RT)  gn/cn’ -sec-atm (V.19)
kcf = diffusion rate constant
= 24 ¢ D/dc Rg Tm’ gm/cmz-sec-atm (V.20)
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For smaller particles, diffusion of oxygen to the surface of the char
particle is faster than the chemical reaction rate of combustion while
for larger particles, diffusion of oxygen is slower than the chemical
rate. Thﬁs, the diffusional term tends to dominate for larger particles
at high temperatures, while the chemical term tends to dominate at low
temperatufes (Fig. 2). CO2 formed during combustion reacts with

char according to the following reaction:

C + CO2 — 2 CO (V.21)

2 .
and the rate expression for the above reaction is rCO2 =T dc.kCOZ CCC
gmole/sec . particle, where kCO = 4.1 x 10° exp(-59200/RT} cm/sec

2 .

pA

(Caram and Amundson, 1977}.

2. Sulfur Dioxide - Limestone Reaction:

When limestone is added to a fluidized bed burning coal, the 802
released from the combustion of coal reacts with calcined limestone
according to the reaction:

+ 20, —— Caso (v.22)

Ca0 + SO 5 4

2
The reaction rate of a limestone particle can be expressed as
(Borgwardt, 1970)

m .3 i
T, = E'dﬂ kg CS02 gmole/sec particle (v.23)

where k is the overall volumetric reaction rate constant and is a“-

vi

rapidly decreasing function of limestone conversion, fg. The overall

reaction rate constant, kVR’ is calculated by the equation:
. )

Kyg = Kyg Sg Ao (v.24)

where k; is equal to 490 exp(-17500/RTY gm/cm3 sec. The value of

L
activation energy was obtained by Wen and Ishida (1973). By using

Borgwardt's data (1971), the specific surface area, Sg, is correlated
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with calcination temperature as:

S
4

t

_38.4T + 5.6 x 10%, cn’/gm for T > 1253°K (V.25)

35.9T - 3.67 x 104, cmZ/gm for T < 1253°K | (v.26)

Ag » the reactivity of limestone, is a function of conversion, temperature
and particle size, CaSO4 fo;ﬁed due'tp the sulfation of calcined lime-
stone tends to block the pores formed during limestone calcination, building
an impervious layer on the pé?ticle surface, thus reducing the reactivity

of limestone. The reactivity{of'limestone is calculated using the

grain model developed by Ishida and Wen (1971). Typical profiles of
limestone reactivity as a fimction of conversion for various particle

sizes are shown in Fig. 3.

3. NOy-Char Reaction:

Nitrogen oxides are generated during the combustion of volatiles
and char, and are subsequentl} reduéed to Ny by reaction with nitrogeneous
fragments (containing NHS) in the volatiles and also by the hetero-
geneous reaction with char. Fuel nitrogen compounds in tﬂé.;oLatiles
would be in the form of NH3: When the volatiles burn, NH3 is oxidized to
NO. When the residual char bﬁrns, nitrogeneous fragments of the char
are also oxidized to N0: The released nitrogen oxides aré reduced by

cnar according to the reaction

C + 2 NO —— (0, + N, (v.27)
The rate expression for NO reduction is
2 .
Tyg = T dC kNO CNO. gmgle NO/sec-particle (V.28)
where k= 5.24 X 107 exp(-34000/RT,) cm/sec (Oguma, et al, 1977,

Horio, et al. 1977).



LIMESTONE REACTIVITY .\,

v
0.8

TEMPERATURE = 850 ¢

0.0

150
250
| >~
6.1 0.2 0-3 0-4 0.5

FRACTIONAL CONVERSION OF CaO

Fig.3 Limestone Reactivity Profiles

0%



21

* 4, Attrition and Entrainment of (Har and Limestone:

Limestone and char partigiles in the bed are subjected to erosion
and attrition due to the rapid mixing of the solids. The attrition rate
is proportional to the rate of emergy input. The size distribution of
the fines produced has been found to-be approximately constant for a
particular bed material and indepeﬁdent of the bed size distribution
or operating conditions (Mergick aﬁégﬂighley, 1974). The rate of
energy input to the particles isﬂ@ak;n.to.ba'prapprtional te (U, - U )
and also to the bed weight. The rate of produ;tion of fines is

correlated as:

= - hec. ' D (V.29

R, = KU, me My gw/sec: . _ - v.28
The value of K is dependent on the friability of the mgterial. The
values of K lie in the range 9.11 x 1078 for ash and 2.73 x 107% for

limestone. ‘

The rate of elutriation oﬁ)ch;r‘and limestone for a size fraction
x, from a fluidized bed is diréctly ﬁ?oportional to their concentration
in the bed, that is: ' . ‘ ) !

R =E_b_ gns/sec: (V.30
where Rx is the elutriation rate of.the close size fract%on x, for a
given operating canditions, bx is the weight fraction pfzéhé'close
size fraction in the bed. Theré are many correlations propdsed to
calculate the elutriation rate constant, Ex. Many of the correlations
exhibit an impropei qualitative behﬁvior in the smaller particle size
ranges. A recent correlatlon proposed by Mérrlck and Highley (1974)

accounts properly fbr the boundary condltlons of a maximum limiting

elutriation rate constant at zero particle size and the rate constant
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approaching zero with increasing particle size and at U0 = Umf' It is
of the form:

Ue 0.5 Une .25,

_ t
Ex = G exp[-10.4 ﬁrﬂ' (H, —5 ), ]
0 o} mf

gm/sec (v.31)

The above correlation was obtained by Merrick and Highley with data

from NCB combustor in which the freeboard height was around 275 cms.

When this correlation is used to simulate the performance of NCB combustor,
the rTesults agree well with data (Fig.10). This correlation does not

take into account the effect of varying freeboard heights and hence cannot
be used to calculate the entrainment rate along the ﬁreeboard height. In
view of the fact that the entrainment below TDH is dependent on the free-
board height, the following correctien is suggested to calculate the
entrainment rate as a function of height above the bed surface. The

rate of entrainment is given by:

E_D

X X

7 ) gms/sec (V.32)
O’: X

; h
Rx = Fo,x @lzp " In ¢

where Fb,x is the entrainment rate of particles of X t? size fraction-.at
the bed surface, h is the height above the bed surface in cms, and the
constant 275.0 represents the freeboard height of the NCB combustor based
on which Merrick and Highley's correlation is developed.

When the bubbles burst at the surface of the bed, solids in the wake
of the bubbles are thrown into the freeboard. The amount of solids
splashed into the freeboard can: be calculated from the equation (Yates
and Rowe, 1977).

Fo, = Ap (U, - U €L - € oo, - £ (gms/sec) (V.33)

SW

where fw is. the wake fraction &ndifgw_is the fraction of solids in the wake

thrown into. the freeboard. TDH represents the height (above the bed


http:fraction.at
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surface) above which the entrained solids density is independent of the
height. There are many correlations available in literature to calculate
the TDH (Zenz and Weil, 1958;‘Amitin, et al. 1968; Nazemi, et al., 1973;
Fournol, et al. 1973). The cdrrelation proposed by Amitin, et al. (1968}
is used here because of its simplicity and accuracy in the range_?f

fluidizing velocities encountered in the combustor.

TOH = 0.420 T **% (11.43 - 1.2 In T) cms (V.34)
TDH is compared with the actual height (height between the bed surface
and the flue gas exit). If the TDH is smaller than the actual freeboard
height, then TDH is used to calculate the solids elutriation rate.
Entrainment rate of solids as & fumction of the height above the bed
surface is calculated u;ing quation (v.32}. .

5. Bubble Hydrodynamics:

A modified version of the bubble assemblage model (Rengarajan,
et al. 1977} is used to describe the bubble hydrodynami;s. Fig. 4 is a
schematic representation of the gas phase model. Gas flow rate in the
emulsion phase is assumed to be that at minimum fluidization velocity.
The minimum fluidization-velocity is calculated using Wen and Yu's
(1966) correlation: h

) ; 0.0408_51133 Py 0g - P 1/

= (2 {[335.7° + g
mf ép pg W, 1

Estimation of the bubble ‘diameter along the bed height is one of the

-~ 33.7} (V.35)

most critical factors in'FBC modeling. For a non-cylindrical bed,

the bubble size, D

B is calculated from (Mori and Wen, 1975):

dp . .
B _ 0.3 -
dz D, (DBM"DB) ' (V.36)

I.C. DB = DBO at z = 0Q, DBO = initial bubble diameter where DBM is the
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fictitious maximum bubble diameter defined by Mori and Wen: (1975) as:

D - _ 0.4
0.652 [A_ (U - U )]

BM (v.37)

o
When cooling tubes .are present,.the ascending bubbles impinge on the
tubes. If the tubes are packed closely, depending on the horizontal
pitch distance and tube diameter, bubbles may be broken, and coalescence
may not occur. For lack of experimental evidence on the bubble sizes

in the presence of internals of various designs, it is assumed here

thazt if the impinging bubbies aré of smaller size than the horizontal
pitch distance, the bubbleS‘coalespe\ag if tubes were absent. If the
approaching bubble is bigger th;? the horizontal pitch distance, it is
assumed.that toalescence does not occur and hence the bubble size in the
coils section of the bed is set equal to the pitch distance.

Bubble velocity is calculated from £he following relation (Davidson and

Harrison, 1963):
UB = U0 - Umf + 0.711 \/gDB o (v.38)

The gas interchange coefficient between the bubble phase and emulsion
phase is estimated from (Kobayashi, et al. 1967)
Kge = 11.0/Dy : -(V.39)

6. Solids Mixing:

The mixing of solids is cau;ed by the motion of bubbles and their
wakes. Both bulk circulation and turbulent mixing of solids are- the
effects of bubbling phenomena of the bed. The bulk circulation rate,
wmix’ caused by the lifting of pérticles by bubble wakes is expressed

as

ﬁﬂx = (U, - Umf) Al ﬁq (1- gmf)ps (v.40)

where fﬁ is the ratio of wake voiume to the bubble volume including
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the wake. The estimation of fw for FBC has not been clearly established
yet. Therefore, fﬁ is the parameter in the model which requires further
investigations. A schematic representation of the solids mixing pattern
and the backflow cell model used to describe the solids circulation in
the bed are shown in Fig. 5 and Fig. 6. The bed is divided into
compartments of size equal to bubble diameter at that height.

7. Heat Transfer:

In calcllating the reaction rate for char combustion, the temperature
of char particle, T , is calculated separately, using a heat balance

around the char particle and the surrounding gas as:

Jmd % - ¢

c ch) (v.41)

2 4 A
ai—(TC—T)+E:mG(TC -T) =1* M q

char

where €, is the emissivity of the char particle (taken as 1.0 Field,

et al., 1967), A is the thermal conductivity of the surrounding gas

and ¢ is the Stefan-Boltzman constant. The heat generated during
combustion is removed by immersed cooling coils in the bed. Water is

the cooling medium. Bed to cooling tubes heat transfer coefficient

used in the model is selected from experimental data and is in the

range of 0.0054 to 0.011 cals/sec.cmz. °C (40 to 80 Btu/hr.ftz.oF). Cor-
relations of bed-wall heat transfer coefficient are also available for
the estimation (Wender and Cooper, 1958; Wen and leva, 1956).

8. Freeboard Reactions:

Char combustion, S0, abserptien and NO, reduction reactions take
place in the freeboard. Heat generated by combustion and heat carried
by the flue gases are removed by the cooling coils present in the
freeboard. The hydrodynamics in the freeboard is different from that

in the bed. Thexre are no bubbles present in the freeboard. Any

B
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unburnt veolatiles from the bed would fe burnt in the freeboard.
The freeboard region is divided into a number of compartments of
equal size. To estimate the compartment size in the freeboard region,
Peclei';umber is calculated u§ing the Reynolds number in the freeboard

region by the following correlation (Wen and Fan, 1974)

Nee = D U, pg/ug (V.42
Ny, = U D/E, (V.43)
Ngo = Hg/D Py (V.44)
N. N
Nl = lN »R&_Sc g Np, < 2000 (V. 45)
Pe Re "Sc 192
1 3x10’ 1.35_ for N__ 32000 : (V.46)
= + Re .
N 21 I8
T Re Re

Knowing the axial dispersion coefficient, Ez’ the average compart-
ment size in the freeboard is calculated as:
éz = 2 E /U | (V.47
The concentrations of gaseouénspecies vary with each compartment although
the cencentrations are.ﬁniform {(completely mixed) within .each compartment.
Knowiéé the average height of -each compartment above the bed surface,
the solids- entrainment rate at that height is calculated. Residence time
of solids in each compartment is given by AZ/(UO - UTJ where AZ is the

compartment size. Solids hold-up in each compartment is then obtained

from

Solids hold-up in _ {upward+downward) flow rate of (V.48)
each compartment s0lids x residence time of solids ’
in that compartment

.

Depending on the residence time of particles in the freeboard, and the

char particles burning time, char particles will either be partially
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or completely burnt, and the partially burnt char particles are elutriated.
The burning time of a char particle is estimated from the equation
(Field, et al. 1967):

t

b burning time of a char particle (v.49

2
p T, d. /(96 ¢ D POZJ (V.50

c,ch Rg
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VI. MODEL DESCRIPTION

1. Elutriation Calculations:

A mathematical model has been developed for elutriation in a
fluid bed system with size reduction and recycle to the bed of some
or all of the fines from the primary and/or secondary cyclones. The
model takes into account the variation in the rates of elutriation
and size reduction with particle size. If the size reduction is due
to more than one process, then there will be a separate value of size
reduction constant for each process. 1In general, the rates of si:ze
reduction by the separate processes in each size fraction are additive.
A mass balance is performed for each size fraction, x, as follows:

Wf,x * Wx—l " 3 kx Mx

(feed rate) (gain of particles (gain of fines produced

from next largest by abrasion)
size due to size

reduction)
= My Wp/My * Ry q18-py) R 9p,(qp)

" (1-p,)
(withdrawal rate (particles captured {particles captured
from the bed) by primary -cyclone by secondary cyclone

but not recycled) but not recycled)
¥ Rx (1-q1x)(lfq2x) * kx Mx
(particulate emission) (loss of weight due to

production of fines by
abrasion or to chemical
reaction)

+ wx

(loss of particles to next smallest
size due to size reduction) (Vi.1l)
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The rate of loss of particles to the next smallest size, W‘X, is
determined by considering a mass of particles M, at size, d , and
calculating the mass remaining Mx+1 after the size has been reduced

to d . The rate of reductiomn is written as:

x+1
dM . , |
= Tk MU - U ) : (VI.2)
The rate of size reduction between d_ and d is:
X x+1
ddy —k'
& ="Rx - {(VI.3)
® 3 % - Upg)
Dividihg equation (VI.2) by equation (VT.3) gives:
aM _ 3M ‘ _ (VI.4)
dd, d, . . .
and jntegrating between dx and dx+l gives:
M d
x+1 x+ly S VI.5;
M ( d_ -~ ( )
X X

This fraction is the proportion of the total feed to. the xth size

fraction which is reduced in diameter to (x+1)th size fraction.

d
x+1. 3
g . : VI.6
x * 2 K(_U0 U.f)Mb + W ~I]( )7, ( )

Therefore, W, = [W% .

2
For the coarsest size fraction, Wk ¥ is zero.
; -
The entire calculation is iterative, starting from indtial

guesses of the. withdrawal rate of solids. from the bed and the size

distribution of particles in the bed.. Mass balance. is performed on

each successive close size fraction, starting from the coarsest. The
bed weight in each size fraction and hence the total bed weight and
bed size distribution is calculatedi. The procedure is repeated till
the calculated bed weight equals the given bed weight. .The elutriation
rate, fines collection/recycle rates, particle: emission and siZe.

distribution of elutriated: particles: are themr calculated.



2. Material and Energy Balances:

Material balances are made for volatile gases, (O, COZ’ oxygen,
S0, and NO in the bubble and emuision phases within the bed and in the
freeboard. Depending on the concentration of oxygen in the emulsion
phase, different material balances are used as shown below.
Case A: Volatiles concentration in the emulsion phase is not zero
because of insufficient oxygen in emulsion phase for complete combustion

of volatiles. Char and CO combustion do not proceed in the emulsion

phase.
EMULSION PHASE EQUATIONS
Oxygen:
Y. . = 0,0 . (VI.7)
E,1
Volatiles:
Fem,i'E,v,i = TEM,i-1'E,v,i-1 ~ 21'E,v,i-1
(Volatiles out) (Volatiles in) (Volatiles Exchanged to
Bubble Phase)
F N S + aY,_ .} .
_ ( EM,1-1"E,i-1 1" B,1 + R . ‘ (Vi.8)
XO v,1 . ]
2
(Volatiles Burnt) (Volatiles Released during
Devolatilization)
wh =K A, .AZ. € P ole/sec
eTe 21 T %gE,1 “t,i"%1 ®B,i RT,’ g ' (VI.9)
Csrbon monoxide:
F Y = F

EM,i YE,C0,i = TEM,i-1 YE,00,i-1 ~ %1 YE,co,i

(Cd out) (€O in) - (CO Exchanged to
Bubble Phase)



o ey Ypa gt A Ypi) v s
X, co © “co,i
H ]
.(CO Producéd by Volatiles (CO Released during
Burning) o Devolatilization)
* 23 Y

27t

(CO Produced by C—-CO2 Reaction)

where
4y = dphy 1825 (180 5 - Ceupe, 17 Ko
a = ? Db(%_gmf)

mo d ey Cy

Carbon dioxide:

2,1

P

E,i

al[Y

{Co

Foo. Y = F. . .Y
BM,i B,00,,i © "EM,i-1 'E,00, ;
(co,, out) (Co, in)
- - r}
* Rcoz,i ' 3, Yg c02,1 :

€0, Released during {co
2

Consumed by

Devolatilization) EO Reaction)

BUBBLE PHASE EQUATIONS

Oxxgen:
Fom,i Y8,4 = Fem,i-1 YB,i-1
(Oxygen out) {Oxygen in)

E,CO
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(VI.10)

Xi)’ gmole/sec‘ (VI.11)

'

pi

(VI.12)

B,C0,,i) "

2?

Exchanged o
Eble Phase)

’EVI.ls)

(Oxygen Exhcanged to

Emulsion Phase)



3y Yg 5

(Oxygen Consumed
by Char)"

where

2

Carbon dioxide:

F Y =

SBM,i TB,C0,,1

(CO2 out)

4+ oa_ Y +

2 'B,i

{CO., Produced by
Char Combustion)

a, = a At,i AZi(ec .

(Oxygen Consumed by
CO0 Exchanged to
Bubble Phase)

P
- E
>1

FaM,i-1 YB,coz,i-1‘
(COZ in}

2 Ye co,i

(CO, Produced
by CO Combustion)

FREEBOARD EQUATIONS

)k .
B,i" "cB,i RgTB,i

e
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VI, 14
2 YE,V;i X02,c ( )

(Oxygen Consumed by
Volatiles Exchanged
to Bubble Phase)

X5 (VI.15)

210,c0,,1 ~ E,c0,,,1’

(CO,, Exchanged to
Emiilsion Phase)

21 Yg v.i Vcoé (VI.16)

(CO, Produced by
Volatiles Burning)

(VI.17)
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Volatiles:j
A Yo, 7 P Yv,in T B Yo, %, (VI.18)
4
(Volatiles out) (Volatiles in) (Volatiles Burnt)
Carbon monoxide:
. = 1
Fur Yeo,1 Fur Ye0,i-1 ¥ % % YCOZ,:I.
(CC out) (Co in) {CO Produced by
C—CO2 Reaction)
(CO Produced by Volatiles Burning)
where a! = P N Fdz k gmoie/sec (VI.20)
4 R T . ‘¢ 1%e. fco,,i’ .
g B,l 2 > 2 .
Carbon dioxide:
= —-" 1
Fyr Yoo, . Fur Yo0,,i-1 % Yeo,,4 (vi.21)
. 2,1 2° . g
(co, out) (CO2 in) - {CO Consume@ by
‘ CHEO2 Reaction)

. Case B: Sufficient oxygen is present in the emulsion phase for the

combustion of volatiles.

EMULSION PHASE EQUATIONS

Volatiles:

Yg,y,1 = 0.0 (V1.22)

Oxygen:

= - o= Y .
Fem,i 'E,i Fem,i-1 YE,i-1 a1 (g 5 - Yg 3

TOxygen oﬁt) (Oxygen in) (Oxygen Exchanged tc
Bubble Phase)
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T3 e %, ey s Ve y 5 Rv,i)x'o2
(Oxygen consumed (Oxygen Consumed by Volatiles
by Char) Burning) .
175 Y,
- 2 ) I.23
kKYE co,i G225 Y, )/2.0 (VI.23)
2 [

{Oxygen Consumed by CO)

where

~ 10 P 1.8 0.5 .
k=3x10 exp("léooo/RTi)(RgTi) YHZO X A g 8250€. 5-C4ibe, i) Ene

: gmole/sec (VI.24)

— P
T T B T Sl R LS | RT; (VI.25)
1 * b -
Carbon monoxide: .
. : 17.5 YE 5
"em.i YE,c0,1 = FeMi-1 YE,C0,i-1 = X YE,co,i Tmoad Y, . )
(CO out) (CO in)} . " (CO Buznt)
*gyiog Yy,io1 RV Reo,i
(CO Produced by Volatiles Burning) ' .(CO Released during
Devolatilization)
. 2 : p
. - = VI.26
*2ay Y g 22 - =Yg \ )
2 . E,i
(CO Produced by (CO Produced by
C-CO, Reaction) Char Combustion)
Carbon dioxide:
v = . - -
FEM, i “E,C0,,i T TEMi-1 YE,cO,i:1 1% co.,i = p,co..1)
2 2 Z
(CO9 out) (CO2 in) (Co Exchangéd to

Bubble Phase)
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17.5 Y. .
E,1) + R

0.1 9ma YT
E,C0,i%1#24-7 Yp 00,

+ kY ;

(CO., Produced by (CO2 Released during
CO"Combustion) Devolatilization)

L)Y (VI.27)

Y + E,i

- & a (—.—.—.——2 -
4 'E,00,,i 39 3

(CO, Consumed by (€O, Produced by
c-Co, Reaction) Char Combustion)

BUBBLE PH&SEiﬁQUATIONS

Oxygen:
1 = - - .
Fem,i YB,i Fem,i-1 ¥B,i-1 - 21(¥p,; =Yg,
{Oxygen out) {Oxygen in) (Oxygen Exchanged to
Emulsion Phase)
- a_ Y -

2 '3,5 *1 ¥E, 0,12 (VI.28)

(Oxygen Consumed (Oxygen Consumed by CO
b Char) Exchanged to Bubble Phase)

Carbon dioxide:

. N = N N - Y B .~ Y
FB,i YB,C0,1 T v TBMi-1 'B,00,,i-1 2105,00,,17 YE,c0,,
(CO, out) (CO2 in) (CO2 Exchanged to

- Emulsion Phase)
Vi.2g}
ta; Y  * %1 Yg o (Vi.29;

(CO, Produced by  (CO, Produced by
Char Combustion) GO Combustion)}

FREEBOARD EQUATIONS

Volatiles:
Yv,i = 0.0 (VI.30)
Oxygen:
wrYo,i T FwrYo,i-1 T hwr Vv Yo,
(Oxygen out) {Oxygern. in) (Oxygen Consumed by

Yolatiles)

)
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1

17.5 Y, .
- 1t S L 7 S,

K Yeo,1 35277 Y, 13/2 3y ¥0,1/%,1 (VI.31)
(Oxygen Consumed by

{Oxygen Consumed by
Char Combustion)

CO Combustion)

where
10 P.,1.8 ,D.5
st = - N, -
L4 3x 10 exp( 16000/RT1)(RgTi) YH20 At,iAZi(l etube,i],gmole/sec (vr.z»
al = (——IN_md® X gmole/sec
2 RgTB ;0 ot ce,i €1’ : (VI.33)
Carbon monoxide:
Fur Yeo,1 ®  Fur Yeo,i-1 7 2 3 Yoo s
(CO out) {CO in) " (CO Produced by
. C-CO2 Reaction)
«+ F Y . v + a'' Y. . (2 - ——z—a
MT Vsi-1 'CO 2 0,1 ¢B i

: (CO Produced by

(Co Rroduced-by
Char Combustion)

Volatiles Burning)

17.5 YO 1 .
" K Yoo g7y ) (VI.32)
21
{CO Burnt)
Carbon dioxide:
B - _ T
Fur Yco,,1 Fur Yco.,i-1 2 Yoo, 4
2 2 2
(CO, out) (Co, in) . (O, Consumed by
) C—EO2 Reaction)
5 17.5 YO 5
sal Y, L = -1 e KTV : )
2 O?l k(PB’i Cogl (1+24'7 Yo,i . ’ (VI-SS)

fCO, Produced by

{CC, Produced by
GO Combustion)

Char Combustion)
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The boundary conditions are:

Yy, =0.21 Fyr/Fyp (VI.36)
Y g ='YBJ1 (VI.37)
Yg,y,1 = 00 (VI.38)
e co,1 = 0-0 (VI.39)
Ye,c0,,1 7 0° (VI.40)
YB,COZ,I = 0.0 (VI.41)

SULEUR DIOXIDE AND NITRIC OXIDE BALANCES

Nitrogen and sulfur content in the volatile products released
during devolatilization is a function of bed temperature. Volatile
nitrogen increases from 20 to 70% as temperature rises from 800 to
1300°K (Fine, et al. 1974) and is expressed as:

Vﬁ = 0.001iT - 0.6 (Vi.42)
Similarly the sulfur content in the volatiles is expressed as:

VS = 0.001T - 0.6 (VI.43)
Sulfur and nitrogen left.in the residual char are released as SO2 and
NC when char burns. The following material balances are made for

sulfur dioxide and NO in the bed and in the freeboard.

EMULSION PHASE,_EQUATIONS

M YE,s0,,i T TEmi-1 'E,s0,,i-1 al(YE,SOZ,i- Y

(80, out) {SO2 in) (S0, Exchanged to
Bubble Phase)

B,S50 ,i)

2
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¥ s0.,i 'E,s0.,i ©  TE,s0.,c,i ¢ Rg,so.,v,i (VI-44)
2 22 2 2
(SO2 Absorbed by (80, Released (80, Released during
Limestone) during Char Volatiles Combustion)
Combustion)
where
_ . P

aE,Soz,i_ At’iAZi(l-Ec,i - Etube,ij(1_€mf)kv1C§;T;J’ gmole/sec (VI- 45)

Fem, i YE,NO,i = Feyia YE,NO,i—l - al(YE,NO,i - YB,NO,i)

(NO out) (NO in) ' (NO Exchanged to
Bubble Phase)

- an - Y . + R \ + .
=.N0,i YE,NO,i E,NO,c,i Rp NO,vV,i VT .46)
(NO Reduced by (NO Released (NO Released during
Char) during Char Volatiles Combustion)
Combustion)
where
°E,N0,i  m AT,i AZi (l_ecsi i} EtUbe,i)kE,NO,i Eﬁ%—— X; gmole/sec (VI.47)
gE,1
BUBBLE PHASE EQUATIONS
= - - .)
"o, '8,50,,1 FBM,i-1 TB,50,.i-1 al(YB,soz,l Ye,50,,1"
(80, out) (80, in) (80,, Exchanged to
2 2 i
: Emulsion Phase)
] .Y .+ R ] + R .
B,50,,% 'B,50,,1 B,50,,¢,1 B,50,,V,1 (VI.48)
(SO2 Absorbed by (SO2 Released (S0, Released during
Liftestone) during Char Volatiles Combustion)
Combustion)
where
- p 3
"8,50,,1 At,18% (¢ 5 - EB,i](l'emflkv1f‘E;T;lgmole/sec (V149>


http:YB,S2.iI

Fem,i YB,NO,i

- al(Y

Fpm,i-1YB,N0, i-1 B,NO,i ~ YE,NO,i’

(NO out) (NO in) (NO Exchanged to
Emulsion Phasé)

(V1.50)

+

" %N, B,N0,: ¢ Regwo,c,i Rp NO,V,1

{NO Reduced by Char) I{NO Released (NO Released during
during Char Volatiles Combustion)
Combus tion)

where

P X gmole/sec (VI.51)

an Ay g 82305, B,NO,i RT. . i °
g B,i .

% No,i - Zm At Ik

,i ~ Stube,i

FREEBOARD EQUATIONS

F.. Y = F + R . -

MT Ysoz,i—i S0, 1 asoz,i YSOz,i
{VI.52)

(502 out) (SO2 in) (802 Released) (802 Absorbed
3 by Limes tone)

md
- 2,1
so..i - (§ T, INy 7277k

yis gmele/sec (VI.53)

Fiop ¥ F

MT “NO, i " MT YNG,i—i Y

+ R . -

NO, i 4N0,i 'Ne,i (VI.54)

(NO out) (NO in) (NO Released) (NO Reduced
by Char)

_ p . 2
where aNo,i " (ﬁgfg_;aNc,g dce,ﬁNO;i’ gnole/sec {VI.55)
]

The boundary conditions are:

Y YB;NO,l = 0.0 (vVi.56)

E,S0,,1 ~ ¥5,50,,1 = YE,N0,1

SOLID PHASE MATERIAL BALANCE

The overall material balance for the solids in ith compartment in

. is given by:

- 5 * t i ow .
~crms of net solids flow, wﬁet;l
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wnet,i - wnet,i-l * wfc,i Rch * wfa,:i

(solids out) (solids in) _(Char feed) (Additives Feed)
Wp,i - T3

(Solids Withdrawal (Char Burnt) (VI.57)

The boundary condition is wnet,l = 0.0 .

The material balance for the carbon in ith compartment is given

as follows by introducing the backmix fiow, W

mix’
Moix, i~ "net, 19 %e1 "Mnix,i-1 = Ynet,ic1 * mix,i - ¥p,30%
Mmix,i-1 = Fi 7 Yee,i Cen Yo (VI.58)
where X is the weight fraction of carbon in the ith compartment.
The boundary conditions are:
W 0.0 {(VI.59)

mix,1 - mix,Mi
The energy balance for the ith compartment is given as follows:

CS(wmix,i - wnet,i)Ti+l

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

W

-Col(w net,i-1

+ W

mix,i - "D,10" Con Bt Ti

mix,i-1 gm MT

(heat out from ith cell)

+ [CS W T qy,

mix,i-1 * Cgm FriTioy
(heat in f£rom (i-1)th cell) (heat generated by
: char combustion)

% W, 7 83,1 Yy 8c0,i 9co

{heat genesrated by (heat generated (heat generated by
volatiles combus- by velatiles CO0 combustion)
tion it emulsion  combustion in

phase) ] bubble phase)



C.T

* Mey 3Csr * Wee 3 CoPTse i

“%ca1 wfa,i

(heat of calcination) {sensiblie heat of solids feed)

= Ay B A U (T - T 5) v A B ey U

(heat removed by cooling tubes) (T. - T ) (VI.60)

i~ wall,i

(heat losses through the
walls)

ENERGY BALANCE IN THE FREEBOARD

-

The following equations are obtained for energy balance in the

freeboard in ith compartment.

Went,i % * Cgm Fur) Tioz " i 9en

(heat in from (i-1)th (heat generated

compartment) by char combustion)
* 8.1 %,co ¥ £co,1 %o

(heat generated by (heat generated by

volatiles combus- CO combustion)

tion)
- Mone,i G * CpnFapdTs = Ags 8% e 5 Vs (T - T 9)
(heat out from ith cell) (heat removed by cooling tubes)

U -

* A1 8% e Ve, - Tyatn,d? (VI.61)

(heat losses through the walls)

Some of the correlations used in simulation ar? listed in Table 2.
Table 3 indicates the assumed values for the parameters involved in the
model. If, in future, proper and accurate correlations become available,
these parameters can be substituted with those correlations. The logic
diagrams for the computer programs are shown in Figures 7, 8 and 9.

Symbols are explained in Appendix VIIT. Algebraic equations obtained

are solved using IBM 360 computer available at WVU.
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TABLE 2. CORRELATIONS USED IN SIMULATION

= 9;215 cals/gm:°C
3

lleat capacity of solids, CS

Heat capacity of gas, Cgm = 6.8 + 0.5 x 1077 t(°0)
Density of limestone = 2.4 gms/cm3
Density of coal = 1.4 gms/cm3

Minimum fluidization velocity,

3
0.0408 d - 1/2
L Pg (ps - g 1/

R 2 i
U ¢ (d ) {[33.77 + — . 5 ] .33.7},
P g g . H
cm/sec
Bubble diameter, DB = DBM - (DBM - DBO)exp(-O.S Z/Dt)’ Cm
where .
.0.4
Dpy = 0.652 {At (v, - Ume}

[}

0.4
Dpo = 0-347 {At (U, - mfJ/nd}

Bubblé velocity, UB = UO - Umf + 0,711 \/gDB

Bu?ble fraction, €p = (Uo - Umf)/UB

Cloud fraction, e = g, ub/(ab - 1)

vhere Op = € ¢ UB/Umf

"= 0.5

Void fraction at minimum fluidization, €
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TABLE 5. PARAMETERS IN THE MODEL

. . 2o
Bed to tube heat transfer coefficient, U = 0.00765, cals/sec.-cm K
Freeboard hezt transfer coefficient = (1/3)U, cals/sec-cm2°K

0.0021,cals/sec-cm2°K

Bed to wall heat transfer coefficient
Solids mixing parameter, fﬁ = 0,075~0.3

Fraction of wake solids thrown into the freeboard, fgw = 0.1~0.5
Cociing water temperature = 300°K

Wall heat transfer coefficient in the freeboard = 0.00025 cals/sec
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design data —={ input operating conditions

<

bed weight, WB
limestone feed Size
distribution

assume bed size distribution
and solids withdrawal rate

L

material balance for each
gize ‘traction

\ 4
total bed weight , WBC
and bed size distributlon

subroutine
crrect

entrainmeni calculations as a
function of height ahove the hed

i

print

Fig.7 Logic Diagram for the Computation of

Limestone Entrainment




48

ASSUME CGOMBUSTION
EFFIGIERGY . ETGA

i

CALCULATE KA¥W
4

WEIGHT OF GHAR IN THRE BED
ASSURE SIZE DISTRIBUTIOR OF
CHAR IH THE BED

'

MASS BALANCE FOR EACH SIZE
FRACTION & CHAR SIZE BIST- [

RIBUTION IR THE BED

&

ENTRAINMENT AKD FREEBOARD

GOMBUSTION
3
GHAR ELUTRIATIOR
&
ETEE = 1 - GARBON 10SS

CARG2K FED

TN

SUBRCUTINE
CRRECT

ETCA = ETGC

YE
V 3

PRINT

Fig.8 Logic Diagram £for the Computation of

Char Entrainment
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Design Data —%= Input < Operating

Combustion

| Yes

Initial Values

v oy
A Ti.ola * Ty

Y

No

Conditions

Hydrodynamics

%

)

Hydrodynamics

0., in — O, o4t
ETCG : =2 2

Gas Phase Material Balance

Stoichiometric Oy

Subroutine|No
CRRECT |

ETCA : ETCG

Carbon Balamce
Xj

+

Gas Phase Ralance

e

Energy Balance & T

2 |Ti.o1a™ Til
M
TAV : ET, /M

TNORM:

No

TNORM < 1% TAV

00

Fig.9 Logic Diagram for Cembustien Calculations
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Yes

Initial Value
ETS ! 0

~ —

FS . ETS/CASE

3
Aj
SO0, Material Balance

¥
¥i.s04

sc 1“" § In Flue Gas
ET * Total 8§ Fed

~ No_ |Subroutine
" | CRRECT

Print

NOK Calculations

Print

Pressusre Drop
Calcuiations

Print

Fig.9 (Continued).
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VIi. RESULTS AND DISCUSSION

The validity of the proposed fluidized bed combustor model is
tested under a set of operating conditions based on the experimental
data reported by the National Coal Board, England (1971), Gibbs and his
associates in Sheffield (1975), the Exxon Research and Engineering
Company, U.S.A. {1976) and NASA Lewis Research Center, Cleveland, Ohio
(1978). Table 4 gives the dimensions of the various beds simulated
and the configuration of heat-exchange coils used.

Fig. 10 shows the size distributions of the particles in the bed
and in the elutriated material for a given feed size distribution of
particles under the set of operating conditions specified in the figure.
The solid lines in Fig.10 representing the results of the model
simulation indicate close agreement with experiméntal data. The fine
particles in the feed are entrained by the gas stream leaving the bed,
and hence the bed particle size is larger than that of the feed particles.
The fine particles are splashed into the freeboard by the bursting
bubbles at the bed suéface. Bigger particles return to the bed while
the smaller ones are completely elutriated.

Fig.11 shows the results of the simulation on axial bed temperature
profiles for two different configurations of cooling tubes in the bed.
The difference in the profiles is due to the solids mixing pattern in
the bed. When horizontal tubes having closer horizontal pitch distance
between the tubes are used, solids mixing is considerably hindered,
resulting in steeper temperature profile in the bed. The solids mixing
is promoted significantly by the action of bubbles lifting the solids

in the wake while ascending. If internals axe closely packed in the



TABLE 4. DIMENSTONS OF EBC EXNAMINED

Type Bed Cross-section Specific Tube - Vertical Horizontal Tube
{sizes in cms) surface area BGutside Pitch cms Pitch cms configuration
-cm?/-em3 bed Diameter cms
90
NCB ! 14° 0.15 5.4 9.9 11.4 lorizontal -
. . staggered
v 30 0
Gibs, et al. 50% . _ o 125 . . -

(1975}

Exxoh Mini ﬂ 0.205 1.9 . : - 5.5 ‘Horizontal
Plant ‘ serpentine

0.149 1.9 - - 'Vertical coils
A .
NASA Y 0.1744 1.25 : 8.0 2.86 Horizontal
v I In line
D B
A
E .
1 :
. £
A=252,8 E = 81.3
B=29.2 F=19%27
C=22.7

)
1l
N
c~

<

Ay
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bed, the free moving, coalescing bubbles are constrained and may be
broken as they impinge on the walls of the tubes. Hence the solids
movement is retarded which in turn affects the temperature profile.

In the model the solids mixing in the bed is represented by the

mixing coefficient, fw‘ For poor solids mixgng fw takes on:low values
(0.05-0.2) and for vigorous mixing it takes high wvalues (0.2-0.,4),

A simulation of the operation of NASA fluid bed combustor is presented
in Fig.12. Again in this combustor, closely packed horizontal tubes
are employed for heat removal. As indicated earlier, the solids mixing
is poor which is clearly shown by the non-uniform temperature profile
and the non-uniform carbon concentration profile in the bed. Carbon
concenfration peaks at the coal feed point and decreases rapidly within
the bed as combustion proceeds. Because of the higher concentration of

carbon and cxygen near the coal feed point near the distributor, the

combustion rate and the heat- release rate ate higher than the remaining
part of the bed. This results in a high temperature zone near the coal
feed point. On the other hand,; in the freeboard region, though
combustion takes place, due to the heat losses through the wall, the
temperature drops.

The concentration profiles of oxygen in the bubble and emulsion
phases together with the volatiles concentration in the bed are shown
in Fig. 13. Experimental observations reported by Gibbs, et al. (1975)
on the time averaged oxygen concentrations along the bed height are
2150 shown. Time averaged concentration is neither the bubble phase
nor the emulsion phase concentrations since they are obtained from gas

analyzer probes. The peaks and valleys of the analyzer response which
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correspond to that of bubble and emulsion phase oxygen concentrations
respectively are averaged to obtain the concentration profile.

Near the coal feed point, a large poxtion of the volatiles is
released in the emulsion phase due to the rapid devolatilization of
coal. These volatiles immediately burn consuming the available oxygen
in the emulsion phase. The oxygen concentration in the emulsion phase
is quickly reduced to zero. The volatiles in the emulsion phase are
exchanged with the gas in the bubble phase where they are burnt
completely. The excess volatiles move up to top compartments while
they- are burnt on the way. Thus, the oxygen concentiation decreasss
gradually in the bubble phase aleng the bed height.

Fig. 14 shows the concentration profiles of CO,, CO and volatiles
in the bubble and emulsion phases. The concentrations of CO and
Qolatile products in the bubble phase are zero since complete
combustion of these gases is assumed in this phase. The experimental
data shown are the time §veraged concentrations of C02 and CO in the
bed. Near the coal fEed;%b;nt, the volatiles released in the emulsion
phase burn te form carbon monoxide, the concentration of which increases
along the combustor height. As long as volatiles are present in the
emulsion phase the combustion of char and CO does not take place.
whereas the C-(CG, reaction takes place. Hence the CO2 concentration
in the emulsion phase along the bed height decreases until all the
volatiles are burnt. Once CO and char combustion start, CO2 concen-
tration increases in the emulsion phase. On the other hand, CO2
concentration in the bubble phase increases gradually as a function
of the bed height indicative of the progressive combgstion of char and

volatiles in the bubble phase.
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In regacrd to the absorption of SO2 by the limestone present in
fiuidizad bed combustors, the percentage absorption increases with an
Incrsase in the Ca/S ratio. Ca/S ratio is the most significant
operating variable determing the reduction of 502 in the flue gas.
Sttoichiometrically, one mole of calcium is needed to capfure one mole
of sulfur. But experimental evidences indicate that even with a
Ca/S ratio of 3, sulfur capture is not complete. This is due to the
fuct that as 802 reacts with fresh calcined limestone, an impervious
ia-er of CaS0, is formed surrounding the particle and thereby rendering
the particle ineffective in capturing 502 further. At Ca/S ratio of
1.2, 302 capture efficiency is about 60 percent (Fig. 15). S50,
retention efficiency improves to 93 percent when Ca/S ratio is
increased to 3.3. The experimental data and the calculated result
from the proposcd model are shown in the figure demonstrating good
agreement between the two. The current EPA regulation on 802 emission
(1.2 1bs. S0, per million ?tu{burnt) corresponds to a 50, retention
efficiency of around 72 perceﬁt for 2.75 percent sulfur coal
(Pittsburgh coal). From Fig. 15, a minimum Ca/S ratio of around 1.8
is meeded based on the model calculation to meet the EPA requirements
tfor the set of operating conditions specified in the figure.

The effect of operating temperature on SO, retention is shown
in Fig. 16. An optimum temperature range of 800 to 850°C can be
observed in which the 502 retention efficiency is maximum. At lowex
temperatures the rate of SO, capture is low, resulting in a lower
sul fur retention efficiency. At higher temperatures, plugging of the

pores occurs due to rapid formation of CaS0, around the outer shell
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and reduces the effective specific surface area of the limestone
particles resulting in a lower 502 retention efficiency. The agreément
between the model predictions and the experimental data is satisfactory.
Fig. 17 shows the effect of fluidizing velocit} on sulfur refention
efficiency. At low velocities, elutriation is small‘and hence the
averagé bed particle size is small. This impliesﬂa greater réactiVity
of the limestone particles. Also, the gas and solids residence times
are increased. Hence a higher 50, retention efficiency is pbtained.
But, at higher fluidizing velocities, entrainment is large, and the
particles entrained are also larger. Bed particle sizes are cohsequently
larger resulting in lower reactivities. At higher superficial velocitiés%
residence time is also short. A combination of these effects results
in a lower sulfur dioxide retention efficiemcy. Fig. 18 shows the SO,
concentration profiles obtained from simulation of the NASA combustor.
Neaxr the coal feed point, because of the combustion of'volatilés, a
large proportion of SO2 is released into the emulsion phase. A high
concentration of SO, is seen at this location. 802 is then absorbed by
the calcined limestone particles in the bed and its concentration
in the emulsion phase decreases as a function of height above the
distributor. The gases leaving the bed surface come in contact with
the fine limestone particles entrained into the freeboard, and sulfur
capture is apprecigble in the freeboard region. Algo, in the case of
NASA combustor, since the cross sectional area of the freeboard region
increases as a function of bed height, the gas and solids residence

time in the freeboard increases; hence the S0, retention is high and

its concentration in the freeboard is low.
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The effect of bed temperature on NOrem%ssion is shown in Fig. 19.
The average carbon concentration in the bed~?hich is closely related
- to NO reduction is also shown in the figure. .NO concentration at the
exit in the flue gas increases with the bed fémperature while the
avprage.éarbon concentration in the bed decreases. At low temperatures,
NO formed is reduced by the large amount of char in the bed. At higher
temperatures, the NO emission increases since the char content is low
affecting the NO-char reactiom rate. At temperatures above 825°C,
the NO emission plateaus off. This is due to the fact that while
the NO reduction rate by char above this temperature becomes fast,
the char content of the bed is significantly lowered. EPA regulation
limits the NO emission té 0.7 1bs per million Btu of heat released.
This limit corresponds to a NO concentration of gbout 970 ppm in the
exit gas under the conditions specified in the figure. Hence it is
clearly demonstrated that fluidized-bed coal combustors can meet the
current EPA NOx emission standard.

Fig. 20 is an example of the NO concentration profiles in the
bubble and emulsion phéses. Data points are the time averagéd NO
concentrations obt?ined experimeﬂtally { Gibbs, et al, 1975) near the
wali and at the center of thé bed. The NO concentration near the wall .
is higher than that at the center of the bed. The'probability of a
probe sampling the bubble is higher at the center and the emulsion
near the wall since the proportion of the bubbles is small near the
walls. These results indicate that NO is preferentially formed in the
emulsion phase due. to the release and subsequent combustion of volatiles

in the emulsion phase.
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Higher concentrations of NO in the emulsion phase near the coal feed
point are the results of rapid evolution and combustion of volatiles
from coal in this region. The NO concentration in the bubble phase
increases because of char and volatiles combustion. Fig. 20 also
indicates the NO concéntrations in the freeboard. In the freeboard
both char combustion and NO reduction take place. When the char burns
NO is released from the nitrogen contained in the char. These two

competing reactions determine the total NO emission at the outlet

of the combustor.
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VIII. SENSITIVITY OF THE MODEL PARAMETERS

The most important parameters in the model are the solids mixing
parzmeter fw’ the fraction of wake solids thrown into the freeboard
£, and the bed to tube heat transfer coefficient U. The effects of
these parameters on the temperature profile in the bed are shown in
Fig. ZI, 22 and 23. For this parametric study, the bed dimensions and
cooling location coils are similar to the NASA fluid bed combustor
{Table 4). In future when.more accurate correlations are developed
these new correlations should be used for estimation of these parameters
in the model. Fig. 21 shows the effect of fw on the temperature profile
in the bed. Low values of fW ripresent poor solids mixing. When
solids mixing is poor, most of the volatiles are released near the
coal feed point. Combustion of these volatiles causes a rise in the
temperature of the bed in the neighborhood of the solids feed pdint. l
As fﬁ increases, solids mixing becomes more vigorous, and heat liberated
by the combustion of volatiles near the feed point is immedidtely
dissipated by the rapidly mixing solids. Because of improved miXing,
the bed temperature profile becomes wniform,

The extent of freeboard reactions depends on the solids hold up in
the freeboard. Solids hold-up in turn depends on the amount of solids
thrown up into the freeboard by the bursting bubbles at the bed surface.
The rate of entrainment of solids from the bed surface, FO, may be

given by (Yates and Rowe, 1977).

F, = At(U0 -0 Q- e de, f;w gm/sec (VIII.1)
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for a set of operating conditions, increasing the value of fs;
increases the solids splashing rate at the bed surface. If a large
vortion of char leaves tﬁe bed, char elutriation from the combustor
will also be large. This will result in lower combustion efficiency,
and hence a lower temperature in the bed. The temperature drop in
the rreeboard decreases as fsw increases because of increased combustion
in rhe freeboard. This is clearly illustrated in the Fig. 22. It
should be borne in mind that the NASA fluidized bed combustor is a
small wnit and heat losses from the wall in the freeboard are
considerable. If the bed is biéger in size than that is used here
for simulation, the heat losses through the walls will be minimal.
Also, wita good insulation, heat losses can be reduced. In large
commercial combustors, if the entrainment is increased, combustion
of char in the freeboard will also incredse resulting in higher
temperatures in the freeboard. Hence it is seen that the parameter
fsw is very critical and has to be carefully evaluated in order to
properly account for the freeboard reactions.

Fig. 23 is a parametric study of the effect of bed to tube heat
transfer coefficient on the temperature profile in the bed. Changes
in the value of the heat transfer coefficient do not significantly
affect the shape of the temperature profile but affect the level of
bed temperature. As can be seen from Fig. 23, if the actual heat
transfer coefficient were 0.00765 cals/sec.cm2,°C (56 Btu/hr.ft2.°F),
assuming a lower heat transfer coefficient of 0.0063 cals/sec.cm2,°c
(46 Btu/hr.ft2,°F) would result in a temperature difference of

about 40°C above the actual temperature, So it is apparent that an accurate
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estim;tion of the heat transfer coefficient for a wide range of design
is critical to make accurate predictions of bed temperatures.

Fig. 24 brings out the effect of bubble size {or the compartment
size, since bubble size is same as compartment size) on the bed
temperature profile. When a single bubhle diameter is uﬁgd as an
adjustable parameter, a small value for the bubble diameter over-
estimates the combustion rate in the bed. This is because of increased
mass transfer of oxygen to the emulsion phase from the bubble phase.
This results in steép temperature profiles. As the bubble diameter is
increased, the profile becomes less steep and also the average tempera-
ture decreases because of less combustion in the bed. Fig. 24 also
indicates the predictions from the present work compared with
experimental data. Clearly it is seen that bubble size cannot be
assumed as an arbitrary parameter, and the coalescence of bubbles
has to be incorporated in any realistic FBC model. The effect of
the location of cooling tubes on the bed temperature profile is
shown in Fig. 25 by moving the heat exchange zone. In this calculation,
the other variables are kept constant. It appears that by properly
adjusting the location of the cooling coils, the bed temperature

can be maintained uniform.
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IX. CONCLUSTONS

The following conclusions can be drawn from this study:

1. The agreement between the simulated results and the
experimental data atteét to the validity of the proposed model for
the fluid bed coal combustion and of the assumptions made.

2. The elutriation phenomenon is taken into consideration in
the model. The results of simulation on elutriation agree well with
the experimental data.

3. The model confirms the importance of the role of solids
miking .n maintziaing a2 uniform bed temperature. Poor solids mixing
results in nonumiform temperature profile and carbon concentration
profile in the bed. The poor mixing is accounted for by £,, the solids
mixing parameter in the model. This important parameter in the model
alss accounts for the devolatilization of coal. The a§sumption of a
majoxr portion{of the volatiles being released near the feed point is
justified by the concentrations of NO, 0, and CO observed experimentally
near the coal feed point.

4. Although a simple approach is taken to calculate the bubble
size through internals (and the results seem reasonable), a proper
bubble size correlation in the presence of cooling tubes with different
configurations needs to be developed. - Bubble size cannot be assumed as
an adjustable parameter, and bubble coalescence has to be considered.

5. Attention has to be focused on the evaluation of the soliids
mixing parameter fﬁ, the fraction of wake solids thrown into the free-
Loard fsw’ and the bed to tube heat transfer coefficients. A
parametric study of these variables indicates the necessity of

accurate estimation for properly accounting for solids mixing,
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freeboard reactions and bed temperature profile.

6. Although the validity of the two phase theory has been
questioned for very large particles (> 2000 um) and very small
particles (< 50 pm), the predicted results indicate that the proposed
two phase model can effectively simulate the performance of the FBC.

7. The concentration profiles of 02, co, CO2 and .volatiles
computed based on the model are in accordance with the experimental
observations.

8. NO (nitrogen oxide) emission is shown to be dependent on the
operating temperature. NO emission can be maintained below the EPA
limits by maintaining a higher concentration of carbon in the bed and
in the freeboard. NO concentrations in the bed indicate that most of
the NO is formed in the vicinity of the coal feed point.

9. In operation of a FBC a balance has to be made between the
combustion efficiency, the carbon loss, higher 802 Tetention and lower
NO emission. Based on the analysis, the approximate optimajare found
to be (i) for the temperature range between 800 to 850°C, (ii) for the
velocity between 90 to 100 cms/sec, (iii) for the particle sizes

below 3000 um, and for the excess air between 10 to 25%.
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ELUTRIATION PROGRAM

20K R OHOICHOR SORHORHOKNK K CHOK KSR SCIOR HOTCROROROR SR SOKHCRORCR ACICKOIOE R 3OKIR OIS A 00O s e ok
. A UENERAL MOIEL FOR FEC ELUTRLATION CALCULATIONS ’

FROGRAMMED .RY
REMNGA RAJAN
AT

WEST VIRGINIA UNIVERSITY

¥ o> oh& A w A K 2

C
L
C
c
c
C
C
c
C
c
c
c

SRORHC 50K K S K S R B K S SR SRS SR SR T IR KRR K K 0K ORTOK R ol e s e

REAL MCyHMH2 » MS MO2 » MNZy MNO s HH20 y MSO2» MH2S » MCOr MCO2 s MCAT » MEAS » MVGRS
iy MALRyNCHAR s MEASO4

COMMON /a/ ZHE(30) rAHE(IC) 2 OTUBRE(SOY s FV LSO ) s PHIZQ) e ZHCZ0 2
TATRC30) Y UNMF (30 fDVBL(3Q) 1+ IVBEFF {302 »UTAZ0 I rUTC(30) ¢

2EMF sRGyGrPIsHLMF s HLF r FAV s TAV s FHO s KHOCH : RHGEED » BZAV » VMF » XAV, ETCC
INPSYB, NPUMEB ,OCSVE, DCEMB, U0 » MGAS» MTR

COMMON /C/ DLA(3Q)FRACTAC(IO0) yFRACTC(30) +OF(30) »FREC IV »FRACI0 ) 5
LWF{30) A2 (30)» Q2 (30 s BR(IOIHYRAI(IOI rW(30I»EC(30) sENTA(30) s ELUAC 30 ) #
2EMTC(30,30) yFRAEN(Z0) yFRAEL(30),CU(30)

SFFA{30) r GFLOW, WCOAL y AL » WE s WBC r WELUAPEELUrEFF » XC - XCF »
4XA+ Xy RCHAR r CCHAR » WO IS RHOAD » TUHC s HF By NP

NAMELIST /0PCF/ HLMFrUMF rHILF » WE s WBC,RHOBED » RHOQH y RCHAR »

L1CCHAR s HCHAR »y OCHAR r NCHAR s SCHAR »
2UQGFLOW r MEAS s FHMO s FHF +EXAIR» TAV s PAV s CAS y WAD y WCOAL » TOHC » HFE

1/RESB/ WDIS,NELUA,CELUSEFFsDPSVRy DFWMB »ICSVE s DCWMR

20ASVF y DAWMF » DCSVF » DCWMF

OaTA MC:MH2»MSy MOy MNI» MNO » MH20 » MS02 » MH2S y MEO » MCIZ2 F MCAO » MCAS(O4
1/12.52,.932, 932,938, 930.718, 964,934,928, 144,554, 082134., 14/

DATA RHOC(RHOASH/1.4»1.,4/

RHOAD = 2.4

EMF = 0.5
RG = 92.05
G = 980.1
FI = 3.14135%93
c
c FBC RESIGN DATA AND FEED PARTICLE SIZE DISTRIBUTION
c
CaLL GESIGN
READ(S,1000) NDP«(OIA(I) sI=t -NDF)
READ(S 1001 ) (FRACTAC(I) s I=1,NDF)
READ(Sr1001) (FRACTC(X)rI=1,NDF)
DF{1) = DIALL)
SUMA = 0.0
SUMEB = 0.0
SUMC = 2.0
SUMS = 0.0
B0 10 I = 2sNOF
DP(IY = (LTA(I-13+0IACI)) % 0.3
SUMAa = SUMA + FRACTA(IV/IF{I)}
SUMB = SUMR + FRACTACIIXIR(I)}
SUME = SUMC + FRACTC(IVATP(I)
SUMD = SUMD + FRACTE(I)XDP(ID
19 CONTINUE
OASVUF = 1./5UMA
DAWHF = SUNE
KCSVF = 1./5UdMC
OCWMF = SUME
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atow

520 C
&1 C LEMESTONE COMPOSITION,
53, C
a3, REAL(T»1010) NAKEL L sNAMELD » XCAG 5 XMGOy XSIO2 XCU2
a4, G LT . coe
o5, C COMPASITION AND MET HEATING VALUE OF COAL
b8, C
47 c ———— ~- —— -
&8, € XCF 3 FIXED CARBDM
6%, € XCW 3 VOLATILE CAREBON
70, C XH ¢ HYDROGEN
71, G X8 i SULPHUR
LN C X0 i OXYBEN
73, c XN ¢ NITROGFEN
74, € X4t BOISTURE
75, C . DRY BASIS - -
78, €
77, READ(S:1010)NAMECT sNAMEC2y XCy XHy XNy XS s X0 » Xty XAy UM
79, C
7P c OFERATING CONDITIONS } (BER CONDITION)
89, c
81. REARLT 1 LOOLIHLHF s HLF y PAY s TAY
32; C
83, c QPERATING CONDITION 2 (SOLIDS AND GAS FEELDS)
84, c
85, p READLS 11001 ) MCDAL » WAD CAS UQr FHF 1EXALR
ez, C CALCULATION OF YOLATILES YIELD aND THE COMPOSITION OF VOLATILES
88, c '
8%, Wi = 0 2100, XUN=10.9)
90, R = EXP(26,41~3, FEIXALOGL (TAV-27F, ) ) $0.0115%100, £yM)
I, v o= (100U = R = HWjx0.91 '
92, ¥ = UK(L,-XYy~XAS
3, BN = 1.,6-9, OO;*TH?
94, IF (RN ,GT, 1,) RN = 1,0
95, IF (RN WLT 0)) RN £ 949
26, B3 = RN
7. RO = 0.0
98, RH = 0.0
79, CHA = 0.201~0, 469 XUNF0 . 241 AUMEXD
1900. H2 = 0,157-0., BoBRUMA L . TTBRUMEKD
104 . . €02 = 0. 135-0'300XKVHFL , POLKUMKKD
1ez. €0 = 0,423-2,653XVH+4 . BATRUMEN2
103, H20 = 0.409-2 3a9an;4 554*vn**”
104, TAR = -,335+7.2704UNM-12,88%uUMxx2
105, HTAR = XHE(d,-RH)X(L.=XW) — UK(CHA/16.K2,0+H2/2,+H20/18. )x_.o
1064, OTAR = XOK(1.7RO) = VK(COZ/44.+C0/28.%0, 3+H“U/18 O%0,5)%32
107, MTAR = 120.0
108. CH4 = VUXCH4/16.9
109, 2 = UKH2/2,0
110, CO2 = UXCO2/44.0
111, Co =.vxco/28.90
o, 20 = UXHZ20/18.0
113, CTAR = UXTAR - HTAR — OTAR
114, TAR = {(CTARHHTARAOTAR) [MTAR
115, RUGAS = CHAFH2FTAR
tls. £0V = CO/RUGAS
117. Ch2u = CO2/RUGAS
118, LOVE = (CHA+CTARS12.0)/RVGAS

119, CO2UE = COVB


http:0.42-2.65
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120,
121,
122,
123,
124,
125.
124,
127,
129.
129,
130,
131,
132,
133.
134,
135.
136,
137,
138,
139.
140,
141,
142,
143,
144,
145,
144,
147,
138,
149,
150.
151.
152,
133,
194.
LS55,
156,
157.
158,
159,
1&0.
181,
162,
163,
164,
1455,
1660
187,
148,
149,
170.
171.
172,
173.
174,

175..

174,
177.
178.
179.
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= CTAR + (CH4+CO2+COIX12,0
XCF = XC - XEV
RC = XCF s XC

CoalLC = XC ~ 12.0

coalH = XH

CoOalLO = X0 / 16.0

COALN = XN /14.0

COALLS = XS / 32.0°

CHARC = RC ¥ €0aAlLC

CHARH = RMW ¥ CODALH

CHAaRO = RO % COALQ
CHARN = RN % COALNM

CHARS = RS X COaLS

RCHAR = 1.0 - W - XW
CCHAR = CHAREX12,0/RCHAR
HCHAR = CHaRH%1L.,0/RCHaAR
QCHaR = CHAROX14,0/RCHAR
NCHAR = CHARN%14,0/RCHAR
SCHAR = CHARS*3Z.0/RCHAR
Malk =  O0,21%MO2+(1,-0,21)XMND

A = XC/MCAXH/MHIXO0 , FHXE/MS+XN/MN2-£0/HO2

FMTH = WCOALR(1.,-XW)¥A2/0.21

IF (EXAIR +GT. Q.2 FMF=FMTHX(1.+EXAIR)

IF (EXAIR .EQ. 0. .AND FMF .EQ. 0.) FMF = ATB{(1)¥UOKPAV/RG/TAV
IF (EXAIR .EQ. 0.) EXAIR = FMF/FMTH - L.

UQ = FMFXRGXTAV/PAV/ATER(L)

FMO = FHFX{L1.=0,21)+( (XC/MCHFXH/MHIPAS/MSX0, 2+ XNMNIRT, 03X (L ., =X -
LXW/MH20) XWCOAL+FMTH*0 . 21XEXALR

GFLOW = FMF¥(1.-0.,21)%KMN2+{ (XE/MCXMEO2FXH/MHIXMH20+XS/ MS¥MSOD%0 . 24
LXN/MNIRD  OXMNO YKL, —XW XU XWCDALHFMTHXRO » 21XEXATRKMOZ

MGAS = GFLOW/FMO

FMD { AVERAGE FLOW RATE OF GAS IN THE BED MOLE/SEC

RHOCH $ DENSITY OF CHAR

RHOGCH = RCHARXRHOC .
IF(CAS.EQ.0. .ANDI. WAD.GT.0,.)
1CAS=WADRXCAQ/MCAD/ (YCOALX{1 . —XU) *XS/M8)
IF(CASGT 0. +ANHWAD.EQ. 04
1WAD=CASX (WCOALX (1 .~XW ) XXS/MB) / (XCAOQ/MCAD Y

SULFUR CAPTURE EFFICIENCY ASSUMED TD BE AROUND BT PERCEMT TO
CALCULATE THE DENSITY OF THE FaARTILCLES IN THE BELD

AL = 0.0
IF (CAS .G6T. 0.0) Al = 0,85/CAS
IF (Al .GT, 0.4) Al = 0.4
RHOBED = {(1.-XCOZ+XCAO/MCADRALYMCASO4 ) XRHOAD
IF (CAS +EQ. 0.0) RHOBED = RHOAD
WRITE (4s2000) NAMEL1sNAMELZ2,XCAQrXMGOsXSIQD,XC02s
*(DIACI}+FRACTACI) s I = 1sNDF)
WRITE(S:2010) DASVF s DAWRE .
WRITE(S72020) NAMECLsNAMECZ s XCF s XCU+XH e XN ¢ XS o X0 2 XUy Xeds YN ~ Y
WRITE (4,2030) ( DIA(I)>FRACTC(I)s I = 1 s NIP )
WRITE (6:2040) DCSVFrDCWMF .
IF (HLF JEQ. G.0) ViMF
IF (HLMF .GT. 0.0) ¥E
CALL ELUT -
WRITE (4,DFCF)

VAL UME (HLMF )
VMFX {1 .,—EHMF ) XRHOERED



19049

10Q1
1910

2000

2030
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WRITE (&3RES)

FORMAT(I2» /7 (BF10.0))

FORMATI{8F10.0)

FORMAT(2A4/7{(8F1L0.0))

FORMAT (07 rlXs2A45 10X’ XCAD0 = " «F6.3210X,"XMGO = “sF&.3+10Xyr

¥ XSIO2 = ‘sF6.3s10Xe’XC0O2 = *sF&.3s/5°0"y

XT4l» ‘DIAMETER » €M/ »T81: WT.FRACTION s/ r 0  r(TA1,F3.4:TS1+FG,4))
FORMATC "0 rSXs “SURFACE VOL HMEAMN LIA OF ADDITIVES FZED = DASVE =
EFL10,+ 493X CH’ rGXy "HEIGHT MEAN DIG. = DAWMF = ‘2F10.4s3Xr CH’ 5/
FORMAT (‘0 21Xs2R4r3Xs"XCF = “sF35.3¢3X7"XCV = "5F5,3s3Xs"YH = *+
*FTe393Xr XN = “sFT 313X 'XS = “rFS.393Xr X0 = “pF5.393Xs XN = 7,
$FF, 393X ’XA = "yFI 3/’ 07 12X VM =y F3.3r8Xx 'Y = 9 FFL3)
FORMAT (‘0 »T41 s "OIAMETER » CH s T81«"WT.FRACTION ' /'O " s (T4lsFG,u>

*¥T81,F8.42)

2040 FORMAT( 0’ ,5X, SURFACE VOL MEAN DIA OF COAL FEED = DESUF =/,
XF10.4s3Xs"CH’ rSX»WT,.MEAN DIAMETER = DCHMF = ‘,F10.4:/)
10000 STOP
END

o0oon

10
20

c

SURROUTINE AREA ( ZIr DTI., ATI )

COMMON /a/ ZHE(30) sAHEC(3Q) rOTUBE (30} ¢ FU(30) sFH{Z0 ) »ZE{ 30) »
1ATB(30) yUMF (30 r BVRCZ0) s BVBEFF(30) s UTA (30 yUTC(30) »

PEMF YRGB GrPT rHLMF yHLE » PAV s TAV s FM0 s RHOCH r RHOBED r DZAV UMF » XAV sETCEC #
3DPSVEy IFWME » DESVE y TCWHME Y UO r MGAS » HTH

COMMON /C/ DIA(30) sFRAGCTA(30) sFRACTC(IQ) »IP{(30}+FRC(30)+sFRACIOY s
1WF(30) 1 QL1 (30 rA2<30)»BB{30) yRRI(30) rW{30) rE{I0) rENTA{I0) rELUAC IO -
JENTG(30r30) rFRAEN(30) rFRABL (30) rCULT0Y y

3PFA(30) s GFLOW rWCOAL »WAD y WBYUBC Y WELUAYCELUEFF s XCr XCF »

4XA 7 XWrREHAR » CCHAR r WD IS yRHOAL y TOHE FHFRy NOF

EALCULATION OF THE CROSS SECTIONAL AREA G1VEN THE HEIGHT ARDUE
THE BISTRIBUTOR

. ) g 10 1 =1 , MFB
IF ¢ ZI .GT. ZR(J) > GO TO 10
RJM1 = SORT ( ATE{(J=~I) / FI )
Al = ( ZI = ZB(J=1) ) / ¢ ZB(J) - ZE{J=-i) )
%1 = SART ¢ ATR(J) ~ ATB(JI-1) } - 1.0
RI = ¢ 1,0 + A1 ¥ KT ) % RJMi
LTI = 2,0 ¥ RI
ATI = FI % RI x% =&
G0 TO 20

CONTINUE

CONTINUE
RETURN
END
SUBROUTINE ATTR(RHOCGH+TsOCF» YO RGs THRAI)
REAL MC

€ THIS SUBROUTINE COMPUTES BURNING TIME OF A4 CHAR PARTICLE

EM=1.0 .

SIBM=3 ,34E~12

INDX=0

big= 100.0

TP=T .

MC = 12,0

o 00 100 I=1,20
ETSMAX=0, 001 XTF

AKS=8710. 0NEXF(-35760.,0/1.986/TF)
TAV = (T+TP)%.5



240,
241,
242,
243,
244,
2459,
2464,
247,
248,
249,
250,
251,
252,
253,
254.
2353,
254,
257.
258.
237
260.
2581.
252,
263,
2464,
2565,
286,
2467,
268,
247,
270.
271,
2723.
273,
274,
275,
274,
277,
278,
277,
280.
281,
282,
283,
284.
285,
286.
287,
288,
28%.
2990.
291,
292,
293,
294,
295,
294,
297,
298,
299,

ooaon

100

4040
110

10

L0Q

87

O=4, 25k (TAY/ 1800, ) ¥%1.75/F
COND=0,432E-S#SART(TAV) 2 {1 . 4+245, /TAURTO s K (12, /TAU) )

Z = 2300, % EXP(-12400./1.984/TAV)

IF (DC ,LE. 0.005) FHI = (2.%Z+1.Y/(Z+1.}

IF (BC .GT. 0.005 .AND, DC JLE. 0.10) FHI = 1./(Z+1.3K{(2.%Z+1.}
¥ = ZR(LC-0.005)/0,093)

IF (BC .GT. 0.190) PHI = 1.0

Q = 7900, 0% (2, /PHI-1)+2340,0%(2,-2./FHI)

ARF=24 . %PHIXD/ (OCXRGXTAV) -

ARNR=(RG¥TAV/HE) /(1. 74K5+1 . /AKF)

RHS = AKRXPXYOQIKMCRQ/(REBATAV) — EMXSIGMX(TPRXA-TX¥4)

ETS = TP - T =~ RHS*DOC/{Z.0XCOND)

CALL CRRECT(IsINDX :DTSsTPL,TPI:TP,E1,E2ETSsETSHAX)

IF (INDX.EQ.2) GO 7O 110

CONTINUE

HRITE (&» 4000)

FORMAT (707 ,10Xy TP CALCULATION HAS NOT CONVERGED. S.NQ.=40007:/)

CONTINUE

TE = RHOCCH*RGXTAVXDCR%XZ / (P4.¥PHIKDXPXYQ2)

RKI = 1./TE
RETURN .

END

SUBROUTINE CRRECT(IsINDX,DXsX1>X2yXNEW,EL,EDEyEMAX)

I! NUMBER OF THIS TRIAL» 1 FOR FIRST TRIAL
INEBX: INDEX OF THE TRIAL LEVEL

INDX=0! JUST FPROCEEDING

INDX=1: THE ROOT HAS BEEN CAUGHT RETWEEMN X1 AND X2

INDX=2! THE ITERATIUN HAS CONVERGED

IF (ABS(E).GT.EMaxX) GO 70 S

INDX=2
RETURN
CONTINUE

IF(INBX.EQ.1) GO TO 100

X2=XNEW -

E2=F

IF(I.eG.1) BO TO 10

IF(EL1XED,LE,O.}INDX=1

IF(INDX.EQ.12G8 TO 150

X1=x2

£1=E2

XNEW=XNEW-+IX

RETURN

CONTINUE

IF(E14%E.LT.0.} GO TQ 110

EL=E
Xi=XNEW
GO TO 1350
£2=E
XA=XMEW -

CONTINUE

XNEW=(X1-XZ)¥EJ/(E2-E1)+X2

RETURN

ENL

SUEROUTINE DESIGN -

COMMON /47 ZHE(30),AHE{(30) yDTURE(30) s FY(30) »PH{30Y»ZR(305
TATR(30) +UMF (30) s DVEB( 30y DVBEFF (300 s UTA{30»UTC(30) »
2EMFsRGs By PIeHLMF s HLF +FAV» TAV s FMO r RHOCH » RHOBED » HZAV » VMF s XAV ETIC »
IDFSUBy IPWMBY DCSWE+ DCWHME s U0 s MGAS «MTER

COMMON /C/ DIA{30X FRACTA(IO) sFRACTC(IO) »TFP (301 FRE(3IO) «FRACIC >
1WF(30) - Q1(30) Q2 (30X +BRII0YsRRICI0)»W(30) vEL(3ONENTA(3Q) rELta {30+

ORIGINAL PAGE 18
OF POOR QUALITY



300,
301«
302.
303 .
304..
305.
304,
307,
308.
30¢9.
310:.
311,
312,
313
314,
313,
3]36 "
317,
313,
319,
320,
331,
322,
323.
324,
333,
324+
327 ..
I28 .
329,
330.
331,
332,
333.
334,
339,
334,
337 .
335,
337,
340.
341.
342,
343.
344,
345,
345,
347 .
348,
349 .
350
331,
392,
333.
I54.
353.
354.
357,
3c8.
359,

[ NN w]

oooooataa

100

30
40-

20
30

DEMT{ 30.30) nFRAEN{301 - FRAEL  30) »CUL301»
3FFACS0) GFLOW HCOAL s WAT » WE s WAC s WELUA CELU s EFF » XC nXEF 2
4XAr XUy RCHAR  COHAR »WDIS »RHOAD » TUHG r HF B s NIt

DIMENSION IARR(30)

AXIal. VARIATION OF BED CROSS SECTION

READ, (53,1000 AL-AD,A3 A4
REALRL ¢Sr1001) MTBs(ZB(J)rATBC¢SYr J = 1 MTB)

TARRN 1 2, 3
1 VERTICAL INLINE ARRANGEMENT

2 ——— VERTICAL STAGGERED ARRANGEMENT

( ———— HORIZONTAL, INLINE ARRANGEMENT

4 e HORIZONTAL STAGGERED ARRANGEMENT

HEAT EXCHANGE TUBES,
READ (5y1002) MEHE (ZHECJ+L) yAHE (U)o DTUBE (L) nPUCI L BH(I) 1
L1IARRC s J = 1 MTHE)
DG 00 J = 1, MTHE
IF tAHE(Y BT, 0.0) GO, TO 100
IF (ODTURE(J) .EQ. 0.0) GO TO: 100
AHE(J) = BT % DTURECL) / CFHCJDRPUCIND.
CONTINUE
WRITE (4120000 ALrA2rAZ2A%
WRITE (422001
WRITE ©412002) (ZBOJIATBCI%r J = LsHTB
WRITE (422003
WRITE (632004) (ZHE(J+13 sAHE (J) rOTUBECS) s2FUCI) sFHOJLnIARRC ) »
14 = 1 4THE)
Zt = ZB(1)
ABEDL = ATB.(L)
LRERL = SERT(4.0 % AREDL / PI)
OYB(L) = 0.0
DYBEFF(1) = 0,0
ZHE(1) = 0.0
DZAY = 3040
N; = IFIX(ZB(MTE)/DZAV)
00, 20 T = 1+N

N
13
n

Z1 + DZal:
DG 20 J = 1,MTHE

IF ¢ ZHE(JY .LE. Zt JAND. ZHE(J+1) .GE. Z2 ) GQ TO 30
IF ¢ ZHE() LLE. Z2 JAND. ZHE{J+1) .LT. Z2 > GO TO 20
Fti { Z2 - ZHELD) ) / DZAV

E2 = ( ZHE(D) — 24 ) / DZAV
= F1 % AME(J) + F2 % AHE(J-1)
DEAT = F1 % DTUBECJ) + F2 % DTUBE(.J~1)

AH = AHE(J?
DEAT = DTUBE(.JY
CONTINUE
GO TO S50
CONTINUE
CONTINUE
CALL AREA ( Z2.0BEDNsABRED )
DVE(I+1) = 0.5 % (ARERHAREDL) % DZAV
OVREFF(I+1) = DUYRGIHE) % (1.0 — 0.25 % AH ¥ DIAT)
2y = 22
AREDL = ARED



360.
361,
3582,
363 L]
354.
365,
384,
347,
358,
359,
370,
371,
372,
373.
374?
375,
376,
377,
378 *
379,
380.
L 331,
382,
383!
384,
3gs.
386,
387.
3g8.
389,
320,
391,
3®2,
323,
394,
393,
396,
397,
3793,
399,
400,
401.
402,
303 .
404,
403,
4048,
407,
408,
4Q9,
4310.
411,
412,
413.
%14.

[
ails,

416,
417,
418.
419.

19

1000
1001
1002
2000
2001

2002
2003
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CONTINUE
FORMAT (3A4)
FORMAT (I1/(8F10.0})
FORMAT (I1/(3F10.0s1I10))
FORMAT (/17 +s20Xs484+//)
FORMAT (’0“sTAly ‘HT.ABOVE DISTRIBUTOR,CM‘sT81,’CROSS SECTIONAL
1/AREA OF BEDSB.CH.'r/)
FORMAT (T49sFB.4rT94»F10.3)
FORMAT (70 sT6y'HEIGHT,CM’,T20» 'SP HEAT TRANS,AREA,SQ.CM/CU.CM’ s
1758y 70IA.0F TURESLCHM  »T78y "VER,PITCH M » TS, “HOR.PITCHsCHY »

. 2T113s “TUBES ARRNGT” #/)

2004

OO0

tJ
4]

FORMAT (TB:F6.2;TITrFB. 4, TE2+F6,3: TR FS.3rT99:F6. 32 T1LS:1I2)
RETURN :
END

SUEBROUTINE ELUT

THIS SUBROUTINE PERFORMS THE ENTRAINMENT aND ELUTRIATION CALCULATICM
USING THE MASS BALANCE FOR EACH SIZE FRACTION OF THE PARTICLES

REAL MGAS

COMMON rArs ZHE(30)sAHE(30):DTURE(30) ,PU(30) sFH(30),ZB(30)»
1ATR(30) yUMF (30, IVE(30) s DVEEFF (30) »UTA(30) rUTT(3Z0)

2EMFrRGrGyP I HLMF  HLF rFAV, TAV FMO fRHOCH » RHOBED » DZAV y UMF r XAV ETCC ,
JDFSVEy IFWUMB» DCSVR s ICWMEB » UQ s MGAS » MTH

COMMON /C/ DIA(30)sFRACTA(30) »FRACTC(30)-D0F(30) yFRC(30) +FRA(30C)
IWFC(30),Q1(30)rQ2(30) v BE(30} »RRICIO)»W{30) +E(I0) yENTA(IO) rELUALIO ) »
2ENTC(30,30) rFRAEN(302 »FRAEL(3C) 7 CUCI0 ) 1
3PFA(S0) yGFLOW» WCOAL y WAL s WBy WRC yWELUACELUYEFF « XC» XCF »

4XAr XWyRCHAR » CCHAR y WDISy RHOAD y TDHC » HFB s NIF

DIMENSION FFIC30),R(303,F0(30)HE(Z0),OFSE(3O) DIPWE(30Y -DCSE(30) »
1DCWE(30) «NCE( IO, 302 »FCE (30,300 s WEACI0) +WEC(30?

IF (HLMF .87, 0.0) GO TO i

HLMF = 0,3%HLF

UMF = VGLUKE (HLMF) .

WE = UMFX(1.-EHF)}*RHORED

CONTINUE

WTF = WCOALX¥XA + WADKRHOBEL/RHOAI

EE(1} = 0.0

BR(NDP) = 0.0

00 25 I = 2yNDF

FFI{I) = 0.0

IF (OFCEY LLT. 00,0125 JANLK. DF(IY .GE. 0.0063) FFICID
IF (DPC(I) LT. 0.0063 .AND. DOF(I) .GE. 0.,0031) FFI(I)
IF (DP(I) LT. ©.0031) FFI(I) = 0.8

CONTINUE

FW = 0,073

FSW = 0,1

Pt = 0.0

P2 = 0.0

IF (HLF .EQ. ¢.0) HLF = 2,0%HLMF

HT = HLF

CALL AREA(HTDTsCSAREA)

RHOGAS = PAVIMGAS/RG/TAY

VISEC = 3.72E-44TAVXXQ.474

U0 = GFLOW/CSAREA/RHOGAS

TiH = ¢,429%U0%x1,2%(11,43-1,2%AL0G(U0Y )

TOHC = TIH

HFE = ZB(MTB)=HI.F

IF (TUH .GT. HFB) TDH = HFE ORIGINAL PAGE I8

00 16 I = 1sNOF (ﬁ?'f(ﬂ)f{ Cuj

HI ]
oo
131
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43¢, CALL VEL(VISE,RHOGAS,GsRHOBED,DF (L) ~UMF{IUTA{L))
421, WF{IY = FRACTA(I)XWALXRHORED/RHOAD + FRACTCHU L) ¥UCDALxXA
422, FRA(I)= WF(I)/UTF

423, Qr{I) = 0.0

434, Qa2¢Iy = 0.0

425, 1Q CONTINUE

424 . £ WRITECArLLX) (IrUTACL) -UMF(I) yI=1,NIP)

432, € 11 FORMAT (707 r3Xs "TFrUTasUMF = 7,I5»1F2EL12.3)

428, Wi = 0.01 -

429 c

430, c RK REPRESENTS THE ATTRITION RATE CONSTANT ANLD IS ASSUMED TO BE "HE
431 c FOR LIMESTONE:sASHs AND CHAR FARTICLES

4332, c

433, RK = 0.003/3600./30.48

434 . EWB. = 0.,02%WE

«35. OWOIS = 0.3XUTF

135, INDEX = Q@

437 . W(1) = 0.0

438, Do 30 L = 1,100

439 . 12 CONTINUE

440, SUMa = 0,0

41 .. 00 S I = ZyNDP

442 IF (CUTACT>=UQ) LT O0.2%UQ) FRACI) = Q.0

443 .. SuMa = SUMA- + FRACID)

A494.. =] CONTINUE

445.. D0 1S I = 1+NDF .

444,, FRA(I» = FRACI)/SUMA

447 . 15 CONTINUE

448 + WEC = 0.0

44F w B0 40 I = ZyNDF

430 . BB(I} = FRACIIXKE

431 . R(IY = 0.0

452, DiEFF = UO-UMF(I)

433 . FFA(LY = FFI(IIXRKXDIFFEXWER

454, IF (FRAC(L) .EQ. OL.0) GO T 53

4553 . Cuci) = 1.0

4534, DO 45 K = 2sNDP

457, CULR) = CULR-1» — ERA(KY

458... 45 CONTINUE

457 . IF (UMF¢I>» .GE. UO» DIFF = 0.0

460, W) = (WMFCIYHFRFALT ) WA T—2 X (OPCIHL) /DR (T ) ) k%3

441, DR = QL{INk(Lle~FL)+Q2CIIXC(L.—RI(TI2K(1,=F2)+(1. QL (T2 ¥(L.-A2(T))
442, IF (UMF(I) .GE. U2 GO TO- 5&

453. ARG = ~10.4%SART(UTACL) /UG R(UMF(I) /DIFF > %%0, 25
464, E(I) = {18.,0%EXF(ARG})%GFLOW

465, FQC(I) = DIFFXCSAREAXFWXESWx(1,—EMF)*RHOBEIFRACL)
466, R{I) = FO{IL)XEXF(TOHC/275,.0KALOG(EC(IIXFRACI)L/FO(I)))
367 Sé CONTINUE

468, ANR = WF(I}+FFACLY+UW(I-1)

4467« 1-H{I}-RRAXDIFFRUBXFRA(I)XCU(I-1)-R(IIXDR

470 . IF (ANR .GT7. ¢.0) GG TO' 57

471. FRACI) = FRACI)IXO.S.

472, 60 7O 12

473, 57 CONTINUE

474, BE{L) = WEXAMNR/WIIS

475, ST CONTINUE

475. WBLC = WBC + BELID

477, c WRITE(S-110) I FRACI NP ANRAE(II »BECI) P WF (D) » W) s CULT)
478. C110 FORMAT (2Xr I»FRA>ANRYE»BRyWF«W,CU = ~‘,I2,1F7E11,3)

479, 40 CONTINUE
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480, c WRITE (4s111) L,WBsWEC,WDIS

481, 11t FORMAT (075X LsWEsWAC,HDIS = - -I2,1F3EL2.3)

482, ERR = WRC-WR

483, Coll CRRECT (L rINDEXrIWDISrXEsX2,WOISrELE2/ERREWE)
484, IF (4018 .LT. 0.0) WOIS = 0.0

485, IF C(INDEX .EQ. 2) GO 7@ 70

484, N0 &0 I = 1sNOP

487. FRA(I)= BER(I)/WEC

488, 40 CONTINUE

489, 30 CONT INUE

490, 70 CONTINUE :

491, c USING THE GAS REYNDLRS NUMBERPECLET NUMEBER IS CALCULATER
499, c AND' HENCE THE GAS [DISPERSION COEFFICIENT AND THE NO. OF
493, c COMPARTMENTS IN THE FREEBDARD- AND THE AVERAGE COMPARTMENT SIZE
494, C

4953, REY = DT4UOXRHOGAS/VISE

496, IF (REY .LT. 2000.0) GO TO 300"

497, PECI = Z.E7/REY¥X2.1 + 1.35/REY¥¥0.125

498, G0 TO 310

499, 300 0 = 4,28 TAV/1800.0)%xx1,75/PAV

504, 8C = UISC/RHOGAS/D

501, FECI = 1./REY/SC + REYXSC/192,

502, 310 EZ = UOXOTHPECI

503. 0Z = 2,0XEZ/U0 )
504, c

505. C SOLLDS ENTRAINMENT RATE ALONG THE FREERQARD IS CALCULATED
506+ c

507. HB(L1) = 0.0

508. DO 320 Kk = 1:30

509, IF (N.GT.1) HB(KY = HB(K-1) + DZ

510, IF (HE(K) .GE. TDH) HE(K) = TIH

511, 0 340 I = 2,NDP

S12, RLIY = 0.0,

513, DIFE = U0 ~ UME(I)

514, IF ¢(FRA(I) .EO. 90.0) 50 TO 340

315, IF CUMF(I) .BE. U0) GO TO 340

514, ARG = =10.,4%SART(UTACI} /U0 X(UMF (I} /RIFF)IXX0.25

517, E(I) = 18.0%EXP(ARG)%XGFLOW

518. FO(I) = DIFFXCSAREAXFUNESWE (1. —EMF ) ¥RHOBEDKFRACT)
s19. REIY = FOCIIXEXF(HBIN)/275.0%ALOG(ELT}I¥FRACIY/FOLI)))
520. 340  CONTINUE

S21. WENTA = 0.9

502, U0 IS0 I = 2sNDF

523, ENTA(I) = RCI)

504, IF (FRA(I) .ER. 0.0 .AND., U0 .GT. 0.833%UTA(IM)

525, 1 ENTACI) = WFC(I) + PFACI)

S04, WENFA = WENTA + ENTACI)

527, 350  CONTINUE

508, WEACK) = WENTA

509, 00 360 I = 2,NDP

S30. FRAEN(I) = ENTA(I)AWENTA

531, IF (FRAEN{(I) .LT. 1.E-3) FRAEN(I) = 0.0

532, 340  CONTINUE

533, . SUMA = 0.0

534, SUME = 0.0

535. PO 370 I = D2,;NOF )

534, SUMA = SUMA + FRAEN(I)}/DF(I)

537. SUMB = SUMB + FRAEN(I)EDLF(I) :

539. 370 CONTINUE ORIGINAL PAGE B

S39. IPSE(K) = 1./5UMA @F POOR QUALIE@
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340,
541,
J42,
T43 .
1544 *
345,
346,
547.

=3
<48,

549.
530.
S31.
%32,
=
994,
G3T .
3546,
357,
558.
559,

0.
S&L.
362,
5463,
S5é4.
58T,
=179
JE7.
348,
Sé9.
570.
571,
572 *
573,
S74.
575.
576,
877
a78
w77
=80,
ag1.,
582.
5a3.
584,
385,
586.
587,
388.
589.
970,
2?1,
992.
3935,
374.
95,
594,
397,
598,
Z29.

320
380

80

?0

100

101

aoaonf
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OFWE{N) = SUME

IF (HB(N) .EQ.. TOH) GO TQ 380
‘CONTINUE
AT = K
WELUA = 0
ng gog 1 =
ELUACTL) =
WELUA = W
CONTINUE
no 0 I = D2.NDP

FRAEL (1> = ELUACIIYUELUA

IF (FRAEL(I) .LT. 1.E-3) FRAEL(I) = ¢.0

.0
2y NIF
(1.=-QICIII%(1..~Q2(IIIKENTA(I)
ELUA + ELUALT)

CONTINUE
SUMA = 0.0

SUMB = 0.0

SUMC = 0.0

SUME = 0.0 i
DO 100 I = 2,NDP

SUMA = DP{I)XFRA(I}+SUMA
SUME = FRACI)/DPCT)+SUME
SUNMC = DP{TIXFRAEN(I)+SUMC
SUMD = FRAENCI)/DF(I)+SUMD
CONTINUE

DPSVE = 1/SUMB

DPWME = SUMA

DFSVE = 1./SUHD

DPUME = SUMC

WRITE {(46r101) WOISrWTFrWELUAYDFSVUBOFWMB,

LI(OP(I) »FRACI) P FRAEL {1} « I=2,4NIIF)

FORMAT (707 rT10r ‘WOIS,UTF WELUA,OPSUR-TIFWME =

1SF9 .59/ 707y T10- PAR.DIA,. »CH” » T30+ “BED SIZE FRACTION’»T40»’ ELUT.
2SIZE FRACTION/»/» 0/ »(T10,1PE10.3,T33»1FELQ.IsTE3s1FELQ. 35/}

SIMILAR ENTRAINMENT CALEULATIONS ARE PERFORMED FOR CHAR

EQ 210 I = 1.NDFP

WF(I) = FRACTC(I)*WCOal

FRC(I) = FRACTE(I?

CaLl VEL(VISC+RHOGASyGyRHOCH DI (1) sUNF (I UTC(I))

CONTINUE

ETCA = 0,999%
INOD = O

BETE = -0.001
EETC = 0.001
CENT = 0.0

oo 200 L = 1,30
CONTINUE

sSuMA = 0.0

DO 150 I = 2/NDFP

IF ((UTCC(I)-U0) LLT. Q.2%U0) FRC(I} = 0.0
SuMA = SUMA + FRE(I)

CONTINUE

OO 140 I = 1:NEOF

FRCCI) = FRC(I)/SUMA

CONTINUE )

XAV = ((WCOALXRCHAR-CENT)Y®CCHAR(1.~ETCA) ) /WDIS
CBED = XaAVxWEC/CCHAR

CELYU = 0.0

CENT = (.0



400,
401,
a02,
403 .
404.
403,
506,
&07 .
&08.,
409,
410,
&11.,
612,
613,
414,
415,
414,
&17.
519.
519,
&20,
421,
422
623,
424,
525,
&286.
427,
628,
425,
630.
&31.,
a3 .
633,
&34,
&35,
634,
637,
838
539,
540,
641+
542,
&43,
044,
445,
446,
647,
648.
4649,
&50.
631.
&32.
£93.
454,
&35,
&54.,
&37 .
A58,
459,

td
[4)]
[

175

2546

£170
an4

ity

410
415

OO0 0O0n

430

83

CREDC = 0.9
U0 220 1 = 2,NIP

BR(I) = FRC(I)*CBED

R(E) = O,

DIFF = UO—UMF(I)

FFA(I) = FFI(I)¥RRKDIFFACRED/CCHAR

FSC = 0.01

IF (FRC(I) ,E@. 0.0) GO TO 254

DO 252 K = 2,NDP '

CUCR) = CU(k=17=FREC(K)

IF (UMF(I> LGE. Y0) DIFF = 0,0

WOIY = (WF(D+PFACD)HW(I-1) )k (DFCT+1) /0P (I Y kK3

DR = QI(II¥(1,~F1)+Q24{I> k01 —RLCINI(L,—P2) 61, ~RECT) Y1, —02(1))
IF (UMF(I) ,GE. U0) GO TO 255

ARG = -10.4%SART(UTC(IY UOIYR(UMF{I) /UIFF)Y%X¥%0,2F

E(I) = (18.0%EXF(ARG) ) XGFLOW

FO(I) = DIFFXCSAREAXFUAFSUR(1.~EMF)XRHOKEDXXAVAFRC (1)
R(I) = FO(I)XEXP(TOHC/275, 0%ALOG(E(I)XFRCCII/FOCIN) )
CONTINUE -

Y02 = 0.15

RHOCCH = RHOCHXCCHAR

CALL ATTRC(RHOCCHy TAVs P (1) yPAVSYQZ,RGs TBSRRICI) )

ANR = WE(E)+PFA(IIFH(I~1) =W (D)

1=-RKXDIFFXCBELDXERC(I)XCUCI-1)-RKI(I)XCEENKFRC(I)¥FSC~R{I}XDR

IF (ANR .GT. 0.0) GO TO 173

FRC(I) = FRE(I)*Q.3

Gg T4 211

CONTINUE

EB(I) = WB¥%ANR/UDIS

CONTINUE

CBELC = CBEDBC + BE(I)
WRITEC(Ss170)IyFRE(I} »ANRYECI) yBR(D) s WCI) sWF(E) +RRI(I)
FORMAT (2X»IsFRAsANR,EsBRsUsWFsRKI = /»I2,1iF7E11.3)
CONTINUE

00 400 I = 2/NEF

DIFF = U0 - UMF(IJ

IF (FRC{I) .EQ. ¢.0) 50 TO 410

IF (UMF{I} .GE. U0) GO TD 410 -

ARG = -10. 4*SGRT(UTC(I)/UO)*CUHF(I)/DIFF)**O.

E(I) = 18.0%EXF(ARG)XGFLOW

FOCL) = CSAREAXDIFFRFUXFSWX(1.~EMF)XRHOEEDRXAVRFRTC(T)
G0 TO 413

FOCI) = 0.0

ENTC(1.T) = FOL{I)

IF (FRC{I) «EQ. 0.0 +AND. U0 .GT. O,B3ITXUTC(I)} ENTC(1rI) = WF(I)X
1RCHAR + FFA{I) e .l
CENT 2 CENT + ENTC(1,1) :
CONTINUE

CHAR ENTRAINMENT RATE AS A FUNCTION OF THE FREEBOARD HEIGHT IS
CALCULATED TAKING INTE ACCOQUNT THE DECREASING FARTICLE SIZE DUE 10
CHAR COMBUSTION

WEC(1) = CENT
D0 430 I

DCE(1/1) = DPCI) [HiR}EV!lE

FCEC(1,1) = ENTC(1,I)/CENT OF p PAGE va
CONTINUE O0R nyy, - 48
9 420 2 = 25hT e S
CENT = 0.0

3
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Se0.
b41,
362,
543,
a4 .
843,
LY
&&7
868 .
369,
&70.
871,
A&732.
&73.
a7 4.
7T
576
&77.
a&78.
&79.,
&88.,
&81.
482,
a83.
484,
423,
4384 .
4687,
588+
489,
&H90,
491,
4372,
&93.
av4.,
495,
L9&,
&9 7%
4698,
aFe,
700,
701,
7C2,
703.
704,
705,
704,
707,
708.
709
710Q
71il.
71z,
713,
714,
715,
7146,
717,
718,
719,

435

434

437

439

431
432
438

44¢

450;
[

C
420

47¢

94

k) 440 I = 2yNOF

IF (QCE(J~)rI) JGT. 9+0) GO TG 435

RT = 1.,E6

TR = 0.0

GG TO 434

CONTINUE

Call VEL(VISCyRMOGAS,GsRHOCHDICEC -1, [} UMF{I) PUTCCI))
HT = HLF + HB{(J)

CALL AREa (HT DT »CSAREAS

UaY. = GFLOW/CSAREA/RHOGAS

RT = (HB(U)—HE(J-1))/ABS{(UAV-UTC(I))

YQ2 = 0.09

CAkL ATTR (RHOCCHsTAVDCE(J—L,I),PAYyYO2SRG»TE,RKICE))D
IF (TB.GI.RT) NCE{(J»I) = (1.-RT/TBYXKO.SKOCE(J=-1,TI}
CONTIMNUE

IF (TR +LE. RT) DCECJ-,I) = 0.0

IF (DCE(JrI) .GT. Q.0 60 TO 437

ENTC(Jr 1) = 0.0

GOD. TO 438

CONTINUE

CaLL VEL(VISCyRHOGASGrRHOLCHyUCE(J-Id s UMF (L) UTCC )
IF (FRC{(I) .GT. 0.0 JAND. UTC(I) .37. JO) GO TG 43¢
CONV = 1,

IF {TE .BT+ RT) CONY = LI,~ (1.~RT/TR)%X%L.5

ENTC(JrI) = ENTECI=LaI)d (1l .~TONV).

GO TO 438

CONTINUE

Cal.l. VEL(VISC,RHOQGAS G rRHOCH DR (L) rUMF (I - UTCCI)

RT = HBLI)ZABSIUO-UTC(I))

DIFF = UO-UMF(I) -

IF (UMF(I) ,GE. 40> GO TO 431

ARG = -1C0,4%SARTCUTC(IY AUGYR(UMF (I /0IFF }%%0.25

E{LY = i18.0%EXP(ARG)XGFLOW

IF (FQ4I) .GT. 0.0) R(Iy = FOULYREXP(ME(I) /27 . 0%ALOGCECL ) *
1IFRCC(I) /FQCL) 3

CONV = 1,0

IF (TR .8T. RT) COMV = 1.,-(1.-RT/TB)%%1.5
R{II=R{TI)I %L1 . -CONY)

GQ TQ 432

RCI) = 0.0

ENTC{(JrI) = R(I)

CONTINUE

CEMT = CENT + ENTCL{JsI)

CONTINUE

WEC(JY = CENT

00 450 I = 2/NDP

IF (CENT .,BT. 0.0) FCEC(JsI} = ENTC(JsyLI/CENT

IF (EENT .EQ. 0.0) FCE(JrI) = G.0

CONTINUE
WRITE(62120)CELUy CENT »DCSVB s DCWMB L (O (I) yFRCCTI) rOCE L2 D) s ECE ( Ly T ) s
1T=2sNIOP)

CONTINUE

DO 460 k= 1sRT

SUMa = Q.0

SUME = Q.0

no 470 I = 2yNDF

IF (DCECKNyI)Y LGT. O0.00 8UMA = SUMA + FCE(N,I:/UCE(K,T}
SUME = SUME + FCE(N,I)XDCE(N,I)

CONTINUE

DCSE(KY = 0.0
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IF {SUMA .BT. 0.0) DCSE(KRY = 1,,/5UMA
DCUE(N) = SUME
450 COMNTINUE
CELU = WECWART)
ETCC = 1.~ WEISXXAV/{(WCOALXRCHAR~CENT)XCCHAR)
XAV = ((WCOALXRCHAR-CENT Y*¥CCHARX (1 .~ETCC) ) /WUDIS
c WRITE (62180) LyCREDYCREDNC,XAVSETCAYETCCCELUSCENT
2180 FORMAT (707 s2Xy ‘LsCHEDRSCBEDCs XAVIETCA+ETLCC,CELULCENT = /Iy
C 1iF7E12.3)
ERR = ETCA - ETCC
CALL CRRECT(LsIND»DETC»X1sX2,ETCAsEL,E2rERR,EETE:
IF (IND .EQ@. 2) GO TQ 230
ng 240 1 = 2sNBF
FRC(I) = BB{I)/CREIC
240 CONTINUE
200 CONTINUE
230 CONTINUE
SUMAa = 0.0
SuUMB = 0.0
DO 270 I = 2,NIDP
SUMp = DP(I)¥FRC(I) + SUMA
SUMB = FRC(I)/DBP(I) + SUMB
270 CONTINUE
DCEUR = 1.,/SUMB
DCWMEB = SUMA
EFF = 1,—~(WDISXXAV+CELUXCCHAR) /(WEDALX(L ,~XWIXXE)
WRITE (42190) CELU+CENT,DCSVE,DCUMBy (OP(I) oFRE(IY JNICECATSE) »
1FCEC(RT s I » I=2yNDF)
WRITE (63200 (NrHBCK) »DFSE(K) » OPWECN) rUEACKY s K=1sKT)
WRITE (42490) (KyHECK?) »OCSE(R Y »UCUHE (K) sWEC IR v IX=1 AT}
490 FORMAT (/07»2Xs ‘R 9%y 'FREERGARD HT. %Xy ' DESE’ 712Xy ' DCWE « 12Xy ' EN
ITRATE 3/ /2 (X1 128Xy IFPEL11 «3»BX»1FEL1.3r8Xs1PELL. 396X IFELL. 33
390 FORMAT (707 +FXs 'K/ »?Xs 'FREEBOARD HT. s ¥X» "OPSE’ r 12Xy "DPUE" »12Xs "EN
1T .RATE 1/ /2 (PX2 128X, 1PE11.38Xs1PEL1. 376X 1PEL11.3,6Xr1FE11.3))
1%0 FORMAT (/07 s?¥%r 'CELUCENTDCSVE,DCUMB = “»1P4ELD,.35/y
107 39XsBED PARVDIA.yCH‘»y3Xsy “BED SIZE FRACTION' »3Xr "ENT.FAR.DLA.r
2CH* rSXs "ENT.SIZE FRACTION' »/» 0 s (T10r1FEL11.3¢T31,1PELL.3:,T54,
JIPEL1.3sT74+1PE1L1.3+/))
RETURN
ENII
SUBROUTINE VEL(VISCrRHOGASsG-RHOS/DFARUMsUT)

>
c THIS SUBROUTINE CALCULATES THE MINIMUM FLUIDIZATION VELOCITY ANE
Cc THE TERMINAL VELOCITY OF THE PARTICLE
c
Al = 3I3.7%%2+0.0408xDPARKKRIAGX (RHOS-RHOGAS ) XRHOGAS/VISCkX2
UM = VISC/(DPAR¥RMOGAS)® (SART(A1)-33.7)
UT = (4,0k(RHOS-RHOGAS yxkI¥GKxZ/225,0/RHOGAS/VISC)I%%k(L, /3. ) XDPAR

REP = IFPARXRHOGASXUT/VISC

IF (REP .BT. 0.4 .ANIO. REF .LE. 500.0> GO TO 210

UT = GX{RHOS-RHOGAS)XDPAR¥X2/18./VISC

REF = DPAR¥RHOGASXUT/VISC

IF(REF.LE.Q.4) GO TO 2210

UT = SART(3.1%B%(RHOS~-RHOGAS) ¥DFAR/RHOGAS)

210 RETURN

END

FUNCTION VOLUME (2ZZ)

COMMON /A/ ZHE(30),AHE(30) »NTURE{30) «PU(T0) +PH(30)»ZB{(30 .~
IATR(30) yUMF (30) s TIVE(30) » DVBEFF L 30) yUTL(30) »UTC(30) »
QEMFsRG G yP T s HLHF s HLF s PAV» TAV » FHO s RHGCH » RHORED y DZAV s UHF » XAV - ETCC»

ORIGEI AL p ACGR 7
PAGE Ig
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780, SLFSVRy DFWHB DCSYB s BCWHE s U0 s MGAS r MTX
7814 COMMON /C/ DIA{30)FRACTA(30)sFRACTC(30) sOP(30) +FRC(30) s FRACS0, »
782, 1WF(30) r@1 (3021 Q2(3Q) yBE(IOY sRNI 300 sW(30) »ECIO) yENTACZ0) rELUALIOS .
783. 2ENTC(30730) sFRAEN(30) iFRAEL(30)»CU{30)
- 784, IPFAC30) »GFLOWr WEOAL r WAD 1 WE r WBC s WELUA s CELUYEFF s XCr XCF »
785. 4%ArXHr RCHAR s CCHAR r WIS s RHOAD 7 TOHC s HF B NUP
794, c
787. c CALCULATON OF THE EFFECTIVE VOLUME OF THE KED GIVEN THE HEIGHT
788. c :
789, M = IFIX (ZZ/DZAaV)+1
790. IF (N+EQ+1) N = 2
791, SUM = 0.0
792, ZN = FLOAT(N-1)%DZavV
783, D0 100 I =2 5 N
794, SUM = SUM + DVBEFF(I)
795. IF ¢ T .LT. N ) 60 TO 100
794. Al = ( ZZ - ZN ) / TZAV
797, SUM = SUM + DUBEFF({I) x Al
798. 100 ! CONTINUE
799, VOLUME = SuM
800, RETURN

801, END
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APPENDIX 11

INPUT TO ELUTRIATION PROGRAM

12345473901 23454678901 0345878901 23454678901 23454628901 3345467890123454678901234547890

Al A2 A3 A4
NASA LEWIS 1A

MTE
3
ZB(LY ATR(1) ZB(2) AaTB(D) ZB{(3) ATEB(3) Zuc4) ATE(4)
0.0 405.0 &62.7 405.0 8:1.3 87G.0 280,90 219340
MTHE
g
ZHE (2} AHE (1) NTUBE(LY PVGL) PH(L) IARR (1)
24,0 2.0 0.0 0.0 0.0 ¢
ZHE(3) AHE(2) ODTURE(2) PYIDD FH(2) IARR{2)
40.0 0.1744 1.27 8.0 2,84 3
ZHE(4) AHE (3} DTUBE(3) PU(3) | PH(Z? TARR(3)
48.0 0.0 2.0 0.0 0.0 Q
ZHE(S) ' AHE (4) DTUBE(4) PUC(4) FH{4) IARR (4>
4.0 0.1744 1.27 8.0 2,86 3
ZHE () AHE(T) RTUBE(S?) PVY(T) PH(S) IARR(S)
280.0 0.0 0.0 0.0 0.0 Q
NIP
21
DiIacl) DIACD) n14a¢3) DIAa(a)y - DIACT) DIAds) ODIA(7) DIACE)
0,283 0,238 0.2 0.1468 0.141 0.119 0.1 0.0841
DIACY) nIadio) DIAdLL) 0Iadil) LDIA(LSE) OIAaCt4) BIACLS) DIAacLs)
0.,0707 0. 059 0.09 Q.042 0.035 0.02%97 0.0212 G.0177
DIACLY) nIsa(is) DIACL?) DIAC20) DEAC2L)
0,015 0.010 0.0074 0.0045 0.001
FRACTA(1) FRACTACZ) FRACTA(3I? FRALTA(4) FRACTA(I) FRACTA(S) FRACTA(?7) FRACTA(®)
0.0 0.0038 0.0854 0.1433 . 0.1856 0.1404 0.13259 90,1434

FRACTAL(D) FRACTAC(LO0)FRACTA(11)FRACTA(12)FRACTA(IZIFRACTACL4IFRACTACISIFRACTA(LS)
0.06232 0.,0235 0.0123 0,0114 Q.0091 0.0053 0.0088 0.0032
FRACTACL17IFRACTACIE)FRACTA(LIZIFRACTA(20)FRACTA(21}

0.0026 Q.0135 0.0048 0,0123, 0.001

FRACTC(1) FRACTC(2) FRACTC{3) FRACTC{4) FRACTC(S) FRACTC(4) FRACTC(7) FRACTC(S)
0,0 ¢.0138 Q+.01%4 0.0747 0.13 0.+Q%4 0.,0963 0.1.72
FRACTC(9) FRACTCC(LO)IFRACTC{(11)FRACTC(12)FRACTEC(13)FRACTC(14FRACTC(ISIFRAL TC(13)
0.07584 ¢.,0825 0.0594 0,0553 0,058 0.0423% 0.035s8 021583
FRACTC(L7)FRACTC(1B)FRACTC(19)FRACTC(20)FRACTC(21)

0.0025 0.006% 9,0009 0.,0003 0.0
NAMEL1 NAMELZ
LIMEST13
xXcal XMGO X5102 XCoz
0.557 0.003 0.004 0,434 .
NAMEC1 NAMEC2
PTGHCOAL,
XC XH XN ¥8 X0 Xl Xa - Ui
0.754 0.051 0.015 0.902 0,074 0,022 ¢.084 0.312
HLHF HLF FAV . Tav
0.0 141.9 S.15 1151,0
WwCoaL, WAD CAS uo FMF EXALR
4,31 0.4438 0.0 0.0 0.0 0.43%

1234594678901 23454678901 2345478901 2345478901 23455678901 2345478901 2345478901 23455789¢

. g
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NASA LeEwls 1A

H1¢AELYE DISTRIGUTOR.CR CROSS SECTEONAL. AHEA OF BED+SOCMe
0.9090 405.000
624 700D 405.000
a1. 3000 570.000
500, 0000 21%3,000 '
FICT 7HIE 00 SPLHEAT TRANG: AREA SO CH/CU(N pih.or tloes.tm VERPLFCH . CM HORLEITCHCHM TUAES ARPHNGT
28.00 2.0000 0e 0G0 0-00¢ 0«000 0
AM.00 O«174a {270 B.000 2.800 3
af.00 0.0000 d.000 0.000 0000 0
5G.00 0.E744 1270 8.000 2.860 3
AN.ON a.n000 N.000 0.000 ". 000 Q
Livs sELY XeAD = 0.%57 XNGE - 0.003 Refts = o0.006 XCU? = 0,438
DIAMETER + CH HT.FPACTION
b.2830 0.0000
2.2280 0.0038
9.7000 0.0854
0. 16080 03433
0. 1410 01856
o.k130 0.1406
Q1000 .1259
J.003L 0+1424
0.0%07 0.0622
0. 0590 0.025
0.0500 7.0123
0. GA20 0.0114
g.0350¢ 0.0091 iy
GeR297 g -0053 :
0.0212 9 +0088
0.90177 0.0032
Q.0150 Q.0026
0.0100 0.0135
0.0074 0.00¢8
00015 0.0123
D.0at0 0.0010
wtar acF voL MCAN DTA oFF ADDITIVES FEED = DASYVF = t.o3d cM WELGHY MEAN NiA. = DAWME = 0.1287 CH
BYAICn Al XCF = 0.%7% XV = Oat7o xH = 0.091 XH = 0.015 ¥5 = 0.020 X0 = 0.076 XW = 0.022 XA = 0.0B8
YM = 0,212 Vv = 0.305
niaMLIer 4 CH WT.FRACTEON
a.2830 '0.0000
g.2100 0.0138
0.2000 0.0t74
0.1680 0:0747
g.1910 0. 1500
Q1190 0. 0960
0. 1000 0.0963
D084t 0.1172
g.0707 0.0766
0.0590 0.0825
t.0500 0.0594
0.0129 B.,0553
N. 0230 0.0538
7.0297 N.0425
¢.0212 ‘7. 0356
0377 0.01r3
0.0150 0.0629
0,080 Qipont
#4.U0074 Q. 0009
0.0040 0.0003
netln 0.0000
TIDEACT ung MEAN DEA (0 CCOAL FEEN = NCSVF o« 0677 tH BT LMEAR DYAMBETER = DCWME ¥ 0. 1ONA

WVID0dd NOILVIMINTI 40 INdino
III XIUN"ddv
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ST HDVd TVNIDIY0

ALITVAD 460d 0

w1 SeHIF s wELUADOSYO bWt < Dottt 72 HeASPPE  G.72008 (H,.07498 o.l0dl}

rAp AL weEh stze fracriek GLuf. slzé rehction
EIRN LT T d.50tr-03 oiGang—ni
2aivor-gi 2.70i-02 ‘o.dp0F -0l
i:dade-dt 6.6NEE—~U2 GaooE-bI
fandse-ni {.1zekF -0t U.0hot-01
I« Joot -oi . 1. i92k-dl d.oooc-of
1.095e-nt f.2o2r-bt b.ogos-of
a.20TFE-02 ) t.275F-0t v.oo0k-of
7. 740E-02 © l.oett-ot ¥.oolE-ol
1. S05E =02 n.341E-02 0.,000€~0}
. 4501 -07 Ge233E~0Z ' I.502E-42
s, rdgr-g7 T2l BE-0P . HybbdE-bz
1 stk -d2 3., PRGE~D2 Bidape-op
g PERLT N P . 274iE-92 . hi7ick-01
2. 843 -g2 250 BE-H2 Astaie-ol
l.0AGC-ng 2.630E-02 t.oepe-0l
f.0dse-0r i.dirg-02 4. 7ank-02
1.28d6-02 a.300E-DA 817 ruE-62
He THOE-DY ¢.0006-0} ' figlok-om
%.930E-64 , o.0bok-dl s:lbik-bs
2: 7S50k~ d 0,0d0&-01 3.966E-02
teLUsCERT o NESVE ORI = 2.6056-02  2.6n8E-d2  7.871€-02 lsiodoe-oi
heb mAb obAsl &N bep stre Evker e EMb.pARsotAes M tdt.stze FrACThoN
2i0086-0l t.a5p6-02 2.60486-61 0-000e-014
» .1 9oe-di 2.050E- 03 ditbae-il f.397E-143
l.0r0E-0l T.8907E-02 i .d38E-0f 2.341€-08
t.sa8e-0f t.5056=01 f:843E-01 8. 009E=006
io3006-01 t.0iae~-0l t.496k-01 i.631E-04
1 .dasteal tsotoe-dl tiogos-di i.sp2F-01
CIY [T §feRd6E-01 g4 lor~o2 l.629E-02
+.FAQE~G3 f.n3hE~D3 7.5976 ~ 02 4, 98HE~U2
a.ah5e.p2 d.7i7E-D2 G.2%0E~02 t.n23E-u}
%, 490E-02 be2?tE-t2 8.084F-62 3i1636-01
A.oObE-02 . §.0A9E-02 diobnE-03 4.33nE-04
2.050E-d7 . N.6HSE-0d Pibtnk-02 b.oncE~0)
*,236F 49 d.494k-02 d.0bdE-0l 0.000E~0 1
2045802 9,a0dE-42 giddoEdl 0.000E -0

b..oask-02 8.000F-ttl d,b680e-0i b, o0t -g



ety It -0 o000 -0t 0.000E=d1 0.000t-01

fo2r -2 N.000F-=DI g N0NC=-01 0.000F=001
A, TUOGE =0T O D00E -0l 041000L-01 0.000F~01%
S.U508- nd 0.000E=01 0.000F~-01 0.000F~0¢
2.THOF-Nn23 0+ ONUE~DL 0. 000L~-00 o.UB0F-01
13 FR{EPNARD KT, NP SE Dy Wl EMNT.RATE
1 0.000E-3) 5 .090E=0 6.{J9E~02 1.9336 oz
» S,643E 01 2.9500-02 J«AQVE~DZ F+527€ 00
3 -129E 02 2.907E~02 246451E-02 1+446E 00
& 3817 02 1 .£751-02 2.300E-07 7.261F-01
¥ FrreehARD kY. oCse DCWE ENT.RATE
1 d.0¢00E-QL 4 .L10E=0P FaT20E-02 5.8T0E-04
2 B.B43E 01 4,491E-02 5.237F-02 1.387E-01
3 1.129€ 22 4.065E-02 4+673L-y2 S, 1 2BE-02
o 3 t.981E 02 9 .70SE-02 S.004E-02 2.6B5E-02
Aeliagn
HLMY = 07095000 02iVME= D.200LH08E 0S«+FLF= 'iﬁl 0QOE 3.wl= 0-372‘§74E 0S o WEICS D+37T0A6G62E 0%, FHDBED= 0.2656%815 ot
o lNhe b= 0+23025E Q0+ KCHAR= 0.6731305E 00-CCHAR= 0.085J9222F 00.1HCHAR= 0.0000000F 00,0CHAR= B.0000000E QD .NC
0. 1000G5IE-0}s SCHAHS 0. 133406080~ 01 L U0= 0,4635152E ua.cFLnu= 0.7783310E 02,MCAS=  0,20S6S06E 02,7MO= 0.2632535E 01 «FME=
0.2560154E 0{+EXAINE  0.6390030E 00, {AV= 0.11519008 PAV=  0.5150000E 014CAS= 0.16T1022E Ot +¥AD= 0aAGI0000E 00.WCOAL=
0., 45100008 01, TCHC= GeZ923CQLE O3 HFPx 0.5301000E 03 EE.ND
LEES .
WhT s Q. HGLTEIAE ooauetun_ 0. 72607HLE 00.,CELU=  0.2684845E-0k . EFF= 0.9927{66E 00,0PSVR=s  0,7457513E-01,0pxun=
0. 1001192F NQ,BCSVE= 0.7070710F-01,4DCWIE= 0 1049321E D0, DASVFS  U.TS784TAE-QL +DAWMNFE B+ 1RBT234E Q0,0CSYF>  O.6TTOIGUE-01,
OCwWMF = 0.1004419F 00,.LEND
statrurNTs Exgcbiins  cozve )
e £ U AGE otutt cobe= 19704 ByiEs,RkAyY AREAs {6012 uy1FS.fOTAL AREA AvaltAnLE= 126976 BYTES
NIAGHGSTICS hiMbER oF Exkorss 0, Nudner oF HARNINGSL 0+ NUMBER OF EXTENSIONS= [\
CONDILE TIMF= 2.02 SEC.EXECUTIDN TIME= a.78 SEL, {7.03.83 WEDHESDAY t nov 7B WATEIY — JuN 1977 viLe
s1085YS EL

00T



1.

3.

T
b
7
8.

i1¢.
il
12,
13,
14,
15.
148,
17,
i8.
19.
20
21.
39

. 53-
24,
23.
24,
az.
28.
29
30.
31,
32,
33
34,
35,
36,
37,
38,
39,
40,
41,
423,
43,
43,
45,
46 4
47
48,
49,
50
Si.
52.
33.
34 .
55,
36,
57,
=1-
59
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APPENDIX IV

COMBUSTION PROGRAM

S HORCR IR K RACK K RO RO AR OROR HORAK R OK0K 0K KK S iokok sk R R RO A R ACK SO K RO R RORR R R R K

C

c
£
C
c
c
C
c
c
€
C

A GENERAL MODEL OF FLUIDIZED BEDR COAL COMBUSTOR
PROGRaMMED BY
RENGA RAiﬁN
AT

WEST VIRGINIA UNIVERSITY

¥ M I M N e = H O

HRARCHORNOCR R OE SR HORHORR ORISR 3OO RSO RO TR SOR RO HORKOR WOk

REAL MCsyMHI»MSyMO2 s MN2sMH20 s MS02» MH2S e MCO»y MCO2 s MCACOI y MCAD y MCASOA
1y HMMGCO3 »MMGO r MAIR » MBAS r MYGAS s MN s NC yNA « MNO » MCHAR s MTAR

COMMON /A7 ZHECL10) sAHEC(LOY sPUCL0) s FH(10) s ZF (LO) yFFE(L1Q) fDTURBE(L D) »
1IVB(450) s DVBEFF {&0) s FFADC10) s ZDIS(10) »FR{103 yAHEAV(S0) vETUBE (&G )
UC(60) rUMF (80) +H{SO) yAT(SQ) s UTCE0) 1 T(E0) 2 XCS0 ) s ANBE(SO)Y s YR(S0 )
3YE(4Q) r YCOE{80) »EPR(SC) yEPC(40) y BVBB (40) y IVEEEF (560) s BEAV{A0)
AUB(80 Y s UTC(S0) yUTAR(AQI» ZR(1CI»ATE(L10)  YVE(SO) » ZAVG (40 ) » IARR(10)

COMMON /ZB/ YBO(A0)sYED(AQ) »IR(SEO) s NFPSVR «UPWMEB y DCSVE y DCWMEBE s RHOCH »
1HLF s UMF 1 FMO s FMF s UF s FF» TF'RGr Gy MGAS y IPFIX, OPFLUy DPTIIS s RHOBED +
2EMF s PAVHER s BETIVOL » EFFVOL, SOLVOL » TETUBE » HLMF » PL r AND » INZL »

IFHy FSUyDZAV s MFEEL y MRISsMTHE MTE s HT » M1 M ICRy IFRC NTC

COMMON /C/ DPSE(30)yDFWE{(I0) r DCSE(I0) rICWECLIO) » WEA(IO) yWEC (30 ) »
THE(30) » WCHOLD (30) + WAHOLD{(30 ) + KT

DIMENSTON ALFA(S0) sBETA(SGQ) rCGAMA(S0) sBELT(ADY s UHE (S0Q) »yGR{(S0) »
1GE(SE0) »COBCS0 Y yUMIXLE0) sUNET{AS0) s WFC (S0) »WFADCSE0) 1 WD L0 ) » YCU2(80Q) »
STWCAG) + YGO(3) »YO(EG) r YCO(AO) s YV (A0 ) s YSO2CA0) s YNGX(SQ )

JVFROD(A0) yRELB(&C) rRELE(SG) s TFRB(GQ) » TPE(S0) yCARCONC( SO ) »
4RR{&40) »RRE(A0) yRRE{&O Y y TOLIICA0) s ARA(34500) s BRB(A0) +FEM(40) r FBM{50) »
SYCO2B(&0) r YCODEC(AO) » UHEW(460) rAHEW(H0) » TWALL (80 -

NAMELIST /0FCE/ HLMFyHLF,PAV,TAV»TSTAs TWIN, TROUT» TWALLA s UHEAVL »
YUHEAV I UNALLL yUWALL 2 TF y TSFr WEDAL ' HAD yCASEXAIR yMGASy FUTH s FiF r FMO»
SHAGY s ANHIV y RHOCH » RHOREL » RUGAS r RCHAR » QVGAS f QUCO r QELCN
®/0FCF1/ ICRYIFBOYNTC HER yHLF s HLMF » VMF +BEDVOL » EFFVOL » SOLVOL» TETUERE
K¥HAREA r ATRANS » QUOL » QAREAyHF By BEDCOM -FRCOM» TCRATE s X022 » XQ2C

NAMELIST /0C/ WOIS,WELUACELU:EFFLFSURy DFWME,ICSVR,y ICWME »GFLUW ,
1U0sCLOSSy CCHAR s HCHAR » OCHAR s NCHAR s SCHAR » TRREC

GAaTA MCyMHZ sMSyMOZ s MN2 s MH20» MSO2 s MH2S s MCO» MCO2 » MCACOIZ » MCAOQ y MCASO 4
1 MMGCOTZ » MMGO » MNO » MN
1/123,52.932.932,»28B.91B.r82.9344228.+44,5s100.3+56.,08,1346.14+84.32
2,40,31,30.0,14,0/

nATa AAAYBRE/3840%0./yRHOCYRHOASHYRHOAG/1:¢av1.,492,4/ sHAREAsQTRANSy
¥AVOL s QAREAYRR (1) »RRE(1) rRRECL1)/7%0,0/

XCADF ,CCF,CGMF /0,198 0.193+6.79/

Mi = 100
MIOLD = M1
EMF = 0.3
RG6 = 82.05
G = 980,11

PI = 3,141593
ETUBE(1)=0.
EFR(1)=0.
EFC(1)=0.
DBAV(1)=0.
UBR(13=0,

AHEAU (1)20. . ORIGINAL PAGE 15
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http:CADF,CCF,CGMF/0.198,0.193,6.79
http:1/12.,2.,32.,32.,28.,1B.,64.,34.,28.,44.,100.1,56.08,136.14,4.32

&0, ™ FRC DRESIGN DATA

61, £

42, c INPUT DATA FROM ENTRAINMENT CALCULATIONS

43, C

b4, READ(I»1000) KT

45, REAL (Js1C01) (HE(K) fDFSECK) rDPHE(K) sWEACR Y yh=1¢KT) »

a4, 1(DCSE(K) » BCWE(K) sWEC{K} s k=1 ,KT)

&7, READ(S»1001) WDISsHELUAsCELUSEFF,OFSVUE, DFWME s DCSVE » DEWME »

48, 1UASVE » DAWMF » DCSVF » DCWMF

A9, Caill DESIGN - .

70, c . - T

71, C COMPOSITION OF LIMESTONE .o

7, c .

73. READ(S,10L0YNAMELL s NAMEL 2, XCAO » XMGO » XSIN2, XCO2

P4, c

75. c COMPOSITION AND NET HEATING VALUE DOF COaL

74, C

77, READ(S5s1010INAMECL » NAMEC 27 XC r XHr XMy XS» XOr Xl XA » UM s HCOAL 7 XACAA
78, C

79. c OFERATING CONDITIQNS

80. 1 ¢ .

81. REALD(Tr 1QQ1)HLMF tHLF » PAV r TAV s TSTA TWIN» TWOUT r TWALLA y UHEAVL s UHEAVZ ¢
2. 1UWALLL »UWALL2 s TR s TSF s FF

83. READ (S5r1001) WCOALsWADrCASyUOrFMFEXAIR

84. REAT(Sr 1000) IBNITE, 1502, INOXs ITEMP s IFRES

a5, c

6. C CALCULATION OF VOLATILES YIELD AaND THE COMFOSITION OF VOLATILES
87. [

88, WH = 0,2%{100.XVM=10.92

89, R = EXP(D24.41-3.941%ALOG I (TAV-273. ) +0.0115%100. XUM)

%0, Vo= {100.%YM - R - WH)I¥0.01

91, U = Ukl —XW-XA)

22, RN = 1.46-0,001KT4V

93 IF (RN .GT. 1.) BN = 1.0

94, IF (RN .LT. 0. RN = 0.0

95, RS = BN

Pé. VGASS = XS%(1,—-XWIX{1.~RS)/32.0

97. UGASN = XN¥¢(1l.~XW)¥¢1.-RN}/14.0

78 RO = 0.0

79, RH = 0.0

101, : QCO0 = 26350.0

102, CH4- = 0,201-0,46FKVHT Q024 TRVMEKKD

103, H2 = 0,157-0,848%UM+1 . 339KVMXKD

104, COT = 0,135=0.00%VM+T . 906XUMNKD

105.. CO = 0.423-1,653%ViM+4., 345KUMERD

106. H20' = 0.409-3,3BF%UM+4 . 554KUMEK2

107, TAR = =,.3025+7,279%VM-12,38kUMKKD

108. HTAR = XH¥(L1,-RHI¥(1,-XUW) - UX(CH4/14.%2,0+HZ/2, +H20/18.)%2.0

109, GTAR = XO%(1.-R0), - UX{C02/44.+C0/28.%Q.5EH20/1940%04. 51 %32, 0

110, MTAR = 120.0 .

% . CH4 = VXCH4/14.0

112, H2 = UkH2/2,0

113, CO02 = UKCO2/44.0

114, C0. = VXCO,28.0

115, H20 = U%H20/18.0

i CTAR- = VXTaR - HFAR - OTAR

117, TAR = (CTAR+HTARFQTAR)/MTAR

118.. RUGAS = CH4+H2+TAR

1194, . COv = CO/RVGAS:
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L20,
121,
122,
123,
124,
125.
L34,
137,
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139,
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134.
1 35 L]
134,
137,
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CO2Y = CO2/7RVGAS
COVE = (CHA44CTAR/12,.0)/7RVGAS

CO2VE = COVE

X02 = (CTAR/121.0%0,S+HTAR/2,0%0.5-0TAR/ 32, 0+VGASEBHIGASNXO . S+
1CH4%1 ,S+H2%0, 3 /RVGAS

X0ZE = (CTAR/12.Q+HTAR/Z.0%0,5-0TAR/32. 3HVGASSHYGASN®Q » 5+
1CH4%2 . Q+HI%OQ . 5) /RVGAS

XCV = {TAR + (CH4+CO2+C0)%12.0

XCF = XC - XcV

RC = XCF / XC

H25Y = UBASS/RVGAS

ANH3V = VGASN/RYGAS
COALC = XC / 12.0

COALH = XH

COALG = X0 / 1&.0

COALN = XN /14,0

COALS = XS / 32.0

CHARC = RC X% COALC

CHARH = RH % COALH

CHARO = RO x COaALD

EHARN = RN X GOALN

CHARS = RS % COALS

RCHAR = 1.0 - V ~ Xu
CEHaR = CHARCX%12.0/RCHAR
HCHAR = CHARHMX¥1,0/RCHAR
OCHAR = CHAROX1&.0/RCHAR
NCHAR = CHARNX14.0/RCHAR
SCHAR = CHARSX32.0/RCHAR

TARC = ~(CHARC+CHARH¥0 . S+CHARS+CHARNROD . T~CHAROXO . 3) / (RCHARXG . 21)
QvGAS = { HCOAL ~ RCHAR ¥ QCHAR ~ CO%QCO) / RVGAS

GUCo = GVGAS - QCOXCOVE

T(1) = TF

IF(LUCOAL.EQ .0 .2 IGNITE=0

IGNITE 0 1
NO COMBUSTION COMBUSTION

MAIR = Q.21%MO2+¢(1,-0.,21)%XMN2

A2 = XC/MCHXH/HH2XQ ,5+XS/MS+XN/HNI~-XQ/HOD

FMTH = WCOALX(1.-XW)%XA2/0.21

IF (EXAIR .GT. 0.) FMF=FMTHX(1i.+EXAIR)

IF (EXAIR .EQ. 0. ,ANL FMF .EQ. O0.) FMF = ATR(1)XUOXPAV/RG/TAV
IF (EXAIR .EG. 0.) EXAIR = FMF/FMTH - 1.

U0 = FMFXRGXTAV/PAV/ATH(1)

FMO = FMFR(1.-0.211+( (XC/MCHXH/MH2HXS/MOKO s 2HXN/HNDY2, 03X (1. —XUW) ¢
A XW/MH20 ) XWCOALKEFF+FHTHXO . 21 XEXALR

GFLOW = FMF®(1,-0.21)kMN2+({XC/MCKMCO2HXH/ MHRMH204+ XS/ MEXME02% 0, 2+
AXNAMNIRZ LOXMNOI 2L, —X WY +XW ) XWCOALL+HFHTHX0 . 21 XEXAIRXMOD

MGAS = GFLOW/FMO

FM8 : AVERAGE FLOW RATE OF GAS IN THE BED MOLE/SEC
AVERAGE H20Q CONCENTRATION IN FEC
YH20 =(WCOALX (XW/MHI0+XHX (1, ~XW) /MH2 Y Y /FMO

RHOCH = RCHARXRHOC
IF{IGNITE.EQ.0)RHOCH=RHOC
IF(IGNITE.EQ.O0)RHOBED=RHOAD
IF(CAS.ER.OQ, «AND. WAD.GT 0,4
1CAS=WALXXCAG/MCAC/ (WCOAL® {1 ,~XW)XX5/M18>
IF(CAS.6T.0. .AND.WAD.EQ.Q.)}
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£30. Liab= CﬁS*(NCURL*(1.*XU)*XS/MS)/(XCQU/MCQG)
131. Al = 0.0
182, IF(CAS .GT. 0.0) 91 = 0.83/CaAS
183. IF (Al .GT. 0.4) Al = 0.4
184. RHOBED={1,-XCOQ+XCAQ/MCADXA 1XMCASO4 ) XRHOAL
135. IF (CAS .ER.0.0) RHORED = RHOAD
i84, RHOGAS=FPAVEMBAS/ (RGXTAV)
187. VISC=3.72E~-6X(TAVRX0.6768)
isg. c .
189, c QCLCN ! HEAT OF CALCINATION PER GRAM ADDITIVE
190. c
171, QCLOCN={(42500., 0xXCAD/MCADQ + 23810.0%xXMGO/MMGO)
192, €5=0.21%
193, c ==m===
194, c MAaIN OUTPUT 2
195, c === ==
196, WRITE {4r2000) NAMELLl NAMELIr,XCADsXMG0:XSIN2,XCO2
197, WRITE(&r2Q107 DASVF »DAWMF
i78, WRITE(Sr2Q20Q) NAMECLsNAMECR,XCF s XCVrXHr XN XSrX0rXW: XAr VM ¥ HCOAL
179, 1 XACAO )
200, WRITE (&+s2040) DCSVFsDCWMF
201. WRITE (4y2030) (KeHB(RIyDIFSE(KIpOPWE (NI s WEA(N) yIICSE(NY y DCHWE (N »
2023, IWEC(K) s RK=1sKT)
203. WRITE (&:0PCF)
204, Zaveil) = 0.0
205, X{1) = 0.0
204, IF {ITEMP .GT. 0} TAV = TSTA
207, DO 20 I=2:40
208, T(I)=TAV
209, 20 CONTINUE
210. e AR R HOK R KH R oK kR KRk soksiokoRdeokolok Kok kokolok sk k ok
2i1. c INITIAL BUBBLE HYDROGDYNAMIC CALCULATION
212, IF (HLF .EQ. 0.0) UMF = VOLUME(HLMF)
213. IF (HLMF «GT. 0.0} WE = UMFX{(1.,-EMF)XRHOBED
214, c HHCRAORR R ARAAOR AR AR R AKR KRR AR RO R oK kR Kk
213, IF(IGNITE.ER.1)G60 TO 41
2tas, CALL HYDRO
217, DQ 35 I=2sM1
218. ZAVG(I» = ( H(I) + H(I=1) ) % .5
219, 35 CONTINUE
320. ETC=0.
21, YAV=0,21
222. XAV=WCOALZXC/ (WCOAL+WATI Y X (1 « —XU)
223. FMO=FMF
224, IF (WAD.E@.0.0 .AND. IGNITE .EQ. 0) GO TO %00
223, c *****ﬂ****#*****X#******X*****************ﬂ*m%*****X*******X**#K*#
235, c FOR CONDITIONS OF NO COalL COMBUSTION. IGNITION IS ZERQ AND
227. C MATERIAL AND ENERGY BALANCES CALCULATIONS ARE SKIPPED
a2s. e K KRR RO AOK O 0K R KR R R R RO K R OIOKONOK R MO OO0 SO SK KOR Kk
229, YB{l) = YAV
230, YE(1) = YBR(1)
231, FEM({1) = UHF(1> % AT(1) x PAV / (RGRT(Z::
23z, FEM{1) = FMD -~ FEM{1)
233. Do 115 1 = 2-a0
234, RREC(I) =G.0
235. RRE(I) = 0,0
236, YE(I)=YAY
237. YE(I)=vAY
238. X{I1)=XAV

239. IF (I .GT. M1y GO TO 1i5
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247,
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272,
273.
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= UMF{IV¥ATD R (LLO-ETURE(I) ) RPAY / (RGAT(I)
FEM(I) = FMQ - FEMCI)

IF (UOCI) +LE., UMF(I)) FEM(I) = 0.0

CONTINUE

IF (IGNITE (EQ. Q) BO To &30

BOUDARY CONLDITIONS FOR GAS CONCENTRATIONS

CONTINUE

¥odl) = 0.21
YVULLl) = Q.0
YEO0(1) = 0.9

YSO2¢(i> = 0.0
YMNOX(1> = 0.0
YR(1)=FMF*0.21/FM0
YE(LI=YB(1)

YVE(L) = Q.0

YCOECLIY = Q.Q
YCO2E(1) = 0.0
YCORE(L) = Q.0
YCO2{1) = 0.0

FROM HERE TO THE STATEMENT NO.600 ! TEMFERATURE ITERATION LOOF

Do 400 ITRIAL = 1.30

CALCULATION OF LOG MEAN TEMPERATURE OF THE COOLING WATER

Al = TWOUT - TWIN
A2 =

TWaY = TAY - Al/AQ
CALL HYDRO

DO 25 I = 1,MT
TW(I) = TWau

IF (I .LE. M1} UHE(I)
IF (T .GT. M1) UHE(I)
IF {1 .LE., M1) UHEW(I)
IF (T .GT. M1) UHEW(I)

AHEUWC(I) = 4.0/,D7T(I)
TuaLL{I) = TWALLA
CONTINUE

MPL = M1 + 1

IFCITRIAL AGT. 1 .AND.

Ji=1
WFC{I)=0.
WFADCI)=0.
J2=J1

L]

/]

IFCJ1.GT.MFEERIGD TO 54

ALOGC(TAV=-TUWIN) /(TAV-TWOUT))

UHEAVL

UHEAY2
UWALL1L
UwallZ

M1.EG.M1OLD)GC TO 170

ng 36 I=2rn1

ng o3 J=J1lsHFEED

IFCZF{JYGT.H(I) G0 TO 35

WFC(I)=WEOALXFFC(J)

WFADC(I)=WFAD(I)+WADKFFAD(J)

J2=J+1

Ji=J2

IF¢J1.GT.MFEERIGO TO S8

WFC (M1 Y=WCOALXFFC(J)

CONTINUE
CONTINUE

e 57 J=J1sMFEED

WFAD (M1 )=WFAD{ML ) +WATRFFADR L)
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300. 57 CONTINUE
301. 58 CONTINUE

302, 170 CONTINUE

303, FEM(1) = UMF(1)£AT(1)%(1.0-ETUBE(L1) Y RFAV/ (REXT (2))

304. FEM(1) = FMF - FEN(1)

305, o 133 r=2s41

306, TOLD(I)=TC(I)

207. c B )

308, c HISTRIBUTION OF THE VOLATILES EVOLVED

309, c

310. JRPRODTI) = WEOAL % RVGAS % (H{I)-H{I-1)}/H(M1)¥FUW

311 WPROLC(I) = VPROD(I)HUFE (I RARVGATR(L «~FUW)

312, FEM(1) = FEMUI=1)+VPRODCL)

313, IF(UOYT) . LE.UMF(I1)) FEM(I) = FMO

314, FEM{I)=FMO~-FEM(I)

315, 133 CONTIMUE

3ts. c o

217% c FROM THE STATEMENT NO. 200 TO 300 { ITERATION OF MATERIAL BALANCE
318. ¢ BASED ON THE GIVEN TEMFERATURE PROFILE, GAUSS SEIDEL METHOD
3L9s ¢

300, 200 GONTINUE

331, INDEX = ©

322, DETC = =0.0001

3c3. IF (TAY .BE+1100,0 .AND: TAV .LT. 1150.0) DETC = -0.0002

304, IF (TAV +GE. 1050.0 ;AND. TAV.LT.1100.D) DETC = -0.002

325, IF (TAV .LT, 1050,0 3AND. TAV .GE. 1000.0) DETC = -0.005

324. iF (Tav .LTs 1000,0) DETC = -0.0%

327, EETCM = 0202

328, ETEA = 0.99999

309, IF {ITRIAL .GT: 1) GO TO i75

330. AMDDF = 64 0XRHOBEDX {1 ,~EMF )/ (DCSVEB4RHOCH®CCHAR.

331 C

332. C FREPARATORY STATEMENTS FOR THE WHOLE ITERATION.

333, e

334; Do 130 I = 2560

3334 YAV = 0.14

334, IF (I JBT. H1) YAV = 0509

337+ ¥R(IY = YAV

338. YE(I) = YAY

339, YO(I) = vav

340, 130 A CONTINUE

341, i75  CONTINUE

342 [ ) _ )

343. c A5SUMING THE CARBON COMEBUSTION EFFICIENCY;CARBON CONC. IN THE
344, c BED IS CALCULATED, ANOWING THE CAREON CONGENTRATION IN THE BED:GAS
3as. c PHASE MATERIAL BALANCE IS PERFORMED AND THE COMBUSTION EFFEICIENCY
346, c I5 CALCULATED,., ITERATION IS CONTINUED TILL THE ASSUMED COMBUSTION
347 c EFFCIENCY ERUALS THE CALCULATED EFFICIENCY FROM OXYGEN BALANCE.
348. C

349, BC 201 NT = 1s30

350. XAV = ((WEDALXRCHAR-CELLU)XCCHARX (1,-ETCA})/UNIS

351, DO 1 I = 1582

352, 1 X(Iy = Xav

353, TCORATE = 0.0

354. o]

355, [ BAS PHASE MATERIAL BALANCE IN THE BED

356 C

357, . D0 233 I=2rM1

358. BALL ARRCAKBs T¢Iy FAV,OCESVEs TPR(I) s YRCI) yRGy HC » ARCO2, FHIR)

33%. TAVE=(T(II+TFR(I)} /2.
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CalL ARKRC(ARNE: T(I)rPAVICSVEB,TFE(I)»YE{(I)RG+MC»ARCO2,PHIE)
TAVE=(TCINHTPE(IN ) /2,

Il=I~1

CALL GPR (YHIO:AKErAREsARBECI) - AMODF » BVREBC( L) rEMFsEFB( L) sEFC(IY) ¥
1ETUBE(I) yFBM{IL1) »FEMC(I) »FEM(IL) yFEM(I) s GR(IY P CORBC L) »BECTI) P PAVY
2PHIE,RG,RVUGAS,T(1)»TAVR, TAVE UPROD{ I 2 X{T) s XO2,XO2C,YB(IL)»YR(I)»
SYCOE(IL) rYCOECTI) »YE(IL) 2 YEC(T )y YVE(TI1) »YVE{I) 1 ARCOZ-COV-CO2V: COVE»
ACO2VB,YCO2B(I1) y YCORR(I) » YCOPE(IL) » YCO2ZE(ID ¥

AM = DVBR(I)KXAMDUFXX(I)XMC

RRE(I) = AMX(PAV/RG) X (EPC(I)-EFB(I))IXYB(I)¥ANE/TAVE/CCHAR

RRE(I) = AMX(PAV/RG/TAVEYX(L.~EFC(I)-ETURE(L))/CCHARX(YE(I)XAKE+S
1YCOZE (I )*AKCOZ)

RR{C) = ( RRE(I)+RREC(I))}/X(1)

TCRATE = TCRATE + RR(I)*X(I)

YO(I) = (FEM(LIXYECID+FEBMLIDXYR(I)I/FHMOD

YCO2{I) = (FEM(IYRYCORE(I)+FBM(I)XYCO2R(IY)/FKO

YU(I) = FEM(IXXYVE(I)/FMD

YCO(I) = FEM(I)XYCOEC(I)/FMNQ

CONTINUE

GAS PHASE MATERIAL BALANCE IN THE FREEEROARD

00 234 I = MFL1MT

4 = I-Ml

K = J+1

HaV = (H{(I-1)+HC(I) ) /2,0

CALL AREA(HAV,DTAV-ATAV)

RHOGAS = PAVXMGAS/RG/T(I)

VISC = 3.72E-4%T(T)%%0.4674

OCSVE = Q.5¥(DCSE(HYFHCSE (N

DCUME = O .3%(DCWE(J)TUCWEL(KY)

EaLlL VEL(VISC»RHOGASyG»RHOCH DLSVE2UMFAVUTAV)

Uo(l) = FMOXMBAS/RHOGAS/ATAV/(1.~ETUBE(I))

RT = (HB(K)Y-HB(J3))/ABS(U0(I)Y-UTAV)

WCHOLD(I) = (2,0%WEC(JY-WEC(N)Y¥RT

YCHOLD = WCHOLP(I)/RHOCH

NC = VCHOLD%&.0/(FIXDCSVEX%k3)

CALL ARMCARC»T(I)»PAVYICSVEsTFB(I)»YO(I)»RE+MCsARCOZ»FHIRY
TPE(I) = TFE(I)

TAVE = (T(IXHTPR(I)I/Z.0

I1 = 1I-1 .
CALL FBC(YH20+AKC,;DCSVEsDVBE(L) rETUBEC(I )Y s FHO»GR(I) rCOBCI) »
1GE(I)rNCsPAVIPHIBIPIsRGrRVGAS  T(I) » TAVE» X022 YCOCI1) »YCO(L3»YO(I12
2Y0CI) s YW1 ) s YV(I) s ARCO2, COVE,CODVE,YCOZ (I3 » YCOZ(ID)

RRE(I) = MOCXNCY¥FIXDCSVEXXZXFAV/RG/TAVE/CCHARX(YO (1) XARCH
LAKCO2KYCR2{12)

RRE(I) = 0.0

TERATE = TCRATE + RRB(I)

CONTINUE

WRITE(Ss205) (IsYB(IJ)>YE(I),YCOE(I)YVE(I)sH(I)»YCOZE(I)YCOIELTS
1UaCI) P UMFLX) 2 I=1,M1) .

FORMAT (70 sTSy I »T12» YR sT24s ‘YE ' » T35 "YCOE v T46s ' YUE’ » TSE»
1'H »T70+YCORE' s TB2» “YCO2R »TP4 'UL  »T106» "UMF " v //r (IS+1FPELD.3) :
Al = FMFX0.21+UCOALX (L . ~XW)XXO/MO2-FMOXKYO(HT)

ETCG = AL/ (FMTH¥0.21 - CELUXTARCX(Q.21)

WRITE(Sr209) NTsETCA-ETCE» XAV

FORMATC( /075 10X s 'NT»ETCAETCG XAV = ‘»I4»1F3E12.3.)
ER=ETCO-ETCA

CALL CRRECT(NTsINDEXsDETC,ETCLsETCI2,ETCA-EL1rEZyERI/EETCH)

IF (INDEX .EG. 2) GG TD 238
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4232,
413,
424,
425,
424,
427,
428,
429,
A30.
431,
432,
433,
434,
335,
4344
437,
438,
439 .
440,
441,
442,
443,
444,
445 *
444,
447,
448,
449,
450,
451 ;
452 []
433,
494,
4353,
496,
437,
458,
459,
4490 .,
441,
440,
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444 ,
445,
A66;
4467,
468,
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470,
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472,
473,
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476,
477,
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-
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2R e AP AY R Y]

o0

01

[
[+ 8

60
41

62

&3

411

412

413

108

GONTINUE
CONTINUE

FROM THE GAS FHASE MATERIAL BALANCEsCHAR COMBUSTION RATE HAS BEEN
ESTIMATEDR. KNOWING THIS AND THE SOLIDS MIXING RATEsCAREON BALANCE
IS PERFORMED. THE EQGUATIONS ARE SOLVEL BY THE SSP SUBROUTINE SIMQ
(SIMULTANEOUS SOLUTION OF ALGEBRAIC EQUATIONS). THE SOLUTION GIVES
THE CARBON CONCENTRATION PROFILE IN THE BED.

WMIX(1)=0,
WNET(1)=0,
Ji=1
DO &1 I=2.M1
WD(I)Y=0.
ga=J1
IF(J1.GT.HRISIGQ TO &1
DO 40 J=JisMDIS
IF(ZDIS(J) LBT.H(I)IG0 TO 40
WO(I)=WD(I)+WDISKFO(L)
J2=Jd+1
CONT INUE
Ji=42
CONTINUE
IF(J1:GT.MDISIGO TO 63
. DO 62 J=J1sMDIS
WD (ML) =WD (ML) +HDISKFD (4
CONT INUE
CONTINUE

WMIX : UP- AND DOWN-WARD SOLID MIXING FLOW WHICH 15 BUFERPOSED ON
FLOW OF SOLIDS. G/SEC
WNET(I} ! NET FLOW RATE QF SOLID FROM THE TOF OF [-TH COMPARTMENT.
) POSITIVE VALUE MEANS THE UPWARD FLOUY.
TFC = WCOALXRCHAR -~ CELU
DO 255 I=12yMl
RR(I) = RR{IIRTFC/TCRATE
WNETCIX=WNET (I-1)+WFC (1) ARCHARTWFAD (D) -WO(II-RRCIIAX( L,
WHIX(I)=AT(I)R(L=ETUBEC(I) )& (UO(I) ~UNF (1) ) ¥FUX (1., ~ENF ) ¥RHOBED
IFCHMIXCI) W LT o0 JWHIX (I} =0,
CONTINUE
WHMIX(ML)=0+

CAREON CONCENTRATION CALCULATION.

M=k

GO 411 I=1i,vM
AAR(TI)=0.

D0 412 I=1r+M
BRBC(I)=0.,
AAACL)Y = -UMIX(2)=-WD(2)-RR(2)}
AAACML)SWMIX(2)—UNET(2)
ARACHMM) = =WMIX(M)ITUNET(M)-UD(MI)-RR(M1)

AAA CHM—H I =WUMIX ()
’ DO 413 T=1-M

I1=I+1

BRE(I) = - MC¥CHARCXWFC(I1)
CONTINUE

MO=M~-1

g 270 I=I2,MO
IT={I~1)%M+2
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495,
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497,
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300.
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503,
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503.
06,
507,
S08.
509,
910,
311,
512,
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514,
S13.
314,
F17.
518.
o212,
920,
321,
=

[ -y
3323
924,

533,

524,
327,
528,
529,
530,
331.
932,
533,
534.
535.
534,
537.
538.
539.

270

285
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T1=I+1 .
AAR(II) = —WMIX(TI)~EMIX(IIHUNETII)
I-WD(I1)-RR(I1)
AAA(TII-H)=WMIX(I)
AAACITEM) =—UNET(IL1)+UWMIX{I1)
CONTINUE
CaLl SIMR(AAAYBEBrMriMirhS)
SUM=0.,
Do 280 I=frM
A(I+1) = BER(I)
SUM = SUMEX(I+1)
CONTINUE
XAV=SUH/FLOAT (M)
WRITE (4r284) XAV (L X{I)»H(I)zI=1sM12
FORMAT (“07»’ KAV = ‘S 1PELIDR.3s/ 2 (" I:XsH = "»[3s1F2E12.3))
SUM=90,
pg 285 I=3,M1
SUM=WR (T2 RX (I ) +5UM
CARCONC I »=X{I)XRHOBEDX® (1 . ~EMFIA(1 ., ~ETUBE(I)-EPHGE) ) /(1. —ETURE(I )}
CONTINUE

CLOSS = SUM + CELUXCCHAR
ETEC = 1.0 = SUM / ¢ (WCDAL X RCHAR - CELU)IXCCHAR }
ETC = 1, ~ CLOSS / ( WCOAL % XC ¥ (1.,-XW})

HAVING OBTAINED THE CORRECT CAREBON CONCENTRATIONS IN THE EBED.
GAS PHASE MATERIAL EALANCE IS REPERFCRMED TO ARRIVE AT THE CORRECT
CONCENTRATION PROFILES FOR THE VARIOUS GASEOUS SPECIES

GAS FHASE MATERIAL BALANCE IN BED

TCRATE = 0.0
Do 235 I=2,M1

CALL ARKCANBrT(I)»PAV,DCSVEy TPE(I) rYB(I) RGP HCrARCOD  FPHIRD

TAVE=(T{(L)+TPB(I} ) /2.

CALL ARKCARE»TC(IJsPAVROSVBy TPE(L) rYE(I) sRGsHCrARNCO2,PHIE)

TAVE=(T(I)+TPE(I}}/2,

It=I-1

CaLl, GPE (YHZO0sARBrAREsARBE(I) rAMOLF r DVBE(I) »EMF EPR(IIFEFC(T)
1ETUBEC(TI) yFEBM(I1 ) »FEM{L) s FEM{I1),FEM(I),GE(I),COB(I)»GE(IY rFAVy
2PHIEsRGrRVGAS: T(I)» TAVE: TAVE VFRODCI) 7 X (I} s X023/ XQ2C, YE(I1) «YR(I )+
SYCOE(IT)yYCOE(I) s YECIL) s YEC(I ) YVE(LL) »yYVE (I rARCO2,COVCOZV,COVE,
4C02VByYCOE(IL) yYCOIR(I) s YCOZE(IL1) r YCOZE(T))

AM = DUBRB(I)XAMODFXX(I)¥MC

RRE(I) = AMX(PAV/RGIX(EPC(I)~EFB(I})RYB(I)YXANB/TAVE/CCHAR

RRE(I) = AMX(PAV/RG/TAVE}*#(1.~-EPC(I)-ETUBE(I})/CCHARX(YE{I)XANEY
1YEO2E(I)XARCOD)

RR{I) = ¢ RRE{ID)HRRE(I))/X{I)

TCRATE = TCRATE + RRC(IJRX(I>

YO(I} = (FEM(I)RYEC(I)+FEBM{I)XYR(I))/FMD

YEO02(I) = (FEM(IIXYCOIE(ID)+FBM(IIXYCOIRB(I))I/FMO

YU(I) = FEM(IYRYVE(I}/FMO

YCO(I) = FEM(I)XYERE(I}/FMO

CONTINUE
BEDREOM = TCRATE

GAS FHASE MATERIAL RALANCE IN THE FREERGARD
DO 237 I = MFL,MT

I-pM1
J+1

o



S4Q.
I41.
342,
343,
544 .
348,
544,
547,
348,
549,
530.
351,
352,
553,
554,
355,
FET-T
997
558
399,
340,
S41.,
542,
S63.,
S44,
2463,
544,
S1-
348,
569,
570.
571,
572,
573,
574,
$75.
578,
577,
378,
579,
%80,
s8t,
382,
383.
584.
%85,
58é&,
587.
588.
589.
S920.
s91.,
592,
593,
594,
595,
596,
597,
598,
599,
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HCSVE = O,3%(DCSE(+DCSE(NY)

YCHOLD =WCHOLD(I) /RHOCH

NC = VCHOLDOX& .0/ (FIXDCSVEXRK3)

CALL AhRNCARG» T(I) yFAVYDCSVE s TFR(I) » rOCL) yRGsMCrARNCOZy PHIE)
TFE{I) = TRB(D

TAVE = (T(I}+TFB(I))>/2.0

I1 = I-1

callL FRC(YHID,AKC,DCSVE,DURB(T) »ETURE(T) »FMOGR{I)»COR{ Yy
LGE{I)sNE,PAVPHIR,PLIRGsRUGAS T{I) » TAVE, X002, YCO(I1) »YCOCI ), YO(I15,
YOI YVOIL) »YVU(I) s ARNCO2,COVE,COZVR, YCOR(T1)» YED2(I) 2
RRR(EY = MEXNCAPIXDCSVERXIKFAV/RG/TAVE/CCHARX (YO (I ) XARCH
18hCO2xYCO2{1I))

RRE(I) = 0.0
TCRATE = TCRATE + RRB(I)
237 CONTINUE
FECOM = TCRATE - BEDCOH
c
§ THE DEFINIFION OF RR(I) IS CHANGED FUR TEMFERATURE CALCULATIONS.
£ RR(I)=(HEAT GENERATION RATE— HEAT CONSUMPTION RATE) IN THE
C ITH COMPARTMENT.
c

PO 295 I=2,M1
RROIDI=RR(IIXX (1) /TCRATEXRCHARY ( WCDALXRCHAR~CELL) XETCC+
1GE(T)¥OVCO+BE( 1) XQUBAS+HCOB ( L) XGCO-BCLENXWFAD( T ) ¥RHOAD
295 CONTINUE :
O 300 I = WP1:MT
RR(I) = RRE{I)/TCRATEXQCHARX(WCOALXRCHAR-CELU)XETCC+
1GE( I)¥QVCO+EB( I ) XAUGAS+COE (L) *QCO
300 CONTINUE
IF (ITEMP .EQ. 0) GO TO 410

CALCULATION OF TEMPERATURE

D00

Al= CADF
AZ= CCF
EGH = &,8+40,SE-~IK(TAV-273T)

AZ=COMYXFMO

ALFAL D) SCUMIX(2)+UI(2) YXCSH+ASHUHE (23 ¥AHEAV () XDUBE (D)
1+UHEW{2) ¥AHEW{ 23X DUBB (D)

EETA(2)=(-UNET (2} +WHIX {2} )%CS

BAMAL2)=0.
DELT(2)=RR(2)+COMFRFMFR({T(2)-273,) +(ALXWEADT (2)+A2KUEC(2) )X (TSF-273
1. Y+UHE (2)XAHEAY (2 KDVBR(2) X (TW(2)~273, ) +UHEW { 2) XAHEW (2 ) KOVEB (2) %
2CTRALL (2)-273,)

HEAT BALANCE IM THE RED

aaa

D0 310 I=3rM
Ii=I-1
ALFACI)=(=YNET (T1)+WMIX () +WMIX(I1)+WD(I))
1XCS+AZFUHE ¢ T ) XAHEAV( T) X DVBE ( 1) +UHEW (1) XAHEW (1) XIVEB (I)
BETACI)=(=WNET(I)+WHIX(I))XCS
GAMA (T = (WMIX(I1) )KOSHAS
DELT(I)=RR(IM+(AIXWFAD(I)+AXNFC(T) ) X(TEF-273, }+UHE (I ) ¥AHEAV (1) %
1BVBB(I)%(TW(I)}-073, J+UHEW (T ) ¥AHEW(I) ¥DVERE I 2% ( TWALL (I)~273.)
310 CONTINUE
ALFA(MI) = C-WNET (MY FWMIX<M) +WD (M1 ) ) XCS+A3
1HUHE (M1) XAHEAV (M1 ) ADVYBE (M1 ) +UHEW (M1) YAHEW (M1 ) XOUEE (M1 )
BETA(M1)=0,
GAMACHL) = CWMIX (M) Y RCS+AT
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ORIGINAL Q? ALITY
OF ROOR
500, GELTCMLI=RR (ML I F(ALRUFAD (K1) +ASKUFC (ML) )X TSF~-273,)
401, L+UHE (M1 Y XAHEAV (M1) XKOVER(HL I R(TW (M1 )Y =273.)
402, ZHUHER (M1 ) ¥AHEW (M1 ) kBUBB (ML ) £ CTHALL (M1)~273.)
403, c .
404, C TEMFERATURE SOLUTION BY SIMQ
405, c :
406, DD 501 I=1shM
407, 501 AAACI)=0.
408, Do 502 I=tsM
407, 502 EBR(I)=DELT(I+1)
410, anAall)=aLFac2) -
411, AAA(MI)= -BETA(2)
412, ABALMMI = ALFA(M1)
413, AAA (MM-M) =—BaMA (ML)
414, . 0o 503 I=2:M0
415, II=(I-1)%M+I
&1é. ARACII) =ALFA(T+1)
&17. AAA(II~MI=—BAMACI+1)
418, AAA(II+MI=—BETA{I+1)
619, S03 CONTINUE
&30, CALL SIMO{AAArBBB MMM KS)
&2%, TNORM=0 .,
&23, Tﬁ V=0,
623, . 00 504 I=2,M1
&34, T{I)=BBB(I-1)+273.
425, TAV=TAV+T (I
626, TNORM=TNORMFARS(T(I)}-TOLD(I))
&27. 504 CONTINUE
629, Tav=TAV/FLOAT (M)
529, TNORM=TNORM/FLOAT (M)
&30, c URITE {(&4r208) TNORMsTAV,BENCOM FECOM
431, $ 208 FORMAT ( 0"y 10Xy’TNORMyTAV,HEDCOM,FECOM = ‘,1F4EL12,3)
&322, c
&33, c HEAT BALANCE IN THE FREEBOARD
434, c
635, . DO 320 I = HPLHT
436, J = I-pt
437, WENTI = WEALDHWECCD) .
438, ANR = (WENTIXCSHAZIR(T(I-1)=-273 ) +RR(D)+DVRRC I *UHE (1) XAHEAV (L) X
439, L(TWCIY =273 ) +LVEBE (L Y XUHEW ¢ L) XAHEW (T ) R ¢ TWALL () -273, )
440, DR = WENTIKXCS+AZ+FDUVBER(IIXUHE (I)XAHEAVCIY+DOVEE CTIXUHEW (I} XAHEW(I)
&4%, T(I) = ANR/DR + 273.0
$42, 320 CONTINUE
443, c . .
444, c CONVERGENCY CRITERION FOR TEMPERATURE CALCULATION
545, G
&84, IF(TNORM.LT.0.01%TAY) 6O TO 410
447. M1OLE = M1
443, 400 CONTINUE
449, WRITE (&r 3003)
450, 3003 FORMAT(’0'r10Xr’GAUSS SEIDEL TEMPERATURE TRIAL HaS NOT CONVERGED.
451, t §.NO, = 30037 +/)
452, 610  CONTINUE
453, DO 420 I = 2+MT
454, Al = AHEAV<I) % OUBHR{I)
&S5, HAREA = HAREA + Al
456 . QOTRANS = UMEC(I % A1 % ¢ T{(I)-THW(I) ) 4+ QTRANS
857, RR{I) = RR(I) / DWEREF{I)
458, ZAVUGCI) = ¢ H(I=1) + H(IY ) % 0.5
359, 4620 CONTIMUE
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450,
561,
4463,
583,
584,
565,
B,
58487,
468,
&6%,
470,
&71.,
&72.
573,
&74,
675,
&78.
&77.
&78.,
&£79.,
580.
581,
&80,
4583,
&84,
£85.
4688
487,
&88.
&89,
&90,
&91.
&9,
693,
594,
495,
594,
&97.,
498,
&9,
700,
701,
702,
763,
704,
705.
704.
707.
798,
709.
710.
718,
712:
713,
7i4.
715.
7i4.
717.
719.
712,

é13

[sETRr Nl

709
710

430

QoOa
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GVOL = GTRANS/BEDVOL
HFE = H{MT) - H{M1? .
IF (YAREA NE. 0:;0) QAREA = QTRANS/HAREA
TRPROL)=T(L)
TPECL»=T(L)
TAaV=TAV-273.
DO 412 I=1,MT
TCI)=TL{IY-273, i
TFRCI)=TPR(L}=273,
TPECIX=TPE(L)}-0273.
CONTINUE .

e T =

HAIN DUTPUT 3
WRITE (552001 ETEsXAVTAV ITRIAL: (I H(IY s YRLAIIZYEC(T) »YVE(L) »
1YCOE(I) rYCORE(IL) »YCO2B(I) s XCI) 7 ZAVGCI) » E=2911)
YRITE (5622002 (TiHCI)»YQC(I) pYVLI) o YCOCI)FYOO2¢I) s T(IY s TERCI) ¢
LTPECI) »ZAVBCI) 2 I=2y MT)
09 413 I = 1sMT
TPE(L) TRFR(IIFD73.0
TPE(I) = TPE(I)+273.0
Ty = TUD)+273.0

CONTINUE
YGOC(1)y=YO!(NT)

CALEULATION GF S02 REDUCTION

IF (IBGNITE.EWR.0) TCRATE = 0,0
DO 710 I=1MT
IF (I .GT. 1) GO TO 709
YEO(I) = YE(I)
YBO(I) = YB(I)

YR{I)=0,
YE(I)=0,

CONTINUE
IF (ISD2 .EQ.. Q) GO TO 8i:1
CONTINUE

FRS = WCOALXXS/MSXFLOAT(IBNITE)X(1.-XW)
IF (FRS » LE. 1.E-&) 6D 7O 810

CABE ! EFFECTIVE RATID OF CA TO S(AETIVE) IN THE FEEDS

CASE=( WADXXCAD+HICOAL KXAXXACAD) /HEAD/FRS
IF(CASE.EQ.0,) 60 TO 911
SULFUR = WCOALX(L.~XW)XXSKRS/HMS - CLOSSRSCHAR/CCHAR/MS
RELE(1)=0,
RELE(1=0,
YB(1)=0,0
YE(1)=YRU1)
ET5=0.0
DETS=0,1
EETSH=0.005
INDX=0,
DO 711 I=2,MT
RELE(I)=D.
RELE(I)=0,
IF (TCRATE LLE; ©.) 60 TO 711
GENE = GR(I)XUGASS/RUGAS
GEME = BE(I)¥VGASS/RYEAS
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778,
779.
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711

740

800

3500
819

11
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RELECL)
RELE(T?

RRB(I)/TCRATERSULFUR. +BENKE
RRE{I)/TCRATEXSULFURFGENE
CONTINUE
pg 8900 ITRY=1-20

FS=ETS/CASE

FS 1 FRACTIONAL CONVERSION QF ARDITIVE

ASSUMING THE SULFUR CAPTURE EFFICIEMNCY,F8 IS CALCULATED AND HEMCE
THE LIMESTONE REACTIVITY. THEN,SO2 MATERTAL BALANCE IS PERFORMED.
FROM THE EXIT S02 CONC, IN THE FLUE; 502 CAPTURE EFFICIENCY IS
CALCULATED. ITERATION IS CONTINUED TILL THE ASSUMED AND THE
CALCULATED SULFUR DIOXIDE RETENTION EFFICLIENCIES AGREE,

AR=ARAD(FSsOPEVERT(I) )
202 BEALANCE IN THE RED

O 740 I=73yMi
I1l=I-t

Ar=(1.-EMF)
Call GPHASE{AKsAhsaMsPAVRG,ETURECI) »EFB(I) yEFC(I)

IANBECI ) »DVEBB(I ) FBM(TIL) y FEMCIL) vFEMC I} s FEMC D) TCIIsTCI)»T(I) 5
AYB(IL) »YECELE) rYRCI)Y > YE(I)sRELB(I}sRELE(I )}

YSO2(I) = (FEM(IXXYE(II+FBMC(I)EYR(I) ) /FHMO
CONTIMUE

SO2 RALANCE IN THE FREEBOARD

0O 741 I = MPL/MT
J o= I-Mi
h = J¥
RHOGAS = PAVEMGAB/RG/T(I)
VISC = 3Z.72E-&AT(I)*%XQ,&74
DPSVE = O.5X{(DPSE(+DPSE(R)J
DPUME = O.3R(DPUECFDPYE(K))
CALL VEL(VISC,RHDGASG,RHOBEL,DFSUE,UMFaVUTAV)
RT = (HB(RI-HE(J))/ARS(UO(I)-UTAV)
WAHOLD(I) = (2, 0%UEA{ ) -WEA(K) IKRT
VAHBLER = WAHOLD(I)/RHURED
Na = VAHOLIDNS . O/ (PIXDIFSUEXERT)
AK = AKAL(FS,DPSVE,T(I))
ANR = FMOXYSQ2(I-1)+RELB(I)+RELE{I)
IR = FHO + NAXPIXDPSVEXEI/S$.0 YAKNXPAV/RG/T(I)
YS024I}) = ANR/ILR
GONTINUE
ETSC=1.-FMOxYSO02(MT)/FRS
EE=ETS-ETSC
CALL CRRECTCITRYINDXsDETSsETSLsETS2yETSEL(ED2FEE,EETSEMY
IF(INDX.EQ.2)G0 TO 819

CONTINUE
WRITE(Sy34600)
FORMAT( 0 210Xy " ETS HAS NOT COMVERGED. S.NO. = 34007,/
CONTINUE

YGO(3)y=YSO2(MT)

WRITE(4,2008)ETSsFS:CAS,CASE

1o (HOI)»YBCIX S YRE(TD) »ZAUG(L) »YSO2(I) yRELB{IY S RELE( L) » I3, MT)
NOX CALCULATIONS

IF (INOX .EQ. 0} GO TQ 314
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FRN = WCOAL % {1.—-XW) ¥ XN/MM % FLOATIIBNITE)

AMITRO = WCOAL ¥ {1,-XW) % XM % RN 7 MN — CLOSE#MCHAR/CCHAR/MN
DO 730 I = 24MT

GENE = GH(IL)YYVBASN/RUGAS

GENE = SE(IL)XVBASN/RYGAS

RELB{(I) = RRB(I)/TCRATE % ANITRO +GENH

RELE{I) = RRE(I}/TCRATE % ANITRO + BGENE

750 CONTINUE
YB(1} = 0.0
YE(1) = Q.0

" AE = 34000.0

[ MOX EaLAMEE IN THE BED

[

DG 780 I = Q7M1

It = I-1

TAVR = (T(I)+TPR{(IJ)I/2,0

TAVE = (T(LI+TPE(IN /2.0

AkE = FRYEXP( —AE/1,9364/TAVE )

ARE = FR % EXP{ ~AE/1,936/TAVE )

AMODF = &.,0¥RHOBED#(1.-EMF)/(DCSYRXRHOCHYCCHAR )

AM = AMODFRX(I)

Call. GPHASE { AkByAKEAMyPAV,RG,ETUBE(I) sEPB(I},EPC(I)sARKBE(L),
1OVEBB(IL) +FBM(IL) »FEM(IL) sFBM(I) 2FEM(I) » T(L)» TAVRs TAVE, YB(I1)
2YE(IL1),YB(I)»YE(I) +RELEBC(I) RELE(T) )

YNOX(I) = ( FEM(I)XYBCIDHFEMC(IDIRYE(I) )/FHMO

740 CONTINUE
e

c NOX BALANCE IN THE FREEBOARD

c

DO 770 I = MF1i,MT

TAVB = (T{(E)+TPB(I))/2.0
4 = I=-M1
K = J+1

DCSVE = 0.5%(DCSE(J)+DESE(K))
X{I) = WCHOLBCI)XCCHAR/ {WEHOLL(I)+WAHOLL(I))
CARCONCI) = WCHOLD!I)¥CCHAR/DVREEF(I)
YCHOLD = WCHDLD(I)/RHOCH
NE = UCHOLD¥& 0/ {PI¥NCSVE®%S)
ARNG = FRREXP(-AE/1.P84/TAVE)
AMR = FMOXYNOX(I-1) 4 RELB(I) + RELE(I)
DR = FHO + NEAPIXDCSVEX%D XANNOXFAVU/RG/TAVE
YNOX(I) = ANR/DR
770 CAONTINUE
EMOX = FHOXYNOX(MT)
EINDEX = ENOX/WCOAL
ETN = 1,0 - ENOX /FRN
ENOX = ENOX/FNG
WRITE (&72007)EXAIR; TAV2ETN;ENQX7EINDEX s (HCI) s YBC(I) 2 YELT) s X<I) 5
LCARCONCI) rZAVGCI) s YNOX(X) »RELECI) yRELE(T) r3=2:4T)
751  CONTIMUE

c FomsSmasss=SE=
c MAIN OUTFUT 4
e | mmmooscooemee

814 CONTINUE
YGO(D)=YCOQ{MT)
YGO(4)=YH20
YGEO(Sy=YCO(MT)
URITE(Sy20054) (YBO(IN2I=1:3)
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ORIGINAL PAGE IS 115
OF POOR QUALITY

IF CHLMF.ED.0.0 WMF = s0LV0L

IF (HLMF .E&. 0.0} HLMF = HEIGHTI{UME)
IF (HLF .EQ., 0.0) HLF = H{Mi}

IF (IFRES .EQ. 2) GO TOQ 2350

COMTINUE

FRESSURE DOROP CALCULATIONM

ek kR R R RO R R ke v Y
ALL THE FRESSURE DROF GIVEN IN CM OF UATER
Fcloxckeor seok ok eiioReR R DoeK ke ooy Rk x

FRESEURE DROF CALCULNTIOMS ACROSS THE DISTRIBUTOR

TEMF = T(2) .

RHOFG = PF % MGAS / (RGXTENMF)

UOR = FMF X RG ¥ TEMP/ FF /(ANDYO,ZEXPTRINILAND)
DPRIS = ( UOR/D.& ) ¥X2 % RHOFG / {2.0¥G)

WRITE (&r2050) DFDIS

PRESSURE DROP CALCULATIONS IN THE FLURIZIEDR LEL SECTIOM

WRITE (472051
Ml = ML
IF (EFRC .GT. 0) N1 = M1 - 1
PO 920 I = 2,N1

oPFLU = (1, 0=-EMFY¥(1.0=-EPBL{I) 2RC(H{I)~H(I~1)} ¥ RHOBED
WRITE {&r2053) I: OPFLUY
CONTINUE

IF (IFEBC .EQ.Q) GO TO 939
FRESSURE DROP CALCULATIONS IN THE FIXED BED SECTION

El = ( H(ML) = H(Mi-1) ) / G

= ( 1.0 - EMF ¥ / EMF %t 3
DPFIX = E1 % ( 15S0.0 ¥ { 1.0 — EMF » ¥ E2 % UISC ¥ UQ{Mi:}
1 7 DPFSVEB %% 2 + 1.70 % E2 ¥ RHOGAE ¥ UC{M1)¥x2/DPSVER)
COMNTINUE-
If¥ ( IFRC .EQ., QO )} DFFIX = 0.0
WRITE (452053) DPFIX s
CONTINUE
WRITE (&:00)
WRITE (&4:0FCF1)
WRITE(4,2050)

D0 910 I = O,pMi

WRITE(&22070) I:HC(I)sZAVGCI) »IRAVII) 7 UR(I) ZEFBI(T) 2EPCCI) Q{10

1UMF ()
CONTINUE
URITE (492073)
g 240 I = i-MT
WRITE (&r2080) IfsH(I)PDT{I)AT(I)
CONTINUE
FORMAT(SE1)
FORMAT(BF10.0)
FORMAT(2A4/ (8F10.07)

FORMAT (707102841 10X:7XCA0 = 73F6.3:10X77XMB0 = 7-F8.3,10X;

Y¥IXSIO2 = ‘2F4.,3710XsXC02 = "sF5.3+/)
FORMAT(//10Xy “RESULTS rALL TEMPERATURES INM CEMTISRALE’/”
¥/ ETCy XAV TAV»ITRIAL =’y 3ELD . 4714,/

12X e "I s 8X s HT " v 10X "YH s 10Xy *YE 3 10X2 "YUE 38X "YCOE " 27X /YCODE

ke
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200«
0L

Yl

2023

Py

eI,
FOL,
OS¢
906 r
P07 .
908 L
209 .
10,
?1L.
P12,
213
Fi.d
1.
718,
917«
918~
?1¢ .
P20
221,
T,
$n1,
24,
92%.
?324,
927,
3G,
922,
930,
?31 s
232,
233
2344
934,
2355
037,
238.
39
2?40,
241,
242,
P43
744,
?AG.
744,
?47.
248,
949,
%0,
?Z1.
Pga,
953,
954,

PSS

954,
957.
958,
959

2002

116

2% YCO2RY 19K X rPX2 T 2AVET s /{13, LPPELD . A0
FORMAT (/738 '/ -8X-"HT/ ;10K Y07 510X /YU 2104 - YOO 1 ¥y - ¥YCO2/ -
*EXy T 710Xy 'TRPR PN ‘TPEY 79X, "Z2AVGY s /2 (IS 1PFEL2 .22

2005 FORMAT(’0’s” (ETSrFSsCASsCASE)="/10Xr4E12.45/5707 s 7K "HT . 728Xy

17YSB28” 18X, FYSA2E s $Xr "TAVE’ ;10X *¥YS027 1 10X "RELEY +9X7 "RELE 7./
I(IPFELZ .40

2004 FORMATC/ ‘- QUTLET SAS CONCEMTRATION” 7//75Xs 027710X,C027 19X, °502° 5

19Xs"H20/»9Xy 00"+ /SEL1Z, 4/ /)

2007 FORMATC G 57Xy "EXALR» TAVYETNsENOXsEIHNDEX =7 r/:10XsZE12. 47057973

17Xy P HT? o 825/ YHOXE ¥8Xr “YNOXE 59Xz "X’ s 11X s ' CARCON’ » 8Xy * ZAVG 18X
2CYNOX/ »1OX5 "RELB/ #PX> "RELE’ 5/ (1PFEL13.4))

2010 FORMAT (0’ ¢5X%y 'SURFACE VOL MEAM BIA.OF ADDITIVES FEED = DASUF =

 XFFI0, 423Xy 'CM’ s SN 'WEIGHT MEAN DIa, = [DAWME = 7F10.4:3X: CH’/ /)

2020 FPORMAT (707 71Xr3R4:3X7'X0F = 77F5.2,3X: "%CW = 72F5,3,3%,'XH = 7/
FFET. 313X 28N = “sFS.3r3IN2/XE = 4+FB.3:3X: X0 = 7oFT.TeEXs XU =
SET.IrANXW = RS, 30/ 50128 UM = o FSL3-AX 'Y — 2 FSL 352K
SHCOAL = 7 »FB.2s3X7'CALS/BM’ r3Xr ' XACAD = *1FS5.32/)

2030 FORMAT (707 sTS+’K’r 710, 'FREERQARD HT .’ rT29: "OFSE s T3 s " IFWE ‘' »
1TSS " WEA’ » T70Gy ‘OOSE’ y TS, "DCKE’ s TLO0, "UES ! 2/7° 0/ 5 (T4, I35 T10>
2AFELL . 3FTR4P LPELL w37 T3P 1IPELL .32 TS, IPELL 3 TE7 LPELL .31 T81»
ILPELL.3 TPEFLPELL.WT) )

2040 FORMAT(707:T21, SURFACE VOL MEAN RTA OF COAL FEED = JCSVF = /5
¥F10. 423Xy "CH’ rSXs "UT . MEAN 0IA. = DCWMF = ‘1 sF10.453Xs'CH’ 1/)

2050 FORMAT (/07 r40Xs ‘PRESSURE DROP ACROSS THE LISTRIBUTOR = ‘s1RE11.3)

2051 FORMAT (‘0 ,30X, 'COMP.NO' 13X, PRESSURE DROFP IN THE BED’, /)

2052 FORMAT (20X,I5-20Xs1FELL . 4)

2083 ZORMAT {704 40Ky 'PRESSURE BROP IN THE FIMED 3ED SECTION = ‘s1iPELL.
x4y

20460 FORMAT (°0/s3Xs’I173Xsr HEIGHT 78X ZAUG 5 3Xs AV, BUBBLE DNIA‘ roXs
1“BUSELE VEL.’ s4X:;” BUSBLE FRAC.‘75X»’CLOUD SRAC, ’24Xs ‘SUFP.VELOCETY"
275X ‘MIN.FLULVEL, /)

2070 FORMAT (ISsF2.3+2X /FH.Tr4(3X7L1FELZ,452X))

075 FORMAT (707 :T10,‘COMPT.NQ.” s T2Sy "HEIGHT ' 7 T427“BED DIA.” TS5y
17BED G/S AREA' /)

7080 FORMAT (T12sI3:T25»F&5.2>T4051PEL0.37TSSP1PELIQ.3)

{Go00 sSTOP

END
FUNCTION AKAD(FS,DPFTY

c

e THIS SUBRQUTINE CALCULATES LIMESTONE-S02 REACTICM RATE COMNSTAMT

C

DIMENSION FR{15)sRR{13)sRE(15)sRC(1S)

DATA FB/0:¢020.0590.150.2y0.25,0.3-0.35:0.490.4035,0,45,0,47970.5+
®0,525+0.5510.4 /7

DATA RR/71,020:23170.15:0,03870.,00170,0004:0.0003s0.,00022:0,0002;
10.0001870,0001670,00015-r0.,00014,0.0001350,00011 /

DATA RB/71.050.584r0.51550.337,0.213:0.095:0.022+0.0071-0.0047

i‘ 05005!'00004!000036!0!093!0a00ﬁ7570-00225 hd

0ATA RC/1.050.93890.89450.80250.74970,687,0,809¢0,3L79,445:0.347
1 0,272,0.18y0.121s0,076,0.022 /

DP}=0’2

0P2-0.1

IP3=0.01

IF(OP ,GE. DPZ2 ) XXX=ALQG{(DP/DP2)/ALOG(OF1/0F2)

IFC OF LLT. DP2) XXX=ALOGC(DF/IF3)/ALCG(DFI-/DIFE)

ALIME=0.0

ARAD = 0.0

IF{ F§ .GE., 1.0} RETURN

o0 10 I=2:13%
N=I


http:bP3=O.Oi
http:Z(1P7Z13.4Y

?40.
?41.
f42.
243.
F64.
PET .
PhHE .
P47 .
748,
P59 .
?70.
271,
b anl

?73.
?74.
973,
974,
977.
973.
979,
$90.
?81.
982,
983.

?84.°

783,
984,
?87 -
?88.
?879.
990.
e?1.
?92.
?23.
e
P99+

QL

TS

97 .
798.
FPIP.
1000.
i1001.
1002,
1003,
1004.
1005,
10048,
1007.
10089.
1009.
101¢.
10t1.
1012,
10313,
1014,
1015,
1016,
1017.
1918,
1019,

aooaon

13

10Q

110

ORICINAL PAGE 18
OF POOR QUALITY 117

[F¢ F§ LE. FBLI) ) B0 TO 11

CONTIMUE

CONTINUE

Ni=N-1

A= (FS=FP(NL) )/ {FRIN)=FRINL1)}

IF( pp LY. OP2Y GO TO LD
RI=(RR(N) /RR{NL) ) RXAFRR (ML)
R2=(RE(N) /RE(NL) ) XOKAKRE (NL)

G0 TO 13

CONTINUE

Fi=(RB (M) /REBOML ) XXAXRE (N1)
R3=(RCL{N) /RC(M1) ) XXAXRC(NL)

CONTINUE

AL IME={R1/R2 I EXXXNNXRD.

IF{ ALIME ,BT. 1.0) ALIME=1.0

IF (T JLT.1253.0) S8 = 35.9%T = 3.457504

IF (T .GE, 1253.Q) SG = -38.,43%T + 5.54E04
IF ¢ 86 .LT. 100.0 )} 8G = 100.0

AKAD = 490,0xEXP(=-17500.0/1.987/T)x 88 % ALIME
RETURN

EMD

SUBROUTINE ARR(AKRTsF2OCs TPy YO2sRG+MCoAKEO2 s FHE 2
REAL MC

THIS COMPUTES REACTION RATE CONSTANT FOR CHAR COMBUSTION AKRs
RATE CONSTANT FOR C~CO2 REACTION aND THE CHAR FARTICLE TEMPERATURE

Et=1.0

SIGM=1.34E~-12

INDX=0

ITS= 100.0

TF=300.0

pQ 100 I=1r20

ETSMAX=0.003%TP

ARNG=B710.0¥EXP(-35700,0/1.925/TF)

TAY = {T+TPI¥.3

D=4 ,05%¥(TAV/1300, ) x¥x1 ,75/FP

CONO=0, 83 2E-8BXSART(TAV Y /{1, +2453, /TAVX10 . Xx(~12./TAV)?
Z = 2300, ¥ EXP(=12409,/1,984/TAV)

IF (0C JLE. 0.005) PHI = (2.%2Z+2.3/7{2+2.)

IF ¢0€ WGT. 20.005 .aND. OC JLE. 0,18 PHI = 1./{Z24+2, 0% (2. &Z4+2.)
¥ - ZX(OC~0.005)/0.093)

IF ¢nC .GT. 0.10) PHI = 1,0 |

Q= 7900,0%(2.,./PHI-1)4+2340.0%¢(2.-2,/PHI)

ARF=24 .XPHIXDL/ (DCERGEKXTAV?
ARR=(RGXTAV/MC) /{1 . /AKS+1 . /AKF)

RHS = ARRAPYYOQ¥MCKQ/(RGXTAV) - EMYSIGHY(TPYRXA-TiX4)
ETS = TP — T — RHS*DC/{2.0¥COND)

CALL CRRECT(I-INOX, DTS TP1sTP2:TFsELEQ2-ETS,ETSMAX)
IF (INDX.EQ.2) GO TO 1190

CONTINUE

WRITE (&4y 4000) TP:ETS

4000 FORMAT (07 210Xs TP CALCULATIOM HAS NOT CONVERGED »/-10Xs‘TFR,ETS -

1 7»1P2EL12.3)

COMT INUE

AKRCOZ = 4, 1E08¥EXF(-59200../1.,.987/TAY)
O o= Z,28%{TAW/1800.)%%1 . 75/F

ANFCO2 = 2,¥PHI¥D/OC

ARCO2 = 1./(1./AKRCO2+1./aMFCO2Y
RETURRN



LOSL,
1057,
1053,
1054 ¢
1055,
1056,
1057,
1058,
1959,
1080,
1041+
1062,
1043,
1064,
1063,
1065,
1047,
1048,
1049,
o070,
1071,
1072,
1073,
1074,
1075,
1074,
1077,
1078,
1079,

saqQa

ENDI
SUBROUTINE AREa ¢ ZI», DTIs

COMMON /A/ ZHE(LO) s AHECL1D ) PULI0) PHOLI0) s ZF (10 >FFC(1Q) - ATURE LO2 -
LOVE(S0) s OVBEFF {400 ;FFAR{10) rZDIS(20) s FI(10)  AHEAV (SQ) » ETURE (OO Y 5
JUDCE0 ) MR (A0 s HLAQ) s AT (A0 s DT (A0 7 TLS0) 2 X (S0 s ARBE (05 rBI{80Q) s
BYE(4Q)»»YCOE(SO)7EFB(SQ) sEPC{40) s DUBRB(S0) - IWRBEF (V) +DRAVIAD) 5
AUB{&0) s UTCLS0) »UTA(EQ) s ZR(LOI s ATRLIO) y YVE(S0) - ZAVELE0) - THRK W 1O

COMMON /B/ YRO(SD) »YEQ(SQ s IB(L0) > BFSVE OFHMR - DCSVE » DCWME » RHOCH »
IHLF y UMF » FMOsFMF fUF s PR 2 TRy RG» G, MBAS » DFF LN DPFLU BPDLS - RHGRED s
SEMFyPAVy HCR y BEDVOL, EFFVOL » SRLVOL » TETURE s HEMF > P I - AMD  ONZI. 5

ATI

118

EFWYFSW rDZAV e HPEED s DTS y MTHE s MTH MT 7M1 2 M7 ICR s IFDC s NTC

10

aooonan

19

100

110

15¢

CALCULATION OF THE CROSS SECTIONAL AREA GIVEM THE HEIGHI AakQUE

THE DISTRIBUTER

) Jafu]
IF ¢ ZI .G6T. 2E¢J> ¥ GO TO

10 J
19

RJHL: = SQRT ( ATBGI-1) / FI
A% = { ZI - ZB(J-1) ) / ( ZBLUD

B
/I
BTE = 2.0t ¥ RI

ATI =PI ® RI %% 2
89 TO 20

o

CONTINUE

CONTINUE
RETURN'
ENIT

SQRT ( ATB(JY / ATE(J-
1.0+ Al % Bl } % RJIML

1)

il

t

1 ¢ MTP
ZB{.J=-1)
1.0

SUBROUTIME. CRRECT(I,IMDX-DX»X1sX2,XNEW;EL-E2,E,EHAX)

I NUMEBER OF THIS TRIALs 1 FOR FIRST TRINL

INDX! INDEX OF THE TRIAL LEVEL

INIDX=0: JUST FROCEEIING

IMNDX=1! THE ROOT HAS BEEM CAUGHT HETWEEN X1 AN X2

INDX=2! THE LTERATION HAS CONVERGED
IF (ABSKEY.GT.EMAXY 60 TG S5

IMNDX=2

FRETFURN

CONTINUE

IF(INBX.ER.1)> G0 TO 100
X2~XNEW

E2=E

IF(I.EQ.TY GO TOF LD
IF(ELXED LE 0 ) INDX=1.
IF{INDX EQ+1)G0 TQ 1350
KLI=X2

Ei1=E2

XMEW=XNEW+DX

RETURN

CONTINUE

IFCEI*E.LT.0LY GO FO 110
El=E

X1=XNEW

GO TO 150

Ez=F

X2=XNEW

COMTIMUE

XMEW= (X1-X2)XEQ/ (E2-E1)+X2
RETURN

END

SUBROUTIME DESIGN
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119
ORIGINAL PAGE IS

OF POOR QUALITY

to8a, CIMMON /A/ ZHEC10)snHE(L0) s PU{10 2, PHOLO0) 2 IF {10 «FFC(LO) vITURE (1D »
1081, IDVEHCS0) yOVBEFF (307 :FFARCLD ) r ZOIS(10) :FNC10) AHEAV L 80} -ETURE (40 »
1082, 2UDCS0) s UMF {60 s HO A0 v ATL a0 ) » DT (50} s TLAQY s X502 7 ARBE {0 1YV {50 )
1083, 3TECS0):YCOE(SQ) tEPRCECYsEFC(60) s BVER{A0) s IVBHEF (S0 7 HCRYV &0 ) 5
1084, JUEBC(S0) sUTC (S0 rUTA(AE0) 1 ZBC10) »ATR(10) s YVE( S0 s ZAVG L300 + IARR (10D
1085, COMMOMN /B/ YRO(S0):YEQ(SO0);HB(S0) s IPSVERy DFWUME, GCEVE s DEWME - RHOCH
1084, 1HLF s UMF s FMO s FMF s UF 7 PF 2 TR RE, G MBAS s DFF IXy DPFLU DFRIS r RHOEETL >
1087. 2EMF s PAV s HCR s BEDVOL, ; EFFVOL » SOLMOL » TETUBRE » HLMFS P I , ANDU IINZL +
iose. c SFWIFSWy DZAVIMFEED y HDISyMTHE s MTR s HT s M1 o Me TCRY IFRCHNTC

0S%?. -

1090. c AXIAL VARIATION OF BED CROSS SECTION

1991, e

1092, READ ¢5:1000} Al:Aa2:43sA4

1093, READ (5,1001) MTE:;(ZB(J):ATB(N); J = 1; MTR)

1094. c

1095, c IARRNG 1 2 ket

1094, C 1 VERTICAL IMLIME AREANGEMENT

1097. C 2 m——— VERTICAL STAGGERED ARRANGEMEMT

1498, G 3 m——— HORIZONTAL IMLIME ARRANGEMENT

1099, c q ———— HORIZONTAL STAGGERED ARRANGEMEMT

1190, c

1101. c

1192. C HEAT EXCHANGE TURES

1193, READ (S5-1002) MTHEs{ZHEC(JH+1)yyaAHECT) s DTURECS) 7PULYY s FH{d) 1
1104. 1IARR( D) s J = 1L+MTHE)D

1195, c

1104, c LOCATION OF FEED AND DISCHARGE

1107, EEAL. (5,1001) MFEERs (ZF(JY»FFC(J)sFFADCI)y J = 1sHFEED)

1102, c

1109, READ (S,1001) MOISH<ZDIS(NI»FO{L)r J = 1.M0IS)

1110, c

1114, e DISTRIBYTOR

1112, c

1113, READ. (5:1003) AND r DNZL » FW s FSW

1114. DO 100 2 = i+ MTHE

1115, IF (AHE(S) GT. 0.0) GO TO 100

1114, IF «BTUBE(J) .EQ. 0.9) 30 TO 100

1117. AHE(J) = PI % DTUBE(Y) / (PH(IIXPULJ)}

1118. 100 CONTINUE

1119. [

1120, G CONDITION FOR COMPUTING AVERAGE CELL SIZE

1121, N

1122, WRITE (4s2000) Al:AZ:A3srAA

1123, WRITE (472001)

1124, WRITE (452002) (ZB(J)+ATECJIYy J = 1:MTR)

11235, WRITE (5:,2003)

1124, WRITE (46929004} {(ZHE(JH1)sAHE(JY s DTUREC(D) sPUCI) FHID r TARR () »
1137, 1J = LsMTHE)

1128, - WRITE (4,2003)

1129, WRITE (46r20048) (ZF(J)sFFCLUrFFAD(L) s O = 1.MFEEDD

1130. WRITE (472007

1131. WRITE (4,2008) (ZDIS(D)+FO(J)r J = 1,MDIS)

1132, WRITE (47,2009 AND,DBMZL:FW,FSW

1133. Z1 = ZR(1)

1134, AREDL = ATR(1)

1133, DREDNL = GGRT(4.9 ¥ AREDL ~/ FI)

1138, BUR{L) = 0.0

1137, MEREFF(1) = 9.0

1138. ZHE(L1) = 0.0

1139, nZay = 39.0



L140.
1144,
1142,
']_1.43 -
1i44.
1145
11448,

1147,

1148.
1149

1¥50.
1151.
1152,
1153
1154,
11535,
1154,
1157,
1159,
1159,
1140.
1151,
1182,
1153,
1154.
1145,
1144,
1147.
1148,
1149,
1179,
i171.
1173,
1173,
1174,
1175,
1174,
1177,
1179,
1179,
1180:
1181,
1182,
1133.
1184,
1185,
11384,
1137,
1188,
11892,
1190,
1171,
1192,
1193.
1194,
1195,
1194,
1197,
1198,

1199,

30
40

20
50

1Q

1600
1001
1002
1003
2000
2001

2002
2003
2004
2005

2008
2097

2008
4009

aononn

120

MTC = IFIX(ZRUMTERLALZIAV ML,
00 10 [ = 1,nTC
L2 = 21 + DIV
IF ¢(I.ER.NIC) Z2 = ZRIMTEM
T EQ 20 J = 1:MTHE

IF ¢ ZHE(J) LE. Z1 .AND. ZHE(J+1) .GE. ZZ ) GO. 7O 30
IF ( ZHE¢J) LE. Z2 ,aND. ZHEC(J+1) LLT. Z2 ) GO0 TO 20
Fi = ({ 70 — ZHE(J) ) A~ BZAV .

F2 = ( ZHE(J) - 21 ) / DZal .
AH = FL % AHE{J) + F2 ¥ aHE(J-1)

BIAT = F1 ¥ DTUREC(L) + F2 ¥ DTUBE(J-1)

GO TO 49

AH = AHE(D)

RIAT = DTUBE(J)

CONTINUE

GO Tg 30

CONTINUE

COMTINUE

CALL AREA ( Z2,DBEDABED )

DYRCIFL) = 9.9 % (ABEI4ABREDL) % 0OZAV

DUVREFFC(I+L) = DUBCI+1Y % (1.0 = Q.25 ¥ AH ¥ DIAT)

i = Z3

ABED1 = ABED

CONTINUE

FORMAT {(4A4)

FORMAT ¢(I1/18F10.0})

FORMAT (I1/¢5F10.0,110))

FORMAT {9F1Q.0?

FORMAT (717 3:20Xs484:/7)

FORMAT £70/»T412'HT,ARQOVE RISTRIBUTOR:CM’ »T81, CROSS SECTIamaAL “
1'AREA OF BEN.SR.CH. r/”)

FORMAT (T49:FB.4:T24:F10.3)

FORMAT (07 sTa&r"HEIGHT,CM’ »T20: ‘SP.HEAT TRANS.AREA:SO.CHACY, BM/
1TS8y ‘0IAOF TUBESCM’ s T78y VERFITCHICH’ s T9Sy ‘HOR . FITCH»CM” «
2T1i13s “TURES ARRNGT! 2/}

FORMAT (T8rFo.27T337FB.ArTADsF8.3sTE2:F4,. 39 TP FS.3,T118r4i2)

FORMAT (“0‘sT21:"SOLILS FEED LEVEL-’:TS1: 'FRACTLION COAL FED/,
1T81,'FRACTION LIMESTONE FER’/ -/}

FORMAT (T37sF&8.2:TSB:F&. 4, TEBFS. Q)

FORMAT (/07 T217 S0LINS TISCHARGE LEVEL »TH1s/FRACTION DISCHARGEL’
i1r7)

FORMAT (T29:F45.2:T58rF5.4)

FORMAT (°0‘y T12,“NO.QF DISTRIBUTDR HOLES < sT40: =" sTa3:;7% .1/
L1707 yT12,NOZZLE DIAMETER “»T407 =72 T45,F7.4+3%s CH /707 -T22,
AFR yTAQ s "=y TASF4.3579 07 s T12: 'FSU/ s TAD "=/ ; T45:F 4.3}
RETURN

END

SUBROUTINE FBC(YH20sANCDCSVE  OVEE,ETURE rFMO:GRCORGE NG5
1PﬁUrPHIBrPIrRBrRUGHa)T!TﬁUE:XO":YCOOrVCU:YOO!YU:YUG YU, e NO2;
2COVRCODVE,YCODR0,YEO0D)

REaAL MNC

v

THIS SUBPROGRAM FERFDRMS THE GAS FHASE MATERIAL PALANCE FOR
42sC0,C02 IM THE FREERCARD

A2 = PAV/RG/TAVEMNCEPIRDCSVERYDRARD
A4 = FAV/RG/TAVRYXNCXF I¥DCSVEXY2¥ANCOS
YV = YYe-YOo/xXal

IF ¢yy LT, 0.0 59 TO 100
Yo .0 .

il



1220,
1201,
1202,
1203.
12404,
1205,
1204,
1207,
1208,
1209,
1210,
1211,
1212,
1213,
1214,
1215,
1214,
13217,
1218,
1219,
1220,
a2,
1‘1'-"1

[

1223.
1224,
an2s5.
1224,
1907

saand

1228,
1709

1230.
1231,
1232,
1233,
1234,
1335.
13234,
1237,
1238,
1239,
1240,
1241,
1242,
1243,
1244,
1245,
1244,
1247,
1248,
1242,
1250,
1254,
1282,
1253,

2934,
1355,
1254,

a5

1257,
g

iy

1359

o g

Oac

100

130

140

£1%0

119

100¢

120

121

ORIGINAL PAGE IS
OF POOR QUALITY

ORIGINAL PAGE IS
OXYGEN SERVPOGBNQTANITY

YCOZ = FHMOXYCOICQ/ (FHO+A4)
YCO = YCDO42.0xa4kYCO2/FMO+ (YVO—-YV)XLOVER

BR = 9.0

GE FMO¥ (YUO-YU)
COB = 0.0

RETURN

CONTINUE

DXYGEN RICH COMDITION

YV = 9.0

ANP = FE10XEXP(-15000./1.9287/TvH(PAV/RG/T) Y1 . BXYH2ONKRO , S¥OVREY
1{(1.~ETUEE}

INDEX =

Yo = 0.0

ovg = ¢.01

EYQd = 0.001

no 110 1 = 1,20
AMR = FHOXYCOO+2.0XA4/ (FMO+A4 2 X (FHORYCO204+AINYO¥ (2. /FHIE=-1.)) 4

IFMOXYVOXCOVBHARYOR (2, 2. /PHIR)

IR = FMO+AKFY(17,3%Y0 (1. +24,7%70) )

1=2, 0XA4XAKPY (17 . 5XYQ A (L. +24.7%Y0) ) 7 (FMO+a4)

YCO = ANRSDR
IF (¥CO .LT. L1.E~-4) GO TO 139
YCOI = (FMOXYCOZO+AZKYOX(2, /PHIR-1.,)

1+AKPRYCOX (17.0%YQ/ (1. +24 . 7%Y0) )Y /(FMO+A4)

YOC = YOO-YUORXU2-ARPXYCOX(17.5%Y0/(1,+24,7%Y0))/2.0/FMO

1-~A2%Y0/PHIB/FMO

60 TO 140
CONTINUE
YCO = 0.0
YCO2 = (FMORYCOZG+ARYOHFMORYCOO0) / (FMO)
YOC = YOO-~YVORXO2-YCOA/ 2. 0-AZ¥ YD/ FHO
CONTINUE
WRITE(S,1902 I,YCO,YCO2.Y2:sYOC
FORMAT(3Xs 1,YCO,YCO2,Y0,YOC — /. I4+1F4EL1D2.3)
IF (yec., LT. 2,0} YOO = 0.0
IF (yco2 .LT. 0.0} YCQZ = 0.9
ErR = YO - YOC
CaLl, CRRECT (I, IMDEX-DYQsX1,X2:Y0WEL-E2,ER,EYD)
IF (INDEX .EG. 2) GO 70 129
CONTTNUE
WRITE (451000 YO:YOC,YQO
FORMAT (0’ 3s10Xy Y0 HAS NOT CONVERGEL, SUBROUTIME FRC‘2/«10Xr YQ:

1YQC, Y00 = “S1P3IELZ.3

YE = YEO

GE = 0.0

GE = FMOXYUO

COB = AKPXYCOX(17.5%Y0/(1.,+24.,7%Y0))

IF (¥YCO .EQ. 0.,0) COB = FMOxYCOO

IF (YO .BT. YBC) YO = YOC

RETURN

END

SUBROUTIMNE GFE (YH2O0:AKE:ANE: ARNBE AMODF ; DVBE EMF :EFR,EPC, ETURE »

LFEMO s FEM FEMO-FEM-GR,COR,GEPAY - PHIE-RG-RYGAS» T7 TAUR - TAVE «
AVPROL X X027 X020, YBO s YR, YOOEQ 2 YCOE s YEQ 2 YE - YVED - FYE - ARNSOZ 7 LV -CD3Y -
ICOVR-COZVEB,, YCOORO YCORR YCORED, YCO2E)



122

1240, OTMENSION AC25) +R(S5):AAC16) + R 47D

1251, c

1242, C THIS SUBFROGRAM FORMS THE HEART OF THE CALCULATIOMS F{OR THE
B2sE. C GAS FHASE EALANCES I[N THE EBED

1254, c

1285, Al = ARBEKNVBBXEPBXPAYV/ (REXT)

12454, AZ = AMODF¥DUBEX(EPC-EFB) ¥ARRKPAU / (REBXTAVUBR) % X
17357, A3 = AMODEXDUBEX(1.-EPC-ETUBE)XAKEXFPAU/ (RBXTAVE ) XX
1348, A4 = AMODFXDVEEY (1,-EPC-ETURE) *ANCO2¥PAY/ {RE¥FTAVE > ¥X
1245, 6o 150 T = 1,25

1270, c

f27f. c OXYGEN' CONCENTRATION IN EMULSION FHASE IS ZERO.
a7, c

1073, 150 AYIY = 0.0

1274, a{ly = FEM + a1

fars, ALY = -AL¥CO2VE

fave. alS) = AlkXO2G

27 AC7Y = A1)

1278, APy = —-&1

1299, AYL9) = AX/2:0

1280, ALy = ~2,0%a4

281, ALL3Y = FEM + Al + AW

1282, AlL4) = -AlL

1283, AeLBY = -A1

1294, At19Y = FBM + Al

e, A2L) = A1/X02

1288, A7) = -ALxCOVR/X0D

1287, A24) = -aD

1289, AD25) = FEBM + A1 + A2

1299, B¢i) = FEMOXYUEO-FEMOXYEQ/XD2+VPROL

1390 H(2) = FEMOXYCOEOFFEMOXYEOXCOUBYXOD+VRROLRCOU
1291, B(3) = FEMOXTCOIEGFYPRODRCODY

1292, B¢4) = FBMOXYCOOHO

1293, H(S) = FRMORYRO )

1294, CALL SIMR{A EH,S725/K5)

1098, YUE = BCI) o

1394, FF (YVE +LE. 0.00 6O TO 10

1097, YE = 0.0

1394, YCOE = B(ZY

1099, YCO2E = E(3)

1300, YEO2BR = Ri¢4)

130¢, YR = R{SY

1302, GE = (FEMOXYEO+ALYYR)./X02

1303 GE = AL¥YVE

1304, COR = ALXYCOE

1305. 5@ TO &0

1306, 10° DONTINUE

1307, ™ .

+308. c OXYGEN COMCENTRATION IN EMULSION FHASE IS LARGE ENOUGH TG RURN
1309, C THE VOLATILES RELEASED' IM THAT COMPARTMENT

1310. c

13114 YVE = 0.0 ) ]

1312, AKF = IELOREXF(=£4000./1.987/T1K (FAV/RG/T) X1, 8XYHILVFO . SYIVERY
1313, B¢ 1, —ERC-ETURE ) XEMF

1314, INDX = ¢

1315, YE = 0.0

1314, OYs = ¢.01

¥317, IF (YEQ LE, 0,050 DBYE = 0,007

1319, EMaX = 0,01



£320.
1321,
L322,
1323,
1324,
11&&

uq.-.-!

224,
1327.
1328,
1329,
1330.
1331,
1332,
1333,
1334,
1338,
1334.
1337.
1328.
123%.
1340,
1341,
1342,
1343,
1344,
1343,
1344,
13472,
1248,
1349,

3540,
1351,
1352.
1353,
1354,
1355,
1354,
1357,
1358,
13359,
1350,
1351,
L3432,
1343,
1354,
1345.
1346,
1357,
1348.
1347,
13790,
1371,
1372,
1373,
1374,
1375
1374,
1377,
137e,
1379,

140

50

16090

59

0oOan

na 180
AALL)
oo 99
AA{L}
AA{l)
AA(3)
AR(4)
ARCT)
AA{S)
AALT)
AA(10?
NAcL Ly
Aandls)
AAlls)
BE{(1) =

BR(2) =
BER(3) =
BE(4) =
YCOIE =

YR = BR

ANR = FEMOXYEQ-ALX(YE-YB)-A3¥YE/FPHIE-(FEMOXYVEO+VFROD) *X02-
IARPXYCOE® (17 . SXYE/ (1,

LU 1 VO I S B

I =
0.0
=1

-Al

-1

oo

1?16}

130

Al/2,0
~2.0%04
FEM+nl+ad

-1
FEMtAL
i
FBM + A1 + A2

031%‘%’* Ab"‘ﬁ
oF

FEM + Al + ARPX(17.5kYE (1 .+24.7%YED)
~ARP¥(17.S¥YE/(1.+24.7%YE})

123

FEMOXYCOEOH(FENORYUEQ+VPREED) RCOVBHUPROBRCAY4ASR
1(2, =2, /FHIE)®RYE -

FBMOXYCOZEO
FBMOXYBO+FALXYE
CaLL SIMQ{NA:BBrarlsyNE)
YCOE = BB(1D
BR{D2)
YCOZR = BB(3)

(4)

YEC = ANR/FEM
« 0.0) YEC = 0.0
LANG. YEQ WLT. 0.005) YE = 0.0

IF (YEC
IF (YEC
ER = YE

LT
EO
~YEC

+ 0.0

= FEMOXYCROOEOHUPRODHFCOUEAZIX(Z . /PHIE=1, )% YE

+24,7%YE) /2.0

CALL CRRECT(I»INDX,DYErX1sX2»YE,E1,EQ,ER»EMAX]

IF {IND
CONTIMU

x DEG'

E

2) GO TOQ 40

WRITE (&71000) YE:YEC:YBrYBO»YEQ

FORMAT (/07+10%»“YE HAS NOT CONVERGED. SUBROUTIME GPR-,/»10Xs

IYEC»YBsYEQYEQ =

YE = YE
CONTINU
IF {YE
IF <YE
IF (YB

IF <yCco2B .L7. 0.

)
E
'LT.
«GT
LT

IF (YyCO2E
GE = FEMOXYVE? + VFROD

GE = O,

o

4.0}
YEC}
Q.Q)

LT

“e1

YE
YE
YR
o
0.7

PEEL12.3)

0.0

YEC

0.0

YCOZR = 0.0
YCO2E = 0.0

iomi

COE = ARP¥YCOEX(17.3%YE/(1.424.7¥YE) ) +ninyY(OE

RETURN
END

SUBROUTIME GPHASE(ARB,ANEsAM» PNV RGYETUREEPRYEFC » ARNBE, DUBE

¥FEMOsFEMFENsT2TH,TEY YROs YEQ» YR1 - YEL GEME , GENE)

THIS SURPROGRAM 1S USED TO CALCULATE THE SO2 AND NOX
CONCENTRATIONS

1= ({1,-ETUBE-EPC)¥*AMYARE/ TEFANBEXKERR/T) XFAV/RERIVEEHFEN

IM THE RED

ALF=ANKPEYEFBADVEEXPAW (N1 ¥YRGYT)

B2 = FEM+ALFXFEH+F((EPC-EPBIXANB/TE®+
1ALF¥{1.Q-EPC-STURE) YAKE/TE ) YOVRERAMYFAU/RE
+EQ. 0.0) YE1l = 0.¢

IF D2
IF (o2

NE .,

0{0)

YRI=

(FPMOXYRO+GENH+ALEYFEMORYEDQ )y /12

"YE ¥

7 FEMO -
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1380, YE1={YEQXFEMO+GENE ) /D1 +AL FXYEF1
1381. EETURN
1382, EMD
1383, SUBROUTINE HAREA ¢ ATI, DRTI, ZI )
1334. COMMON /A7 ZHE(10) ;AHE LAY sPUCLD)  PHULO) s 2ZE 1D fFFO{1D} ; DTURE{ 1O ~
138%5. 10VB(&0) yDUBEFFLE0) s FFADCLO Y2 ZRISCIOY s FO(10 s AHEAV (S0 sETURPE (8017
1334. DUDCE0) sUMF CA0 )Y tHISO)Y yAT (A0 DTLE0) 2 TLH0)Y 74 C580) »ARBE{&C )Y » Y3 ( 5D 2
1387. IYELLD) YCOE(S0)EPR(SO) sERCLAD)Y s DVRB(S0) » IVREEF L A0 ) 7 DRAVN (S0 Y
1388. FUBGS0)Y sUTC 40y UTALA0Y s ZB(A0) s ATBILO) s YVE(S0) s ZAVG (D0 ) » TARK (102
1389. COMMON B/ YBOCAE0) 2 YEQ(AQ)Y rDECSQ) r IFSVR,; DFME - DCSYE  UCHME--HAOCH »
1329, LHLE s UMF s FMO s FMF s UF » PRy TE-RGry Gy MGAS » DPFIX s IPFLU, DIFDIS, RHOBE 1y
1391 . SEMF yPAVHCR BEDYOL ;EFFVOL, SOLVOL - TETURE s HLHMF 7 PL  AND > INZL 5
1392, . SFW:FSWsRZAVMFEED  MP IS MTHE s MTR-MT 7ML » 1 ICR IFBC/NTD
1393, c ’ ’
1394, [ CALCULATION OF THE HEIGHT GIVEN THE CROGSS SECTIONAL NREA
1395, c
1394, RI = S@ERT ¢ ATI /7 PT 3}
1397, T = 2.0 % RI
1300, g 10 £ =1 » MTB
13%%. IF ¢ aATI .GT. ATBGIY) ) 60 TO- 10
1400, A1 = SORT ¢ ATY / -aTB(J-1) ) - 1.4
1401, Bl = SART ¢ ATR(J) / ATB(J)—-1) ) - 1.0
1402, = ZA(J)Y - ZR{J-1)
1103. 21 = ZR(J-1) + AL x C / Bl
1404, G0 TO 20
14035, 10 CONTINUE
1404, 20 CONTINUE
1407. RETURN
1408. END-
14092, FUMCTION HEIGHT ¢WW)
1410. COMMON /A/ ZHE(L10)sAHE (12} -PULL0) s PH(LDY 2 ZF¢10Y s FFC{10)RTURE{1Q}
1411, 10VR(4AQ) s DVBEFF (S0 FFADC(LO Y ZOTSCLO) s FO(10) s AHEAV(S0) ETURE (50D »
1412, AUO(A0) P UMF (O Y s HIA0 ) »AT (A0 s DT (S0 sy TLA0Y s X {40 ) r ARNPE{S0) » YR (50) »
1413. IYECS0) rYROE (40 sEPR{AD) +EPC( 40 s VBRI AQ) s DVEEBEF {50} ~UBAYV (50 ) »
1414, AUBCAQY sUTE LSO rUTAKGD) s ZR(LO) sATR(LD ) s YUEL A0 s ZAVG{AC Y » LARR (14D
1415, COMMOM /B/ YBOC(AO)rYEQ(AQ)rOB(50) y DFSVRyBFWMR » DESVE; UCHME » RHOCH »
i414. IHLFE s UME«FMOr FMFE s UF s PF» TE2RGr G HGAS y IPF TX s PFLU - DPDIS, RHOEKED ~
a7, DEMF s PAV s HCRy BEDVOL > EFFVOL y SOLVOL » TETUBE s HLMF - FI r AND s INZL »
1418, SR POy DZAYV I MFEED MO IS+ HTHE 1 MTH MT s M1 s M ICR IFRC,,NTC
1419, G
1420, c CALCULATION OF THE HEIGHT GIVEM THE EFFECTIVE VOLUME 0OF THE RED
1421. C (EXCLUDING THE WOLUME QCCUPIED BY THE TURES)
1422, c
1123, HT = 0.0
1424, SUM = 0.0
1425, 00 100 I = 2 » NTC
ra24, siM = SUUM + DVBEFF(¢I)
1427, HT = HT + DZav
1428, IF ¢ UM .LT. VU » GO TG 109
1429, HT = ( W — SUM. » & DZav / IWBEFF(I)» + HT
14390. G0 TO 110
1431 . 100 CONTINUE
1432, 119 CONTINUE
1433. HEIGHT = HT
1434, RETURN
1435 END
1436, SUBRROUTINE HYDRO
1437, REAL MEAS
1438. COMMON /a7 ZHE{10)7AHE(1Q) sPWL10 sFH(10) »2F {102 sFFCL10) » DTUEBE

[L I
H

]
143%7. 10UB(5Q) 2 DVBEFF (S0 s FFADR(LOY sy ZHTS (10 750 (102) rAHEAV{ 60 7 ETUPE {202



14490,
1441,
1442,
1443,
1444,
1443,
1444,
1447,
14483,
1449,
1450,
1431,
1432,
1433.
1454,
1455,
1454,
14357.
1438.
1439,
1480,
1461,
1442,
1463,
1444,
1445,
1444,
1447,
1448,
1459,
1470,
1471,
1472,
1473.
1474,
1475.
1476,
1477,
t47¢e.
147%.
148¢C.
i481.
1482.
1483,
1404,
1485,
1486,
1487,
1488.
148¢.
1490,
1491,
1492,
1493.
1494,
1495,
1494,
1497,
1498,
1499,

aon

oo

15

o
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2U0L50) rUNMF (A0 2 HOED) vATCA0) s 0TS0 7 TLHD 2 - X150 ) ARKPE (80 Y - YE(40 ) -
IYELE0) » YCOR (G0 1 EFR(S0I FEFC(S0Y s OVBR(S0 P DIVREEF (60 * - DRAV L S0 ) -
AUBLAC) rUTC (S0 -UTACAQ) 7 ZRH(10) -ATRLLD) 2 YUE (S0, ZAVG (A0 s IARR (10
COMMON 7B/ YBO(&Q»:YED(&0)DB(40) (DPSVH 7 DFWME ; OCSVE » DCUME s RHECH -
1HLF : UMF : FMO rFMF s UF s PF» TF yRBy Gy MEAS » IPFIX, IPFLUy BED IS s RHOBED »
JEMF  PAV s HCR y BEDVOL  EFFYVOL , SOLYVOL , TETUBE s HLMF s P Ty aME, DNZL 5
3FWsFSWy DZAV s MFEED y MOIS s MTHE s TRy MT 7 M1 2 My IER 2 LFBLNTE

COMMON /C/ DOPSEC(3ID)»DFWE(3Q)sDMCSE(30) -DCWE(Z0) sHEA (30 s WET (30 »
1HEC(30) rWOCHOLD (30} » WJAHOLD (303 » KT

DIMENSIOMN DTUBEI(GQ}rPHI(SQ)sPVE(S0) r IARRNG(AQ)

)
.

CALCULATION OF BUBBLE HYDROD'YMAMTCS

LAST = O
SUM=0.0
SUMEFF=0.0
BEDVOL = 9.0
0.0

*

IFBC =
BTUBEI(L) = 0,0
BRAVILY = 0.0

H{1l) = 0.0
AT(1) = ATB(1)
DTL1) = SART(4.0XAT(L)/PI)

DVBB(1)= 0,0

DUBREF(1) = 0.0

IARRNG(1) = 0.0

ETUBE{1) = 0.0

ETUBE(2) = 0,0

RHOGAS = PAUXMBAS/(RGXT(2))

VISC = 3,72E-6%T(2)KX0.476

Al = 33.7%K2+0.0408XIFSUBXXIAGH (RHOBED-RHOGAS ) ¥RHOGAS /U ISCXED
UMF(2) = VISC/(DPSUBXRHOGAS) % (SBRT(A1)-33.7)
UMF (1) = UNF(2)

U0(2) = FHFXMBAS/RHOGAS/ (AT(1)X(1,-ETUBE(2))}

DEO = Q.347%(AT(13%(1.~ETUBE(2) )X (UOL2)-UMF{2))/aNInx*k0. 4
I'BA = LEO
H¢2) = IR0

ASSUMIMGE THE COMPARTHMENT SIZEs BRURBLE SIZE IS COMPUTED IM THAT
COMPARTMENT. ITERATION IS CONTINUER TILL THE ASSUMED COMEARTHENT
SIZE AMD THE CALCULATED RURELE SIZE IN THAT COMFARTHMEMT AGREE

Do 200 1 = 27199
IF (I .EQ. 2) GD TO 14&

DR = 5.0
INDEX = O .
EMAX = 0.1

IBA = H(I-1)-H(I-2)
0 260 A = 1230
IF (I .LE. M1) GO TO S

T(IY = TLHL)
X{I) = X(M1)
YER(I) = YR{M1?
YE(I) = YE(M1)
CONTIMNUE

H{I) = H{I-1) + QRA



LS00,
1501,
1502,
1503.
1504,
1505,
1504.
1507,
1508.
1509,
is10.
1511,
1513»
1513,
1514.
1515,
1514,
1517,
1518,
1519,
1500,
1521,
1522,
1523,
isna,
1525,
1524,
is27,
1528.
1529.
1530,
1531,
1513,
1533,
1534,
1535,
1534,
1537,
1538,
1539,
1540,
1541,
1542,
1543,
1544,
1545,
1546 .
1547,
1548,
1549,
1550.
1551,
1552,
1553,
1554,
1555,
1558,
1557,
1558.

1552,

il
e

210
240

i3

17

aooooOonon
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[OENTIFICATION OF COOLIMG TURES IMN THE COMPARTHMENT

D0 210 J = 1:MTHE
IF (ZHE(DH .LE. H(I) .AND, ZHE(J41) LLT. H(I)} GO I3 210
IF (ZHE(J) .LE. H(I-1) .AND. ZHE(J+tY .GE. H(I¥) 50 TO 220
F1 = (H{I)-ZHE(J))/DBA

F2 = (ZHE(J)-H(I-1))/DEA

AHEAV (L) = FLXAHE(J)+FIFAHE(J-1)

DTUBEI(I) = F1XDTUBE(J)+FIXOTUBE(J-1)

62 T 230

AMEAV(IY = AHE(J)

OTUBEI(I) = BTUBELD

FUICI) = PU(D)

PHICI) = PH(J)

TARRNG(1) = IARR(J)

60 TO 240

CONTINUE

CALL AREA(H(I) (OT(I),ATLI))

HAY = 0,Sk(H(I-1)+H(I))

CALL AREA (HAU;[TAV,ATAY)

DYBE(I) = 0.5K(ATCI~1)+AT(I))XIRA

DUBBEF(I) = DUBB(I}X(1.-0,35KAHEAV(I)FOTUBEI(I))

ETUBE(I) = 1.0 — DUBBEF{I)/DVBE(I)

IF ¢I .EQ, 2) GO TO 240

RHOBAS = PAVKMGAS/(RGXT(I))

YISC = 3.72E~6XT(II¥X0.4676

Al = 33,7¥K2+0,040BXHPSVBKKIKGK ( RHOBED-RHOGAS ) kRMOGAS/VISCAYZ
UMF(I) = VISC/(NPSUBRKXRHOGAS)X(SORT(AL)-33,7)

UD(L) = FMOXMBAS/RHOGAS/ (ATAUX(1,—-ETUSE(I)))

IF (IFBC .GT. 0) 60 TO 125

IF (ABS(UOCI)-UMF(I)) .LE. 0.01KUMF(I)) GO TO 18

IF (UOCIY JLT. UMFCI)) GO TO 10

G0 TO 17

ICR = 1

PBMAX = O,452K(ATAVK(L.~ETURE(I))¥ARS(UG(T)~UNF (1)} )%k0, 4
IF (DBMAX LGT. DTAV) OBMAX = DTAV

OB = DEMAX — (BEMAX-DBRO)YEXP(-0.3%HAV/DTAV)

IF (IARRNG(I).GT.2 ,AND. PHI¢I).GE,DEAV(I-1) .ANE, DEC.GE.
1EHICI)) DBG = PHIKI)

IF (LAST .6T. 0) GO TO 260

ER = DBC - DBA

IFCh LEQ. 1.AND, DEE ,LT. DBEA) DLE = -DOE/2.0

CALL CRRECT (A INDEXsIIBsX1,X2;0EAsE1rE2,ERyENAXD

IF (INDEX .EQ. 2) GO TO 240

CONT IMUE

CONTINUE

DEAV(I) = DBA

ANBEC(I) = 11.0/0BAV(T)

GALCULATIONS FOR UBR ~—— BUBBLE RISIMG VEL.AT MIN,FLUBIZATION,
UBS --—- BUBBLE VEL. AT SLUGGING COMLITIONS,
UR ---~ AXS,BUBELE RISING VELOCITY,
EFH --— BURBLE FRATION:
EPC --~ CLOUD FRACTION

UBR = 0.711 % SGRT ( 6 % DRAV(I) )

i

UES 0.335 % 8QRT ¢ G ¥ LTAV 7

IF (UBR .GT. UBS) UBR = UES

UB(I) = UOCI)-UMF(I)+UER

EFEB(IY = ( UC(I)-UMFCI) ) / UBCI)¥R(1.0-ETURS(I))
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ORIGIy

A

OF POORL AGD 18
QUALITY

L3560, alLFB = EMF X UBR / UMF(I1)

1541, EPC(I) = EFR(I) & ALFER / ¢ ALFE -~ 1.0 )

1582, IF (EFRCI) GT, 9.7) EPB(I) = 0.7

1543, IF (EPC (IY .GT. (Q.99 - ETURE(I}) } EPC(I) = Q.79 - ETUBE(I}

1564, IF ( (EPCCID-EPB(I)) .BT. 0.01) EPC{(I) = EPBCI} + 2.01

1545. EEDVOL = BREDVOL + RUBRER(I)

15584, SUMV = gSuMy + DVBBEF{(I)

1567, SOLVOL = OVRBEF(I) ~ DVBE(I) X EFB(I)

13548, SUMEFF = SUMEFF + SOLVGL

1547, SUM = BuUM + SOLVOL / ( 0.5 ¥ (AT(I)H+ATII-1)) )

1570. IF (ICR .GT. O} GO TO 35

1371. IF (LAST .G6T. 0> GO TO 125

1572, IF (HLF .NE. 0.0} GO TO 20

1573. C

1574, c TEST FOR COMVERGENCY

15735, c

1575, IF {ABS(SUMEFF-UMF3} .LT. 0.01%UMF) GO TO 125

13577, IF (SUMEFF .LT. UMF)} GO TO 200

1378, VOL = SUMU=(SUHEFF-VMF) x (1.9 - ETUBE(I)) s (1.0-EPR(I)-ETUBE(I))

1579, H(I) = HEIGHT(VOL)

1580. CALL AREA ( H(D),OT(I)raTCI)

1381, BEOVOL = BEDVGL - DURB(I)

1582, suUMy = sumMV - OUBEEF{(I}

1383, SUMEFF = SUMEFF - SOLVGL

1584. SUM = SUM - SOLVOL / (Q.3R(AT(LY+AT(I-1)))

13885, LAST = 1

1885. OBA = H(IY-H(I-1)

1387, Go TO 16,

1589, 20 CONTINUE

1389, c

1590. c TEST FOR CONVERGENCY

15%1. IF (ABS(H(I)-HLF) .LE. 1.0E-3%HLF) GO TO 125

1392, IF (ABB(H(I)-HLF) .LE. 0.3 % (H{(I)-H{(I-1))) GO TO 50

1593, IF (H(I> ,LT. HLF) GO TO 200

1594, =0 H{I} = HLF

1593, EEDVOL = BEDVOL -~ [VRB(I)

1996, SUMV = SUMV - DVBREFC()

1597. SUMEFF = SUMEFF - SGLVOL

1598, SUM = SUM - SQLVOL / (0.3X(AT(I) + aT{(I-1)))

1599. CALL AREA ( H{I)»DT(I)»aAT(I) )

1800, LAST = 1

1601, DBA = H(I)-H(I-1}

1502, GO TO 14

1503, 10 UQ(I) = UMF(I}

1404, ATAV = FMO & RG % T(D) / ( PAV % UD (I} % (1.0-ETUBE<(L)) 7

140G, CALL HAREA ( aTAV,LTAVrHAV ?

14606, H(I) = 2.,0%HAV - H{I-1)

1507, ICR = 1

1508, LAST = 12

1509, . DBA = H{(I)—H(I-1)

1410, GO TO 16

15811, 200 CONTINUE

1812, IF (IFBRC .EQ. Q) GO TO 125

15813. 33 CONTINUE

14614, HCR = H{(ID

15135, IF (ABS(H{I)-HLF) LLE. 1,0E-~3%HLF) GO TO 125

1515, IF ( ABS(UMF-SUMEFF) ,LE. 0.01 X% UMF ) GO TO 135

1517, I=1I+1

1518, DEAV(IY = 0.0

= Q
1£19, UBR(I) = 0.0
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L5620, ARFEC(I) = 1000.90

1621, EFR(I} = 0.0

14202, EFCcY) = 0.0

1533, IF (YHMF .E@. 0.0) GO TO 45

14624, C

14625, c FIXED RED CONOITIONS

1625, c

15327, VgL = SUMV + ( VMF - SUMEFF )

1428. H(I) = HEIGHT(VOL)

1.37. 43 CONTINUE

2330 . IF (UMF «EQes C«0) H(I) = HLF

~631. IF (I .LE., H1) GO TD 4

1532, T(I) = TiMt)

14633. X(I) = X(M1)

1434. YR(I) = YH(ML)

1535, YE(I) = YE(M1)

1536. & CONTINUE

1437, O 10 J = 1,MTHE

1538, IF (ZHE(J) .LE. H(I) .AND. ZHE(J+1) .LT. H{I)) &0 FQ 319
1439, IF (ZHE(J) .LE. H{I-1) .AMD. ZHE(J+1) .GE. H(I}) GO TO I20
1540, F1 = (H(I)-ZHEC(J) Y/ C(H(I)~H{(I~11)

1541, F2 = (ZHE(J)=H(I=-1})/{(H(I)=H(I-1)7?

1542, AHEAV (I = FL¥pHE(YHF2¥AHE(J~1)

1543, DTUBEI(I} = F1xRTUBE(J)+FIXOTUBE(J-1)

1844, PYI(I) = FixPVCJIIHFIRPY(J-1)

1443, PHI(IY = FL1fkPH(JI+F2XPH(J-1)

1444, s TO 330

1447 . 320 AREARV(I) = AHE(..

1448, DTUBEI(I) = DBTURBECD

1449, PYI(I) = PU(J)

1430, PHI(IY = PH(S)

1451, 330 TARRNG(I} = IARR({J)

1452, GO0 TO 340

1553, 310 CONTINUE

1554 . 340 CALL AREA(H(I) »DT(I}sAT(I))

1455, DBVREB(L) = Q,SX{AT(I-1J+AT(IX R(H{I)~H(I-1))
1456, DVBEEF(I) = DVBB(I)X{1,-0,25%aHEAY (L) ¥DTUREI(I))
15857, ETUBE(I) = 1.0 - DVHBEF(I)/DWEB(I)

1458. RHOGAS = PAVEMGAS/ (RGXT(I))

155%. VISC = 3.72E~8AT(I)X%0.476

1640, Al = 33.7XK2+0.040BXDFSVBXXIKGK (RHORED-RHOGAS ) XRHOGAS /U TSCKKD
1661, UMF{I) = VISC/(DPSUBXRHOGAS)X(5ART(A1)-33,7)
1és2, HaVY = 0.Fk(H(I~-1)+H(I))

14643, CALL AREA (HAV,LTAV:ATAV)

1544, Ug(l) = FMDXMBAS/RHOGAS/(ATAVR(LI.-ETUBE(I)})
14485, BETWOL = BEDVOL + DVEE(I)

1544, SUMVY = SUMV + DBVREEF(I)

1647, €0LVOL = DVBBEEF(I) - DVBRA¢I) X EFEK(I)

1448: SUMEFF = SUMEFF + S0OLVOL

14467, SUM = SUM + SOLVOL / ¢ 0.5 % {ATC(I)+AT(I-1)) )
1470, IFEBC = 1 N
1471 125 Mi =1

14672, TETURE = 1.0 -~ SUMV/BEDVOL

1873, EFFVOL = SUMY

1574, SOLYOL = SUMEFF

1473, M=MML -1

1874, 0O 440 K = 29KT

1677, I=I+1

1578, H{I) = H(ML}+HEC(K)

1&879. DO 410 J = 1,MFHE



L5880,
1481.
1582,
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1488.
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1488.
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14693,
14674.
1695.
1896,
14697,
1498,
1499,
1700.
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429

430

410
440

149

ao0

Daon

oo

1

[y RERY]

35

00

4¢
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OF POOR QUALrry

IF (ZHE(J).LEWH(E).AND.ZHE(J+1).LT.H{I)) 50 TO 410
IF (ZHECD LLEHOI-12 . ANDGZHE (U+1) . GELH(I ) S50 TO 420
Fl = (H{(D=ZHE( D))/ (H{I)~H{I~1)}
F2 = (ZBRE(J)-H{I-1)/(H{TJ=-H{I-1))
AHEAV(I) = FIXAHE(J)+F2%AHE{(J-1)
DTUBEI(I) = Fl¥DTUBE.J)+F2XDTUBEC(JI-1)
FUI(IY = FLRPUYCUYHFO%PU(I-1)
FHICIY = FIAPHC(JIHF2XPH(I-1)
GO TO 430
AHEAV(I)} = AHE(J)
DTUBEIL (I} = DTURE(J)
PULICT) = PULD)
FHICIY = PHGD
IARRNG(I) = IARR{J)
80 TQ 440
CONTINUE
CaLl. AREA (H(IJsDT(I)sATCI)
DUBB(I) = O.SXKAT(I-1)+AT(II Y *(HC(I I -H{T-1))
DUBBEF(I) = DVRB(I) X (1.-0.29%AHEAV(I)¥DTUREIC(I))
ETURE(I) = 1, — BUHBEF{I)/DVBE(1)
CONTINUE
MT =1
HFE = H(MT)-H{M1)
RETURN
END
SUBROUTINE SIMA(ArRBsNsNNsIKS)
DIMENSION ACNNY fB(N)

FORWARD SOLUTION

TOL=0.0
KS=0
JuJ==N
DO &5 J=1:sN
JY=J+i
JJd=JdJ+N+1
BIGA=Q.
IT=JJ~J
DO 30 I=JsN

SEARCH FOR MAXIMUM COEFFICIENT IN COLUMN

IJ=IT+I

IF¢ ABS(BIGA) =~ ABRSCA(INI)I20sI0+30
BIGA=A(I.)) .

IMAX=I

CONTIMNUE

TEST FOR PIVUT LESS THAN TOLERANCE ¢ SINGULAR MATRIX 2

IF( ARS{(BIGA) — TOL) 35,35:40

K5=1

WRITE(67100) RS

FORMAT(/’ NO SOLUTION’:‘ hG=-s1I2)
sSTOF

INTERCHANGE ROWS IF NECESBARY

Ii=HNX(J-2)
IT=IMaX~J
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1257,
1738,
1759,
1750,
1761,
1742,
17863,
1744,
1743,
1764,
1767,
17458,
1749,
1770,
1771,
1772.
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L0 S50 R=Jri
Ti=[14N
I2=1141IT
SAVE=A(I1)
ACI1Y=ALID)
ACI2r=SAVE

DIVIDE EQUATION RY LEADING COEFFICIENT

A(I1r=A{I1)/RIGA
SAVE=B(IMAX)
B(IfaX)=B(J)"
B(J)=SAVE/RIGA

ELIMINATE NEXT VARIAELE

IF{ J —~ M) S5:70,55
IRS=NX(J=1)

D0 65 IX=JY!N
IXJ=IQS+IX
IT=J-1IX
) DO 40 JX=JYsN
IXJX=NX(JX~-1}+IX
JUX=IXJX+HIT
ACIHIXI=ACIXIX )~ (ACIXD) KA (IIXK) )
BOIX)=B(IX)=B(JIXA(IX)

BEACK SCLUTIOM

> NY=N-1

IT=NkN
DO 80 J=1sNY
IA=IT-J
IB=N~J
IL=N
Do 80 K=irJ
B(IB)=B(IE)-ACIAIXB(IC) :
IA=1A-N
I1p=Ic=1
RETURN
END
SUBROUTINE VEL (Y1SC,;RHOGAS G rRHOS s UPARy UM, UT)

THIS SUBROUTINE CALCULATES THE HINIMUM FLUIDIZATION VELOCITY AND
THE TERMINAL VELOCITY OF THE PARTICLE

Al = 33, 7%%2+0.0408X0FARXN IXGX (RHOG-RHOGAS ) ARHOGAS/V L SAXD
U = VISC/(DIFARXRHOGAEYX(BART(AL1)-33.7)
Ut = (4., 0k{RHOS-RHOQGAS I ¥XIKGKKI/225. O/RHOGAS/VISCI Kk (1. /3. D XOPAR

REFP = OFARXRHOGASYUT/VISC

IF (REF .GT, 0:;4 .AND. REF .LE. S500.0) GO TO 210
UT = GX(RHOS~RHDGAS I ¥DFARXX2/18,/YISC

REP = DRARXRHOBASXUT/YISC

IF(REP.LE.O.4) GO TO 210

UT = SART(3,1XGX{RHOS-RHOGAS)*IFAR/RHOGAS)
RETURN

END

FUNCTION VOLUME (ZZ)

COMMON /A7 ZHE{1Q}sAHE(L10) srFUC10) ,FHC10) s ZE(10) FFC(10%, ITUBE( 1Oy _
1DVECSQ)Y s DYBERF (402 rFEAD(10) s ZDIS{ 10} yFII( 10 s AHEAV( 3Q) rETUBE (40 «



L300,
1801.
1802.
1B03.
1804.
1805.
18C4.
1807.
1808.
1809.
1810,
1811.
1812.
18it3.
1814,
ig813.
1814,
1817,
igis.
1317
1820.
1824.
1832,

ana

100

151

ORys
0% erjfggjsf ,

2UOCA0) sUNMF (S0 rH(B0) sAT(LO) v 0TL80) s TLBO y X{E0) - ARBELSD) ) « tH i)y
IYE(&0) »YCOE(SOQ) sEPB(S0) sEPC{S0) s WVRE{40) - IVBREF (40) y BBAV S0 5
AUB(S0) tUTC(40) s UTACA0) » ZRH(10) rATRB(10) s YVE (SO s ZAVG{A0) s LARR(1Q)
COMMON /B/ YBG{(&0)yYEO{40) sDB(a0) rIPSVR DPWMB s DCSVE r OCWME FHOCH
1HLF y YHF s POy FMF s UF - PF» TFrRG G HGASy OPFIX DPFLU HFDES  RHORED -
2EMF, PAVy HCR»BEDVOL, , EFFVOL y SOLVOL y TETUBE s HLMF » P Ty ANDI s DNZL 5
IFWFSW s DZAVr HFEET » MOIS )y MTHE f MTRB s MTr ML rMy ICR - EFEC:NTC

CALCULATON OF THE EFFECTIVE VOLUME OF THE BED GIVEM THE HMEIGHT

N = IFIX (ZZ/DZAVI+i1

IF (NJEQ.I) N = 2

sSuUM = 0.0

ZN = FLOAT(N-1)XDZav
g 100 I =2+« N

SUM = SUM + DVREFF(I)

IF {( I .LT, N GO TO 1090

Rl = ( ZZ - ZIN ) / DZaV

SUM = SUM + DVBEFF(I) % Al
CONTINUE

VOLUME = SUM

RETURN

END



APPENDIX V 132

INPUT TO COMBUSTION PROGRAM

L234507890123454 78901 2345578901 23454678701 2345878901234367890123454878901 234507890

KT

4
HEL 1) DPSE(L} OFWE(L) WEA(L) HE(2) OFSE(D) DPWE(2) HEA(D)
0.0 0.0509 0.06139  193.3 56443 0.0295 2.,0330%9  9.327
HE(3) DFSE(3) DFWE(S) WEa(3), HE(4) OFSEc4)  DPUE(S) WEA{4)
i12.,9 0.02047  0.,02431 1.444 138.1 0.01679 0.02386 10,7261
OCSEC(L) DCWE(L) WEC{L) OCSE(Z)Y  DRCWE(D) WEC () BCSE(3) TCWE (3
0.0464 0.07724  0.587 0.044%1  ©0.05237 0.1387 0.04049 0,04673
WEC(D) HCBE¢4) OCUEC4) WEC ¢ 4)

0,05128  0.0474% 0.05 0.,02485

WEIS WELUA CELU EFF OPSVE DFWME nCcsyB DCWME
0,852 0.726 0.02885  0.7927 0,07464 0.1001 6.0787 04,1049
DASVF DAWNMF DCSVF DCUWMF

0.0758 0.1287 0.0677 0.1004

Al A2 A3 A4

NASA LEWIS

MTEH

4
ZR(1) aTu(1? ZB(2) ATB(D) ZER(D) ATECT) ZB{4) ATH(4)
0.0 405,0 62 405, 0 BL.3 470.0 280.0 2193.0

MTHE

5 1
ZHE(2) AHEC1) DTUBE(1) PULL) FH(1) IARR (1)

24,0 0.0 G.0 0.0 0,0 90
ZHE(3) AMECZ) DTUBE(2) PYCD) FH¢2) TARR(2)
40.0 0.1744 1.27 g.0 2,86 3
ZHE(4) AHE(3) BTURE(I) PYCD) PH{3) IARR(3)
48,90 G.0 0.0 0.0 0.0 0
ZHE(S) AHEC4) BTURE(4) PUC4) PH¢4) IARR (4}
54.0 0+1744 1.27 8.0 2,84 3
ZHE (&) AHE(S) DTURE(S) FU(S) PH(S) IARR(S)
280.0 0.0 0.0 0.0 0.0 0

MFEED
1
ZFC1) FFC{1) FFAD(1)

5.91 1.0 1.0

MDIS
1
Z0IS{1) FOC(L)

142.0 1,0
ANTI DNZL Fll F3W
84.0 0.198 0.+075 0.1

NAMELI NAMEL2

LLIMESTL3
XCAD XMBO X81062 xcoo
0.557 0.003 0,008 0,434

NAMEC1 NAMECO

FTGHCOAL
XC XH XN X5 X0 Xy %A M
0.754 0.051 0,015 0.02 0.076 0.032 0,084 0,412
HCoAL XACAD
7300.0 0.08
HLMF HLF FAY TAY TSTA TWIN TWOUT TWALLA
0.0 141.,9 S.15 1151.0 1350.9 298.0 310.0 298.0
UHEAVL UHEAV2 yWaLl uWALLZ TF TSF FF
0.00745  Q.,0625 G.0021 0.00025  298.,0 293.0 5.4
WCOAL KWaD cAs uo FiHF EXAIR
4,51 .0 1.67 0.0 0.0 0.639

IGNITEy IS02y INCGXy ITEMF s IPRES

11111

12345478901 234547890123456782012343678901233454679F012345478901 2345473901 234557890



BT APLVE JISTRIVDITNR.C X
0.9 405 .000
w2.7600 305.0003
01.73000Q 670,050
2080.0000 21093.000
HL IOHT O SPaHFAT THANDSAREA +SULCHM/CULCH DIALOF TURES.CM VER,PETCH,.CH HUR L, PITCH,CM TULES ARRNGT
2400 0.G [ 9] 0.0 0.0 4]
a0.00 D.17a4 1.2 -8:000 2.460 3
A8 .00 Q.0 0i0 0.0 0.0 0
SULe0Q 0il74a t.270 B 000 2,800 3
28%.00 0.0 o0 0.0 0.0 0
sSohLtPs FEED.1EVEL FHACTION CrAL KED FRACTION LIMESTONE FED
6.91 t 0000 1.0000
SOLIDS DISCHAHGE LEVEL ¥IACTION DiscHARGED Q
132.00 I .0000 EE
Nl 0F DESTREBUTONR HOLES = 4.0 Ei
NUZZLE D AMETER = 0.1580 CcH o
Fw = 0.075 ‘ 1]
FSw = 0.100 8
Livrsres XCAQ =  0.5%7 MG = D.00d Xsibz = op.006 XCO2 = O.438 §§
‘ o
SURFACF vOL MEAN DIALOF ABDITIVES FEED = DASVF = 0.9758  CH WEIGHT MEAN DIA. o DAWME = 0.1207 4 Eg
=t
PTLHCMAL KCE = 0.575 ACV = 04179 *H = g.05% XN = d.015 XS = 04020 X0 = D.OT6 X = Qg.022 XW = D.088 gg
vH = o.di2 V = 0.305 HCOAL =  7300.00 CAL.5/GM XACAD = 0.080 -
<
o
SURFACE vt MEAN DIA GF CCAL FEEQ = DCSYF = 0.067T7 cH WT,MEAN DiA, = DCWMF = 01004 cH E%
K rREENDARD K1, oPsk UPwE wEd DU SE O NE wEC g
1 0.0 S,090E~02 6.3¢E-02 f.934 o2 4.64DE-02 7.726E-02 S.070E-01
bt $.643E o1 2.950E-Q2 3.30%€~02 ?-627E 1] A.401E-02 S5.237E-02 Bo307E-0L
3 1.129E 02 2.0067E-02 DJLBIE-Q2 +446E 00 4.069E-02 4.673IE-Q2 S.l288-02
. p? t.3air n2 L.677E-02 2.088E-02 7.261E~01 44769E-02 £;0006-02 2.685E6~02
L RCR
HE M= oD HLF= 141,089959 +PAV=  5.1499 iist.0 5TA= 1D0S0.0000 T ik=  298.00000 « TNGUT =
11090000 .iwALLA: 298.00000 JUHCAV = 0.164999912 OE.UHEAV2= o.ah 99999& —02:UNALL 1= ¢.20009999E= ba.uuALLza o.zaoqq9ale 03,
T N8, 00000 ¢+ TG5F=  29a,00000 +WLCAL = 4480 AD= 0.4t 351516 sCASz  la 8699991 WEXATIRE 00,6390 + FGAS
2. 59720 FATHE  1.5620072 FHF2 2 .5401540 FMU- 2.L296170 JHEZSV= D.5436R3 1 2B~ « ANFIIV= o-oaoalaawe on RHOCH=
0. 2IN28T PRHOAFD= 2.6564837 +yEVGAS= .6aos|syrE 02, RCHIAFS 0.67313063 «OVGAS=  40997A,13 +OVCO= 356196425 .
NLANS AP, 09709
b MY
LESE TS JALL TEPPERATUHES IR CEATICRADRE
FICOXAVLTAV, ETRIAL 42 0.OU2HE 00 0.Z320E-D2 GQ.07052 03 2
t e ¥h v YE YVE yCUE Yopze ycuzp % ZAVG
7212036 A0 {.934336-01 J.5000E-¢1 Q.0 3+%329E~04  A4.FHE3E-02  3.n070F—03 3.0553E-03  2.0662E 00
T 2.0007F J0  1.8336E~01 0.0 g.0 TeAGHSE-03  J+JU40E-G1 [vJTOTE-g2 J.TUOTE~03 Ta0Q05E OO0
3 1.702¢F @) 1.1237E-010 2.0003E£-02 0.0 2.TIIBE~QY 1.21?55-01 2.1555E-02 3.3003E~03 1,3453E 01
8 2.BTIYE 01 1.€INAE~QL  4,2000F~02 Q.0 L.31iISE~02 +)3I34E-Q1 2.8321E-02 2.0%63E-03 2,1372E 0}
6 F,006% df [.£54930-01 4.f1000E-02 0.4 1e270BE~04 L A076E-01 3e4297E~02 R.4832E~03 3I.JG9LE 0f
7 yemI126 Gl 1.37THGE~01 3.BO00GE-02 0.0 1.0918E-0a J+1120€-01 A4.00LTE-02 2.10706E~0 4.,2089E 01
N oANDBRIT 3] |.40006-01 4.0090€E-02 0.0 9+AI6TE-0S L IE51F-01 4.5363E-02 |.651608E~0 5.49H9E Q}
G TIHOE O (c324TE-OF 3.4000E-02 0.0 T-0408E-05 | I1712E-00 S.§303E-02 1.578B1E~03 5H.9630E 0}
19 2.708r¢ 0L 1.23F2E--01 3.4000E~02 0.0 44%180E-95 L.2r30E~0] S.8{24E~02 |.A296E~0Q03 B.T7443IE 0)
1t {-I?OIT 02 J«1298E-0) 2.6000F-02 0.0 J»A544E-056 1 .I4TUE-0) 6.5194F-02 J+3541E~03 J.0804E 02
ta 40901 02 1.0ARGOC-01 J.0000E-02 0.0 2.7H08E~08 [.ADADE-B1 7.2053E-02 1.2573E-03 {.]1047E 02
' 1y ¥n vy Yoo yeoz2  { T™HA TOE ZAVG

NASA LEWIS

CRISS SECT I0OHAL

AREA OF BFD5G.CM.

JIA XIONFdAV

A


http:356196.25
http:4009?4.13
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» 4. 1D0OE Y t.R77E-0O1 0.0 .t tIF-0% GaublE-n% y.0%2E 07 1
1 SLANLE Y 12408 -01 Uel [atn0E -0 Yo SOPE-02 G, 031E 0% 1
: L, 7ule ul 1.492E-01 Qa0 Lo JHDF - 08 J. 7 E-a2 {.9%7F 0P )
‘ HIL P ] | 1.436€-01 n.0 2 ANPE-ys 3.195E€-97 L.OITE Q7 !
G e EJGF QY {.37BE-11 0.0 2, QJUE ~QE Vo 6HGE ~ 02 n.7TOTE 02 [
7 a.eiir 0t L 11JE~01 0N 1.7E1E~ub S.198E-02 n.t a3 02 H
1 6. 117 o) 1.252E-1! [ 1.,3508 =05 5.598E~02 . H74L 02 ]
v 7.7H5F 01 1.100E-01 ¢.0 | l26E~QS 6i190E=-0OF OeH44F 02 [
10 e 7114E DY 1.¢93E-0) 0.0 T NDF-N6 G2925E-0P B.516 02 !
11 lalyoE 02 1.007€-91% D0 5. 294€ ~Q0 T+GIDE- DD p.ap2l 02 1
12 f.ak0F 02 n,?A7F-02 0.0 4,327E~-36 B.30SE-02 U.A00E 02 1
(W] 1. 00dE 02 dgoGE-02 0.0 L 0400-06 8.7T11E-02 B.495E 07 ]
14 2« 540F )2 A.TT5E-02 0.0 0.0 He?FTE~OP T.93tF oOF 1
15 f.HOBF QP AL TEFE-D2 f.0 0.0 B.00EE-y2 T.5T4L 02 3
IFTS+F 5, CAS.CASE )=
G.6R0GE 0 NL.23C0F 00 0.1L70F 01 0.1a660 O
HF . ysoz2e YHoot ZAVG yshe RELO
a,i203F 00 J.5220€~-00 3490 27E~da 2.0€6028 O S.323~03 He202LF-06
Y.BANTE 00 2e29TAE-04 2.0014F-03 T+3005E 00 44 2799F -4 e§2IZE-DS
1.70P6E 0l t.3587126-04 1-046b0L~03 1.3653C 01 4.2135C-04 «I2GOE-0S
D.ETLIC ol 2.2919E-01% f.4403F-03 ?.ts?eE o1l 4,2260E-09 JJUT0E-DS
JoF 0850 01 2.8736E-04 {1906 F—~02 1.0691E 0Ot 4,3219€~04 1.0620E-05
a.01121 o} Te3041E-03% t.11098E-0213 $.2008E Ol a4, 3930E=0% F.G6ILE~06
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FXAIR s TAV ETRENOX . ECHUEY =
0.6390E 00 D0.BFT056 03 O0.9168E 00 O0.150IE-03 0.87%3F-04
"y | YNOXO YHOXE X CARCON ZAVG
4.I203E 90 B.6924E-06 1.9545€-04 3ars54E~0d {.5030C~03 2.0602E 00
2.8007C 00 1.5340E-05 2+ 20652E~ 02 3,78875-03 L.TQ1QE~02 7.00058 Q0O
t.7026F 0t Fe7T9LE~D5 7.9»0&5—04 3.32003E-07 I.Q?&JE—OJ 1+ 3453 01}
T.STHTE O 8.2931E-405 3. 2609E- 04 2,8563K-01 »299GE-0] 2. 3I72E N
Seh63F gl B.3304E-0QF Cel279E-00 2.1532E-03 l.aTTiE-O / 3. 0891E ﬂ‘
a.% 126 0l 9.1122E-0C5 1.'3763E~04 2.1070E-0 G.TLABE=Q 4.2088E O
6.1R27E of J.3541E-05 1.,0076C~04 1.81C8E~0 3. 291 9E~ 1 B+ 456 [1]]
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APPENDIX VII

MANUAL FOR THE COMPUTER PROGRAMS

In this appendix, explanation for the main programs for elutriation
and combustion calculations are given followed by the alphabetical list
of subprograms used in both the programs. Except for the subroutine SIMQ
which is the duplication of one of the subroutines in SSP supplied by
IBM, explanation is given for each subprogram.

1, Elutriation Main Program

In the first part of the program, FBC design data and operating
conditions are specified as input. From CN 89 (Card Number 89), the
composition and the amount of volatiles and char produced are calculated.
At CN 178, ELUT subprogram is called in to perform the elutriation
calculations. Calculated results of particle size distributions of
limestone and char in the bed and in the entrained seolids, solids
withdrawal rate, char elutriation rate and combustion efficiency are
printed out.

2. Combustion Main Program

Computed results from the elutriation program are used as input
in combustion calculations. From CN 64 to CN 84, all the input variables
are specified, Then, the devolatilization of coal is considered.
Knowing the average temperature of FBC, the yield of volatiles and char
and their respective compositions are calculated. The input variables
and calculated results so far are printed out.

The combustion of coal is specified by the indicator IGNITE. If
IGNITE equals to zero, there is no combustion, and bubble hydrcdynamics
alpone is calculated. Otherwise, the combustion calculations are

started from CN 248. First the boundary conditions are specified.
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Hydrodynamic calculations are then performed using the assumed
temperature profile. The log mean temperature of the cooling medium
is calculated knowing the inlet and outlet temperatures. Then, the
axial distribution of solids feed is calculated in CN 281/302. Based
on the solids mixing parameter fw’ the amount of volatiles released
near the coal feed point and throughout tﬁe bed are calculated in
CN 310/311. The flow rate of gas through the bubble and emulsion phases
are c;mputed.

Before proceeding with the combustion calculatioms, the combustion
efficiency is assumed. Ffom the combustion efficiency, the average
carbon weight fraction is calculated in CN 350 using the overall carbon
material balance. The gas phase material balance is performed and the axial
distribution of concentrations of various gaseous species are calculated.
Then, based on oxygen material balance, combustion efficiency is
calculated.

02 in - O2 in the exit gas

Combustion efficiency = A.VII.1)

Stoichiometric:'o2 required

The criterion for the convergency of the gas phase balance is that the

assumed combustion efficiency based on carbon balance should agree
with the calculated combustion'efficiency based on oxygen balance.
Then, the axial distribution of the solids withdrawal rate, the solids
mixing rate and the net flow rate of solids are computed in CN 429/460.
Carbon material balance calculations for each compartment are then
performed, and the equations are solved by the subroutine SIMQ in CN
486. The solution of the equations gives the carbon concentration ir .
each compartment. Knowing the solids withdrawal rate, the carbon

concentration in the bed and the char elutriation rate the overall
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combustion efficiency is calculated in CN 502. Using the computed

carbon conéentration profile, the gas phase material balance is performed
again from CN 510/555 to accurately egtimate the concentrations of the
gaseous species along the combustor. Then, the equations obtained for
energy balance are solved using SIMQ subroutine. The temperature

calculations converge when the assumed (Ti ) and calculated (Ti)

,OLD
temperatures agree with each other within the specified tclerance limit.
The results are printed out in CN 674/677.

SO2 retention calculations are done in CN 696/775 if the indicator
1S02 is gredter than zero. Total feed rate of sulfur is estimated in
CN 698. 80, generated from the burning volatiles and char is estimated
in CN 718/721. 802 retention calculations are iterative. First, SO2
retention efficiency is assumed, and hence the reactivity of the lime-

stone particle is calculated. 802 material balance is performed and

from the exit S0, concentration, SO, capture efficiency is calculated

Sulfur in flue gas
A. 2
Total sulfur fed ' (A.VII.2)

If the assumed and calculated efficiencies agree, iteration is stopped,

as S0, capture efficiency = 1 -

and the results are printed out,

If the INOX indicator is greater than zero NOX material balance
calculations are performed. NO_ release due to volatiles and char
combustion is calculated in CN 783/786. NOx balances in the bed and
in the freeboard are done in CN. 795/824 and the calculated results
are printed out.

If IPRES is greater than zero,‘pressure drop calculations are
performed from CN 854/876. Pressure drop across the distributor,

across the fluidized bed and if there is a fixed bed section above
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the fluidized bed, then, pressure drop across the fixed bed section are
calculated using the equations provided by Kunii and Levenspiel (1969).
The final results are printed out in CN 881/891.

3. Subprogram AKAD

This function subprogram calculates the overall rate constant for
limestone-50, reaction. This subprogram is designed baéed on the data
of Borgwardt (1970) for Type 4 limestone. The overall reaction rate
constant for limestone-S0, reaction is calculated by the equation

kvR kv% Sg AR 1/sec (A.VII.3)

-

where kv£ is defined as:

-

kg = 490 exp(-L7500/RT)  gm/cm®.sec (A.VIL.4)
Sg is the épecific surface area of limestone, and is equal to
S, = 35.9 T -3.67 x 10 gﬁi , T <1253 °K " (A.VII.5)
= -38.43 T + 5.64 x 107 en’ T » 1253 °K (A.VIL.6)
. . an 1>

and AR is the reactivity of limestone as a function of Ca0 utilization,
particle temperature and size. The reactivity of limestone is calculated
using the grain model developed by Ishida and Wen (1971). The results
are stored in the subprogram. The effeCtlof temperature on the limestonsz
reactivity is minimal for the range of temperatures encountered in the
FBC. The reactivity of limestone for any intermediate particle size

and conversion is calculated by linear interpolation on semilogarithmic

scale as follows:

fz"fl
A

9 = ( R,aZ] fzufl A
a Agal X

£al
(A.VII.7)
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£2-£,
A £-f
2b2 |
b Ry X “2bl
tn(dy/dy)
Rn(d /dﬂb)
.. (lga) \ (A.VII.9)
8 7 X b

where 12 is the reactivity of limestone, fy is the fractional conversion
of limestone and dg is the limestone particle diameter. Subscripts a
and b refer to the successive particle sizes for which the reactivity
profiles are specified (for the same conversion). Subscripts 1 and 2
refer to the successive particle conversions for which the reactivity
profiles are specified (for the same particle size).

4. Subprogram AKK

Overall rate constants for char combustion and C—CO2 reaction are
calculated in this subroutine subprogram. Char particle temperature is
calculated using the equation (V.38) by a trial and error procedure
using Regula-Falsi method. The values of parameters used in this
subprogram are given below:

Emissivity of the char particle, €y = 1.0

Thermal conductivity of the surrounding gas, A

' 12/T -
_ -6 .. 0.5 245 x 10 cals A.VII.10
=6.32 x 107 T_"7/{1 + T ‘5T .on T (A.VII.10)
Stefan-Boltzman constant, 0 = 1.36 x 10—12 —?—~E§%§w—¢
sec.cm=, K
i - T 1,78 _
Diffusivity of 0,-N; = 4.26 (ggs) /P (A.VII.11)

. - Ty .1.75
Diffusivity of C0,-N, = 3.26 (1800) /P (AVII.12)
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5. Subprogram AREA

By using this subroutine subprogram, cross sectional area of
the combustor at any height above the distributor can be calculated.
A set of data Zj and At,j s } = 1~MIB is fed into subroutine DESIGN
and stored in the common address before subroutine AREA is called.
The given height Z is searched between Zj—l and Zj so that

Zj-l‘s FARS Zj

Then, cross sectional area At corresponding to height Z is obtained

as follows:

2
A = (A.VII.13)
Z - Z. A . 1/2
-1 t, - .
where T = [1 + (5 ZJ ) {(A =) 1}]r3“1 (A.VII.14)
j -1 t’j"'l
1/2
T = Ay g/ (A.VII.15)

r = radius of the combustor at height Z above the
distributor, cm

6. Subprogram ATTR

This subroutine subprogram calculates the burning time of a char
particle of given size, and hence the size reduction constant due to
combustion. Char particle temperature is first calculated using the
Equation (V.38) by a trial and error procedure using Regula-Falsi
method., The burning time, tb, of a char particle is calculated using
the Equation (V.51). The values of parameters used in this subprogram
are:

Emissivity of the char particle, e, = 1.0
4

Stefan-Boltzman constant, o = 1.36 x 10"12 s cals/sec.cm2.°K

Thermal conductivity of the surrounding gas, and the diffusivity


http:cals/sec.cm
http:7)(A.VII.15
http:A.VII.14
http:A.VII.13

142

of 02—N2 are calculated by Equations (A.VII.10) and (A.VII.11)

respectively. Char size reduction rate constant is equal to (1/tb).

7. Subprog£am CRRECT

This subroutiné'subpyogram pfovides the initial 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 periods.

Period 1: the root is not found in the interval (INDX = 0)

Period 2: the root is found in the interval (INDX = 1)

as shown in Fig. 26.

The parameter INDX is an indicator for the two periods, and if INDX = 2,
it means the iteraticn has converged. During the peribd 1, the search
for the root is continued by proceeding in one direction indicated by
the sign of increment for the variable. Once the root is found in the
interval, Newton-Raphson method is applied to arrive at the exact value.

To use this subroutine, the following statements must be prepared
in the program from where CRRECT is called.

1) Initial assumption for the unknown variable, X

2) Value of increment, DX

3) Tolerance iimit for error, EMAX

4) Difference between the assumed and calculatéd values

for the variable, E
5) 1Initial value for 1INDX, INDX = 0
6) DO loop for iteration

7) A statement to get off the DO loop when INDX = 2
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Fig,26 Illustration for Regula Falsi Method
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The initial value of X and the sigq ?f DX are vexry imporiant factors to
get a succe;sful\result from the iteéation.‘ Tf there are multiple roots,
special consideration for choosing these values is needed. In the
ordinary case it is reéomﬁended to start from either the maximum or
minimum possible value of the unknown variable, X,

8. Subprogram DESIGN

Values of the design variables are fed into the main program by
calling this subroutine. The axial variation of the bed cross section
as a function of height above the distributor (At Vs Z) , the locations
of heat tranéfer tubes, the specifications of the tubes (specific heat
transfer. area based on outside diametgr-gf thé-tﬁbe, tube diameter (o.d.)},
vertical pitch, horizontal pitch; tubes arrangement), solids feed
locations and the fraction of total feed through each nozzle; solids
dischérge locations and the fraction of matérials discharged through
each noizle, numberiof orifices in the distribuior, orifice diameter,
thé solids mixing parameter, fﬁ and the friétion of wake solids thrown
into the freeboard, f_ are the input variables in this subprogram..

Specific heat £ransfé% area of the coils in a section of the bed
refers to the outside.surface area of the coils availablé for heat
transfer per unit volume of the bed in that section. If the specific
heat transfer area is not given, but the tiibe diameter is given, the
former can be calculated.

For the triangular arrangemént of the tubes (Fig. 27),

Heat transfer area
aHE Volume of bed

n

(—%-) nd_ AZ nd_
- = 5 (A.VII.16)
Q@ Py A7) THY

]
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Fig.27 Arrangement of Cooling Tubes
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For the rectangular arrangement (Fig, 27),

"o A2 ™o (A.VII.17)
°HE ~ PP, AZ PPy

For design purposes, the height of an elemental volume of the
combustor corresponding to each compartment is chosen. The height
should be so chosen th;t the total number of compartments in the
combustor is always less than the maximum dimensions allowed by the
program. Then, heat transfer tubes specifications for each compartment
is calculated along with the diameter and cross sectional area. The
differential volume of each compartment, and the effective volume
(excluding the volume occupied by the tubes) are computed.

Volume occupied by the tubes per unit volume of bed is given as

follows:
sG a5 d
(for triangular arrangement); T — = 7 e (A.VII.18)
7 PPy A
Fd.H8z 4
(for rectangular arrangement); §§F§?Kzr?~ = Eg- aHE (A VII.19)
Volume fraction of tubes is then equal to
€ ube - 1 - effective volume/total volume (A.VII.20)

For each compartment, tube diameter, spegific heat transfer area,
tube fraction, volume and effectiye yolume are calculated.

9. Subprogram ELUT

This subroutine subprogram is the basis for the entrainment
calculations., Entrainment calgulations for limestone are performed
first followed by char entrainment calculations,

From the bed operating eonditions, total bed weight is known.
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Initially, the size distribution of the bed is assumed knowing the feed
particles size distribution. Based on the assumed bed size distribution,
mass balance calculations for each close size fraction are performed,

and the bed weight and the new bed size distribution are calculated.

If the calculated bed weight equals the known bed weight, the iteration
is stopped; otﬁerwise, procedure is repeated using the.calculated bed
size distribution for the next iteration.

The axial gas dispersion coefficient in the freeboard is then
calculated from Reynolds number and Peclet number. From the dispersion
coefficient, number of compartments and hence the compartment size in
the freeboard are calculated. At each freeboard height, the solids
entrainment rate and the average particle sizes are computed.

A similar procedure with slight modification is adopted for char
entrainment calculations. To start with, carbon combustion efficiency
is assumed and the average carbon concentration (weight fraction)} in
the bed is calculated based on carbon balance. Knowing the bed weight
and carbon concentration in the bed, the weight of char in the bed is
calculated. From the coal particle feed size distribution, the bed
char size distribution is assumed. Mass balance for each close size
fraction of char is performed. Based on the bed char size distribution,
entrainment rate along the freeboard height is calculated. The effect.
of dim%nishing char particle size due te combustion is taken intoe
account in the char entrainment calculations. The char leaving the

combustor unburnt is calculated. The combustion efficiency is
calculated again. Iflthe assumed and calculated efficiencies equal,

the iteration is stopped; otherwise, procedure is repeated by assuming
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a new initial wvalue for combustion efficiency. The calculated results
will give the size distribution of limestone and char in the bed, the
average particle sizes of limestone and char, and their entrainment rates
along the freeboard height, bed solids withdrawal rate, char elutriation
rate, solids elutriation rate and the combustion efficiency.

10. Subprogram FBC

This subroutine subprogram considers the freeboard char combustion
and solves the material balance equations for oxygen in the freeboard.
There will be two cases in the calculations. (i) oxygen rich or excess
air conditions and (ii) oxygen starved conditions. For the oxygen rich
case, Regula Falsi method is applied to calculate the oxygen concen-
tration since the calculations involve a trial and error procedure.

11. Subprogram GPB

The material balance equations fer oxygen in the emulsion phase
and in the bubble phase are solved in this subroutine using the
subroutine SiMQ. Two different cases are encountered in the solution:
(i) the oxygen concentration in the emulsion phase is zero and
(ii) the volatiles concentration in the emulsion phase is zero. The
equations are solved by trial and error procedure.

12, Subprogram GPHASE

This subroutine is designed for solving the material balance
equations in the emulsion phase and in the bubble phase for S0,
and NO (nitric oxide).

13. Subprogram HAREA

This subprogram calculates the height of the specific'compartment

above the distributor for the given cross sectional area of that
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compartment. The idea is basically the same as that of subprogram AREA.
The height Z, corresponding to the area, At’ is calculated by the

equation
1/2
(A/A. ) -1
s + o j-1 _ (A.VII.21)
Z =125 172 (2 - 2;_4)

This subroutine is called from subroutine HYDRO to determine the height

of thg bed where U0 = Umf' This situation does not occur at the

cylindrical section, but occurs only at the tapered section. Therefore,

Aj > Aj—l’ and the error of dividing by zero is automatically avoided.

14. Subprogram HEIGHT

This function subprogram 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.

15. Subprogram HYDRO

This subroutine subprogram essentially calculates the bubble
hydrodynamics of the bed. In the first part of the calculations, the
compartment size is assumed and hence the bubble size. Then, from
the‘correlation, bubble size in that compartment is calculated. If
the assumed and calculated bubble sizes are equal to each other, then
the iteration is stopped; otherwise, a néw compartment size is assumed
and the procedure repeated. For each compartment, cooling tubes
specifications, effective volume, total volume, height above the
distributor and the cross sectional area at that height are calculated.
After.the bubble size calculation, the hydrodynamic calculations are

done using the equations listed in Table 2.
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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 the expanded bed height is not given. (Either the minimum
fluidization height or the expanded bed height has to be specified
in the input). Subroutine HYDRO is called inside the temperature
iteration loop. Depending upon the température of the bed, the
hydrodynamic parameters and the bed height are determined. If more
number of compartments are needed than that of 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 compaz-'tment in the earlier
iteration.

Knowing the temperature, density and viscosity of the gas, minimum
fluidizing velocity and superficial velocity are calculated for each
compartment. U, is compared with Umf' If the cross-sectional area of
the bed increases as the height increases (for tapered geometry), the
superficial velocity decreases. If at any instance, U is less than or
equal to Umf’ it represents the end of fluidized section and the
begimning 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.
The iteratjon is performed till the height of the last compartment

reaches the expanded bed height.
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(ii)} Expanded bed height given, fixed bed section present:

The bubble hydrodynaﬁics is calculated for each compartment,
As the height increases, U, is decreasing, and when it is smaller than
Umf’ critical 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 U, is equal to Umf' Above this
height, there 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 are present.

For each compartment the volume of solids (including the voids)
and the effective height of the solids are calculated. Sum of these
heights would be the heighf of the bed at minimum fluidization.

(iii) 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 fluidiza-
tion is used. This would help avoid any inacurracy involved in the
calculation of the effective solids height in each compartment. Also,
it would be easy to determine the total bed height when the effective
volume of solids in the bed equals the volume at the minimum fluidiza-
tion. The sum 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 the volume at minimum fluidization., If ié exceeds
volume at minimum fluidization, the excess solid volume, corrected

for the expansion and tube fraction, is subtracted from the effective
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volume of the bed to give the correct volume of the bed. From this
effective volume of the bed, the expanﬁed bed height is calculated.
| {iv) Height at minimum fluidization given, fixed bed section
present:
? As before, computations are performed till‘U0 becomes smaller

than Umf' In the fixed bed sectiom, the bubble fraction is zero.

Fixed bed is equiVvalént to the condition of minimum fluidization. Total

LI N .
--r:ﬁ‘i

volume of the bed'is: the sum of the effective volume of solids in the
fluidized bed section and the difference in the minimum fluidization
volume and‘&he volume of solids in the fluidized section. Total height
of the bed is computed from the total volume of the bed.

16. Subprogram SIMQ

A copy of this SSP (Scientific Subrouting Package) subroutine
supplied by IBM is attached.

17. Subprogram VEL

This subprogram calculates the minimum fluidization velocity and
the terminal velocity of the particle. . The terminal velocity is
calculated from (Kunii and Levenspiel, 1969):

2

- d
g(piS pg) b
t 18y,

for Ry p < 0.4 (A.VII.22)

~2 2
e = 3E o 1" 4, for 0.4 <R, <500 (A.VII.23)

5.1 g (o - p)d, 1/2
U, = [ - for 500 < R (A.VII.24)
g eJP

b./u (A.VII.25)
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18. Subprogram VOLUME

This function subprogiam caléulates the effective voluie of
the bed {excluding the tubes, ineluding the voids) for a given height

above the disttibutor.
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APPENDIX VIII

NOMENCLATURE FOR THE COMPUTER PROGRAMS

FORTRAN Mathematical
Symbol Symbol
AAA -
AE -
AHE (SEE DESIGN)
AHEAV aHE
AHEW a4EW
AK kvl
AKB kc,B
AKBE KBE
AKC kc
AKCO2 -
AKE kc,E
AKNO kNO
ALFA -
AMODF a

m
AND nd
ANH3V -~
ANITRO -
AT A

MAIN PROGRAM COMBUSTION

Description

Matrix coefficients

Activation energy of char-NO reductien
reaction, cals/gmole

Specific heat transfer area of the tubes,
cmz/cm3 FBC volume

Specific heat transfer area of the walls,
sz/cm3 FBC volume

Qverall volume reaction rate constant for
limestone - S0 reaction, 1/sec

Overall rate constant for char combustion in
bubble phase, cm/sec

Gas exchange coefficient, 1/sec

Overall rate constant for char combustion,
1/sec

Overall rate constant for C-C02 reaction,
cm/sec

Overall rate constant for char combustion in
emulsion phase, cm/sec

NO reduction rate constant, cm/sec
Temperature matrix coefficients
Defined by Equation (VI.12)

Number of orifices in the distributor

NH, content in the volatiles, gmole NHS/
ghole volatiles

Nitrogen released during char combustion,
gatom/sec '

Cross sectional area of the bed, cm2
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'EORTRAN Mathematiical - Desieription
Synibol Symbol. ... .
ATB (SEE DESTGN)
BBB - Matrix coefficients
BEDCOM - Char combustion rate in the bed, gm/sec
< r y oL A .3
BEDVOL - Total bed volume, cm
BETA - Temperature mat¥ix coefficients
CADF - ch Heat capacity of Féed additives, cals/gm-°C
CARCON - Carbon concentratlon,,gm carbon/cm3 bed
volume (intltding tibes)
CAS - . £a78 moldr +4ti6 it feed solids
CASE - Effectlve Ca/S moiat frdtio (1nclud1ng Ca in
- dsh)
CCF tbf Hedt capicity of doal feed, cdls/gn-°C
GCHAR éEﬁ Catbofi Cofitéfit in £har; gim carbon/gm char
CELU = Char &lutriafed From the combustor, gms/sec
CGM cgm Mo14% hedt capacily of gas, cals/gmole °C
CGMF o Molar heit &apacity of féqd gas, cals/gmole °C
CHARC - CarbdRt &éntént ifi &Har; gmolé carbon/gm coal
CHARH 2 Hydrogert édntert int char,, gatom hydrogen/gm coal
CHARN - Nitrogén' dontent inléﬂéf; gatom nitrogen/gm coal
CHARO' z Oxygéi contént i chdr, gatom oxygen/gm coal
CHARS 2 Sulfus conten't i@ éhar, gatom sulfur/gm coal
CH4 éﬁ}- Ve fractlon CH it fﬁe volatlles' CH, released
during devolatlllzatlon gmole CH4/gm coal
CLOSS & Total ¢arbon Foss (elutrlated + withdrawn),
gm/sec
cQ- o’ W, fractlon co 1n the volatlles, C0 released
durxng dévolatikization, gmole CO/gm coal
COALC - Carbon content in coaly, gatom carbon/gm coal

(d\bLY



FORTRAN
Symbol
COALH
COALN
COALD
COALS
COB

cov

COVB

coz
cozv

CozZvB

CS
CTAR

DASVF
DAWMF

DBAV

DCSE

DCSVB

. Mathematical

Symbo1
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Description
Hydrogen content in coél, gatom hydrogen/gm
coal (d.b.)

Nitrogen content in coal, gatom nitrogen/gm
coal (d.b.) ,

Oxygen content in coal, gatom oxygen/gm coal
(d.b.)

Sulfur content in coal, gatom sulfur/gm coal
(d.b.)

Carbon monoxide burnt in each compartment,
gmole/sec

CO released during devolatilization per mole
of volatiles released, gmole CO/gmole volatiles

CO0 produced during volatiles combustion,
gmole CO/gmole volatiles

Wt. fraction CO2 in the volatiles; CO
released during devolatilization, gmole COZ/
gm coal

C0, released during devolatilization per mole
of volatiles released, gmole CO,/gmole
volatiles

C0p produced during volatiles combustion,
gmole COz/gmole volatiles

Heat capacity of solids, cals/gm °C
Carbon content in char, gm carbon/gm coal fed

Surface volume mean particle diameter of
additives in the feed, cm

Weight mean particle diameter of additives
in the feed, Cm

Bubble diameter in each compartment, cm

Surface volume mean diameter of char particles
in the freeboard, cm

Surface volume mean diameter of char particles
in the bed, ‘em
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FORTRAN Mathematical Description
Symbol Symbol
DCSVF - Surface volume mean diameter of coal

particles in the feed, cm

DCWE - Weight mean diameter of char particles
in the freeboard, cm

DCWMB - Weight mean diameter of char particles
. in the bed, cm

DCWMF - Wéight mean diameter of coal particles
in the feed, cm

DELT - Temperature matrix coefficients

DETC - ifictement in combustion efficiency

DETS - Increment in sulfur diexide retention
efficiency

DNZL = Diameter of orifice holes in the

distributor, cm

DPDIS - Préssuré drop across the distributor,
cm' H,0
2
DPFIX - Pressure drop across the fixed bed

sectiébn, cm HéO

DPFLU - Pressure drop dcross the fluid bed
segctionys cm H20

DPSE die Surface volume mean particle diameter
of additives entrained in the free-
beard, cm

DPSVB di Surface volume mean particle diameter
of additives in the bed, cm

DPWE = Wéight mean particle diameter of
additives entrained in the free-
board,: cm

DPWMB - Weight méan particle diameter of

additives in the bed, cm

DTUBE (SEE DESIGN)

DVBB - ) . Volume of each compartment, cm3



FORTRAN
Symbol

DT

EETCM
EETSM

EFF

1

EFFVOL

§
EINDEX

EMF
ENOX
EPB
EPC
ETC
ETCA

ETCC
ETCG

ETN
ETC

ETSC
ETUBE

EXAIR

Mathematical
Symbol

Pt

Etube
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Description

Diameter of the combustor, cm

Tolerance limit for combustion efficiency
convergency

Tolerance 1imit for sulfur dioxide retention
efficiency convergency

Combustion efficiency calculated from
elutriation calculations

Volume of bed (excluding tubes), cm3

Nitric oxide emission index, gmole

- NO/gm coal burnt

Void fraction at minimum fluidization
Nitric oxide emission, mole fraction
Bubble fraction

Cloud fraction including bubble
Carbon combustion efficiency

Assumed carbon combustion'efficiency

Carbon combustion efficiency based
carbon balance

Carbon combustion efficiency based
on oxygen balance

NOx emission efficiency
Sulfur dioxide retention efficiency

Calculated sulfur dioxide retention
efficiency

Volume fraction of tubes in each
compartment

Excess air, fraction
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FORTRAN: Mathematiical Description

Symbol Symbeol
FBCOM - Chax combustion rate in the freeboard, gm/sec
FBM - F Molar flew rate of gas in the hubble phase,
BM
gmole/sec -
Eh - Fractioh of solids withdrawn from the

bed at each location

FEM FEM Molar flow rate of gas in the emulsion
phaseé, gmole/sec

FFAD - Fraction of total additives fed at each

location
FFC = Fraction of total coal feq at each

1é¢ation

- " . S
FMF - Molar féed rate of fluidizing air, gmole/sec~
FMTH - Stoichiometric air feed rate, gmole/sec
FMO F Total molar flow rate of gas in the
MT .
> combustor, gmole/sec

FR - ) - Eréquency factor for char-NO reaction,

cm/sec
FRN - Feed rate of fuel nitrogen, gatom/sec
FRS - Feed rate of fuel sulfur, 'gatom/sec
FS £, Fractional conversion 6f limestone
FSW (SEE DESIGN)
Fi £ Solids mixing patrameter, ratio of

wake volume to the bubble volume
including the wakes

. . ) . 2
G . g Acceleration due to gravity, cm/sec
GAMA - Temperature matrix coefficients
GB g . Volatiles burning rate in the bubble

“ phase, gmole/sec

GE gg Volatiles burning rate in the emulsion
phase, gmole/sec

GENB - 80, or NO, release rate in the bubble
pﬁaée.or.iﬁ the freeboard due to
volatiles combustion, gmole/sec
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FORTRAN Mathematical Description

Syibol Symbol

GENE - S50, or NO, release rate in the emulsion
pﬁase or in the freeboard due to

volatiles combustion, gmole/sec

GFLOW G Gas flow rate, gms/sec

H - ) Height above the distributor, oms

HB h Height above the bed surface, cms

HAREA - Total heat transfer area of cooling tubeg
(based on outside diameter of tube), cm

HCHAR - Hydrogen content in char, gm hydrogen/gm
char

HCOAL - Lower heating value of coal, cals/gm

HCR - Critical bed height above which there
is a fixed bed section, cm

HFB - Freeboard height, cm

HLEF - Expanded bed height, cm

HLMF - Bed height at minimum fluidization, cm

HTAR - Hydrogen content in tar, gm hydrogen/gm
coal fed

H2 B, Wt. fraction Hp in the volatiles; Hy

released during devolatilization,
gmole H, /gm coal

H20 H.0 Wt, fraction H,0 in the volatiles; H20
released during devolatilization,
gmole HZO/gm coal

H28V . - H.S content in the wvolatiles, gﬁole H2S/
gmole volatiles

LARR (SEE DESIGN)

ICR - Indicator for cirtical bed height

IFBC - _ Indicator for fixed bed section

IGNITE - Indicator for combustion calculations

INOX = Indicator for NOx calculations

IPRES -

Indicator for pressure drop calculations



FORTRAN

Symbol
Is02

ITEMP

ITRIAL
T KT

MAIR
MC

MCAO
MCACO3’
MCASQ4
MCO
‘MCO2

MDIS
MEEED

MGAS

MH?Z
Mi20

MH2S
MMGCO 3

MMGO

Mathematical
Symbol

162

Description

Indicator for SO2 calculations
Indicator for temperature calculations

Number of trials made in the combustion
calculations

Number of compartments in freeboard

Molecular weight of air, gms/gmole
Atomic weight of carbon, gms/gatom

Molecular weight of calcium oxide,
gms/gmole

Molecular weight of calcium carbonate,
gns/gmole

Molecular weight of calcium sulfate,
gms/gmole

Molecular weight of carbon monoxide,
gns/giole

Moiecular weight of carbon dioxide,
gms/gmole

No. of solids withdrawal locations
No. of solids feed locations

Molecular weight of combustion gases,
gms/gmole

Moelécular weight of h¥drogen, gms/gmole

Molecular weight of water, gms/gmole

- Molecular weight of hydrogen sulfide,

gms/gnole

Molecular weight of .magnesium carbonate,
gms/gmole

Molecular weight of magnesium oxide,
gms/gmole

5
¥

Atomic weight of nitrogen, gms/gatom



FORTRAN
Symbol

MNO
M2
MO?Z
45

Ms502

"MTAR

MTHE -
M1
NA

NAMEC1
NAMECZ

NAMEL1
NAMELZ

NC

NCHAR
NTC

OCHAR
OTAR
PAV

PF

PH
PHIB
PHIE
PI

PV

Mathematical

Symbol -

(SEE DESIGN) .

(SEE DESIGN)

(SEE DESIGN)
¢B

¢:

T

(SEE DESIGN)
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Description

Mdieéular weight of nitric oxide, gms/gmole
Molecular weight of nitrogen; gms/gmolé
Molecular weight of oxygen, gms/gmole
Atomic weight of sulfur, gms/gatom

Molecular weight of sulfur dioxide,
gms/gmole

Average molecular weight of tar in the
volatiles, gms/gmole

No. of compartments in the bed + 1

No. of additive particlés in the freeboard

Name of coal

Name of limestone

No. of char particles in the freeboard

Nitrogen content in char, gm nitrogen/
gm char

Total number of compartments in the
combustor using DZAV + 1

Oxygen content in char, gm oxygen/gm char
Oxygen cqntent\in tar, gm oxygen/gm coal fed
Average pressure in the combustor, atm

Pressure of fluidizing air at the inlet
to the distributor, atm

Mechanism factor in the freeboard
Mechanism factor in the emulsion phase

3.14159265



FORTRAN
Sxmbol

QAREA
QCHAR
QCLCN
QCo
" QTRANS
QVCo

QVGAS

QVOL

RC

RCHAR
RELB
RELE

RG

RHOAD
RHOASH
RHOBED

RHOC

Mathematical

Sxmbol

ch
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Description

Heat transfer rate to the tubes per
unit heat transfer area of tubes,
cals/cmz.sec

Heat of combustion of char, cals/gnm

Heat of calcination of limestone,
cals/gnm

Heat of combustion of carbon monoxide,
cals/gmole

Total heat transferred to the cooling
mediim, cals/sec

Heat of partial combustion of volatiles,
cals/gmole '

Heat of combustion of volatiles, cals/gmole

Heat transfer_rate per unit volume of
bed, cals/cm

Defined by Equation (V.2)

Fraction of carbon remaining in char after
devolatilization, gm carbon/gm carbon in
coal '

Char produced per unit gm of coal fed,
g/ gm

Total release rate of 50, or NOx in the
bubble phase, gmole/sec

Total release rate of S0, or NOX in the
emulsion phase, gmole/sec

Gas constant, 82.06 atm-cms/gmole.oK

Fraction of hydrogen remaining in char
after devolatilization, gm hydrogen/
gm hydrogen in coal

Density of additives, gms/cm3

Density of ash, gms/cm3

Density of the bed materials, gms/cm3

Density of coal, gms/cm3
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FORTRAN Mathematical Description
Symbol Symbol

RHOCH Pen Density of char, gms/cm3

RHOGAS pg Density of gas, gms/cm3

RHOFG - Density of the fluidizing air at the

inlet to the distributor, gms/cm

RN - Fraction of nitrogen remaining in
char after devolatilization, gm
nitrogen/gm nitrogen in coal

RO - Fraction of oxygen remaining in char
after .devolatilization, gm oxygen/gm
oxygen in coal

RR - Rate of combustion of char in each
compartment per unit weight fraction of
carbon in the bed, gms/sec; heat
generation rate minus heat of calcination
in each compartment, gms/sec

RRB - Rate of combustion of char in the bubble
phase, gms/sec

RRE - Rate of combustion of char in the emulsion
phase, gms/sec

RS - Fraction of sulfur remaining in char after
devolatilization, gm sulfur/gm sulfur in
coal

RVGAS = Volatiles released during devolatilization

per unit gm of coal, gmole volatiles/gm coal
SCHAR - Sul fur content 'in char, gm sulfur/gm char
SOLVOL - Volume of solids in the bed (including voids)

which is equal to volume of bed at minimum
fluidization (excluding the internals), cm3

SULFUR - Sul fur released during char combustion,
gaton/sec

T T Temperature, °K

TAR Tar Wt. fraction tar in the volatiles; tar

released during devolatilization per
unit gm of coal, gmole tar/gm coal

TARC - Stoichiometric air required per unit
gm of char, gmole/gm char
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FORTRAN Mathematical Description

Symbol Symbol

TAV - Mean bed temperature, °K

TAVB T Mean temperature in the boundary layer

B of the char particles in the bubbie

phase, °K; also in the freeboard, °K

TAVE Te Mean temperature in the boundary layex
of the char particles in the emulsion
phase, °K

TCRATE - Total char combustion rate, gm/sec

TETUBE - Total volume fraction of tubes in the bed

TF - Temperature of fluidizing air at the inlet

to the distributor, °K

TFC .- Total char feed rate, gms/sec

T&ORM - Temperature criterion for convergency

TOLD - ng temperature in the previous iteration,

TPB - Char particle temperature in the bubble
phase, °K; also in the freeboard, °K

TPE - Char particle temperature in the emulsion
phase, °K

TSF - . Temperature of feed solids, °K

TSTA - Starting temperature (assumed)} for
iteration, °K

™ - Cooling water temperature, °K

TWALL ~ Wall temperature, °K

TWALLA - Average wall temperature used for

heat losses, °K

TWAY - Log mean temperature of the cooling
water
TWIN - Inlet water temperature, °K

TWOUT - Outlet water temperature, °K
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FORTRAN Mathematical Description

Symbol Symbol

uB Ug Bubble velocity, cm/sec

UHE U Bed to tube heat transfer coefficient,
cals/sec.cm?.°C

UHEAV] - Bed to tube heat transfer coefficient
(average) within the bed, cals/sec.cm“®C

UHEAV?2 - Bed to tube heat transfer coefficient
(average) in the freeboard, cals/sec-cm
DC i

UHEW U Bed to wall heat transfer coefficient,

W 20

cals/sec.cm4°C

UMF Umf h Minimum filuidization velocity, cm/sec

uo U Superficial gas velocity.as a function .of bed

0 eight, cm/sec

UOR - Orifice velocity, cm/sec

ur U Terminal velocity of the particlé,
cm/sec

UWALLL - Bed to wall heat transfer coefficient
(average} within the bed, cals/sec
em2°C

UWALLZ Bed to wall heat transfer coefficient
(average) in the freeboard, cals/sec
em? °C

uo - Superficial gas velocity at the

distributor, cm/sec

\ - Volatiles yield during devolatilization,
gms volatiles/gm coal (daf); ‘also gms
volatiles/gm coal

VAHOLD - Volumetric additives holdup in the
freeboard; cmd solid volume

VCHOLD - Volumetric char hold-up in the freeboard,
cm3 solid volume

VGASN - Volatile nitrogen in coal, gatom/gm
coal (d.b.)

VGASS .- Volatile sulfur in coal, gatom/gm coal (d.b.)

VESC u Viscosity of gas, gm/cmesec
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FORTRAN Mathematical Description
Symbo1l Symbo 1
VM - Proximate volatile matter in'coal,

gn/gm coal (daf)

VMF - Bed volwne at minimum fluidization
(excluding the internals), em’

VPROD - Volatiles released in each compartment,
gmole/sec

WAD Wf a Additives feed rate, gms/sec

WAHOLD - Additives hold-up in the freeboard, gms

WB Mb Weight of bed materials, gms

WCHOLD - Char hold-up in the freeboard, gms

WCOAL - Coal feed rate as received basis, gms/sec

WD - . Solids withdrawal rate at each location,
gms/sec

WDISs WD Solids withdrawal rate, gms/sec

WEA - Additives entrainment rate in the
freeboard, gms/sec

WEC - Char entrainment rate in the freeboard,
gms/sec

WELUA - Solids (excluding char) elutriation
rate from the combustor, gms/sec

WFAD We a Additives feed rate in each compartment,

? gms/sec
" WFC Wf c Coal feed rate in each compartment,
? gms/sec

WMI X wmix Solids mixing rate, gms/sec

WNET wnet Net flow rate of solids, gms/sec

WW B Defined by Equation (V.3)

X X Weight fraction carbon in the bed

XA - Ash content in coal as received basis, gm ash/gm

. coal '

XACAO Calcium oxide content in ash, gm Ca0/gm ash



FORTRAN
Symbol
XAV

XC

XCAO
XCF

XCozZ

XCv

XMGO

X0

X02

X02C

XS

X5102

XN

YAV

YB

Mathematical
Symbol

169
Description
Average weight fraction of carbon
in the bed

Carbon content in coal, gm carbon/
gm coal (d.b.)

Calcium oxide content in limestone,
gm Ca0/gm limestone

Fixed carbon content in coal, gm
carbon/gm coal (d.b.)

Carbon dioxide content in limestone,
gm C02/gm limestone

Volatile carbon content in coal,
gm carbon/gm coal (d.b.)

Hydrogen content in coal, gm
‘hydrogen/gm coal (d.b.)

Mapgnesium oxide content in-limestone,
gm Mg0/gm 1imestone

Nitrogen content in coal, gm nitrogen/
gm coal (d.b.)

Oxygen content in coal, gm oxygen/gm
coal (d.b.)

Oxygen required for partial combustion
of volatiles, gmole 02/gm01e volatile

Oxygen required for complete combustion
of volatiles, gmole Oz/gmole volatile

Sulfur .content in coal, gm sulfur/gm
coal (d.b.)

Silicon dioxide content in limestone,
gn SiOZ/gm limestone

Moisture content in coal as received basis,
gm HZO/gm coal

Average 0, concentration (assumed) fo
iteration, mole fraction .

Mole fraction Oj or 80z or NO in the bubble
phase



FORTRAN
Symbol

YBO
YCO
YCGE
YCO2
YCO2ZB
YCOZ2E

YE

YEO

YGO

YH20
YNOX
YO
YS02
Yv

YVE

ZAVG

ZB
LF
ZHE

ZDIS

Mathematical
Symbol

S

YCO

YE, o

Y
COQ

Y
B,CO,
YE,002

-

(SEE DESIGN)

(SEE DESIGN)

(SEE DESIGN)
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Description

Mole fraction 02 in the bubble phase

Mole fraction CO
Mole fraction CO in the emulsion phase

Mole fraction CO2

Mole fraction CO, in the bubble phase

2

Mole fraction COQ, in the emulsion phase

Mole fraction O, or 802 or NO in the
emulsion phase

Mole fraction O2 in the emulsion phase

Gaseous species concentrations at the
exit, mole fraction

Mole fraction HEO

Mole fraction NO

Mole fraction 02

Mole fraction SO2

Mole fraction volatiles

Mole fraction volatiles in the emulsion
phase

Average height of each compartment
above the distributor, cm

Locations of solids feed ports, cms
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MAIN PROGRAM ELUTRIATION.

FORTRAN Mathematical Description

Symbol Symbol

AHE {SEE DESIGN)

ATB At Cross sectional area of the bed, cm2

CAS - Ca/S molar ratio in feed solids

CCHAR _ Cch Carbon content in char, gm carbon/
£Em char

CELU - Char elutriated from the combustor,
gms/sec

CHARC - Carbon content in char, gmole carbon/
gm coal

CHARH - Hydrogen content in -char, gatom

hydrogen/ gm coal

CHARN - - Nitrogen content in char, gatom
) nitrogen/gm coal

‘CHARO - Oxygen content in char, gatom
oxygen/gm coal

CHARS - Sulfur content in char, gatom
sulfur/gm coal

CH4 CH Wt. fraction CH, in the veolatiles;
CHg released during devolatilization,
gnole CH4/gm coal

Co : Co Wt. fraction CO in the volatiles;
CO released during devolatilization,
gmole CO/gm coal

COALC - Carbon content in coal, gatom carbon/
gm coal (d.b.)

COALH - Hydrogen content in coal, gatom
. hydrogen/gm coal (d.b.)

COALN ~ Nitrogen content in coal, gatom
nitrogen/gm coal (d.b.)

COALO - Oxygen content in coal, gatom
oxygen/gm coal (d.b.)

COALS - Sulfur content in coal, gatom
sul fur/gm coal (d.b.)
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FORTRAN Mathematical Description

Symbol Symbol
cov - CO released during devolatilization per

mole of volatiles released, gmole CO/
gmole volatiles

COVB - CO produced during volatiles combustion,
gniole CO/gmole volatiles

0] - Wt. fraction CO, in the volatiles; 602
released during devolatilization,
gmole COZ/gm coal

cozv - C0; released during devolatilization per
mole of volatiles released, gmole COz/
gmole volatiles

Co2vB - €0o produced during volatiles combustion,
gmole COzfgmole volatiles

CTAR - Carbon content in tar, gm carbon/gm
coal fed

DASVF T - Surface volume mean particle diameter of

additives in the feed, cm

DAWMF - Weight mean particle diameter of additives
in the feed, cm
DCSE dce Surface volume mean diameter of char

particles in the freeboard, cm

" DCSVB d Surface volume mean diameter of char
particles in the bed, cm

DCSVF - Surface volume mean diameter of coal
particles in the feed, cm

DCWE - Weight mean diameter of char particles
in the freeboard, cm

DCWMB - Weight mean diameter of char particles
in the bed, cnm

DCWMF - Weight mean diameter of coal particles
in the feed, cm

~ DIA(I) - Feed particle diameter of ith fraction based on
seiving screen size



FORTRAN
Symbol
Dp

DPSE

DP3SVB

DPWE

DPWMB

DTUBE

EMF
EXAIR

FMF
FMO
FMTH
FRACTA

FRACTC

GFLOW

HCHAR

‘HFB

HLF

Mathematical
Symbo1l

d

X

e

{SEE DESIGN)

Emf
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Description
Mean diameter of the particles of
X th size fraction, cm
Surface volume mean particle diameter

of additives entrained in the
freeboard, cm '

Surface volume mean particle diameter
of additives in the bed, cm

Weight mean particle diameter of

additives entrained in the freeboard,
cm

Weight mean particle diameter of
additives in the bed, cm

Void fraction at minimum fluidization
Excess air, fraction

Molar feed rate of fluidizing air,
gmole/sec

Total molar flow rate of gas in the
combustor, gmole/sec

Stoichiometric air feed rate,
gmole/sec

Weight fraction of additives feed
of x th size fraction

Weight fraction of coal feed of
x th size fraction

Acceleration due to gravity,
cn/sec

Gas flow rate, gms/sec

Hydrogen content in char, gm
hydrogen/gm char

Freeboard height, cm

Expanded bed height, cm
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FORTRAN

1 Mathematical Description

Symbol Symbol

HLMF - Bed height at minimum fluidization, ecm

HTAR - Hydrogen content in tar, gm hydrogen/
gm coal fed

H2 H2 Wt. fraction H, in the volatiles; H

. released during devolatilization
gmole Hy/gm coal

H20 HZO Wt.. fraction Hy0 in the volatiles;
HZO released during develatilization,.
gmole HZO/gm coal

IARR (SEE DESIGN)

MAIR - Molecular weight of air, gms/gmole

MC - Atomic weight of carbon, gms/gatom

MCAO - Molecular weight of calcium oxide,
gms/gmole

MCASOQ4 - Molecular weight of calcium sulfate,
gms/gmole

MGO - Molecular weight of carbon monoxide,
gms/gmole

MCOZ - Molecular weight of carbon dioxide,

_ gms/gmole

MGAS - Molecular weight of combustion gases,
gms/gmole

MH2 - Molecular weight of hydrogen, gms/gmole

MH20 - Molecular weight of water, gms/gmole

MHZS - Molecular weight of hydrogeﬁ sulfide,
gms/gmole

MNO - Molecular weight of nitric oxide, gms/gmole

MN2 - Molecular weight of nitrogen, gms/gmole

MO2 - Molecular weight of oxygen, gms/gmole

MS - Atomic weight of sulfur, gms/gatom



FORTRAN
Symbol

MS02

MTAR

MTB

MTHE

NCHAR

NDP

OCHAR

OTAR

PAV

PH

PI

PV

RC

RCHAR

RG

RHOAD

RHCASH

RHOBED

RHOC

RHOCH

Mathematical
Symbol

(SEE DESIGN)

P

(SEE DESIGN)
il

(SEE DESIGN)

A
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bescription

Molecular weight of sulfur dioxide, gms/gmole

Average molecular weight of tar in the
volatiles, gms/gmole

Nitrogen content in char, gm nitrogen/gm char
Number of size fractions

Oxygen content in char, gm oxygen/gm char
Oxygen content in tar, gm oxygen/gm coal fed

Average pressure in the combustor, atm
3.14159265

Defined by Equation (V.2)

Fraction of carbon remaining in char after
devolatilization, gm carbon/gm carbon in coal

Char produced per unit gm of coal fed, gm/gm
Gas constant, 82.06 atm-cmslgmole-°K
Fraction of hydrogen remaining in char after
devolatilization, gm hydrogen/gm hydrogen
in coal
. .- 3
Density of additives, gms/cm
Density of ash, gms/cm3
3 . 3
Density of the bed materials, gms/cm
Density of coal, gms/cm3
Density of char, gms/cm3
Fraction of nitrogen remaining in char

after devolatilization, gm nitrogen/gm
nitrogen in coal



FORTRAN
Symbol

RO

RVGAS

SCHAR

TAR

TAV
TDHC

uo

VMFE

WAD
" WB
WBC
WCOAL

WDIS

Mathématical

Symbol -

Tar

TDH
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Description

Fraction of oxygen remaining in char
after devolatilization, gm oxygen/gm

- oxygen 4in coal

Fraction of sulfur remaining in char
after devolatilization, gm sulfur/gm
sulfur in.coal

‘Volatiles released during devolatilization

per unit gm of coal -gmole volatiles/gm
coal

Sulfur content in char, gm sulfur/gm

char . .

Wt. fraction tar in the volatiles; tar
released during devolatilization per

._unit.gm'pf coal, gmole tar/gm coal

Mean bed temperature, °K

Transport disengaging height, cms

i Superficial. gas velocity as a function of

bed height, cms/sec

AVblatiles yield during devolatilization,

gms volatiles/gm coal (daf); also,

. gms volatiles/gm-coal

Proximate volatile matter in coal,
gm/gm coal (daf)

* Bed volume at minimum fluidization

(excluding the internals), cm3

Additives feed rate, gms/sec

Weight of bed materials, gms

Weight of bed materials calculated, gms
Coal feed rate as rcceived basis, gms/sec

Solids withdrawal rate, gms/sec
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FORTRAN Mathematical - Description

Symbol Symbol )

WELUA = Solids (excluding char) elutriation
rate, gms/sec

WwW ' B Defined by Equation (V.3)

XA - Ash content in coal, gm ash/gm coal

XC - Carbon content in coal, gm carbony

gm coal {d.b.)

XCAQ - Calcium oxide content in limestone,
gm Ca0/gm limestone

XCF - Fixed carbon content in coal, gm
carbon/gm coal {(d.b.)

XCco2 - Carbon dioxide content in limestone,
gm C02/gm Limestone

XCV - Volatile carbon content in cosal,
gm carbon/gm coal (d.b.)

XH - Hydrogen content in coal, gm
hydrogen/gm coal (d.b.)

XMGO - Magnesium oxide content in limestone,
gm MgO/gm limestone

XN - Nitrogen content in coal, gm nitrogen/
gn coal (d.b.)

X0 - Oxygen content in coal, gm oxygen/
gm coal (d.b.)

XS - Sulfur content in coal, gm sulfur/
gm coal (d.b.)

Xs102 - Silicon dioxide content in limestone,
gm Si0,/gm limestone

W - Moisture content in coal as received basis,
' gm HZO/gm coal

ZB {SEE DESIGN)

ZHE (SEE DESIGN)
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SUBPROGRAM AKAD

FORTRAN Mathematical
Symbol Symbol
ALIME Ag
AKAD kvﬂ
DP d
P
DP1
DP2 -
Dp3
FS fE
FB -
RR -
RB -
RC -
SG s
g
T T
AKCO2 -
AKF kcf
AKFCO2 -

Description

Reactivity of lime

Overall volume reaction rate constant
for limestone 802 Teaction, 1l/sec

Particle diameter, cm

Specified particle diameter for which
the limestone reactivity is given, cm

Fractivnal conversion of limestone
Limestone reactivity (given)

Mean reactivity of limestone particles
of size, DOP1

Mean reactivity of limestone particles
of size, DP2

Meah reactivity of limestone particles
of size, DP3

Effective specific surface area of
limestone, cm?/gm

Temperature in the bed, °K

SUBPROGRAM AKK

Overall rate constant for C-CO

. 2
reaction, cm/sec

Gas film diffusion rate constant for
0,; gn/cm?.sec-atm

Gas film diffusion rate constant for
COZ’ gm/cmz-sec-atm



FORTRAN

Symbel

AKRCOZ

AKR

AKS

COND

BC

DTS

EM

ETS

ETSMAX

PHI

RG

SIGM

TAV

TP

Ya2

Mathematical
Symbeol

k
o,
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Description

C-CO2 chemical reaction rate constant,
cm/sec

Overall rate constant for char
combustion, cm/sec

Chemicdl reaction rate constant for
char combustion, cm/sec

Thermal conductivity of the gas, cals/
sec.cm-°C

Molecular dlffu51v1ty for O o=N2, cm /
sec; for CO3-N,, cm 2/sec

Diameter of char particle, cm
Increment in temperature, °K
Emissivity of the char particle

Difference between assumed and calculated
temperatures, °K

Tolerance limit for temperature
convergency, °K

Atomic weight of carbon, gms/gatom
Pressure in the combustor, atm
Mechanism factor for char combustion
Heat of combustion of char, cals/gm char
Gas constant, 82.06 atm. cm3/gmole.°K
Stefan-Boltzman constant, cal/s.cm2.°K4
Temperature in the bed, °K

Mean temperature in the boundary layer
of the particle, °K

Char particle temperature, °K
Mole fraction oxygen

Defined by Equation (V.16)



FORTRAN

Symbol

ATB
ATI

DTI

PI

RI

ZB

Z1

AKF
AKR
AKS

COND

DC
DTS

EM

Mathematical
Symbol

Hl
oo

SUBPROGRAM AREA

cf

Description

Bed cross sectional area at ‘height ZB
above the distributor, cm?

Bed c¢ross sectional area at height ZI
above the distributor, cm?

Diameter .0f the combustor .at height
Z1 sbove the distributor, cms

Number of locations along the combustor
where the cross sectional areas are
specified.

3.14159265

Radius of the combustor at height ZI
above the distributor, cms

Height above the distributor at which
the cross sectional area is specified,

Cms-

Height above the distributor, cms

SUBPROGRAM ATTR

.Gas film diffusion rate constant,
gm/cm? sec.atm

Overall rate constant for char
combustion, cm/sec

Chemical reaction rate constant for
char combustion, gm/cm?.sec.atm

Thermal conductivity of the gas, cals/
sec.cm.°C

Molecular diffusivity for 02-N2 cmz/sec
Diametexr of the char particle, cm
Increment in temperature, °K

Emissivity of the char particle

&
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FORTRAN Mathematical Description
Symbol Symbol
ETS - Difference between assumed and calculated

temperatures, °K

ETSMAX - Tolerance limit for temperature
convergency, ‘K

MC ‘ Mc Atomic weight of carbon, gms/gatom
P - Pressure in the combustor, atm
PHI o] Mechanism factor for char combustion
Q - Heat of combustion of char, cals/gm char
RG Rg Gas constant, 82.06 atm.cms/gmole-°K
RHOCCH pc’ch‘ Density of carbon in chér, gms/cm3
RKI - Size reduction constant for char
(due to combustion), 1/sec
SIGM o Stefan-Boltzman constant, cal/s.cmz.l{4
T T Temperature in the bed, °K
TAV Tm Mean temperature in the.bound%ry layer
layer of the char particle, °K
TB tb Burning time of a char particle, sec
TP T, Char particle temperafure, °K
Y02 - Mole fraction oxygen
Z P Defined by Equation (V.16)
SUBRQUTINE CRRECT
19):4 - Increment in the variable, x
E - Difference between the assumed and
calculated values of the variable, x
EMAX - Tolerance limit for convergency
El - Value of E in the iteration, I

E2 - Value of E in the iteration, I+1



FORTRAN
Symbol

I

INDX

X1

X2

Al,AZ,A3,A4

ABED

AHE'

AND

ATB

DBED

DNZL

DTUBE

DVB
DVBEFF
DZAV
FD

FFAD

182

Mathematical Description
Symbol

- Iteration or step number
- Indicator for convergency interval

- Variable for which the assumed and
calculated values should be equal

- Value of x in the iteration, I

- Value of x in the iteration, I+l

SUBPROGRAM DESIGN

]

Alphanumeric characters

At Cross sectional area of the combustor,
cm?

aup Specific heat transfer area of the
tubes, cmZ/cm> FBC volume

ny Number of orifices in the distributor

~ Bed cross sectional area at height
ZB above the distributor, cm

Dt Diameter of the combustor, cm

- Diameter of orifice holes in the
distributor, cm

ﬁo Diameter of cooling tubes, cm

- Volume of each coﬁpartment based on
DZAY, cm3

- Volume of each compartment excluding
the tubes, cm3

- Average compartment size used in
design calculations, cm

- Fraction of solids withdrawn from the
bed at each location

- . Fraction of total additives fed at
each location



FORTRAN
Sxmbol
FFC
FSW

FW

TARR
MDIS
MFEED

MI'B

MTHE

NTC

PI

PH

PV

A

ZDIS

ZF

ZHE

BB

Mathematical
Symbol

SW
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Description
Fraction of total coal fed at each

location

Fraction of wake solids thrown into
the freeboard

Ratio of wake volume to the-bubble
volume including the wakes

Tubes arrangement code
No. of solids withdrawal locations
No. of solids feed locations

No. of locations along the combustor
where the cross sectional areas

are specified

No. .of locations of cooling tubes

Total number of compartments in the
combustor using DZAV + 1

3.14159265

Horizontal pitch distance between
the tubes, cm

Vertical pitch distance between the
tubes, cm

Height above the distributor at which
the cross sectional area is specified,
cms

‘Locations of solids withdrawal ports, cms

Locations of solids feed ports, cms

Locations of cooling tubes, cms

SUBPROGRAM ELUT

Weight of bed material of x th size
fraction, gms



FORTRAN.
Symbal

CBED.

CBEDC
CGHAR
CELU

CENT
cU

DCSE
nesve
DCWE
DCWMB

DETC

DP

DPSE

DRSVB
DPWE
DPWMB

DWDIS

Mathematical
Symbol

ch
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Description

Weight of char in the bed, gms

Weight of char in the bed (calculated),
gms

Carbon content in char, gm carbon/gm
char

Char elutriated from the combustor,
gms/sec

Char entrained in the freeboard, gms/sec
Fraction finer than size, dy

Surface volume mean diameter of char
particles in the freebcard, cm

Surface volume mean diameter of char
particles in the bed, cm

Weight mean diameter of char particles
in the freeboard, cm

Weight mean diameter of char particles
in the bed, cm

Increment in combustion efficiency

Mean diameter of the particles of
x th size fraction, cm

Surface volume mean particle diameter
of additives entrained in the freeboard,
cm

Surface volume mean particle diameter
of additives in the bed, cm

Weight mean particle diameter of additives
entrained in the freeboard, cm

Weight mean particle diameter of additives
in the bed, cm

Increment in the solids withdrawal rate,
gms/sec



FORTRAN

Symbo 1

E

EETC

EMF

ENTA

ENTC

ERR

ETCA

ETCC
EWB

FCE

FFI

FO

FRA

FRACTA

FRACTC

FRAEL

FRAEN

Mathematical
Symbol

Ex

mf
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Description

Elutriation rate constant, gm/sec

Tolerance limit for combustion
efficiency convergency

Veid fraction at minimum fluidization

Entrainment rate of additives of xth
size fraction in the freeboard, gm/sec

Entrainment rate of char of x th size
fraction in the freeboard, gm/sec

Difference between assumed and calculated
combustion efficiencies

Assumed combustion efficiency
Calculated combustion efficiency
Tolerance limit for bed height convergency

Weight fraction of char particles of x th
size fraction entrained

Proportion of total abrasion fines in the
x th size fraction

Solids entrainment rate at the bed surface
of x th size fraction, gms/sec

Weight fraction of bed materials in the
x th size fraction

Weight fraction of additives feed of
x th size fraction

Weight fraction of coal feed of x th
size fraction

Weight fraction of additives of x th
size fraction elutriated from the
combus tor

Weight fraction of additives of x th
size fraction entrained in the freeboard
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Symbo1

FRG

BSC

ESW
FW

GELOW

HB

HFB
HLF
HLME
MGAS

MTB
- NDP
Pl
P2

PAV

PFA
Q1

Q2

RCHAR

‘Mathemgtigax

Symbol

ch

Description
Weight fraction of char particles of
x th size fraction in the bed
Fraction of solids in the cloud region

Fractlon of wake sollds thrown into
the freeboard

Volume fraction of wake to bubble
(including wakes)

Gas flow rate, gms/sec

Height above the bed surface, cms
Freeboard heighf, cm

Expanded bed height, cm

Bed height at minfmum fluidization, cm

‘Molecular weight of gas, gms/gmole

No. of locations along the combustor
where the cross sectional areas are
specified

Number of size fractioms

Proportion of fines recycled to the bed
from the primary cyclone

Proportion of'fines recycled to the bed
from the secondary cyclone

Average pressure of the FBC, atm

Gain of fines in the x th size fraction
due to abrasion, gms/sec

" Collection efficiency of the primary

cyclones for the x th size fraction

Collection efficiency of the secondary
cyclones for the x th size fraction

Eﬁtrainment rate of particles of size
dx, gms/sec

Char produced per unit gm of coal fed
gm/gm
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Symbo}

RG
RHOAD
RHOBED
RHOCCH
RHOCH
RHOGAS
RK

RKI
RT

TAV
TB

TDH

TDHC
UMF

uo
UTA
UTC

VISC

VMF

W

Mathematical
Symbol

R
4

Py

pc,ch

pch

TDH

TDH

Umf

W
x
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Description

Gas constant, 82.06 atm.cmsfgmole-°K
Dénsity of additives, gm::'./(:m:5
Density of bed materials, gms/cm3
Density of carbon in char, gms/cm3
Density of char, gms/cm3

Density of gas, gms/cm3

Attrition rate constant, 1/cm

Size reduction constant for char (due
to combustion), 1l/sec

Residence time of solids in the free-
board, sec

Mean bed temperature, °K
Burning time ‘of a char particle, sec

Transport Disengaging Height, cm;
if TDH > HFB, TDH = HFB

Transport Disengaging Height, cm

Minimum fiuidization velocity, cm/sec

. Superficial gas velocity at the bed

surface, cm/sec

Terminal velocity of additive particles
of size dy, cm/sec

Terminal velocity of char particles of
size dy, cm/sec

Viscosity of gas, gm/cm.sec

Bed volume at minimum fluidization
(excluding the internals), cmd

Rate of transfer of particles from
size fraction x to fraction x+l
by size reduction, gms/sec



FORTRAN
Symboil.

WAD
WEB:

WBC.

WCOAL.
WDIS

WEA
WEC
WELUA
WF

WTF

XAV

Y02

ZB

AKC
AKCO2Z

AKP

Mathematical
Symbol

k!
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Description

Additives. feed rate, gﬁs/sec
Weight of bed materials, gms

Weight of bed materials calculated,
gms.

Coal ' feed rate, gms/sec
Solids. withdrawal rate, gms/sec

Additives entrainment rate in the
freeboard, gms/sec

Char entrainment rate in the
freeboard, gms/sec

Solids (excluding char) elutriation
rate, gms/sec

Solids feed rate of x th size fraction,
gns/sec

Feed rate of (limestone + ash in coal)

Ash content in ceoal, gm ash/gm coal

Weight fractiom carbon in the bed
(average), gm carbon/gm bed
material .

Mole fraction oxygen
Height above the distributor at which

the cross sectional area is specified,
cms

SUBPROGRAM FBC

Overall rate constant for char combustion,
chy/sec

Overall rate constant for C—CO2 reaction,
cm/sec

Defined by Equation (VI.32)
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FORTRAN Mathematical Description
Symbol Symbol
COB - Carbon monoxide burnt in each compart-

ment, gmole/sec

Covs - CO produced during volatiles combustion,
gmole \CO/gmole volatiles

CO2VB - CO0, produced during volatiles combustion,
gmole COp/gmole volatiles )

DCSVE d Surface volume mean diameter of char

ce N .

particles in the freeboard, cm

DVBB - Volume of each compartment, cm3

DYQO - Increment in 02 mole fraction

ER - Difference between assumed and calculated

O2 concentrations, mole fraction

ETUBE € ube Volume fraction of tube in each compart-
ment

EYO - Tolerance limit for 02 concentration
convergency

FMO EMT‘ Total molar flow rate of gas in the
combustor, gmole/sec

. . 2

G £ Acceleration due to gravity, cm/sec

GB gg Volatiles burning rate in the bubble
phase, gmole/sec

GE 8 Volatiles burning rate in the free-
board, gmole/sec

NC - No., of charaparticles in the freeboard

PAV P Average pressure in the combustor, atm

"PHIB ¢B Mechanism factor in the freeboard

PI 4 3.14159265

RG Rg Gas constant, 82.06 atm.cms/gmole.°K

RVGAS - Volatiles released during devolatilization

per unit gm of coal, gmole volatiles/
gm coal



EQRTRAN Mathematical
Symbo Symbol
T T
TAVB TB
X02 X

%2
YCO YGG
¥CO0 -
YC02 -
YH2(Q YH 0

2

Y0 Yo
YOC -
YOO -
YV Yv
YVO -
A -
AA -
AKB kc,B
AKBE KBE
AKCOZ -
AKE kc,E

Temperature,

Deseription

°K

‘Mean temperature in the boundary layer

of the char particles in the free-

board, °K

Oxygen required for partial combustion
of volatiles, gmole Oz/gmole volatile

Mole fraction

Mole fraction
compartment

Mole fraction
compartment

Mole fraction
Mole fraction
Mole fraction

Mole fraction
compartment

Mole fraction

Mole fraction
compartment

SUBPROGRAM GPB

Co

CO in the bottom

CO, in the bottom

2

H,0

oxygen

pxygen calculated

exygen in the bottom

volatiles

volatiles in the bottom

Matrix coefficients

Matrix coefficients

Overall rate constant for char
combustion in bubble phase,

cm/sec

Gas exchange coefficient, 1l/sec

Overall rate constant for CuCO2
reaction, cm/sec

Overall rate constant for char
combustion in emulsion phase,

cm/sec

190
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FORTRAN Mathematical Description
Symbol Symbol

AKP k Defined by Equation (VI.24)
AMODF a_ Defined by Equation (VI.12)

B - Matrix coefficients

BB - Mtrix coefficients.

COB - Carbon monoxide burnt in each

compartment, gmole/sec

cov - CO released during devolatilization
per mole of volatiles released,
gmole CO/gmole volatiles

covs - €0 produced during volatiles combustion,gmole CO/
gmole/volatiles
cozv - COé released during devolatilization
per mole of volatiles released, gmole
COz/gmole volatiles

COZVB - CO7 produced during volatiles combustion,
gmole COZ/gmole volatiles

DVBB - Volume of each compartment, cm3

DYE - Increment in oxygen concentration

in emulsion phase, mole fraction

e

EMAX - Tolerance limit for oxygen concentration
convergency

EMF Enf Void fraction at minimum fluidization

EPB €3 Bubble fraction

EPC €. Cloud fraction including bubble

FBM FBM Molar flow rate of gas in the bubble
phase, gmole/sec

FBMO - Molar flow rate of gas in the bubble
phase in the bottom compartment,
gmole/sec

FEM FEM Molar flow rate of gas in the

~emulsion phase, gmole/sec

FEMO - Molar flow rate of gas in the emulsion
phase in the bottom compartment,
gmole/sec ’
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GB &y
Gg 8
PAV. P
PHIE 95
RG R

g
RVGAS -
T T
TAVB TB
TAVE 'I‘E
VPROD -
X X
X0z X

0,
X02C X

Oz,c
YB YB
YRO -
YCOE YE,CQ
YCOED -
YCOZ2B YB,COZ
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Description
Volatiles burning rate in the bubble
phase, gmole/sec

Volatiles burning rate in the emulsion
phase, gmole/sec

Average pressure in the combustor, atm.
Mechanism factor in the emulsion phase

Gas constant, 82.06 atm.cms/gmole.°K
Volatiles released during devolatilization
Egzlunit gm of coal, gmole volatiles/gm

Temperature in the bed, °K

Mean temperature in the boundary layer of
the char particles in the bubble phase, °K

Mean temperature in the boundary layer of
the char particles in the emulsion phase,’K

Volatiles released in each compartment,
gmole/sec
\
Weight fraction carbon in the bed

Oxygen required for partial combustion of
volatiles, gmole Oz/gmole volatiles

Oxygen required for complete combustion of
volatiles, gmole Op/gmole volatiles

Mole fraction oxygen in the bubble phase

Mole fraction oxygen in the bubble phase
in the bottom compartment

Mole fraction CO in the emulsion phase

Mole fraction CO in the emulsion phase
in the bottom compartment

Mole fraction CO, in the bubble phase

Mole fraction CO, in the bubble phase
in the bottom compartment



YCOZE

YCOEQ

YE

YEC

YEQ

YH20

YVE

YVEQ

AKB
AKBE

AKE

DVBEB
EPB
EPC
ETUBE

FBM

FBMOD

FEM

FEMO

EM
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Mole fraction CO2 in the emulsion phase

Mole fraction GO, in the emulsion phase
in the bottom compartment

Mole fraction oxygen in the emulsion
phase

Mole fraction oxygen calculated

Mole fraction oxygen in the bottom
compartment

Mole fraction HZO

Mole fraction volatiles in the emulsion
phase

Mole fraction volatiles in the emulsion
phase in the bottom compartment

SUBPROGRAM GPHASE

Reaction rate constant in bubble phase
Gas exchange coefficient, 1l/sec

Reactlon rate constant in emulsion phase

Defined by Equation (vI,12) for NOx reduction
reaction; = (l—emf) for 802 absorption
reaction

Volume of each compartment, cm3

Bubble fraction

Cloud fraction including bubble

Volume fraction of tubes in each compartment

Molar flow rate of gas in the bubble phase,
gmole/sec

Molar flow rate of gas in the bubble phase
in the bottom compartment, gmole/sec

Molar flow rate of gas in the emulsion
phase, gmole/sec

Molar flow rate of gas in the emulsion
phase in the bottem compartment, gmole/sec
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GENB

GENE

PAY
T

T8
TE

YBO

YB1

YEO

YE1

ATB
ATI
DT
- MIB

PI

"RI
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Description
80, or N0 release rate in the bubble
pﬁase, giole/sec

S0, er NOx release rate in the emulsion
PﬁESe, ghole/sec

Average pressure in the combustor, atm
Gas constant, 82.06 atm.cmslgmole.PK
Temperature in the bed, °X

Mean temperature in the boundary ilayer
of the particles, °K

Mean temperature in the boundary layer
of the particles, °K

Gas concentration in the bubble phase
in the bottom compartment, mole
fractien

Gas concentration in the bubble phase,
mole fraction

Gas concentration in the emulsion phase
in the bottom compartment, mole
fraction

Gas concentration in the emulsion phase,

mole fxaction

SUBPROGRAM HAREA

Bed cross sectional area at height ZB
above the distributor, cm

Bed cross sectional area at height ZI
above the distributor, cm?

Diameter of the cowbustor at height ZI
above the distributor, cm

Number of locations along the combustor
where the cross sectional areas are
specified

3.14159265

Radius eof the combustor at height ZI
above the distributor, cms
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FORTRAN Mathematical Description
Symbol Symbol
ZI - Height above the distributor, cms

-

SUBPROGRAM HEIGHT

DBVEFF - Volume of each_compartment excluding
the tubes, cm3

DZAV - Average compartment size used in
design calculations, cm

HEIGHT - - Height above the distributor, cm
HT - " Height above the distributer, cm
NTC - _ Total number of compartments in the

combustor using'DZAV + 1

vV - Volume of bed (excluding tubes) at
any height, cm3

SUBPROGRAM HYDRO

AHE Ak Spec1f1c heat transfer area of the tubes,
cm?/ em® (DESIGN input) FBC volume

AHEAV ap Specific heat transfer area of the tubes in
each compartment, cm /cm3 FBRC volume

AKBE ‘ Kpg Gas exchange coefficient, 1/sec

ALFB ab =€ ¢ B/Umf

AND ny Number of orifices in the distributor

AT At Cross sectional area of the bed, cm2

ATAV - Average cross sectional area used in
calculations for each compartment

BEDVOL . § Total bed volume, cm>

DBA - Bubble diameter in each compartment

assumed, cm

DBAV DB‘ Bubble diameter in each compartment, cm
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" EORTRAN: Mathematical Description

Syrnibol Symbol

DB - Bubbld diameter {calculated), cm-

DBMAX. ﬁBM Fictitious maximum bubble diameter, cm

DBO Dao Bubbte diameter at the distributor level,
“em

DB - In¢rement in bubble size, <m

"DPSVB - . Surface volume mean particle diameter

of additives in the bed, cm
bT _ D ‘ " Diameter of the combustor, cm

. DTAV - . Average diameter used in calculations
’ for each compartment

- DTUBE dg Diameter of cooling tubes (DESIGN input),
o cm
DTUBEF - Diameter of cooling tubes in each
compartment, cm
_ DVBB - Volume of each compartment, en®
'bVBBFF, . -~ Volume of each compartment (excluding
the tubés), cm ’
EFFVOL - Volumé of the bed (excluding the tubes},
em’d
EMAX ~ ) Tolerance limit for bubble diameter
convergency
EMF E ¢ Void fraction at minimum fluidization
- ‘EPB = Bubble fraction
_EPC. €, Cloud fraction including bubble
“ETUBE € ube Volume fraction of tubes in each
compartment
. FMO Fyr Total molar flow rate of gas in the

combustor, gmole/sec

:é g Acéelaration due to gravity, cm/sec2
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H
HAV
HB

HCR

HFB
HLF
IARR

IARRNG

ICR
IFBC

LAST

MGAS

MTHE
M1
PAV

PH
PHI
PV

PVI
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Description

Height above the distributor, cms

‘Average height of the compartment, cms

Height above the bed surface, cm

Critical -bed height above which there
is a fixed bed section, cm

Freeboard height, cm
Expanded bed height, cm
Tubes arrangement code (DESIGN input)

Tubes arrangement code in each
compartment

Indicator for critical bed height
Indicator for fixed bed section

Indicator for the last compartment
in the bed

Number of compartments in the bed
Molecular weight of gas, gms/gmole
Total number of compartments in FBC + 1
No. of locations of cooling tubes

M+ 1

Average pressure in the combustor, atms

Horizontal pitch distance between the
tubes (DESIGN input), cm

Horizontal pitch distance between the
tubes in each compartment, cm

Vertical pitch distance between the tubes
(DESIGN input), cm

Vertical pitch distance between the tubes

in each compartment, cm
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'FORTRAN ~ Mathematical Description

“Symbol Symbol
%Gﬁ Rg Gas constant, 82.06 atm.cm3/gmole.°K
EEHOQED Py Density of bed materials, gm/cm3
EBH@GAS pg Density of gas, gm/cm3
'éﬁM. - Height that would be occupied by
solids alone in each compartment, cm
?EGQEF? - Effective vglume of bed (solids volume
. alone), cm
SU@V‘ - . Volume of bed, cm3
EﬂbLV@L - Volume of solids in each compartment
L (including voids), cm3
T T Temperature in the bed, °K
" 'TETUBE - Total volume fraction of tubes in
the bed
UB UB Bubble velocity, cm/sec
UBR - Bubble rising velocity, cm/sec
.UBS - Bubble rising velocity under slugging
conditions, cm/sec
UMF Umf Minimum fluidization velocity, cm/sec
uo ‘ U, Superficial gas velocity, cm/sec
VISC u Viscosity of gas, gm/cm.sec
VMF - Bed volume at minimum fluidization
: (excluding internals), cm”™
X X Weight fraction carbon in the bed
‘YB YB Mole fraction oxygen in the emulsion phase
ZHE - Locations of cooling tubes, cm
SUBPROGRAM VEL
- DPAR d Particle diameter, cm
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REP
RHOGAS

RHOS

uT

VISC

DVBEFF

DZAV

VOLUME
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Description

Acceleration due to gravity, cms/sec2
Particle Reynolds number

Density of gas, gm/cm3

Density of solids, gm/crfi3

Minimum fluidization velocity,
cm/sec

Terminal velocity of the particle,
cms/sec

Viscosity of gas, gm/cm.sec

SUBPROGRAM VOLUME

Volume of each_compartment excluding
the tubes, cm

. Average compartment size used in design
calculations, cm

Volume of bed gexcluding-tubes) at any
height ZZ, cm

Height above the distributor, cms



