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ABSTRACT

A model of an atmospheric fluidized-bed combustor of coal was developed
to account for combustion in both the bubbling-bed and freeboard regions.
The bubbling bed was modeled by the method of Louis and Tung, while the
freeboard model assumed undispersed gas and solid phases. Comparison of
feed, bed, and elutriant particle-size distributions obtained from the
model indicated realistic qualitative predictions. Parametric sensitivity
analyses with respect to bed temperature, superficial velocity, and coal
feed rate indicated physically realistic trends. Inclusion of the free-
board region slightly increased predicted combustion efficiencies but led
to values which exceeded those reported from the Babcock and Wilcox facil-
ity. On the other hand, the model underpredicted those values when the
freeboard was excluded. The main weakness of the present model results

from dependent inputs which must be calculated a priori to maintain con-
si stency.
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1. INTRODUCTION

Atmospheric fluidized-bed combustors (AFBC's) of coal are being recog-
nized as attractive alternatives to conventional boilers. Due to high heat-
generation rates and high heat-transfer coefficients, these reactors are
energetically efficient. In addition, high-sulfur coals can be burned with-
out unacceptable SO2 emissions by controlling the loading of limestone or
dolomite, while NO*, formation is inhibited by the low temperature of com-
bustion (40. The Tow requirement of excess air is a further advantage. In
view of these merits, significant effort is being directed toward bringing
this technology to commercial application.

The AFBC consists primarily of a reactor vessel and auxiliary equipment
for the recycle of fines (Fig. 1). Water is passed through heat exchangers
to produce steam in both the bed and freeboard region of the combustor.
Crushed, screened coal and limestone are pneumatically conveyed in air to
the bottom of the vessel. Preheated air in excess of stoichiometric amount
is blown through a bubble-cap distributor to fluidize the solid particles.

The combustion chamber may be divided into three regions corresponding
to different hydrodynamic regimes. In the "grid" region at the base of the
reactor, the volatile matter near the surface of the coal particles is
burned rapidly. The bubbling bed is formed above the grid where a dense
emulsion phase is agitated by the rising bubbles. Most combustion of car-
bon is believed to occur in this region. As coal particles become smaller,
their transport velocity becomes less than the superficial velocity of the
air, and they are elutriated into the 'freeboard' region. Solids may also
leave the bed by overflow. Any solids which are not consumed in the free-
board are separated from the flue gas by a cyclone separator and are then
recycled for further combustion.

Previous studies of AFBC's have included sophisticated models developed
by the MIT Energy Laboratory (6) and Oak Ridge National Laboratory (unpub-
lished work). Most models neglect combustion in the freeboard, although a
recent study by Yates and Rowe indicated the importance of this region in
fluidized catalytic processes (jl). It was suggested to the authors that
the contribution of the freeboard to the overall performance of an AFBC
might also be quite significant C3). Therefore the objective of this pro-
ject was to develop a simple model which considered combustion in both the
bubbling-bed and the freeboard regions.

The approach taken is summarized by the flow diagram in Fig. 2. First,
a submodel was formulated to calculate combustion efficiency in the bubbling-
bed region from specified input data. Another submodel was then formulated
for the freeboard, and the two were incorporated to predict the overall
combustion efficiency of the AFBC. Sensitivity analyses were conducted
on both the bubbling-bed and the overall models to assess behavior with
respect to selected input parameters. Predicted results were compared
with experimental data from the Babcock and Wilcox 6'x6' pilot facility QJ.
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2. MODEL OF THE FLUIDIZED-BED COMBUSTOR

2.1 Overall Structure of the AFBC Model

A conceptual model of the AFBC is presented in stages for the bubbling-
bed and freeboard regions (Fig. 3). The major input parameters included
characteristics of the solid and air feeds (Table 1 in Sect. 2.2), while
the outputs from the model primarily included characterization of solids
in both the overflow and the flue-gas streams. From these parameters,
the combustion efficiency was calculated.

For simplicity, the recycle of fines was ignored. In addition, many
simplifying assumptions were made for the hydrodynamics in the combustor.
These are explained in the following sections.

2.2 Bubbling-Bed-Region Submodel

We based the bubbling-bed submodel on the work of Louis and Tung (6J,
who modeled this region as two phases. Bubbles which rise through the bed
and agitate the emulsion phases were assumed to be in plug flow, while the
emulsion phase itself was treated as a continuous stirred tank. The growing
bubbles were approximated by an intermediate bubble size of diameter equal
to the tube spacing of the heat exchanger. Since all coal particles are
in the dense phase and since previous investigators believe that combus-
tion occurs primarily at the surface of the particles (2J, we assumed that
the combustion reaction occurred only in the emulsion phase.

The interactions of all the physical phenomena considered in this
model are illustrated in Fig. 4. At the center of the bubbling-bed sub-
model is the mass balance proposed by Kunii and Levenspiel, who treated
particle shrinkage over a wide particle-size distribution of feed (5). The
overall mass balance accounts for coal burned in the bed, transported in
the overflow, and carried over by elutriation. A differential mass balance
which accounts for shrinkage in and out of particle-size intervals is inte-
grated over the particle-size distribution and is incorporated into the
overall mass balance.

Correlations from the literature were used to model particle-size
distribution, particle shrinkage, and elutriation. A modified Rosin-
Rammler distribution function (8) was fitted to sieve-analysis data of
Babcock and Wilcox (]_), which contained a wide range of particle sizes to
characterize the coal feed (see Appendix 7.3.1). Particle shrinkage de-
pends on both attrition and combustion. Attrition can result from thermal
effects as well as from collisions of particles with one another and with
heat-exchanger tubes. The phenomena were modeled by using a Merrick-
Highley correlation (see Appendix 7.1). The rate of combustion is a
function of the oxygen concentration in the emulsion phase, the rate of
oxygen diffusion to the surface of the particle, and the rate of surface
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reaction. Beer (3) developed an expression for shrinkage rate which we
incorporated into the present model. Elutriation occurs when the required
transport velocity of the shrinking particle becomes less than the super-
ficial gas velocity. We also used the Merrick-Highley (7j correlation to
treat this process (Appendix 7.1).

The inputs and outputs of the bubbling-bed submodel are listed in
Table 1. Detailed calculations of the input parameters, which may be
found in Appendix 7.3.2, correspond to Babcock and Wilcox pilot-plant
operation.

Table 1. Input and Output Parameters of the Bubbling-Bed Submodel

Inputs: bed dimensions
coal feed rate and size distribution
coal composition
air feed rate
air superficial velocity
bed temperature
physical properties Of coal and gas

Outputs: elutriant particle-size distribution
overflow rate

2.3 Freeboard Submodel

The extent of the combustion of the coal particles elutriated from
the bubbling bed is calculated in the freeboard submodel. The inputs and
outputs of the submodel are shown in Table 2, and a detailed derivation
of the mathematics is given in Appendix 7.2.

Table 2. Input and Output Parameters of the Freeboard Submodel

Inputs: elutriant particle-size distribution
physical properties of coal and gas
coal composition
bed temperature
temperature at freeboard heat exchanger
freeboard dimensions

Outputs: extent of combustion in the freeboard

We assumed that all particles in the freeboard were transported without
backmixing at the same velocity. The oxygen concentration can be considered



constant, because the volume of gas in the freeboard is large relative to
the amount of combustion occurring there. The particle-combustion model
is identical to the one used in the bubbling-bed region (Appendix 7.1).
The rate of particle shrinkage is considered only as a function of temp-
erature, oxygen concentration, and particle radius. These parameters can
describe the particle in the freeboard environment as well as in the
emulsion phase of the bubbling bed. Because the number of particles in
the freeboard is low relative to the volume, there is little interaction
between particles,and attrition may be neglected. The interaction between
the segments of the freeboard submodel are shown in Fig. 5.

3. RESULTS AND DISCUSSION

3.1 Model Predictions of Particle-Size Distributions

By using the input data shown in Table 3, model predictions of bed
and elutriant particle-size distributions were compared,with the feed dis-
tribution (Fig. 6). The feed contained a wide distribution with an average
particle radius of 431 umn. The bed distribution, with an average radius
of 141 ym, was more sharply peaked and skewed toward the y-axis. Elutriated
particles were nearly uniform at a radius of 23.5 ym. The results seem
physically cogent since particles shrink in the bed until they are elu-
triated as fines. No experimental data were available to confirm these
predict!' ons.

Table 3. Input Parameters - Base Case

Air feed rate 2.264 kg/s
Coal feed rate 1.084 kg/s
Bed height 122 m
Bed temperature 1144 K
Superficial velocity 25 m/s
Excess air 0.18

Void fraction in bed 0.45

Bed weight 3500 kg

In the freeboard region of the model, the mean-particle radius was
monitored as a function of height in the freeboard (Fig. 7). The mean-
particle size was reduced dramatically with height, which indicated that
the freeboard significantly contributed to particle shrinkage.
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3.2 Sensitivity Analysis

The combustion efficiency predicted by the model was tested for sen-
sitivity with respect to three input parameters: gas temperature, gas
superficial velocity, and coal feed rate. Input parameters which were
representative of the Babcock and Wilcox combustor operation were selected
for a base case around which the test parameters were individually varied.
All cases were run both with and without the freeboard submodel to isolate
its effects on the combustion efficiency prediction. Experimental data
from Babcock and Wilcox pilot plant (J) were compared with the model pre-
dictions.

The present structure of the model does not guarantee internal con-
sistency because it is possible to specify physically intractable combi-
nations of inputs. The interdependencies of input parameters for which
the model does not account are shown in Table 4. For the sensitivity
analysis, input parameters were varied in ranges where the interactions
should not seriously affect model performance. Coal feed rate is the
most independent parameter. The superficial velocity only shows the rela-
tive influence of the freeboard model; an absolute comparison of the curves
may not be valid because u0 was varied independently. Finally, the insen-
sitivity of the model to temperature suggests the need to account for input
interactions.

Table 4. Input Parameter Interaction Not Considered in Model

Molar
Volumetric Expanded Density of
Air Flow Bed Gas Incoming
Rate Height  Temperature Air
Volumetric air flow rate X
Gas temperature X X
Mass density of incoming air X X
Gas diffusivity X
Gas viscosity X
Superficial velocity X X X X
Amount of excess air X
Height of freeboard X

The sensitivity of combustion efficiency to gas temperature, which
was varied between 1000 and 1300 K, is shown in Fig. 8. W.ithout the in-
clusion of combustion in the freeboard, a slight linear increase in effici-
ency was approximately constant at 0.943. Higher temperatures decrease
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particle burning time, which decreases elutriation and increases efficiency.
The freeboard model has a dampening effect on the elutriation term, which
accounts for the nearly constant efficiency with the freeboard.

These variations are very small because the present model only accounts
for the kinetic effects of temperature, while it ignores variations in
physical properties. For example, increasing temperature and decreasing
density will increase superficial velocity, bubble size, and bed height.
Elutriation will also increase, with a negative effect on efficiency.
However, the larger bed height and bubble size should enhance the avail-
able oxygen concentration, which would result in higher efficiency. The
net effect on combustion efficiency may be either positive or negative.

The relationship between bed combustion efficiency and superficial
velocity is shown in Figure 9. When freeboard combustion
was neglected, the model predicted a sharp drop in efficiency with in-
creasing velocity, as would be expected, since elutriation varies directly
with superficial velocity. However, inclusion of the freeboard model
resulted in a linear increase in efficiency. The highly efficient model
for freeboard combustion simulated burning above the bed of most of the
elutriant. Higher superficial velocity also reduces carbon loading in
the bed, which increases efficiency. Thus, the net effect on combustion
efficiency is positive rather than negative. This result may indicate
that the freeboard combustion model is too efficient.

Freeboard combustion increased total combustion by about 4% over the
entire range of coal feed rates introduced to the model (Fig. 10). In
addition, the extent of combustion increased with increasing coal feed
rates. Solid loading of the bed increases less than proportionately with
coal feed rate. Since elutriation and overflow rates are direct functions
of carbon loading, they will increase less than proportionally, which
causes combustion efficiency to increase. This effect becomes more pro-
nounced at higher feed rates. In practice, these curves would be limited
by oxygen availability and bed volumetric capacity. The steeper slope
predicted by including the freeboard model is due to highly efficient
freeboard combustion; thus, the effect of increased elutriation is coun-
teracted.

The experimental data do not manifest discernible variations since
pilot-plant operating parameters were kept relatively constant and combus-
tion efficiency varied over a small range. While our model predictions
ranged from 0.60 to 0.94 without the freeboard and 0.89 to 0.99 with the
freeboard, the Babcock and Wilcox data fall between 0.94 and 0.97 and
consistently between the two model curves. Again, this result may indi-
cate an excessively efficient freeboard routine.

4. CONCLUSIONS

1. Our model predictions of combustion efficiency are close to data
obtained from the Babcock and Wilcox pilot plant.
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2. The freeboard model slightly increases the prediction of combustion
efficiency.

3. The experimental data lie between predictions made with and with-
out the freeboard. Therefore, the freeboard model efficiency predictions
are too high.

4. Calculated changes in efficiency with superficial velocity, bed
temperature, and coal feed are physically cogent.

5.  RECOMMENDATIONS FOR FUTURE STUDY

1. The model should be modified to provide for interaction of input
parameters to prevent over-specification.

2. The model predictions should be compared with those of more complex
models. The MIT and ORNL systems are likely candidates for this work.

3. The freeboard submodel should be further refined and tested. The
temperature profile and particle combustion mechanism are of particular
interest.

4. Model predictions should be compared with more extensive experi-
mental data.
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7. APPENDIX
7.1 Derivation of Bubbling-Bed Submodel

The interactions between the segments of the bubbling-bed submodel
are shown in Fig. 5. The function of this appendix is to provide a mathe-
matical treatment of the segments of the submodel. First, the mass balance
of Kunii & Levenspiel is discussed, followed by a discussion of elutriation
and particle shrinkage. Finally, combustion efficiency is defined. A dis-
cussion of the feed particle-size distribution is treated separately in
Appendix 7.3.1.

7.1.1 Mass Balance

The submodel was constructed around the particle-shrinkage model of
Kunii & Levenspiel (jO. The mass balance was performed on the carbon par-
ticles throughout the bed. It consisted of an overall mass balance and an
incremental balance on size intervals of coal particles.

The overall mass balance was of the form:

Fo = F] + *2 + rate COa" t3Ljrnecl "n tie t3ed (1)

where F0 is the solid feed rate (kg/s), F] is the solid overflow rate (kg/s),
and Fo is the solid elutriation rate. The incremental mass balance was per-
formed for particles in the radius interval r to r+Ar:

d[R(r) Ap,(r)]

FopO(r) * F1P1(r) " WK(@@)pl(r) - W

+1%,(=<) R(@r) = 0 (2)
where
Po<r = feed particle-size distribution
PIi(r) = overflow particle-size distribution
W = bed weight, kg
R(r) = shrinkage rate = dr/dt, ym/s

2
K(r) = elutriation rate constant. kg/m -s
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The first three terms of the equation correspond to particles entering the
vessel as feed or leaving it by overflow or elutriation. The remaining
terms account for net shrinkage from the particle-size interval and par-
ticle shrinkage within the interval. Proper manipulation of Egs. (1) and
(2) yields the size distribution and flow rates of the outflow streams.

Louis and Tung (6J present a derivation of the performance equations
from the above mass balances. The primary equations are as follows:

FOI(r,~) (o [r)_ol\(ro)drO

PR wistl r v ®)
W 0 po(ro)dro

dr 4)
FO lr

where 1(r,r0) is the performance function and is defined according to:

r~ F-i [3S ()]
fro IT + K(r) +—r—---
N E d 5
Kr,™) exp ISE(r) r (5)
where
Pi3(r) = bed particle-size distribution
W = weight of carbon in the bed, kg
Sc(r) = particle shrinkage rate due to combustion, ym/s
St(r) = total particle shrinkage rate, ym/s

Equations (3) through (5) formed the basis for the prediction of combustion
efficiency.

7.1.2 Elutriation

Elutriation is incorporated into the model through the performance
equation derived from the mass balance, Eq. (5). The rate of elutriation
of solids of size r is characterized by anet upward flux and can be ex-
pressed mathematically as:

/rate of elutriation of solidsx w fraction of bed 1 /™

" of size r per area of bed ' b Aparticles at size r' ' '
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The Merrick-Highley correlation (7) was used to determine the value of the
elutriation constant K(r):

r
K(r) = 130 F3 exp —10-4(5)0-5 (Jo memf 0.25 %ASTJ 7)
where

Fd = air feed flow rate, kg/s

ud = terminal velocity, m/s

uQ = superficial gas velocity, m/s
umf = minimum fluidizing gas velocity, m/s

A = cross-sectional bed area, m2

7.1.3 Particle Shrinkage

Total shrinkage of particles is due to both attrition and combustion:
St(r) = Sa(r) + Sc(r) (8)

The rate of particle shrinkage due to attrition was derived from a corre-
lation presented by Merrick and Highley (7):

sa(r) * I (uo - umf)(r (9)

where Ka is the attrition constant.

Shrinkage due to combustion was modeled as a function of the amount of
available oxygen, the rate of diffusion of oxygen to the particle surface,
and the rate of combustion at the particle surface. The development of the
particle shrinkage is taken from Louis and Tung (6j.

The particle shrinkage rate is given by:

dr

Sc(r) dt

(10)

so that the consumption of moles of carbon N is:
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dN

~f(4irr )
dt SN

(ID

where pc is the apparent density of coal. The change in moles can also be
expressed by the oxygen that diffuses to the particle surface:

dN

dt Z-nr Sh D (C

p - CA) 12)

where Sh is the Sherwood number, D is the diffusivity of oxygen, C is the

oxygen concentration in the bulk gas and at the surface. Rearrangement of
these expressions yields:

-~ M - /2

Sc(r) o ) o (13)

If the quantity Cs/Cp is substituted by the kinetic expression,

CsA 1
c, 82.06 K rT (14)
| *s0sh D

where T is the gas temperature and K is the combustion rate constant
(g/cm”-s-kPa). The overall equationsdescribing particle shrinkage due to

combustion becomes:

1
Sc(r) 100 | r (15)
82.06 KS T 6 Sh D

In this overall expression, Ks is described by an Arrhenius equation:
Ks = Aa exp(-E/RT) (16)

where A is a pre-exponential factor (57.3 g/cmo-s—kPa), and E is the acti-
vation energy (37,500 J/mol). The Sherwood number is calculated from an
empirical correlation by Ranz and Marshall which considers mass transfer
of a component from a fluid to a free-falling solid particle (5J:
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2 + 0.6(Re)0,5 (Sc)0,33

Sh (17)
where
2ru p
Re = Reynolds number = -—————-oo
Sc¢c = Schmidt number = yn

From Eq. (15), the shrinking rate is a direct function of the concen-

tration available in the emulsion phase, Cp. The separate contributions
of reaction and diffusion to the shrinkingHrate are represented by the two

terms of the denominator.

Two limiting cases of particle shrinkage can be considered. For par-
ticles of radius greater than 100 ym, the shrinking is diffusion-limited
and the reaction term in Eq. (15) may be neglected:

6 C., D Sh

Sc(r) % ] (18)

For particles of radius less than 50 ym, the reaction at the surface is the
rate-limiting mechanism, and Eq. (15) becomes:

082C K T
S(r) = —-2-"- (19)
L pc

The model primarily uses the expression in Eq. (15), which includes both
reaction and diffusion contributions to particle shrinkage.

7.1.4 Combustion Efficiency
The combustion efficiency is the output of interest from the simula-
tion and is defined as the ratio of the rate of coal combusted to the

rate of coal feed. From the overall mass balance [Eq. (1)], the rate of
combustion may be expressed as:

rate of combustion = Fg - F, - F (20)

]

Thus, the combustion efficiency may be described as:

n (21)
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7.2 Derivation of the Freeboard Submodel

The basic plug-flow equation can be applied to any particle entering
the freeboard. This takes the form:

I’f ro Adx' dx (22)

where r-f is the particle radius at the exit from the freeboard, r0 is the
radius at the entrance, x is the vertical coordinate, and xf is the free-
board height. If the particles have velocity v.

r¢ . v o (23)
Averaging the conversion in the freeboard over the particle-size
distribution entering the freeboard pe gives:
(.rmax "~1 ixf
, <3T> dx + 1 P _(r ) d(r) (24)
fb Jo S A y re* o 0

To calculate the combustion efficiency of the model including the freeboard,
the elutriation term F2 in Eg. (20) is then multiplied by

F * 5fb F2

0
nC F (25)
0

7.3 Input Specification
7.3.1 Feed Particle-Size Distribution
The Rosin-Rammler function was used to model the particle-size dis-

tribution of the feed (8). It is defined as:

f - PO(r) = exp[- (£)n] (26)

where b and n are size parameters, and PQ(r) is the weight fraction
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of total coal feed of particle size less than r. The size parameters for
specific data can be determined from a graph of the corresponding loga-
rithmic equation. The regressional analysis for Ohio #6 coal-sieve data
is shown in Table 5.

Table 5. Regressional Analysis of Coal-Sieve Data

Mesh P r (cm) £n[-&n(1 - Po)] tn r
0.25 0.998 0.3175 1.827 -1.14
4 0.961 0.2375 1.177 -1.43
8 0.958 0.1190 1.154 -2.12
16 0.606 0.0595 -0.071 -2.82
30 0.354 0.0297 -0.828 -3.51
50 0.190 0.0149 -1.556 -4.21
100 0.098 0.0074 -2.273 -4.89
200 0.056 0.0044 -2.847 -5.59
325 0.028 0.0022 -3.575 -6.49
The data plotted in Fig. 11 indicated a correlation coefficient of

0.9949, with values for n and b of 1.068 and 0.0599, respectively. A
cumulative plot of the data and the Rosin-Rammler correlation obtained
from these parameters is presented in Fig. 12.

Differentiation of the cumulative Rosin-Rammler function in Eq. (26)
with respect to r yielded the incremental particle-size distribution of
the feed:

100 n =~ exp[— (£)"]
(27)

2159 (r0-068) expl- 2068]

where v = Awt %/Aradius. A graph of Eq. (27) is presented in Fig. 13. The
Rosin-Rammler distribution curve for feed particles gave a reasonably good
qualitative depiction of the sieve-analysis data taken from plant samples.
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SLOPE = 1.068

£N (PARTICLE RADIUS,cm

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

SCHOOL OF CHEMICAL ENGINEERING PRACTICE
AT
OAK RIDGE NATIONAL LABORATORY

PLOT FOR EVALUATION OF ROSIN-RAMMLER
FUNCTION  PARAMETERS

DATE DRAWN BY FILE NO. FIG.
11-15-79 S.F CEPS-X-30I 11



26

BABCOCK & WILCOX

DATA

<
ROSIN-RAMMLER
FUNCTION
0.2 0.3 0.4

FEED PARTICLE DIAMETER (cm)

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
SCHOOL OF CHEMICAL ENGINEERING PRACTICE
AT

OAK RIDGE NATIONAL LABORATORY

PARTICLE-SIZE ACCUMULATIVE WEIGHT
FRACTION OF COAL FEED,
(ROSIN-RAMMLER FUNCTION)

DRAWN BY
11-15-79 S.F. CEPS-X-30
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MASSACHUSETTS INSTITUTE OF TECHNOLOGY
SCHOOL OF CHEMICAL ENGINEERING PRACTICE
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COAL-FEED PARTICLE-SIZE DISTRIBUTION

DRAWN BY
11-15-79 s.F



28

7.3.2 Calculation of Other Input Parameters

Estimates of values for the various input parameters were based on
two sources. Coal and air feed rates were chosen to be comparable to rates
reported by Babcock and Wilcox {7 ). Values of hydrodynamic properties
were calculated as suggested by Louis and Tung (6j, although constant values
were employed for temperature (1144 K), pressure (1.01 kPa), and feed values
of the base case (see Table 3). These calculations are summarized below.
The symbols in parenthesis indicate the corresponding variables used in the
computer parameter.

7.3.2.1 Diffusivity of Air (DG)

DG = (5.187 x 10°4)(T)I ~/P

At P = 1.013 x 105 Pa and T - 1144 K,

(5.187 x 10'4)(1144)1-5

4 2
DG 1013 x 105 2 x 10 m /s

7.3.2.2 Air Molar Density (RHOM)

RHOM (assuming ideal gas)

1 atm
(82 atm-cm3/gmol-K)(1144 K)

% 1.07 x 10 2 kg mol/m2
82(1144)

7.3.2.3 Mass Density of Incoming Air (RHOG)

RHOG RHOM(29 kg/kg mol) = (1.07 x 10_2)(29)

0.3094 kg/m3

7.3.2.4 Mass Exchange Coefficient Between Bubble and Phase (KBP)

121 \1/4
<P 5.85(DG) 724q)

where
minimum fluidization velocity (m/s)

bubble diameter (m)
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DG = diffusivity of 02 in N2 (r /s)

g = gravitational acceleration (m/s")

To estimate Umf,

mf 2B
where ]
p
b (V)
= 0.65
mf 0.45 = void fraction in emulsion phase
dp = 2380 ym = acceptor mean particle size
pg = 0.3094 kg/m3 = mass density of incoming air
_ (1.09875 x 10"6) T1/2 45631 x 10"5 N-s/m2 at 1144 K
y = (0.9183 - 9.08 x 10’5 x T)
mf)  dpPg,
2 3 Cy )
emf
3 = G - 4BC
¢ = dppg(pa ° pg)gly2
B = 7696.2
G = 34,580
C = -29,904
Therefore,
mf - 0.7422 m/s

If it is assumed that d* = 0.122 m, then
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KBP = 4,5 04422,5.85(2 x 10-4)1~(9.8111/4 = 29 4 s-
0.122 (0.122)574

7.3.2.5 Air Flow in Emulsion Phase (EMFLOW)

EMFLOW

(minimum fluidization velocity)(cross-sectional bed
area)(air molar density)

(0.7422 m/s)(3.34 m2)(kg mol/m3 0.0107)

0.0026 kg mol/s

7.3.2.6 Transport Air Flow Rate (CLFLOW)

CLFLOW (3800 1b/h)(0.45 kg/Ib)(1/3600 h/s)(1/28 kg mol/kg)

1.7 x 10”2 kg mol/s

7.3.2.7 Air Flow in Bubble Phase (BUFLOW)

BUFLOW

(air feed rate) + (transport air flow rate)
- (air flow rate in emulsion phase)
(2.3) + (1.7 x 10"2) - (2.6 x 10"2) kg mol/s

2.29 kg mol/s
7.3.2.8 Weight of Inert in Bed (WEIRT)

WEIRT

(AP~g”™)(cross-sectional area of bed)

10,458 N/m2(3.34 m2)~-~) = 3.5 x 103 kg

7.4 Computer Program
7.4.1 Program Description

In implementing the model into the PDP-10 computer system, the bub-
bling-bed and the freeboard region submodels were treated as the subroutines
BUBED and FB, respectively. Each subroutine was called from the main pro-
gram. Initial values of all the input and internal parameters were assigned
through a block data subroutine and transmitted between subroutines by
COWION. Detailed calculations of the input parameters are given in Appendix
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7.3.2. A flow diagram of the overall program structure is given in Fig.
14. A program listing is given in Appendix 7.4.2.

After the bubbling-bed subroutine divides the empirical correlation
of the feed distribution into 60 intervals, the particle shrinkage of each
interval is calculated for both combustion and attrition. The major out-
puts of the subroutine are the particle-size distribution of the elutriated
solid and the mass flow rate of the bed overflow (Table 1). The main pro-
gram then uses these outputs to calculate the combustion efficiency. A
detailed flowsheet is shown in Fig. 15 and the listing of subroutine BUBED

in Appendix 7.4.2.

The model of the freeboard region is implemented in the subroutine
after the effective oxygen concentration, particle velocity, and height
increment are calculated. Two nested loops are entered which correspond
to the integrals in Eq. (24) (Appendix 7.2.3). The integration subroutine
TRAP is used to evaluate the integrals. A flowsheet for the freeboard
region model is shown in Fig. 16.
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7.4.2 Program Listing

0j100

00200

00300 MRHi PROGRRM FDR SIMULfiTIDM OF RH RTMDSPHERIC
00400 FLUIDIZED BED CDRL COMBUSTOR

00500

00600

00700

00800 INITIRLIZE COMMOM VRRIRBLES

00900

01000 COMMON .+« INPUT.- RIRF- CORLF j COVFL

01100 COMMON .-CORL.-- XC< XS+ XH*" XO

01200 COMMON .-TRRNS.- P <61> -PE <61> - DELTR, ELTOT
01300 C

01400 (o] CRLL BUBBLING BED SUBROUTINE

01500 c

01600 1 CRLL BUBED

01700 C

01800 C CRLL FREEEORRD SUBROUTINE

01900 ¢

02000 C

021 00 CRLL FBCXFBO

02200 ¢

02300 (] CRLCULRTE THE COMBUSTION EFFICIENCY
02400 C

02500 COMEF= CCORLF* CXC+XS+XH-XO.-S. > -ELTOT*XFB-COVFL>
02600 1 rCORLFCXC+XS+XH-XD~8. >

027 00 C

02800 Cc OUTPUT COMBUSTION EFFICIENCY

02900

03000 WRITE <55 1 0> COMEF

03100 10 FORMRT <E15.4>

03200 STOP

03300 END

03400

03500

03600

03700 INTEGRRTION SUBROUTINE—TRRPEZOIDRL RULE
03800

03900

04000

04100 SUBROUT INE TRRPCFUNCT<DELTR s RRRs EBBs OUT>
04200 DIMENS I ON FUNCT <100>

04300 MIN=RRR '

04400 MIN=MIN+1

04500 MRX=BEE

04600 SUM=0.

04700 MM=MRX-1

04800 DO 1 I=MIN5MRX

04900 1 SUM=SUM+FUNCTCD

05000 DUT=DELTR "2.4¢CFUNCTCM IN>+2_.4SUM+FUNCT<MRX> >



511U0
151 0o
15£'0
1530
1540
1550
156 0
1570
i530
iSwfi
ifc 0 0
)61 0
[iI6£0
ifc.30C
1640
6500
it.AQ
370
1630
;i690
H7000
j2100
37200
37300
H7400
37500
37600
37700
37800
0790
)800
[i810
133 01
)330
:i8400
38500
38F00
38700
38800
38900
39000
39100
39800
39300
39400
39500
39F00
39700
39800
39900

OO0

OO0

36

oUT=riELTR.-'£. ¢ <FUhCT CMirO +3. ¢SUM+FUNCT LMHX) >
RETURN
END

BUBBLING BED SUBROUTINE

DIMENSION RND COMMON INITIHLIZFfiTION

SUBROUTINE BUBED

RERL LRTPI - MU - IRM C61>.KBP

DIMENS ION SC <61>JFR <61>j SR <61>-FUNCT<61>- EL <61).
CELUT LP11* hUC G1it*PBUL 1 hSHLE 1t “L-S “1F 11l >
FFIE-11?PB'LF1 1 »UpFLF1/QFE 111jQPB"F1

DM MON
- DMMDN
L OMMDN
" DM MON
- CM MON
¢ DMMON
r OMMDN
" DMMDN
¢ OMMDN

SET INITIRL CONVERGENCE TDLERRNCE RND CRLCULRTION CODE

TDLER=100.
CODJIM=-12345F.

CRLCULRTE INITIRL GRS VELOCITY RND OXYGEN CONCENTRATION
UF=UMF

CO 1 N=. 2.1 +RHOM

COE=COIN~EXRIRs<1_+EXRIR>

CRLCULRTE MINIMUM RND MRXIMUM PRRTICLE RRDII

RMIN=.0 05¢ROSE
RMRX=£.¢ROSE

CRLCULRTE PRRTICLE RRDII

DELTR= CRMRX-RMI N> «"'F 0.
R C1>=RMIN
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RC1> =RMIM
R <6 7>=RMRX
DO 1 I1=1*y6U

R 1>=R<I1-1>+DELTR
CRLCULRTE CORL FEED PRRTICLE SIZE DISTRIBUTION
DO S 11=1.61

PF <11> =EXP - CR<11> m'-ROSS) ¢¢ROS1> ¢ROS14R <11) ¢ CROS1-1.>/
1 RQSS**RQS!

N OO0 -~

CRLCULRTE INITIRL BED DISTRIBUTION
DO 3 IS=1?61

PBaS>=PF<IS>

CRLCULRTE OXYGEN RVRILRELE FOR COMBUSTION

OO 00 O

TERM=-KBPAEEDH.'-UF
IF (TERM+SO.) 6.6.7
r TERM-EXP(TERM)

GOTO 3

TERM=0.

[ G G i QUL QU G G el el @ L O

NN A= 8 A2 a2 000000000 ©

2 OoOOWONOOTIRAWN_2,ocOONOOTDRWN—o0O©

OO OO OCoOOO 0o oo ocoo

ocoOoococoOocococooOCoOOocoococoo
[N e]

6
12200 o FLOU=EMFLOU+CLFLDW+BUFLDIle C1-TERM)
12300 p
12400 P CRLCULRTE CARBON SHRINKAGE RATE
12500 P
12600 C1=DG'-RHOC
12700 P
12800 c CRLCULRTE SCHMIDT NUMBER
12900
13000 SCH=MURHOMZ28.8.4-' DG
13100 P
13200 P CALCULATE PRRTICLE SURFACE TEMPERATURE RND
13300 p REACTION RATE CONSTANT
13400 c
13500 TCHRR=TGRS+100.
13600 XKS=871 0. ¢EXP <-35700.1.987 "TCHAR)
13700 DO 9 J6=1.61
13800 c
13900 c CRLCULRTE REYNOLDS NUMBER. SHERLIODD NUMBER. RND
14000 c SHRINKAGE RATE
14100 c
14200 REY=RHaM*28.84+UF+R CJ6) +S. MU
14300 SH CJB) =2. +. 6*REY>-A. 5*SCH+-*-. 3
14400 SC <JB) =C1--R +J6- ¢i'H -J6) ¥ 2. & < XC+XS+XH-X0"8. )¢
14500 1 (XC 12.+XS 32.+XH 4.-X0 38.)
14600 c
14700 c CRLCULRTE RELATIVE RATES OF REACTION RND DIFFUSION

14800
¢
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P

14800 c

14900 9 CS <J6> =1. <1. + CKKSATCHfiR+R <J6> ¢! . 3677E-1> 2z
15000 1 SH <J6> /DG!)

15100 c

15200 CfILCULFITE ELUTRIRTIDN RATE CDNSTRNT FRDM
15300 " HIGHLEY-MERR1CK CDRRELRTIDN

15400

15500 P CRLCULRTE PRRTICLE TERMINAL VELDCITY RS
15600 FUNCTION OF RADIUS

15700 c

15800 = &=1s

15900 RCOM=. 5+ <9 0.7+MU!) ¢¢. 667/ <RHOG*RHOC> ¢¢. 333
16000 IF <RCOM-R <J5!)> 17. 1813

161 00 18 UT=1_195”" <RHOCe¢£ _/RHOG/MU>ee. 333>£. ¢R <J5>
16200 GOTO 19

16300 17 RCDM=. d89¢MUe¢ ¢. 667/ (RHObA"RHOC!) ¢¢. 333

16400 IF <RCOM-R <J5!) > 20»£1»21

16500 21 UT=1. 19°RHOC”». 667/RHOG". 333/MU¢¢. 333¢2. ¢R <J5>
16600 GOTO 19

16700 20 UT=. 54447 "RHOC"4. ¢R <J5!) ¢e£. /MU

16800 19 CONTINUE

16900 CELUT <J5> =<130. ¢RIRFM"EXP <-1 0.4/ aiT/UO!) ¢e. 5/
17000 1 CUMF/ CUO-UMF!) > ¢eo_. £51£S. 84/BEDA)) >

17100 16 CONTINUE

17200 c

17300 c CRLCULRTE INITIRL BED CARBON LORDING

17400 c

17500 Li.ICORL=LI IERT~-. 01

17600 IF CCODJIM. GT. 0.> WCORL=. 875"CORLF*XC"PHOC" ROSLE"
17700 1 6./DG/CDIN/3_+¢EXRIR

1r3Uu

17900 c ENTER BED DISTRIBUTION CONVERGENCE LOOP
13000 c

181 00 I cc=o

18200 4 CONTINUE

18300 ICC=ICC+1

18400 c

18500 c CRLCULRTE CARBON ATTRITION FROM HIGHLEY-MERRICK
18600 c CORRELATION

1ot U0

18800 FR <1!)=PB <1) ¢DELTR

13900 FR <£!) = <PB <1> +PB <£!) > ¢DELTR

19000 DO 10 J1=1>61

19100 IF <J1-2!) 15* 15> 11

19200 11 CRLL TRRP <PB* DELTR* 1. *61. * FR <J1>1))

19300 15 FIUNCT <J 1> =FR <J1!) «PB <J1>

19400 10 CONTINUE

19500 CRLL TRRPCFUNCT*DELTR*1.*61. *C£>

19600 LRTRI=RTRIT/C2

19700 DO 14 J4=1*61
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p
19700 DQ 14 J4=L 61
19800 14 SR <J4> =LRTR | .-3. ¢FR <J4> ¢ CUD-UMF} R CJ4>
19900 ICI=0
£00U0 c
58198 n li"TER CHREON LORDING RND OXYGEN CONCENTRRTION
c c LUllvbr.btnL t LUUP
-JlJol.IlJ c
80400 34 CONTINUE
80500 c
cl0600 c CRLCULRTE CRREON OVERFLOW RRTE
80700 c
pilHIII ICI=ICI+1
80900 IF CWCORL'-WIERT-. 9> 60-61J61
81000 6! CoVFL=RCPTE+ WCDRL-<. I+WIERT)
81100 GOTO 68
81800 60 COVFL=WCDRL+RCPTECWIERT-WCORL)
81300 68 CDNTINUE
81400 c
81500 c EVRLURTE KUNII & LEVENSPIEL I-INTEGRRL CEQN 11.38>
81600 c
81700 DO 88 K8=17 61
31800 FUNCT <KE> = CCOVFLXWCDRL+CELUT CK8> ¢BEDR-"W | ERT¢RHOR.-' RHOC +
81900 * 1 3. eSC <KE> ¢COE” <1. -CS <K8> > &R <KE> > «' CSC <KE> ¢COE" <1. -CS <KS
88000 o« +SRCK8>>
881 00 LIiz. CONTINUE
88800 DO 83 K3-1i53
cl2300 RK3=K3
88400 CRLL TRRP CFUNCT?DELTR- RK3:61. s RIRM>
88500 IF CRIRM-170.} 59064064
8c60u 64 RIRM=170.
d.d? 00 59 CONTINUE
88800 I RM CK3> =EXP C-RIRM>
88900 0 CONTINUE
S3000 RIR59=CFUNCTC59> +FUNCTC6 0>+FUNCTC61> >¢DELTR
S3100 RIR60=CFUNCTC60>+FUNCTC61> >+¢DELTR
83800 IF CRIR59.GT. 150.> RIR59=150.
23300 IF CRIR60.GT.150.> RIR60=150.
83400 IRMC 59>=EXP C—RIR 59>
83500 I RM C6 0> =EXP C-R IR6 0>
£3600 IRM C6 O="1.
83700 DO 57 M7=1 61
83800 IF CEIRM CM7>-1 _.E-80> 58457257
83900 Rl IRMCM73}=1.E-£0
84000 57 CONTINUE
84100
84800 I EVRLURTE INSIDE OF KUNII & LEVENSPIEL INTEGRRL 11.38
84300 c
84400 DO £4 K4=Dh 61
84500 IF CK4-£8> 867 86?87

24600 26 DO £5 K5=K47? 61
*



246 00
24700
24800
24900
25000
25100
25200
25300
25400
c!55U
25600
25700
25800
25900
26000
26100
26200
£6300
86400
26500
26600
£6700
86800
d6'? UlLi
£7000
27100
27200
27300
27400
27500
£7600
27700
c!7300
27900
couul
28100
28200
28300
28400
28500
28600
28700
£8800
28900
£9000
29100
89200
29300
29400

£9500
*

26

25

clr

31
30

24

0

35

43

42

40

DO 25 K5=K4» 61

FUMCT ->: 5> =PF <K5> /1 RM CK5>

CDNTI HUE

RK4=K4

CALL TRRP CFUMCT! DELTR»RK4«61. »DIMT>
GOTO 30

EVRLURTE oUTSIDE DF KUNIlI & LEVENSPIEL INTEGRAL 11.

BINT=0.

IF <K4.EQ.61> GOTO 30

DD 31 L1=K4,60

DINT=D INT+PF CL1>+ IRMCL1> ¢DELTR

CONTINUE

1.0C CK4> =CORLF e CXC+XH+XS+Xo 8. > ¢ IRM CK4> xfIBS CSC <K4>
¢!l::0£e C1. -CS CK4> > +SR CK4> > oIl INT

CONTINUE

CRLL TRRP CWCJ DELTR. 1., 61. JWCOLO

CRLCULRTE CARBON PRRTICLE SIZE DISTRIBUTION

DO 35 L5=1» 61

PBCCL5>=[|IC CL5> -liICOLC

PBC C61> =1_E—-5

PEINT=0

DO 5 15=1.61

FUNCT C15™ =PBC C15> -'R C15> ¢¢2 .¢C1l. -CS C15> > ¢SH C15>
CONTINUE

CRLL TRRP CFUNCT.DELTR.1..61..PBINT>

TEST FOR CARBON LORDING CONVERGENCE

IF CICI—-1300) 4cl. 42.32

WRITE C5. 1 00}

BOMB-=I.

DIF= CWCOLC -liiCORL> LICORL

IF CABS CDIF} —. 001 ¢TOLER} !38.38.2i3
CONTINUE

RECALCULATE CARBON LORDING RND OXYGEN CONCENTRATION

WCOfIL=WCOLCe C1. +DIF.}
COE=COIN~ (C C1.5*1'ICORL" CFLOWAC1-"PEINT} } +1 .}
IF CCODJIM.GT. 0.3GO TO 999
SBEDH=LIIERT-'RHOH."BEDA-" Cl . -EMF>
DI:/IC=WCORL+«EEDR SEEDH
HST=UO *C1.5¢C 1 enWCAPE INT}
TER=HT.-'HSTe ( 1. -DELPL}
IF CTER.GE. 140.}TER=140.
CPT=COIN~“EXP C-TER}



P
P95 00
c'96 00
£9700
£9800
£9900
20000
30100
30£00

30400
30500
=i IK il i
30700

31000
31100
31£00
31300
31400
31500
31600
31700
1800
31900
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44
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CPI=CDIN+EXP<-TER>

COEN=CPT.-'- Cl. + CEEDH-Hi::' H3TeL_IFLcolJe CI. -liELB> >
TERR=(C 1. -DELPL) ¢HT.-HST

IF (TERR.61.140.> TERR=140.

COE=CD IN-' Cl. -DELPL;" ¢HST-"EEDH” CI. -EXP C-TERR> >

+CDEN*a.-HTVBEDH>

CDHTINUE

GO o 34

CnNTIMUE

CHECK BED DISTRIBUTIDH CONVERGENCE

PB C61> =1_.E-5

ERR=0.

TOLER=1.

DO 40 MI=1.61

IF CPECM1!) -PBC CM1>> 65.65. 66
PL=PBCM 1>

GO TO 400

PL=PBCCM1>

CRLCULFITE DIFFERENCE BETWEEN CRLCULRTED RND ASSUMED
BED SIZE DISTRIBUTION

ERROR 1= ( CPBCM 1>-PEC CM 1> >/FPL ) ¢o£

IFCPBCM1 .LE. 1. E-4. RND. PECCM1> . LE. 1. E-4) ERROR1=0.
ERR=ERR+ERRDR1

ERRVG=SLIRT CERR;! % 61.

f
CHECK SECOND LOOP COUNTER

IF CICC-£00>44.44.45
WRITE CNWRIT.101>
BOMB=1.

TEST FDR CONVERGENCE OF BED PARTICLE SIZE DISTRIBUTION

IF CERAVb-. 0U1; 36.36-. 37
CONTINUE

REASSIGN BED PARTICLE SIZE DISTRIBUTION

DO 38 L8=1.61

PB CL8> =PBCCL38>

DO 53 M8=1.61

IF CPBCM8>—1.E-10>54_.53.53
PB CH8> =1.E-10

CONTINUE

GO TO 4
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4600
4700
4300
4900
5000
5100
5300
5300
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5600
5700
5300
5900
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6500
6600
6700
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7300
7900
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3100
3800
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8400
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33fi0
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56

186

187
41

1717

100
101

42

END DF BED PARTICLE SIZE DISTRIBUTION LOOP
CONTINUE

CALCULATE THE RATE OF OXYGEN CONSUMPTION
COCON=FLOW?* <:CPT-CDEN> ¢EEDA+UO”BEDA” CCD IN-CPT>
CALCULATE ELUTRIATION RATE FROM BED

ELTOT=0.0

DO 56 M6=1» 61

EL <:M6> =CELUT CM6> ¢«EEDH"L.IC <M6> 1 MIERT*RHOA-'RHOC
CALL TRAP CELJUDELTR,1. 1 61.>ELTOT>

CALCULATE ELUTRIANT PARTICLE SIZE DISTRIBUTION

DO 41 11=1,61
IF CELTOT:- 186, 186, 187
PEa 1>=0.0
GO TO 41
PECI11>=EL C11> ."ELTOT
CONTINUE

CALCULATE AVERAGE PARTICLE RADIUS FOR FEED, BED
yND ELUTRIANT

DO 1717 JJ=1,61
QPF (JJ> =R <JJ) ¢PF <JJ>

OPEC.1.la=R .A1jePE 101>

QPE <JJ> =R J.J> +PE <JJ>

CALL TRAP CPF,DELTR,1.,61.,PFSM>
CALL TRAP CPE,DELTR,1.,61.,PESM>
CALL TRAP CPB,DELTR,1.,61.,PBSM>
CALL TRAP CQPF,DELTR,1.,61.,FAV>
CALL TRAP CQPE,DELTR,1.,61.,EAV)
CALL TRAP CQPB,DELTR,1.,61.,BAV>
FAV=FAV-'PFSM

EAV=EAVPESM

EAV=BAV~PBSM

FORMAT SECTION FOR ERROR MESSAGES

FORMAT C1 OX, COMB: INNER LOOP NOT CONVERGINGy >
FORMAT C1 OX, COMB: MIDDLE LOOP NOT CONVERGINGYy>
RETURN

END
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P

39300

39400 c

39500 C

39600 c FREEBOARD SIMULATION SUBROUTINE

39700 c

39800 C

39900 SUBROUTINE FE OIFBU

40000

40100 U DIMENSION AND COMMON INITIALIZATION
40300 c

40300 DIMENS ION R C10 0>- SC <10 0>-RTOP<61>.FNRT<61>
40400 REAL MU

40500 COMMON ."PHYSVRHOA 5 RHDC - PHDM j RHOG - DG J MU
40600 COMMON -"AIR.-" UO.J UMF. EXAIR - EMFLOW? CLFLOW - BUFLOI.J
40700 COMMON ++-sCOAL.-- XC - XS» XH - XD

40800 COMMON #FED.-- TOUT.JHFBJ FRACV

40900 COMMON /FBCPs BEDH_.BEDA.TEED_.WIERT

41000 COMMON .--TRANS.-- RD <61> - PE <61> J DELTR. ELTOT
41100

41300 c CALCULATE FREEBOARD OXYGEN CONCENTRATION
41300 c

41400 COIN=_.31+RHOM

41500 CDE=COIN*EXAIRs (1.+EXAIR>

41600 CALCULATE HEIGHT INCREMENT AND PARTICLE VELOCITY
41700 DX=HFB--1 00.

41800

41900 X=0.

43 000 rV=FRACV*UO

431 00

43300 ENTER FIRST INTEGRATION LOOP

43300

43400 DO 99 K=1>61

43500 FNRT<K> =0.

43600 IF CROCK:-.LE. 0.> GOTO 99

43700 DO ID J=I5100

43800 10 SC CJ>=0.

43900 R C1> =RO CK>

43000 c

431 00 C ENTER INNER INTEGRATION LOOP

43300

43300

43400

43500 CALCULATE HEIGHT. TEMPERATURE. SCHMIDT NUMBER. SHERWOOD
43600 NUMBER. AND REYNOLDS NUMBER

43700

43800 X=X+DX

43900 T=TBED+ CTOUT-TBED> - HFEAX

44000 SCH=MU." CRHOM>38.84*DG>

44100 REY=PHDM¢ £8.84¢ UO+R CI> ¢£. MU

44300 SH=3_+_6+REY>*.S"SCH~"~".333
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P
a4 0 SH=2. +. 6APET>A. 5ASCHA. 333
443 | SR=DG RHDC R C(I>#SH“E. e<XC+XS+XH-Xo 8.>
444 0 (.XU.-1izl. +XU - 38. +XH--4. =XO"3£. D
445 0 c
446 N Cc CHLCULHTE PRRTICLE SHRINKRGE RATE
447 DO
a4a8 0 XKS=8710. ¢EXP <-35700. /1.987/" <T+100. >>
449 0 CS=1. <1.+ CXKS”CT+l 00. > ¢R <1> ¢ 1.3677E-1>/'SH*'DG)
450 0 SC<I1>=SR~ACDE* <1.-CS)
451 0 Hi=1
as5¢c 0
as53 0 C EVRLUHTE INNER INTEGRAL
454 0 o]
0 CALL TRAP CSC. DXJ1.? AD AINT>
as6 0 R<I1+1>=R<I1>-AINT/V
457 0 999 CONTINUE
458 0 C
a59 0 c CALCULATE EXIT PARTICLE SIZE
460 o C
461 0 IF <R<100>.LE.0.> R<100>=0.
468 0 RTOP <K>=R<10 0>
463 () (o4
464 c EVALUATE OUTER INTEGRAL AND CALCULATE XFB
465
466 FNRT <K>=<R <1 00> /'R <1>) ¢+¢3. ¢PE <K>
467 29 CONTINUE
468 CALL TRAP (FNRT >DELTR?1.j 61.»XFB>
469 IF (XFB.GT.1.) XFB=0.
470 RETURN
471 rEND
478
473
474 THIS SUBROUTINE PROVIDES THE INITIAL VALUES FDR
475 ALL THE INPUT PARAMETERS SPECIFIED IN COMMON
476
477
478
479 SUBROUTINE BLKBfl
480 BLOCK DATA
481
483 REAL MUJKBP
48300 fDMMON 1 NPUT-- HIRE. COALF»CDVFL
48400 “DMMON /'DIST-" ROS1JROSE
48500 fDMMON 7FBCP7 BEDH:< BEDA,TGASJ WIERT
48600 I-DMMON «-RHYS.- PHDA j RHDC s RHOM, RHOG J DG J MU
48700 "DMMON COAL7 XCiXSJXH?X0
48800 -DMMON 7AIR7 UO 5UMFJEXAIR-EMFLOW=C LFLOWJBUFLOW
43900 fOMMON 7BUB7 KEP.EMF.HT
49 000 CDMMON 7MISC7 ATRIT? ACPTE
49100 COMMON 7FED7 TOUTj HFB.FRACV
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£9100 COMMON .-"FED-' TOUTJ HFB>FRRCV

49200 c

49300 DRTR RIRFJCORLF-£. £64, 1.084/

49400 DRTR ROS1)ROS£/1.068 J6.E-4/

49500 DRTR BEDH¢< BEDR-TGRS) WIERT/1.££€3.344531144.> 350 0./
49600 DRTR RHOR . RHDC ? RHOM JRHOG! DG ? MU

49700. 1 /£363_J15€€.21.07E—£ J.3 094 * £ _E—4+-4_.56E—£/
49800 DRTR XCHhXSJ XH? XO-". 69537 . 0309, . 0497* . 0778/
49900 DRTR UO-UMF-EXRIR-EMFLOW: CLFLOW j EUFLOW
50000 1 /£.5? . TAEE, . 18? £. 6E—£? 1.7TE—£? £. £9/

50100 DRTR KEP?EMF?HT-/£9.417.45). 05/

50800 DRTR RTRIT!RCPTE/-UU5 ?.16/

50300 DRTR TOUT!HFB/1300.? 3./

50400 DRTR FRRCV/.6/

50500 c

50600 c

50700 RETURN

50800 END
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7.5 Nomenclature

A bed cross-sectional area, m2

A0 pre-exponential factor, g/cmz-s-kPa

b Rosin-Rammler parameter

B parameter used in Sect. 7.3.2

C parameter used in Sect. 7.3.2

CP bulk emulsion-phase oxygen concentration, mol/m

CS surface oxygen concentration, mol/m

dp bubble diameter, m

dP acceptor particle diameter, m

D gas diffusivity, m*/s

E activation energy, J/mol

Fa air flow rate, mol/s

F0 coal feed rate, kg/s

F1 coal overflow rate, kg/s

F2 coal elutriation rate, kg/s

g gravitational acceleration, m/s

G parameter used in Sect. 7.3.2

Kr,ro) performance equation integral defined in Eq. (5)
attrition constant
combustion reaction-rate constant, g/cmz-s-kPa

K(r) elutriation-rate constant, kg/m2-s

n Rosin-Rammler parameter

N moles of carbon

P reactor pressure. Pa

Pb(r) bed particle-size distribution
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Pe(ro» elutriant particle-size distribution
PO(r) feed particle-size distribution
P/r) overflow particle-size distribution

weight fraction of feed with particle size less than r

particle radius, m

Y particle radius entering freeboard, m
rf particle radius at top of freeboard, m
R ideal gas constant, 1.987 J/mol-K
R(r) particle shrinkage rate,ym/s

Re Reynolds number, dimensionless

Sc Schmidt number, dimensionless

Sh Sherwood number, dimensionless

shrinkage rate due to attrition, ym/s

Sc(r) shrinkage rate due to combustion, ym/s
St(r) total shrinkage rate,ym/s
t time, s
T temperature, K
umf minimum fluidization velocity, m/s
superficial velocity, m/s
terminal velocity, m/s
particle velocity in freeboard, m/s
W bed weight, kg
X axial coordinate in freeboard, m

total freeboard height, m
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Greek Symbols

S parameter in calculating umf

Sif void fraction in emulsion phase
2

y gas viscosity, N-s/m

combustion efficiency
v particle-size density function
particle sphericity
coal apparent density, kg/m2
mass density of air feed, kg/m3
molar density of air feed, kg-mol/m

b conversion in freeboard

7.6 Program Variables

Input Variables

ATRET Attrition constant

ACPTE Acceptor effluent rate kg/s
BEDA Bed cross-sectional area m2

BEDH Expanded bed height m
BUFLOW Air flow in bubble phase kg mol/s
CLFLOW Transport air flow rate kg mol/s
COIN Oxygen concentration in incoming air kg mol/m
DG Gas diffusivity n2r/s
EMF Void fraction in emulsion phase

EMFLOW Air flow rate in emulsion phase kg mol/s
HI Transition height m

KBP Mass exchange coefficient between bubble and s_1

emulsion phase



MU

RHOA

RHOC

RHOG

RHOM

ROS1

R0S2

TGAS

TOLER

uo

UF

UMF

WIERT

XC

XH

XS

X0
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Gas viscosity

Acceptor density in bed

Coal apparent density

Mass density of incoming air
Molar density of incoming air
Rosin-Rammler function parameter
Coal mean particle radius

Bed temperature

Tolerance limit in convergence loop
Superficial velocity

Fluidizing gas velocity

Minimum fluidization velocity
Weight of inert in bed

Weight fraction of carbon in coal
Weight fraction hydrogen in coal
Weight fraction sulfur in coal

Weight fraction oxygen in coal

Output Variables

COE

CELUT

COCON

CS

COVFL

COMEF

ELTOT

LATRIT

Effective oxygen concentration in emulsion phase
Elutriation rate constant

Oxygen consumption rate

Surface oxygen concentration

Carbon overflow rate

Combustion efficiency

Elutriation rate

Attrition constant

N-s/rri

kg/m3
kg/m3

kg/m3

3
kg mol/m

cm

m/s
m/s

m/s

kg

3
kg mol/m

kg/s-m3

kg mol/s
kg mol/m

kg/s

kg/s
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PF Coal particle-size distribution of feed

PE Coal particle-size distribution of elutriants

PB Coal particle-size distribution of bed

SA Coal shrinkage rate due to attrition m/s

SC Shrinkage rate of carbon due to diffusion limited m/s

uT Terminal velocity m/s
WCOAL Carbon loading in bed kg

XKS Surface reaction rate moI/m2-s
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