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SUMMARY

A mathematical model of a large coal-fired fluidized
bed boiler for power generation is synthesised. The effect of
variations in the main parameters of the model on variables such
as the background carbon concentrations in the bed, and ithe
transient response of heat evolution are studied.

The mechanisms of solids mixing within the bgd, combustion
and the flow of heat to the boiler tubes are shown to result in
a characteristic dynamic response, knowledge of which is
essential for the proper control and regulation of a practical

system.
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CHAPTER 1

INTRODUCTION




INTRODUCTION

The use of fluidised combustion has been suggested as an
alternative to pulverised fuel (p.f.) combustion for electrical
power generation. Patent specifications[l' 2] filed in 1857 by
Badische Anilin and Soda Faberik, as well as the National Coal
Board describes the combustion of gaseous, liquid or fine solid
fuel in a fluidised bed of granular refractory. The heat of
combustion is used to raise steam in pipes immersed in the
fluidised bed. The combustor comprises a shallow bed of ash
about 0.75 m in depth. This is fluidised with air through a
perforated base and fed with crushed coal (~1.5 mm) at the requisite
rate for power generation. The oxygen for combustion is provided
by the fluidising air. A good brief outline of the background

(3]

The basic principle employing fluidised combustion for

work on fluidised combustion is given by Skinner

power generation is shown in Figure l.l. Crushed coal is blown

in at the base of the fluidised bed of ash. The fluidising air
enters the bed from a plenum chamber through a perforated base.
Combustion of 90% of the coal takes place in the fluidised bed at
about B850°C. The steam tubes are immersed in the hot ash.

Combustion efficiency is increased still further in the freehoard
above the fluidised bed and may reach 97-98%. Approximately half
the heat evolution is absorbed by the coolant to generate steam,
while the other half is carried by the off gases. Heat recovery
from the off gases is in two stages. In the first stage (economisar)

about half the enthalpy of the gas is transferred to the water in
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the coolant circuit, while in the second stage (heat exchanger)

the fluidising air is preheated. Again about half the remaining
heat in the off gas is recovered, leaving about 12.5% of the heat
evolution as stack losses in the gas.

The essential merit of the process is the exploitation
of the high heat transfer coefficient from bed to coolant. Heat
transfer fluxes between three and five times greater than those
obtained in the convective passes of a conventional boiler can
be expected from a fluidised bed system. The relatively low
temperature (BSOOC) of operation of a fluidised bed boilexr when
compared with flame temperatures of up to 180006 in a conventional
p.f. boiler results in a number of important advantages. AL the
low combustion temperatures in fluidised bheds the vapour pressuve
of the alkali halides is several orders of magnitude lowexr than
in normal boilers, and hence fouling and corrosion of the steam
tubes is minimal. Thus, there is no necessity for ‘soot blowing’
and the heat transfer coefficients are not impaired by deposits,
Because of the absence of corrosion, higher steam temperatures
might be economic. Considerable econamy and versatility results
from the ability to burm high ash content coals, and coals with
noymal Yviscous' ashes without clinkering. Since the coal size
is «1.5 mm rather than pulverised fuel, much of the milling
equipment for the coal preparation is obviated. The nature of
a fluidised bed with a comparatively long residence time allows
the possibility of removal of sulphur by the addition of lime-

stone to veduce pollution. The low combustion temperature also

results in lower production of oxides of nitrogen. Finally, the




thermal inertia of the fluidised bed ensures sustained

combustion, and offers improved possibilities of regulation and
control.

A possible layout for a power generation station using
fluidised bed boilexs is shown in Figure 1.2. Three sets of
turbines together with their fluidised bed boilers and ancilliary
equipment are provided to give flexibility for load demand as
well as accommodate shut-down of part of the plant for repairs
and servicing.

In any project of such a magnitude the essential stages

are in order:

(a) the preliminary demonstration of the technical
and economic viability of the idea;

(b) the design of the full-scale process;

(c) the design and operation of a pilot plant for

experimental and development purposes.

The function of a pilot plant is to provide facilities
for engineering development as well as give sufficient confidence
in the process to justify commercial investment in a full-scale
plant. Thus, the pilot plant must be truly reprasentative of
the full-scale process so that there are no problems in scale-up.
it is the primary object of this thesis to provide a mathematical
model of a fluidised bed boilex so that the problems of scale-up
from the pilot plant can be minimised. To achieve this, the
model and pilot plant must relate at least to a complete funda-

mental unit of the process., One design study of a full-scals
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power station suggested that the fluidised bed reactor be con-

structed as a multiplicity of units of size 6 m x 20 m. Because

such a size is transportable, it can be factory assembled instead

of constructed at site, keeping capital costs low. A unit of
this size is shown in Figure l.3a. One of the main problems in
design is the even distribution of ccal and air throughout the
fluidised bed. The air is distributed evenly through a very

large number of holes in the base of the fluidised bed, which

forms the top of a plenum chamber. From engineering and economic

considerations the crushed coal cannot be distributed as evenly
as the air. At the same time it is necsssary to avoid the
volatile emission being confined to isolated areas and so
starved of oxygen for combustion. In early designs, a multi-
plicity of point sources was considered, but their numbexr

could be prohibitively large in a full-scale plant. An
experimental linear feeder of 5 m length[4] was found to dis-
tribute coal evenly along its'length, and this type of feedex
ig adopted in the present study in preference to the multi
single-~point system. The lateral movement of coal through the

bed is confined to one dimension - transverse to the feeder,

whereas in point feeders the lateral movement is in two dimensions

vesulting in steeper concentration gradients for the same flow.
in the configuration of Figure 1.3a which shows the basic
construction unit, the fundamental operatiocnal process unit
comprises all that area of the fluidised bed served hy one
linear feeder, and hereafter referved to as a coal feed cell

(Figure 1.3b). From the standpoint of combustiaon sfficiency,
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the pilot plant should extend at least over a single coal feed

cell. The basic characteristics of the full-scale plant are the
same as those of the coal feed cell since it is composed of
multiples of this unit. Other considerations such as mechanics
of construction, realistic lay-out of steam tubes, and problems
of regulation and control may well tend to increase the size of
the pilot plant.

As part of such a project it is very valuable to carry
out a theoretical study directed towards the definition of a
mathematical model of the process. The synthesis of the model
should proceed in parallel with the construction of the pilot
plant. The model work indicates areas requixing investigation,
and assists in assessing the relative importance of the various
factors governing the process. It is also valuable in the
planning of experimental programmes on the pilot plant.

When sufficient confidence is obtained in the mathemati-
cal model, the need for large numbers of expensive runs on the
pilot plant to find optimum operating conditions can be avoided
by carrying out computations on the model. Experimental work
can be restricted to confirmatory runs within regions investi-
gated theoretically.

A mathematical model is most useful in learning toc handls
a plant for which there are no ‘operator's rules'. The model
soon conveys the ‘feel' of the gain and dynamic characteristics
of the plant. Thus, dependent variables or outputs may be
affectively regulated by independent variables ox inputs. The

next stage in this procedure is the synthesis of a process



controller, so that plant regulation is effected automatically.

Here the mathematical model of the process is essential.

In general, the model of a process falls into two
complementary parts associated with the need for the plant to
be set first at the optimum operating level it is designed for,
and then maintained at that operating level. The first require-
ment calls for a steady-state model defining the operating level.
In addition to the required throughput, considerations such as
the quality of materials, economics, plant scheduling, etc, are
taken into account in the synthesis of this model.

Having set the plant at the required operating level as
demanded by the steady-state model, it is necessary to held the
output or finished product within requirved tolerances. The
plant noises cause a drift in the performance and it is necessary
to make small compensating corrections continuouslyvabout the
optimum operating level. This is plant regulation, and requires
a knowledge of the dynamic characteristics of the process for its
implementation. The dynamic model is synthesised by considering
changes, and defining the nature or the mode in which transient
responses die down to the steady-state.

This study is a synthesis of a mathematical model to
represent combustion in a fluidised bed boiler by simulating
the characteristics of a coal feed cell., 1In particular, the
gtudy is aimed at revealing the dynamic characteristic of heat
evolution within the fluidised bed and the subsequent transport

of this heat within the hot ash to the steam tubes for power

genarations



There appears to be little published work on the deriva-

tion of a mathematical model to represent combustion in a
fluidised bed apart from the work of Highley and Merrick[SJ and
that by Avedasian[é]a

The work by Highley and Merrick was carried out at CRE,
Stoke Orchard, concurrent with this study. Their primary concern
was to use the mathe@atical model to assist in the design of a
full-scale commercial plant. Experimental results derived from
a fluidised bed pilot plant were used in the mathematical model
and extrapolations were made to full-scale size. In such an
approach the assumption is implied that the likely behaviour
of the full-scale plant is the same as that of the pilot plant,
and that a uniform mechanism of mixing of solids, represented
by diffusion, obtains laterally.

The present study makes assumptions, based on published
work, as to the possible non-uniform behaviour of large scale
plant, in particular that of segmentation and stagnant areas as
shown in Figure 1.3b. These assumptions together with those on
combustion are dealt with in detail in Chapters 2, 3 and 4,
Bubble coalescence in fluidised beds is assumed to give rise to
segmentation, where each large bubble breaking on the surface is
derived from small bubbles at the base of the bed over a
catchment. Within a segment, rapid lateral mixing is taken to
occuy since there is a continuous exchange of solids material
between bubbles in a given segment, The exchange of solids
mateyial between adjacent segments is slow, and is assumed to

be yestricted to the surface where the wake of large bubbles is



shed. Furthermore, it is conjectured that the combustion of

volatiles is restricted to the coal feed segment because of the
speed with which these are liberated on heating, and the much
higher reaction rate of volatiles when compared with carbon.

It follows that combustion in the outer segments of a coal feed
cell is restricted to carbon only. Moreover, because of the
very thorough gas~solids contacting in fluidisation, the uptake
of oxygen is assumed to occur within 0.1 m of the base of the
bed.,

Ideally, experimental observations should be carried out
in a large enough pilot plant to investigate and confirm such
assumed characteristic behaviour. Alternatively, whare the
pilot plant is smallexr than the full-scale plant, experimental
observations might be made under conditions that prevail at
locationg successively positioned laterally from the coal feedex
at the centre to the periphery of a coal feed cell. The experi-
mental observations conducted on the pilot plant were based on

the implied premise that the pilot plant be used to investigate

the area around the coal feeder, and that extrapolations be made
therefrom. The application of such experimental data to this
study is made with due regard to the underlying assumptions of
segmentation and the limitations of the direct application of some
of the experimental findings are discussed in Section 4.1. This
procedure is deliberately followed in an attempt to aveid the
problems that might result in the scale-up from pilot plant to

full-scale.

Implicit in the above assumptions is the fact that




cgmbustion in the coal feed segment is largely dictated by the

volatile content of the coal. It follows that the volatile
content of the coal has an important bearing on the coal feeder
spacing, and this study takes this factor into account. The
effect of altering the volatile content of the coal feed for a
fixed coal feeder spacing is also discussed in Section 7.1.1.

The work by Avedasian was directed to determining the
kinetics of chax combustion in a fluidised bed after devolata-
lisation of coal. He was not concerned with operating the 75 mm
bed to represent sections of a large fluidised bed spaced
laterally away from a coal feeder,

Fan et al developed an interesting generxalised progression
model[i] to represent flow systems with varying degree and mode
of mixing as may arise in segments in a shallow fluidised bed,
radial Zflow reactor, or short tubular reactors. The work is
limited to the deduction of expressions to represent the
residence time distributions of the progression models concerned.

No consideration is given to the application of the fluidised

bed system for combustion or heat transfer.
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THE PRINCIPLE OF FLUIDISED COMBUSTION

2.1 General

The process of fluidised combustion is governed by simul-
taneous conditions of mass and heat flows within the reactor. The
basic nature of these flows is set out in Figure 2.1 which shows a
pair of simultaneous three input~three output matrices. The mass
and heat flow in the coal (fuel), air and water (coolant) are the
independent variables or inputs and upon the settings of these
depend the outputs or dependent variables, i.e. the mass and heat
flows in the ash, off-gas and steam respectively.

In Figure 2.la the only cross coupling term is the mass
transfer of carbonaceous material from the solids stream to the
gaseous stream during combustion., This results in the a matrix of
transforms linking the ocutputs and inputs as shown.

In Figure 2.1b it is suggested that heat transfer is from
the solids stream rather than from the gas stream to the coolant,
resulting in the b matrix of transforms indicated. This is borne
out by the result[sj that the heat transfer coefficient initially
increases with fluidising velocity and then falls off. The initial
increase in fluidising velocity causes increased agitation of
particles in the particulate phase. The duration of contact with
the heat transfer surface decreases while the freguency of contact
increases. This results in an increase in the heat transfer co-
efficient. At higher fluidising velocities, when wore of the
fluidising gas passes through the bed in bubbles, particle contact
with the heat transfer surface ie denied whilst bubbles are in
contact with that surface. This results in a fall in the heat

transfer coefficient. Thus, it is reasonable to assume thaf heat




W

o
i

H = heat flow
., a 0O coal . ) . ) : . a5l
1" {2 Hr"“‘“““*“ ”g"@"“wii'm” - ﬁm”w“&%tdk e
Oéz O | air W, ] e e e e W, Uas
O O C%B watey o ] e e e ngmmﬁg‘hé sLeam
(coolant) € (coolant)
d. Mass Flow
§HL (heat lossos)
b b b | comustion) | ' yooash
14 1z i3 %Omt..__w }: T R
o b, o|aix T — — —, 998
{ 9
o O h%a water ] — — - g | steam
(coolant) (coolant)

mass flow

b. Heat Flow

FIGURE 2,1, BASIC SIMULTANECUS MASS AND HEAT FLOWS




9.15_.
is transferred from the solids stream to the coolant.,

It is fortunate that both the transfer matrices have
triangles of zeros making them easy to manipulate., Each of the
terms of the matrices has two constituents - a gain constant ox
differential coefficient and a dynamic term. The gain constant
relates the magnitude of a change in an output variable to that of
a particular input variable. Thus, if an input variable is changed
in value the corresponding output variable will also change, and
it i1s the gain constant that relates the new steady=-state of the
output to the initial change in the input. The dynamic component
relates the way in which the output follows the input during such
changes. This component defines the plant behaviour during

transients and is characteristic of the particular stream.

2.2 Definition of the Synthesis Problem

Having set down the basic simultaneous mass and heat flow
matrices, it is possible to translate the plant layout of Figure 1.1
intg the schematic principle of Figure 2.2. This shows the three
stages of reactor, economiser and air preheater.

There are seven distinct phenomena occurring within the
system, These define the solids and gas flows, the various heating
and heat release mechanisme and the transfer of heat to the coolant.
The entire functioning of the process can be defined by considering
the interactiors of the kinetics of the following individual
mechanisms:

1. Movement of solids
2. Movement of gases through the bed height

3, Heating of coal and volatile evolution
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4. Combustion of volatiles

‘5, Combustion of non-~volatiles
6. Heating of gases

7. Heat flow within the ash plasma to steam tubes

The heating time and time for volatile evolution are of the oxder
of a second, while that for the combustion of volatiles is a
fraction of a second. Due to the excellent gas/particle con-
tacting in fluidisation, the heating of gases is almost
instantanecus. Hence, in this study these three mechanisms

(3, 4 and 6) are assumed to be instantaneous.

Each of the terms of the simultanecus mass and heat
transfer matrices has two constituents, & gain constant or dif-
ferential coefficient and a dynamic term. The gain constant is
best obtained by differentiating the relevant equations in the
steady~state model[Q]. This is done in Appendix 1, Qhere the
partial differentials, four defining mass flow and five defining
heat flow, are extracted,

In the synthesis of the model the determination of the
dynamic constituents is a problem of some proportion. Quite
apart from the strategy adopted in making the synthesis, much
judgemen£ is called for in making simplifications, incorporating
observed mechanics, and having some regard to the degree of
mathematical complexity of the expressions and indeed that of
the solution. Each one of these factors imposes its own dis-
tortion and these are tolerated to the extent that the original
is not fundamentally altered in nature, An assumption orx

simplification which results in a behaviour being substantially
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unrepresentative of that which obtains in practice must be
avoided. At the same time, coarse approximations are quite
legitimate, for a sacrifice in resolution usually results in a
simplified expression.

Of the terms in the mass and heat flow transfer matrices

the term bl is the most important since it represents the heat

3

evolution and its flow to the steam tubes - the primary function
of the process., The dynamics of this teim are a cascade of two
components, The first component is the dynamic of heat evolution
as the coal is burned in the combustion zone while mixing under
the influence of the mechanics of solids flow that obtain within
the bed, while the second component is the dynamic of the flow
of this heat evolution from the combustion zone to the steam tubes
also under the mechanics of mixing.

The dynamic constituents of the cother terms in the two
transfer matrices are either simple to approximate or are dexived
analogous to one or other of the two components of b

13°

The dynamics of a5, and b22 represent the plug flow time

of the air through the bed height, while that of a and b

33 33

represent the plug flow time of the coolant in the steam tubes.

The dynamic constituent of b the heating of gases

127

within the bed, may be assumed instantaneous, That of a12 which

represents the transfer of carbon from the fuel to the gaseous
stream due to combustion is the same as that of heat evolution,

the first of two components of b since heat evolution results

137
in the carbon being oxidised to gas and joining the gas stream.,

The dynamic constituents of ary and bl]p the mase and

heat flows in the ash stream, are identical. WNow the ash leavas
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the bed in two sub-streams - by elutriation from each coal feed
cell, as well as overflow at the wier of the bed. The dynamics
of the ash sub-stream that is elutriated may be assumed to he
instantaneous, while that of the overflow sub-stream may be
approximated to an exponential decay. The exponential time-
constant is given by:

time~constant = total mass of ash in the bed/mass flow of

ash over the wier
In particular, this study is concerned with the synthesis of the
dynamic component of the term b13 in the heat transfer matriX.
The other terms either follow from this synthesis or are dexived
by approximation as suggested above.
Before outlining the procedure to be followed in the

synthesis of the dynamic characteristic of b it is worth

13’
defining more closely the structure of the coal feed cell which
comprises all that area of the fluidised bed served by a single
coal feeder, since the synthesis procedure is baseé on it.
Whitehead and Young[:.-lo:-.I have shown that large fluidized
beds exhibit an alveolate or cell-like structure of segments.
These segments are due to bubble coalescence, a characteristic
of fluidisation. Using bed height and fluidizing velocity as
independent variables they were able to induce in a large
fluidised bed a sharp resonance corresponding to a stationary
pattern of large bubbles bursting on the surface. Fach bubble
at the surface is derived by the coalescence, at successive bed
heights, of bubbles originating from a catchment at the bhase.

Thug the bubbles increase in size with bed height, though tha
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total volume flow of gas in the bubbles remains constant with
height. They found that the size of the catchment or segment
increases with both bed height as in Figure 2.3 and with fluid-
ising velocity as in Figure 2.4, It was also shown that the
space in between a pattern of segments is remarkably stagnant,
since no bubbles pass through such spaces.

In a practical configuration for a fluidised bed boilex
the steam tubes may interfere with or distort the coalescing
bubble éattern and tend to weaken the segment structure. In
the absence of an experimental investigation to study the effect
and implication of such impedimenta, it was decided to incoxporate
the concept of segments in the coal feed cell, and to synthesise
the theoretical model such that the coal feed cell extends ovey
an integral number of segments as shown in Figure 1l.2b. The
investigation covers a range of coal feed cell sizes that extends
from two to seven segments with three being the most likely size
in a commercial application. The number of segments of which
the coal feed cell is composed is a measure of the width of the
cell ox the distance over which the lateral flow of carbon
occurs. This distance is a function of the type of coal used.

The distance, transverse to the linear coal feedexr in
Figure 1.2b, over which the lateral flow of coal extends may be
estimated by considering the feed coal as composed of volatiles,
fines and coarse carbon particles. On meeting the hot ash plasma
at 800°C in the bed, the feed coal particles may be assumed Lo
vreach devolatilization temperatures of around 400°c in a second

oy two, with the result that all volatile evolution may he said
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to take place near the base of the coal feed segment., Koslov[ii
has shown that the rate of combustion of volatiles (methane) is
some 10% to 10° times faster than that of carbon, leading to the
conclusion that the volatiles react preferentially with oxygen
in the ccal feed segment.

Inevitably,; the coal feed, which consists of particles
up to 1.5 mm for a fluidising velocity of 0.6 - 0.9 m/s, contains
a proportion of fines., Fines may be considered to comprise all
those particles below a critical size x, at which buoyancy occurs
at fluidising velocity. Such particles are assumed to move
through the bed height in the plug flow time of the alr and do
not obey the normal laws of vertical and lateral flows of solid
particles that obtain within the bed. These feed fines, by
reason of their size, are some ten times more reactive than the
coarse carbon particles because of their increased surface to
weight ratio,

In view of the fact that in the coal feed segment there
is a release of all the volatiles together with the ingress of
feed fines which may run to about 20% of the feed, both of
which are more reactive than coarse carbon particles, it is
assumned that all the available oxygen in the coal feed segment
is absorbed first by the volatiles and then by the feed fines,
Experimental evidence indicates near perfect combustion of
volatile matter with about 20% of the feed fines burning within
the bed,

The primary effect of an increase in volatile content of

coal is to leave less carbon in the feed for the remainder of the
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coal feed cell, resulting in a decrease in its size because of
decreased effective lateral flow., The number N of segments
that comprise the coal feed cell is thus inversely proportional

to the total combustion in the coal feed segment, Hence:
N = 1/(.0lV + .2 feed fines) 2.1

where all the volatiles V% and 20% of {he feed fines burns in
the coal feed cell, It is further assumed that volatiles use
the same ratio of air as carbon. The relationship from equation
2.1 plotted in Figure 2.5 shows the effect of volatile content
off coal on the number N of segments of which the coal feed cell
is composed,

For a fluidising velocity of 0.6 ~ 0,9 m/s and a bed depth
-of 0,75 m the segment is about 0.75 m in diameter, and comprises
about 500 kg of ash (density of ash 800 kg/m?),

Each segment is subdivided into layers through the bed
height as in Figure 1,2c. The size of the layer is set by the
conditions of operation of the bed, in particular the fluidizing
velocity so as to simplify the expressions for vertical mixing
deduced in Appéndices 3 and 4.

Steam tubes are packed in an array in the upper layers of
the bed to give the most effective heat transfer consistent with
the proper functioning of the process.

The procedure to be followed in the synthesis aof the

dynamic component of the transform b in the heat transfer

13

matrix consists of fivst defining the mechanisisms of solids

mixing in a fluidised bed, and then applying these to trace tha
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space-time history of coal in the lattice of segments and

layers of Figure 1.2c of the coal feed cell. Meanwhile, the
carbon particles suffer some reduction due to combustion and
abrasion, thus continuously altering their size distribution.
Under eguilibrium conditions the amount of carbon leaving the
coal feed cell as products of combustion and as elutriated
carbon louss must be the same as the feed to the entire cell.
Having attained equilibrium, a step change in coal and air is
made, and the transients, corresponding to the resultant change
in heat evolution together with the change in heat transferred
within the hot ash plasma to the steam tubes are deduced by
following the space-time history referved to above. These
transients are fitted with time trajectories, the transforms
of which are known, to reveal the desired dynamic component of
"bl3'
It now remains for the mechanics of motion within the
fluidised bed to be defined. The kinetics of solids and gas
flow, and of mixing are synthesised using difference equations

to represent the fundamental phenomena observed within a

fluidised bed.



CHAPTER 3

FUNDAMENTAL PHENOMENA OF FLUIDISATION
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FUNDAMENTAL PHENOMENA OF FLUIDISATION

3.1 General

In order to represent the behaviour of fluidisation
mechanistically, it is necessary first to define the fundamental
phenomena of fluidisation. These mechanisms are then used to
devise a gross pattern that represents the effect of the funda-

[12] - [a8]

The process of mixing in fluidised beds is by bubble

mental phenomena.

transport and not by diffusion. The theory developed in [li]
and [1@] is intimately concerned with the hydrodynamics around
a bubble,; and defines the motion of particles affected by the
bubble. By contrast, the present study is concerned with the
overall prcblem of mixing and mass flow in a fluidised bed of
ash containing about 0.1 - 1% of coal which is being burned.
The bubble transport theory is used to synthesise expressions
for the overall solids and gas flows through the bed.

Simplifying assumptions are made throughout in view of
the imprecise nature of the effects of repeated bubble transport
and its associated interactions. The relevant results of

previous work[;é} - [18] are summarised in sub-sections 3.2

and 3.3.

3.2 Ffundamental Phenomena of Solids Movement

A single bubble gathers material from the bottom layer of
the bed in its wake and transports it to the surface (Figure 3,1},
Puring the ascent of the bubble some of the wake material is shed,
As the wake rotates (Figure 3,2), grows in size and becomes

unstable, a torus of D section is sliced off (Figure 3.3). When
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the bubble reaches the surface, the remainder of the wake is
deposited as a disc on the surface (Figure 3.1f).

Figure 3.4 shows the effect of bubble transport on
successive layers from the base, Material within half a bubble
diameter from the base is carried up in the initial wake, and
shed during ascent as indicated above. Material beyond a half
bubble diameter does not appear to be caught up in the initial
wake to any appreciable degree for a single bubble. The wake
comprises about a quarter of the total bubble volume,

The effect of successive bubbles is seen in Figure 3.4,
It is assumed that the bed consists originally of a bottom layer
of dark material and a top layer of light material. The sequence
of events is related to the number of bubbles and not to ﬁ)é
passage of time, as the interval between bubbles does not
contribute to material transport and hence mixing. The boundary
separating the dark and light layers moves progressively down
the bed followed by the partially mixed material. In a practical
case, where the beé is fluidised at a given gas flow-rate,
bubbles form continuously so that mixing progresses uniformly
with time proportional to the gas flow-rate, This latter
determines the bubble size and frequency.

Poorer mixing results from a pattern of multiple bubbles
as seen in Figure 3.6. The mixing due to 10 x 7 bubbles compares
poorly with the effect of the fifty successive bubbles of
Figure 3.5c. It appears that, where the bubbles are in close
lateral proximity, the transport mechanism of individual bubhlesa
is partially cancelled. 1In effect, the degrec of wake shedding

is idncreased,
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In the synthesis of an algorithm of expressions to
simulate the vertical movement of solids material this pattern
of vertical transport of solids in the wake of bubbles through
the layers of a segment is followed. Due mainly to hubble
coalescence the wake is continuously shed and replenished so
that it is maintained constant with the movement of bubbles
from base to surface. Instantaneous mixing is assumed within
the wake between replenished material and the compliment of the
material shed., Accompanying this rapid upward movement of
solids at bubble velocity is a slow downward movement of solids
from layer to layer by displacement for mass conservation. Both
the upward movement of solids and the accompanying downward
movement are assumed to occur uniformly over the segment width.

These two movements of solids brought about by bubble
transport constitute an asymmetrical mixing in each layex which
is characteristic of fluidization. The vertical mixing is
asymmetrical in that a given layer receives material from all
layers below it by bubble transport but only from the layer above
it by downward displacement in the time that it takes for bubbles
to travel through the bed height. This is because the velocities
of the two flows are not the same, though the amounts are.

The shedding of the wake of bubbles bursting on tha
surface results in a spreading of wake material along the surface,
This mechanism provides the basis for defining the lateral flow

as a solids exchange between surface layers of adjacent segments,

3,3 Fundamental Phenomena of Gas Flows

The air supplied to a fluidised bed may he thought of as
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forming bubbles and a particulate constituent., The particulate
constituent may be further divided into low velocity particulate
phase gas and bubble ‘cloud' gas travelling at bubble velocity.

Clouds are intimately associated with bubbles as shown
in Figure 3.7, and their existence can be explained in the
following way. Since the velocity of bubbles is greater than
that of gas in the particulate phase, that particulate phase gas
immediately below a bubble sees the bubble as a void, and, as it
were, rises through the bubble much faster than through an
equivalent bed height of the particulate phase. On rising
through and beyond the bubble, this gas re-enters the particulate
phase,; is slowed down, and finally overtaken by the bubble,
During this overtaking the gas flows in a streamline around the
bubble. When it returns below the bubble it is once again in a
position to pass through the bubble. Trhus, each bubble has
associated with it an amount of particulate phase gas in the
form of a cloud[lej - [ld]. A bubble may be considered as
transporting not only solid material in its wake, but also gas
in excess of that within the bubble.

That component of the particulate phase gas which is
cloud rises through the bed at the average bubble velocity which
is greater than that of the slower moving particulate phase gas.
Because of the close association between clouds and bubbles,
and the difference in velocity between cloud and particulate
phase gas, the cloud gas stream is lumped with the bubble gas
stream in the subsequent analysis.

In sub-sections 3.4 and 3.5, gross patterns of gas and

gonlids flows ayve described to represent the effects of the
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fundamental phenomena outlined in sub-~sections 3.2 and 3.3.
Thése patterns are used to define expressions for the composition
of the gas in the layers of segments, as well as the solids flows

that result in mixing in the segments of the cell.

3.4 Gross Pattern of Gas Flow

The synthesis of expressions defining the mixing and
flow of gases is facilitated by the subdivision of the segments
into horizontal layers as in TFigure 1.2c. The thickness of the
horizontal layer fox gas flow differs from that for solids
movement.

In addition to the subdivision of the segments into
horizontal gas layers, it is convenient to subdivide each
segment invo vertical profiles, which depend upon the conditions
under which the bed in run. For incipient fluidisation, the
fluidised bedvmay be divided into profiles of solids and
particulate phase gas only as in Figure 3.8a. In an effervescent
bed with bubbles, fhree vertical profiles require consideration,
i.e. solids, particulate phase gas and cloud/bubble gas. These
are shown in Figure 3.8b. The profiles are dependant upon the
aly flow at which the bed is operated.

In the plug flow time T of bubbles through the bed
height the entire bubble stream within the bed is renewed,

The gas layer thickness is so chosen that in this same time
the particulate phase gas of slower velocity Up moves through
one layer. Thus, there is particulate phase gas which entered
the bed in different intervals of time T indicated in the

guccessive layers of Figure 3.8b, wheveas the bubble atraam



e { i f— { kft —
. 0 T { ¢ ) 4 S5
LAvER o o Tmg
at / / / \op
5 - S0Lips S PARTICULATE
€ 4 PYRSE GAS
{ /// 5
A INCIPIENT  FLUIDISATION.
- ParticuLAte Pitase Gias
Laver e 7
0 // / R T
4 | ¢
3 POLIDS /| 3 Cuoup/Buspt
> 4 5 %3/"(:‘3 ns Frew
l;.. [;FFERVESCENT FLUIDISATION.
| DISPLACEMENT
| - Particuiate CLoub SHED
LAvER N .
5 //7 q A $\\ 5
4 2 |55
3 S0LIDs 3 Eila Coup/Buss
0 ' A. 5] 5 'ﬂ\ 5 %/Gn A5 FLo
4 A Tiae

C. DISPLACEMENT AND GLOUD SHEDDING EFFELTS.

FIGURE 3,8 LINEATION OF SEGMENT OF FLUIDISED BED

{gg nu@?ers indicate the tlme intexval at which the gas enters the




- 36 -

originates in only one time interval ~ the most recent (T = 5),

In Appendix 2 a set of four equations A2.01, A2,05,

A2.06 and A2.07 define the areas of cross-~section, at different
heights in the bed, occupied by the solids phase and the various
gas phases of particulate, bubble, cloud and wake gas. Solutions
to these equations are given in equations A2.08 to A2.11 to define
the vertical profiles of the various states shown in principle

in Figure 3.8c.

The profiles of these states alters with bed height since
cloud shedding occurs as the bubbles rise from base to surface.
These profiles are defined with respect to o gas layer which is
defined in equation A2.14 as the height through which the slow
moving particulate phase gas rises in the same time T that fthe
fast bubble phase gas rises through the entire bed heilght.

A profile of the various phases is shown in Figure 3.9a
for a fluidising velocity of 0.9m/s. It is of interest to note
that at this fluidising velocity no particulate phase gas enters
the bed in layer 1. 1In fact, the cloud requirement for the
first two layers is in excess of the available particulate phase
gas. It is only above layer 2 that cloud shed gives rise to
slow moving particulate phase gas at a fluidising velocity of
0.9m/s.

Now consider the flow of the gas phases in further
detail. The expressions for the kinetics of gas flow are deduced
in Appendix 3.

The cloud/bubble flow ie one of simple plug flow as set
down in equation A3.1l.

The particulate phase gas consists of thyee constitusnts
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as shown in Figure 3.8c., A particulate constituent Ap enters
the base at each interval of time and progresses to the surface
in plug flow. A displacement constituent Ad moves downward to
replace that transported upwards by bubbles in their wake, and
a third constituent Acs is due to cloud shedding as bubbles
coalesce during ascent. The intervals of time T during which
the three mechanisms of plug flow, displacement and cloud
shedding occur in the several layers are indicated in Figure 3.8c,
This same pattern is set down as an expression of terms in A3.2
defining the areas of cross-section occupied by the various
constituents of particulate, bubble/cloud, cloud Bhed and
displacement gas in the layers.

An algorithm is deduced in equations A3.3 and A3.6 that
defines the movement of these constituents with time, with the
proviso that the boundary conditions attaching to the bottom
and surface layers are as defined in equations A3.7 and A3.8.

Equations A2.08 to A2.11 from Appendix 2 are programmed
inlListing A2.1 and are used to calculate the profiles of
Figure 3.9a. Simplifications of the equations A3.3 and A3.6 are
used to give the gas residence time distribution for each layer.
The results for a fluidising velocity of U = 0.9m/s is shown
graphically in Figure 3.9b. These results indicate that for all
practical purposes the gas flow may be considered to be of szingle
phase with a plug flow time T = 1 second, the same as that of the

bubble phase through the bed height.
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3.5 Gross Pattern of Solids Flow

"In this study the vertical flow of solids through the
layers of a segment is assumed to result in lateral homogeneity
in each layer, and it is further assuned that the asymmetrical
pattern of mixing deduced in RAppendix 4 is analogous to that
produced by wake transport of solids by bubbles., In the case
of lateral mixing, solids exchange occurs only between surface

layers of adjacent segments,

3.5.1 "The Vertical Flow of Solids

The synthesis of expressions that define the vertical
flow of solids is facilitated by the sub-division of the
segments of Figure l.3c into horizontal layers. The thickness
of a layer is such that it contains an amount of material
equal to the total wake capacity of all the bubbles generated
during T, the plug flow time of the bubble phase £hrough the
bed height. Thus, the total ash/carbon content of a layer is
potentially portable with each renewal of air through the bed
height for perfect bubble transport, i.e. no wake shedding of
solids. In thatevent all the material from layer 1 at the
base of the bed is carried in time T to the surface to form
the surface layer, and each layer moves down one by displace-
ment. This simple flow pattern is used in Appendix 9 to
derive an initial value for the background carbon in the
segments. These initial values of background carbon are a
remarkably good approximation from which to commence an
jiterative calculation of the process of combustion and

elutriation. The close proximity of an initial value of a



...40,..

target to its final value ensures stability and rapidity of
convergence,

In fact, bubble transport is not perfect and wake shedding
and replenishment of solids occurs continuously in the passage
of bubbles through the successive layers. Accompanying this
upward movement of material is a downward displacement of
solids for mass conservation. Thus, in an interval of time T
any layer receives material from both above by displacement
and from below by bubble transport. Whereas, the material
obtained by displacement is from the layer immediately above,
that obtained by bubble shed contains material from the layers
below, giving rise to an asymmetrical pattem of mixing which
is characteristic of fluidisation.

In Appendix 4, this pattern of bubble transport, wake
shed and downward displacement is assumed to occur in discreet
steps from layer to layer. A bubble shedding factor f of
value O < f < 1 determines the fraction of the wake that is
shed in passage from one layer to the next, and this factor
is assumed to be constant through the bed height. The wake
carrying capacity of bubbles is also assumed to be constant
through the bed height. Commencing with a given pattexn

defining the carbon content of layers as C, to C5 in a bed

1
of say five layers at time m T shown in Table A4.1l, the
mechanisms of bubble transport, wake shed and downward
displacement described above are applied to deduce the
composition of the carbon in the layers at time m + 1 7
in teyms of the carbon contents Cl to Cg of the layers at

time wm T, From this patteyrn is deduced the algorithm of
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equations defined in A4,4 that define the composition of the
general layer r. The composition of the surface layer is

defined ir eguation A4.5,

3.5.2 The Lateral Flow of Solids

Because of bubble coalesence, material within a segment
is constantly directed towards the centre of the segment at.
the surface. In view of this, it is assumed that no solids
material interchange between segments occurs through the bed
height except between surface layers, This is because of
the surface spreading of solids as hubbles burst on the
surface. ¥From any gilven segment a fraction B of value
0 < B < 0.5 of the material in the surface layer flows
laterally to each of the two adjacent segments in the case
of lateral flow transverse to a linear coal feeder. Knowing
the content of surface lafers of segment j and its adjacent
ones j + 1 and j -~ 1 at time m T, the composition of the
surface layer in segment j at time m+ L T is defined by
equation A4.6. 'Boundary conditions at the centre of the coal
feed cell and at its periphery are set down in equations

Ad4.7 and A4.8.
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COMBUSTION AND ELUTRIATION

4.1 General

It has been pointed out in sub-section 2.2 that the
volatile content of the coal that is fired may have a direct
bearing on the size of the coal feed cell, and hence the number
of segments of which it comprises. Tigure 2.5 shows a relation=~
ship between the number of segments over which the coal spreads
for stoichiometric combustion, and the volatile content of the
coal fired. This is based on the assumption that all the vola-
tiles are evolved in the coal feed segment and that these burn
in the segment with some of the available oxygen. Over and

above this, 20% of the feed fines is assuned to burxn in the coal

feed segment. Both these latter assumptions are deduced indirectly

from data plotted in Figures 4.la, b and c, based on experimental
results from a fluidised bed combustor.

In the characteristics of Figures 4.la, b and c¢, which
show the quality of combustion obtained experimentally when the
fuél feed conditions are altered from excess air (positive
stoichiometric) to excess coal (negative stoichiometric) these
results show non-linear changes in both carbon concentration
in the bed (Figure 4.la) and in carbon elutriation loss
(Figure 4.1b). In addition, Figure 4.lc shows some incomplete
combustion indicated by the presence of CO and CHy.

In the experimental investigation a feed rate was set and
maintained for four hours, during which transients ware assuned
to reach steady-state before readings were taken. Tt may he

argued that the implications of this procedure can lead to
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inferences which may be misleading, in particular with excess

coal feed.

Thus, within the confines of the experimental combustor,
there is not enough air to burn with the coal fired. However,
steady-state conditions require that the carbon leaving the bed
must be equal to the carbon supplied. The excess coal feed
builds up in the bed to a level at which the abrasion loss is
the same as the excess coal supplied. This explains the sudden

increase in carbon concentration (Figure 4.la) as well as the

excessive carbon elutriation loss (Figure 4,1b) with excess coal
feed. The long residence time of the carbon in the bed must
decrease its size distribution unrealistically so that the
elutriation rate is artificially high for a given carbaon
concentration. The high carbon concentration together with the
large proportion of reactive fines not only competes with the
volatiles for the available oxygen in the combustion zone, but
may result in some conversion of COz into CO through the bed’

height. This explains the incomplete combustion shown in Figure 4.lc.

In a large bed the apparent excess carbon fed to a
central segment of a coal feed cell moves laterally into outer
segments where it burns. Thus, in this study it is assumed that
the carbon concentrations in the segments arise from the require=-
ments of lateral flow alone, Furthermore, no incomplete com-
bustion is allowed for as in Figure 4.lc, and the quantity of
feed fines elutriated in a coal feed segment is assumed to be
a constant proportion of the coal throughput, From Figure 4. 1b

the proportion of fines elutriated is about 14% of the throughpui




under stoichiometric coal and air feed conditions. A critical
elutriation size of 0.125 mm is eguivalent to about 18% of fines
in the coal feed. If a proportion of 0.2 of this is assumed to
burn in the coal feed segment, the elutriation is 14% of the
throughput which is in close agreement with the experimental
results.

Further assumptions of the present study that affect the
pattern of combustion are as follows:

Lateral uniformity is assumed in a segment.

Combustion is largely confined to the bottom layer of
each segment where there is oxygen uptake[1Q]ﬁ In support of
this it was obsexved that the oxygen by-pass of the bhed did not
vary substantially when the bed height was varied from 1L m down
to 6.1 m. Any oxygen not burnt after the first layer is assumed
to by=-pass the bed. |

Combustion together with abrasion reduces the diameter
of carbon particles at a zero order rate with respect to the
particle size -~ kl for combustion and k2 for abrasion. All
abrasion fines are assumed to be below the critical elutriation
size. The rate of size reduction of carbon particles due to
combustion is a function of the background carbon, the size
distribution of the carbon particles, and the oxygen available
for combusticn in the segment in question,

The coal feed particles are assumed to have a sgilze dig-
tribution given by the Rosin-Rammler relation A5.1 in Appendix 5,

and shown in Figure 4.2. It is assumed that there is no change

in size distribution of the particles due to decrepitation,
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swelling or volatile emission. The feed fines consist of that
fraction of the feed below the critical elutriation size, xc,
remembering that these fines loose their volatile content
immediately on meeting the hot ash plasma of the bed. Expression
A5.2 and A5.3 respectively may be written for the feed fines
burnt within the bed, and the remainder which is elutriated from
the bed, based on the assumption that a fraction ¢o of the feed

fines burns within the bed.

4.2 BSteady-state Mass Loss of Carhon from a Segment

Steady~state combustion and abrasion, which result in
carbon particle size reduction, are dealt with in Appendix 6.
Assuming zero ordex reduction rates, with respect to size, for
both combustion and abrasion, a change Ax in size in the incre-
mental time T (plug flow time of bubbles gas through the bed
height) may be defined as in eqguation A6.02., The size range of
the feed may be expressed as a series of U mono-sizes, each
mono-size differing from the next by Ax. In this way the
combined effects of combustion and abrassion which together
result in a size reduction of Ax in time T, may conveniently be
expressed by each mono-size decreasing one size. Such a concept
contains the essentials of a mechanistic approach to represent
the effect of combustion, and will be discussed later.

The basic assumption that the combustion is of zero
order with respect to particle size is shown to lead in
equation AG.0O7.to an expression that defines the change in mass

of a particle due to combustion as a function of its surface
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area, i.e. x*, It is a widely held view that combustion for

solid fuels is a surface phenomena., It is fortuitous that this
same assumption, that combustion and abrasion are of zero order
with respect to size, allow the mass reduction due to combustion
to be separately expressed from that due to abrasion, in spite of
the two being lumped together to produce a common size reduction
Ax in time T. The form of this expression is given in equation
A6.10 and is common to both combustion and abrasion. One set of
constants lj, p1, g) is used to derive the mass reduction of each
monosize for combustion, while a second set of constants la, p2,
gz 1s used to derive the mass reduction of each monosize for
abrasion. In this way the effects of combustion and abrasion may
be accounted foxr separately.

Now, the background carbon varies from segment to segment,
while the air available for combustion is more or less constant
for all segments. This gives rise to a change in the rate of
particle size reduction from one segment to the next. In turn,
this results in a different particle size distribution in each
segment. Since combustion is a surface phenomenon, the rate of
particle size reduction due to combustion is itself effected
by the total surface area of all the carbon particles in a
segment. The relationship between ;, the rate of size reduction
of particles, S, the total surface area of the carbon particles,
and the net aly available for combustion of carbon particles in
a segment is given in equation A6.14. 1y is inversely proportional
to 8§ and directly proporticnal to the net air for comhustion,

Using this relationship it is possible to derive the rate %j of
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particle size reduction in the jth segment knowing %% for the
periphery segment s as set down in equation A6.17,

It is appropriate at this stage to define the units in
which carbon and air are expressed in this study. The coal feed
cell, composed of several segments, is considered to be operated
at stoichiometric coal and aixr throughput. All amounts of carbon
and air arc expressed as fractions or multiples of the cell
throughput, here regarded as unity.

Such a unit is consistent with the operation of a fluid-
ised bed which is concerned with the rates of carbon feed to and
removal from the cell. Where the rate of carbon loss or ailr

usage is a fraction of the cell throughput, such as mass loss

m

due to combustion and elutriation, or to excess air etec, the rate
is expressed as a fraction of the fcell throughput’. On the
other hand the background carbon in a segment represents a
potential combustion inertia that has the dimension of time.

Hence:

background carbon or

potential combustion - background carbon in segment (kg)
inertia in segment carbon throughput for entire cell
(seconds) (kg/s)

This unit of time gives an indication of the integral of through-
put accumulated oxr the time for which the carbon in the segment
will support combustion. A meaningful comparison of the backe-
ground carbon in segments from cells of different size is
possible in terms of the duration for which the carbon in the
segments will support combustion. In Figure 7.0l, the combustion

inertia is expressed in seconds of cell throughput. For a cell
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composed of three segments, the combustion inertia in the central
or‘coai feed segment is an accumulation of 42 seconds of cell
throughput, while the combustion inertia in each of the outer
segments 1is 23 seconds of cell throughput. The duration for
which the total carbon in the cell will support combustion is
88 seconds - there being one segment of 42 seconds and two each
of 23 seconds of throughput. A direct comparison may be made
with the combustion inertia for a cell of two segments where,
from Figure 7.01, the combustion inertia in the central segment
is 50 seconds, while the combustion inertia in the two flanking
half segments together is 34.5 seconds. The total combustion
inertia in ﬁhe cell of two segments is (4.5 seconds as comparad
with B8 seconds for a cell of three segments,

The value of expressing the background carbon as combus-
tion inertis is appreciated by comparing the combustion inertia
in the central or coal feed segment for the two and three segment
cells considered above. The combustion inertia in the central
segment for N = 2 will support combustion at the cell throughput
for 50 seconds, while the combustion inertia in the central
segment for N = 3 will support combustion at its cell throughput
for only 42 seconds. This is a meaningful comparison, yet the
absolute quantity of background carbon in the central segment
for N = 2 is less than that in the corresponding segment for N = 3,

The coal throughput for a segment in a fluidised bed of
height 0.75 m, fluidised at U = 0.75 m/s is estimatedﬁp] as
0.016 kg/s. The cell throughput is thue 0.0l6 N kg/=, where

there are N segments in the cell. A segment having a combustion
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inertia of C seconds, contains 0.016 NC kg of carbon. With 500 kg
of'ashvper segment, the carbon concentration is 00,0032 NC%. The
combustion inertia profiles of Figure 7.0l are plotted in

Figure 7.02 using this relationship to give the perxcentage carbon
concentration in the segments for comparison.

Having defined the units (fraction of cell throughput to
signify combustion, elutriation, etc, and combustion inertia in
seconds to signify background carbon) ccmbustion balances hetween
carbon and aiy may be expressed as fractions of cell throughput
and equated. Typically, such a balance for the jth segment is
expressed in equation A6.23, from which may be derived expressions
A6.24 and A6.25 for the net air (fraction of air throughput)
available for combustion of carbon particles in the jth (general)
and sth (periphery) segments of the coal feed cell. These
expressions are used in equation A6.17 to define thé rate of

] in the jth segment relative to the

particle size reduction i
rate of particle size reduction is in the periphery segment s.
The different rates of particle size reduction in the
segments of a coal feed cell may be said to effect a constant
size reduction over different incremental periods of time in the
respective segments. If these increments of time for the same
size reduction in the segments are arranged to be integers, then
the same particle size reduction Ax occurs in the segments at
these integers of time respectively. By this ruse the carbon and
the carbon particle mass-size distribution in the different
segments may be expressed in texms of the identical range of

mono-sizes as the feed is subdivided into. Thus, no problem is
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encountered in lateral flow in which an exchange of particles
between surface layers of adjacent segments occurs, since the
same range of mono-sizes is used to define the mass-size distyi-
butions in all segments. Equations A6.29, A6.30 and A6.32 relate
the incremental time Tj for the jth segment to the incremental
time T required to effect the same size reduction Ax in segment
s. The ratio Tj/T of these incremental times is finally expressed
in equation A6.30 in terms of the known rates of size reduction
kl due to combustion, and.k2 due to abrasion for the periphery
segment s.

The mono-size mass interchange bhetween surface layers of
adjacent segments is based on eguation A4.6 and is expressed as
an algorithm of three equations, A6,31 to A6.33, arranged in three
steps. Lateral exchange is applied at increments T of time, and
the accumulated mono-size mass over the increment Tj'of time 1is
subjected to a single size reduction. In the final step of the
algorithm the nomenclature is updated to correspond to the next

J of time.

size down for the subsequent increment T

Three boundary conditions apply to the implementation of
equation A6.31 at j = 1 the coal feed segment, and j = g the
periphery segment for N = odd or even number of segments. These
conditions are analogous to reflection at these boundaries, and
arve defined in equations A6.34 to A6,.36.

The product of mono-size mass in segment j and the frac-
tional loss in mass due to combustion and abrasion are esxpressed

in equations A6.3B and A6,39 to give expressions for the carbon

loss from each mono-size in the segment due to combustion and
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abrasion respectively per incremental time T.

The size reduction to critical elutriation size X of
the penultimate size XCMl in segment J gives rise to fines,
the rate of remcval of which, with respect to the incremental
time T, is expressed in equation A6.40.

The losses in mass (fraction of cell throughput) of
combustion and elutriation expressed in equations A6,38 to AG.40
in terms of each mono-size are integrated over the entire range
of mono-sizes to give the carbon loss (fraction of cell throughput)
due to combustion and elutriation in the segment. For the coal
feed segment the feed fines burnt within the bed and that
elutriated from the bed from equations A5.2 and AS,3 respectively
are added to these amounts to give the carbon combustion and
elutriation in equations A6G.41 to A6.43. For segment j the
carbon combustion and elutriation losses (fraction of cell

throughput) are expressed in equations A6.44 to Ab6.46

4.3 Steady-State Carbon and Ailr Combustion Balances
in the cell and in the Freeboard

Steady-~state combustion balances both in the cell and in
the freeboard above the cell are defined in Appendix 7 in teixms
of the fraction of throughput of air and carbon. With stoichio-
metric coal and air feed to the cell, an amount of air (fraction
of cell throughput) must by-pass the bed to balance the elutria-
tion of fines from all the segments of the cell in the steady-
state. This is set down in equation A7.1.

Now excess fluidising alr could be used to increase the

combustion of fines within the bed, and thereby tend to reduca
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the elutriation of unburnt fines. However, the excess air tends
to’incfease elutriation loss because of the increased fluidising
velocity, removes a larger proportion of the heat of combustion
as sensible heat in the increased air flow, and results in
increased pumnping costs. Because of these factors, it may be
more effective to introduce directly into the freeboard preheated
excess alr to increase the combustion of elutriated fines.

All the fines of critical elutriation size X, must
remain in the proximity of the surface in the freeboard until
reduced by combustion to airborne size Xq for open tube aix flow,
In the steady-state the combustion of the fines of size X pax
unit of incremental time T is defined by El of equation A7.3.

Of the remaining fines a fraction, EQF burns in the freehoard
{egquation A7.4) while the remainder EO is lost in the stack
(equation A7.5) with the corresponding air by-phass (fraction of

throughput) expressed in equation A7.8.

4.4 Transient Mass Loss of Carbon from a Segment

In order to determine the dynamic characteristic of
heat evolution‘in the coal feed cell, it is necessary to derive
an expfession for the mass loss of carbon due to combustion in
the segments during a transient in response to a step change in
coal and airy throughput. This expression is deduced in
Appendix B,

in the steady-ctate the background carbon in each segment
supports both the lateral flow of carbon thyough the segment ag

well as the combustion loss that is in balance with the fluldising
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air, The combustion mass loss MLj of carbon in segment j from
equation A6.44 may be expressed as the product of the background
carbon in the combustion zone and a mean reduction factox ?j
defined in equation A8.02. érovided the transient does not
introduce large relative changes in background carbon in the
segments, this value of ?j ; the mean reduction factor, may be
assumed to apply over the entire transient. Thus, both before
and after the transient, the mean reduction factox, ?j, gives
rise to mass losses which are in combustion balance with the
fluidising aix, while during the transient as the background
carbon in the segment bhuilds -up, it provides an instantaneous
mass loss which increases in value f{rom that before to that at
the end of the transient. Now this instantaneous mass loss of
carbon is in combustion balance with only part of the fluidising
air during the transient. The remainder of the air may be said
to be in instantaneous excess. At the start of the transient
this instantaneous excess ailr is equal to the step increase in
alr. As the transient progresses it decreases to zero in the
steady~state.

-During a transient following a step increase in through-
put to the cell, combustion imbalances are set up in segments
between the net carbon flow in and the fluidising air. There is
an immediate increase in air throughput at the step change., The
net carbon flow into each segment, however, is established
gradually as the background carbon builde up in response to the
step increase in coal throughput to the cell,

3

In each segment the mass loss MLt of carbon due to
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combustion during the transient may be considered as the sum of
two terms as in equation A8.08. The first term represents the
instantaneous mass loss of carbon as the background carbon builds
up, while the second term is a function of the difference between
the maximum potential and instantaneous mass losses during the
transient. This second term is in balance with the instantaneous
excess air throughput, and decreases to zero as the transient
progresses to steady-state. The instantaneous excess ailyr during
a transient may not be expected to have the same efficiency of
utilization as that fraction of the fluidizing aix, which is in
balance with the instantaneous loss of carbon ag a result of the
build up of the background carbon. The factor e of value

0O < e <1 sets the efficiency of utilization of the instantaneous
excess alr during the transient in eqguation AB.,08. The mass

loss of carbon due to this second term is effective immediately
as the step increase of air throughput, and depletes the back-
ground carbon in the segment. As the transient progresses the
lateral flow of carbon overcomes this depletion to give a build
up of background carbon.

Since combustion is assumed to occur at the surface of
carbon particles, and since e is a function of part of the
compbustion air uptake, the parameter ej is directly proportional
to sj the surface area of all the carbon particles in segment j
as in equation AB.07. This equation may be used to relate the
values of ej for the successive segments of the cell.

During the transient the fines burnt in the segments are

assumed to increase in the rvatio of the total mass loss to the



J

mass loss ML” of eguation A6.44 prior to the transient. The

proportionality factor defining the increase in fines burnt is

given in expression AB8.10,
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DEVELOPMENT OF COMPUTER PROGRAM OF THE MODLL

5.1 General

The mechanisms and algorithms synthesised in Appendices
4 to 9 that define the vertical and lateral mixing of solids
within a fluidised bed and the size distribution, combustion
and elutriation of carbon from segments must be assembled into
a sequence to simulate a fluidised bed boilerx.

Due to the limitation of storage space available in the
computer, it was not possible to assign a unique mass-~size
distribution to the carbon particles in each layer of all the
segments of the coal feed cell, This called for a compromise in
which a two-stage solution is adopted. In the first stage no
differentiation is made within a segment in terms of layers and
a steady-state simulation is carried out. All the carbon
particles within a given segment are subjected to a uniform rate
of size reduction to determine mass losses due to combustion
and elutriation, combustion inertia and caxrbon particle mass-
Size distributions in the segments. The values cobtained from
this steady~-state simulation, in particular the mass losses due
to combustion and elutriation, and the combustion inertia in the
segments are used in a second stage solution in which distinction
is made between layers of segments and a transient solution
effected. In this second stage solutlon these steady-state
values deduced from the first stage are used, together with
vertical and lateral mixing and the mechanism of mass loss of
carbon due to combustion during a transient (Appendix 8) to

determine the mass loss of carbon as a conseguence of tranasient



heat evolution.

5.2 Initial Values of Background Carbon, and Carbon
Mass-Size Distribution in Segments

In programming the model an iterative procedure for
computation is inevitable,

The incremental time to effect a fixed size reduction in
the several segments of a cell are functions of factors such as
combustion inertia, size reduction, fines burnt, etc. However,
in the various segments, these latter factors are in themselves
functions of the formey increments of time to effect a size
reduction which defines combustion, elutriation, hackground
carbon and mass-size distribution of particles etc. Buch an
intexrdependence calls for an iterétive computation.

Commencing the computations with initial values which
are close to the final values of the combustion inertia and
mass—size distribution of carbon particles in the several
segments of the coal feed cell ensures the rapid and stable
convergence of the iterative procedure. Moreover, if these
initial values are derived by simple rough-and-ready estimates,
they form a useful cross-check on the more involved treatment
by the model. Expressions are derived in Appendix 9 to define
both the background carbon (seconds) and the mass-size distri-
bution of carbon particles (fraction of throughput) in the
various segments of the cell, using simple rough-and-ready
methods for the estimation.

The estimates of background carbon are made starting

with the periphery segment of the cell and proceeding to tha coal
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feed segment. The potential between the background carbon in
adjacent segments must be sufficient to effect the necessary
lateral flow of carbon from the centre to the periphery of the
cell (equation A9.3)., This relates the background carbon in
adjacent segments. The background carbon in the periphery
segment of the cell is estimated by considering the rate of
removal cf carbon by combustion, the rate of mixing, and the
average burning time of carbon particles and is set down in
equation A9.1.

Estimates of the mass-size distributions of carbon
particles are made starting with the coal feed segment and pro-
ceeding to the periphery of the cell. This is bhecause the mass«~
gize distribution of the coal which is fed into the coal feed
segment is known. Based on this, the mass of each monosize in
the coal feed segment is generated by applying the relationship
A9.4., This relationship defines the mass of a monosize X, over
that incremental time required to effect a reduction in
particle size from one monosize to the next. In ejguation A9.4
the mass Mr of the monosize X, during any incremental time is
expressed as the sum of the mass of the monosize .4 in the
segment during the previous incremental time and now reduced to
size Xr by the reduction factor (i “'Yr) because of combustion
and abrasion, together with the mass mrf of the monosize X, in
the feed during the present incremental time, Using the mass of
particles of each monosize generated from this relationship, it
is possible to express the mass of each monosize as a fraction of

the total mass of all monosizes, and then relate this mass-size
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distribution to the background carbon in the segment in question
to arrive at the combustion inertia of the carbon particles in
each monosize given in expression A9.6,

A comparison is made in Figure 5.1 between the above
estimate of initial values of background carbon over six and
seven segments and the final values cbtained from the model after
iterative convergence. The maximum misalignment is no more than
25%,

Figure 5.2 shows a comparison between the estimate of
initial values of mass-size distrilulions of carbon particles in
a cell of seven segments and the final values obtained from the

model after iterative convergence,

5.3 Program of the Model in the Steady-State Mode

A flow chart of the essential stages of the steady-state
mode of the model is shown in Figure 5.3 with a list of the
eguations used in the computations. The program may be sub-
divided into three steps.

In the first step represented by the first two blocks,

a number of preliminary factors are calculated to set the com-
putation in its context. BAmong these are the fraction of
volatiles and fines in the feed, the subdivision of the remainder
of the feed carbon into monosizes, the number of segments in the
cell, and the initial background carbon in segments.

In the next step represented by the second two hlocks
in Figure 5.3, the mass reduction factors for combustion and

abrasion are calculated. This is done by initially assuming
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values for the ratio between segments of the incremental times

to effect a particle size reducticn Ax, From these, mass
reduction factors for combustion and abrasion of carbon

particles in the segments are derived and used with the estimates
of initial mass-size distributions of carbon to define the
combustion mass loss in the segments, A re-estimate is made of
the ratio between segments of the incremental times to effect a
particle size reduction Ax, and of the mass reduction factors

for combustion and abrasion of carbon particles in the segments.

In the third step represented by the last block of
Figure 5.3, the steady~state operation of feed, lateral mixing,
mass loss due to combustion and eluiriation, and fines burning
is put into effect by a loop labelled MIX. Thus, the combustion
and abrasion are based on a mechanistic size reduction of the
mass-—size distribution of carbon particles in each segment,

The program FLUMX of the steady-state mode of the model
is given in Listing AlO0.l. The detailed flow chart is given in
Figure AlO.l, while a typical print-out is in Table AlO.1.

The names used in the program are related to the symbols used

in the model synthesis in the nomenclature to Appendix 6. For
identification, the first four lines of the print-out list the
data used in the computation. By way of illustration the data
for the computation in Table AlO.1 shows the critical elutriation
size of carbon particles X = 125.6 um, the coal fired has a
wolatile content V = 11%,due to abrasion the particle size
veduction per second is KAl = 0,1 |/s, while that for combustion

KCL = 1,7 y/s and finally the lateral flow parameter B = 0.1
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(fraction of surface layer in lateral flow per second). The data
format to operate FLUMX is given in Table AlO.2.

The main body of the print-out is arranged in columns and
rows. The columns relate to the segments of the coal feed cell.
The left-hand column relates to the coal feed segment, while the
extreme right-hand column relates to the periphery segment of the
coal feed cell. The rows of the print-out are in blocks of
several lines each. The first three blocks of rows correspond
in the program FLUMYX, to the step of updating initially assumed
values discussed above. Of these the first two blocks are based
on the assumed values, while the third represents an updating
of these values. Thereafter the rows are arranged in hblocks of
five lines, with each block of print-out representing a complete
cycle of operations that corresponds to an excursion around the
MIX loop of Figure 5.3 referred to above.

The factors of interest are C the background carbon,
SCOMB the mass loss due to combustion of carbon, FB the fines
burnt and FE + CFF the fines elutriated from the segments. The
print-out of Table AlO.l is for N = 7 segments; hence, there are
four columns from the central to periphery segments inclusive.

At the bottom of the print-out are totals of various mass
losses, each labelled. Both the initial and final mass-size
distributione of carbon particles in the segments are shown as

a printout in Table AlO.3,

5.4 Program of the Model in the Transient Mode

& flow chart of the essential features of the transient
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mode of the model is shown in Figure 5.4 with a list of the
equations, derived from the Appendices, that are used in the
computations. The program may be divided conveniently into two
steps.

In the first step represented by the first block in
Figure 5.4, the values of background carbon, combustion and
elutriation from the segments of the coal feed cell are taken
from the print out of FLUMX. The background caxbon is subdivided
between the layers of segments, and expressed in terms of the
post-transient steady-state throughput,

The second step is represented by the five blocks within
the loop of Figure 5.4. These blocks represent the operation of
the fluidised bed combustor with mass loss of carbon dus fo
combustion for a step increase in coal and aix throughput. The
essential stages consist of adding coal throughput to the coal
feed segment, vertically mixing between layers of all segments,
laterally mixing between surface layers of adjacent segments,
calculating the mass loss due to combustion in the transient
mode, and removing all carbon burnt and fines elutriated from
the segments.

The program FLUTRA of the transient mode of the model is
given in Listing All.l, with a detalled flow chart in Figure All.l.
Table All.l is a typical print out from FLUTRA, It is set out
in six columns, each with a heading. The entries under these
columns define various constituents of the carbon losses (fraction
of throughput) for the entire coal feed cell for the duration of

the transient., Time is indicated by COUNT, and progresses

|
|
|
z
|
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geometrically in binary steps of a second to cover a transient
span of 17 min. in ten steps. The print out also identifies
SEGKOL, the background carbon expressed as a combustion inertia
(seconds) for each segment,

The main factors of interest are the changes during the
transient of the combustion in the bed, and the build up of back-
ground carbon in the segments of the cell. The results shown in
Table All.) are for a cell of N = 7 segments, hence there are
four values of SEGKOL the background carbon for segments number
1 to 4.

The data format regquired to execute FLUTRA is given in
Table All.2.

Inadvertently, the print out from FLUMX used as data in
FLUTRA, groups together abrasiocn and feed fines, and these require
to be resolved. A short program XLATE ir Listing All.2 translates
the print out from FLUMX into a form suitable for FLUTRA. The

input and output formats for XLATE are given in Table All.3.
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PARAMETERS OF THE COMBUSTION MODEL

6.1 General

The results of simulations carried out on the model depend
on the values of the parameters and constants used. In Section 7
dealing with Combustimand Elutriation, arguments are advanced
showing that considerable care must be taken in extrapolating
from results of an experimental investigation on a pilot model to
represent the operation of a full-scale plant. In particular, the
confines of a plant model do not allow a realistic representation
of successive sections from the coal feed area to the periphery
of a coal feed cell., Near the coal feed, in a large fluidised
bed, the level of background carbon is far highex than that which
supports combustion in a smalley pilot model, given that both
plants are operated at the same stoichiometric Coal and air
throughput. To build up background carbon in a pilot model to
an unrealistic level by excess coal feed in an attempt to study
the combustion conditions near the coal feeder in a large plant,
raises guestions as to the validity of the exercise, especilally
if the excess coal feed is maintained in the steady-state.
Steady-state implies carbon loss in equilibrium with carbon feed.
The air throughput can only remove part of the coal throughput
which is in excess. Hence, the remainder must be lost by some
other mechanism such as abrasion which comes into prominence underx
these conditions of excessive carbon residence time. Thie excess
of abrasion fines, which is more yreactive than the carbon particles,
may result in some incomplete combustion. In fact, these very

phenomena are evident in the experimental results on the
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pilot plant at negative stoichiometric air throughput as shown in
Figures 4.la, b and c¢. In this study, extrapolation from the
experimental results is avoided in an attempt to avoid problems

of scale-up. The only values of parameters used in the model are
implicitly deduced from experimental results. It is thus necessary
to ensure the acceptability of the values of the parameters used

in the absence of explicit results from experimental investigations,
by subjecting them to cross-checks.

Table 6.1 contains a list of the parameters used in the
model, the symbol by which each is identified and the name given
to it in the program. Values are set against these parameters,
and it is these that must be tested for acceptability in the
absence of an experimental model fitting procedure. Broadly,
this list of parameters falls into two categories. There is a
number of parameters of primary significance to the functioning
of the model so that it simulates reasonable conditions. These
are size of coal feed cell (a function of the volatile content of
the coal), lateral solids flow, and rates of size reduction of
carbon particles. The second category of parameters, e.d.
fractional combustion of fines in the bed and in the freeboard
are of secondary importance to the simulation. Nevertheless,
the importance of this second set of parameters is not to be
underrated, since they have an important bearing on combustion
efficiency etc., Parameters in this second category are given
fixed values throughout as shown in Table 6.1,

For the steady-state mode there are three parameters of

primary significance, the volatile content V of the coal, the




TABLE 6.1 Parameters of the Model and Their Estimated

Values %
ISttt !
P
Principle Parameteyxs %
SYMBOL PROGRAM NOMINAL DESCRIPTION gg
NAME VALUE §
B B 0.1 Lateral flow parameter (inter-segment) i
fraction of solids layer é
e B 0.12 Utilisation (fraction) of step increase
in air during transient
£ F 0.2 Vertical flow parameter (between
layere) fraction of solids layer.
kl KC1 1.7 W/s Rate of size reduction of carbon
particles by combustion -
v v 11-45% Volatile content of coal (dry ash-
free basis)

N.B. The range of volatile content 11-45% corresponds to N =7 to 2

segments in the coal feed cell. Values of V are chosen to

give integer values of N from Figure 2.5,

/Table 6.1 conteess




TABLE 6.1 (cont.)

Secondary Parameteys
SYMBOL PROGRAM NOMINAL DESCRIPTION
NAME VALUE

a, BY 0.01 Alr by-pass (fraction of throughput)

a, X 0.1 Excess air i "

a PA 0.012 . Rosin~Rammler constants
}' @efining carbon particle

g p

b PB 0.5897 size distribution

k2 Kal 0.1 u/s Rate of carbon particle size reduc
~-tion by abrasion

n NOL 10 Number of layers in segment for
solids flow

T T 12 s Incremental tine intervals at which
the computation carries out a sim-
ulation

Tc TCl 10 s Average conbustion time of carxbon
particles

X, XC 0.125mm| Critical particle size for elutria-
tion from the bed

X, XE 0.1 mm Particle size airborne in freeboard

xo X0 1.4 mm Largest particle size of coal feed

Ax DX 21.6 um Difference between one mono-size and
the next

¢o COMB (0) 0.2 Fraction of feed fines burning in
the bed

¢l COMB (1) 0.2 Fraction of abrasion fines burning
in the bed

@ COMB (2) 0.2 Fraction of fines of size x

2 C

burning in the bed

@ COMB ( 3) 0.2 Fraction of fines of size % < ¥

3 , , a

burning in the freeboard

U MU 59 Number of mono-size fractions the

coal feed is subdivided into
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lateral solids flow, parameter B, and the rate k‘ of decrease in
size of carbon particles due to combustion.

In addition to the three parameters mentioned above fox
the steady-state mode, there are two further parameters of sig-
nificance in the transient mode. These are f, the vertical
solids transport parameter, and € the efficiency of utilization
of the excess air during the transient.

At best, the values chosen for these important parameters
are close estimates and are nominal values derived indirectly
from experimental observations. It thus becomes necessary to
make comparisons of the significance of variations in the
nominal values of these parameterxs. The simulation produced
by the model using this set of nominal parameter values may be
said to define a nominal operating point in a multi-dimensicnal
plane, the co-ordinates of which are defined by the individual
parameters. By altering these parameters one at a time about
their nominal values, while keeping the others at their nominal
values, it is possible to make excursions in the multidimensional
plane about the operating point along one vector at a time, In
this study the simulations by the model in both the steady-state
and transient modes are made so as to study the effect of

altering the values of these parameters one at a time.

6.2 Nominal Valuegs of Parameters

The nominal values for the five most significant para-

meters are as follows:




a, Volatile Content of Coal Fired

If it is assumed that only the volatiles and part of the
feed fines burn in the coal feed segment, then the primary
effect of an increase in the volatile content of the coal
feed is to leave less carbon for lateral flow and subsegquent
combustion in the remainder of the segments of the cell. The
number N of the segments that comprise the coal feed cell is
thus directly dependent on the volatile content of the coal
fired., The number N of segments comprising the cell defined
by equation A6.20, in which it is assumed that 0.2 of the feed
fines burns in the bed, is plotted in Figure 2.5.

From this graph values of volatile content of coal fired
are chosen which lead to integral numbers of segments ranging
from 2 to 7 in the coal feed cell in this study. This variation
provides a reasonable range for interpolation using most coals.
A coal feed cell of three segments is adopted as nominal in
this investigation.

Normal coals used for power generation in Britain have a
volatile content of 36-38%. On a dry ash-free basis the
volatile content is approximately 45-47% for an ash content of
say 15%. From Figure 2.5, such a coal is likely to be
effective over a cell of no more than two segments to give a
coal feed spacing of about 1.5 = 1.75 m using linear feeders.
This is confirmed by an independent study on plant design

carried out at the Coal Research Establishment, Stoke Orchard,
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b, Lateral Solids Flow Parameter B

The lateral solids flow parameter is the fraction of the
surface layer that undergoes solids exchange with an adjacent
segment per incremental time T. The nominal value adopted in
this study is a fraction 0.1 per second. A lateral diffusional
flow of 0,01 would result in the same total solids exchange
between all ten layers of adjacent segments per second. This
value is not far removed from the value of 0.04 for the
diffusion coefficient determined experimentally at CRE, Stoke
Orchard, in a cold model of 1.5 m diameter using radiocactive
carbon injected at a point in the centre. Unfertunately, no
attempt was made in the experimental program to confirm the
reported[ld] effect that lateral transfeyx is largely confined to
a surface exchange between segments. Steam tubes immersed in
the bed will tend to prevent lateral mixing in the lower
reaches of the bed, but should not interfere with the surface

spreading of solids as bubbles shed their burden there.

c. The Rate k of Decrease in Size of Carbon Particle Due to
. Combustion

With a value of kc = 1,7 U/s, the number of size
fractions calculated, assuming a size reduction every second,
is prohibitively large. It becomes expedient to work on an
enlarged computational time basis T of about 12s for this
pnumber to be reasonable. Thus Ax, the difference in size

between mono-sizes,; is:

Ax = (kc + kaBT 6.1
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where the particle suffers size reduction due to the rates of
both combustion kc and abrasion ka for a time T.
The mean size of particles may now bhe estimated using

the average combustion time Tc of particles before they reduce

to elutriation size x as:
c

.F
X Ax Tc 6.2

where Ax is the difference in size between adjacent mono~sizes
from equation 6.1,

This simple estimate gives a mean particle size of 0,34 mm
using the values of the variables kc, ka, TC and xclisted in
Table 6.1,

This is only just on the low side for a feed size range
up to 1.4 mm, but it indicates that the rate kc of slze reduc~
tion of 1.7 Y/s is reasonable. This value is used in the
investigation as nominal, with values of 2.3 u/s and 1.1 W/s

to show the significance of variations in the value of kC.

d, Vertical Solids Transport Parameter f

In general, it is considered that vertical solids
transport in fluidised beds is rapid at any rate, much faster
than the lateral flow of solids. Unfortunately, controlled
experiments to measure the vertical mixing had low prioxity in
the experimental programmes, Moreover, any measurament of this
parameter depends quite critically on such factors as the
presence of steam tubes and thelr packing density. It must be

remembered that the parameter £ represents the bubble shedding

Y
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factor. As f approaches unity, the shedding is large while the
vertical transport is small. On the other hand, as f approaches
zero, the bubble shedding is small resulting in increased
vertical transport of solids. A nominal value of f = 0,2 is

taken in this study as being consistent with fairly rapid vertical
solids transport. Because of the uncertainty attached to the
value of this parameter, large fluctuations on either side of

the nominal are considered, i.e. 0.1 to 0.4.

e. Efficiency of Air Uptake During the Transient Mode

From Figure 4.4k, it maybe seen that the clutriated
carbon fines (fraction of throughput) falls about 2% from 15%
to 13% when the excess alr is increased from O to 20%. This
corresponds to an improvement of about 12% in the combustion.
During the transient mode in this study, the step change in
air throughput is 20%. It is reasonable to assume a similar
12% improvement in combustion. The carbon combustion is
balanced by air uptake, hence the efficiency of utilisation
of the excess air in the periphery segment is taken as e = 0.12,

Again, Figure 4.lb shows that this efficiency of
utilisation of the step increase in air during a transient is

unlikely to alter by amounts larger than 15-20%. In this study

the value of e is varied by 20%.

6.3 Range of Parameter Variations

of parametey

w
o3}
I
n

For the steady-state mode three

P

variations are made in this study by varying one at a time each of
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three parameters about their nominal values (N = 3 segments,

B =0.1, k_ =1.7 u/s). On each occasion the other two para-

meters are kept at nominal values. The parameter variations for

investigations in the steady-state mode are shown in Table 6.2

TABLE 6.2 Three Sets of Parameter Variations for the

Steady=State Mode

N B k §
2 to 7 0.1 1.7

3 0r2 ) 1.7

3 0.1 ]z]:aj

For each of these three sets of parameter variations in
the steady-state mode a graphical study is presented of the back-
ground carbon in the segments (Figures 7.01-7.04), the fines
elutriated from the segments (Figures 7.05-7.07), and the mass
size distribution of the carbon particles (Figures 7.08-~7.10) in
the segments.of the cell.

For the transient mode five sets of parameter variations
are made by varying one at a time each of five parameters about
their nominal values (N = 3 segments, B = O.1, kc = 1.7 U/s,
£f=0,2 and ¢ = 0.,12)., On each occasion the other four parameters

are kept at nominal values. The sets of parametexr variations for




the transient mode are shown in Table 6.3.
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TABLE 6.3. TFive Sets of Parameter Variations for the
Transient Mode

N B kc f e

2 to 7 0.1 1.7 0.2 0.12
3 8:25} 1.7 0.2 0.12
; or | My | 2 | e
3 0.1 1.7 2:1 0.12
3 0.1 1.7 0.2 0,

For each of these five sets of parameter variations in the

transient mode a graphical study is made of the response to a step

change in coal and air throughput of the transient of mass loss of

carbon corresponding to heat evolution in the cell (Figures 7.11 -

7.15) and the build up of background carbon in the segments of the

cell (Pigures 7.16 - 7.19).
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CHAPTER 7

DISCUSSION OF RESULTS OF THE COMBUSTION MODEL
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DISCUSSION OF RESULTS OF THE COMBUSTION MODEL

The results of the simulations carried out of both the
gteady-state and transient modes are presented graphically to show
the effect of each of the sets of parameter variations outlined
above in Tables 6.2 and 6.3. From a study of the effects produced
by varying these parameters, their significance in the model may

he deduced.

7.1 The Steady~State Mode

The effect of the three sets of parameter variations of
Table 6.2 on three factors is studied in the steady-state mode.
These factors are the background carbon in the segments of the
cell, the fines elutriated from the segments and the mass size
distribution of carbon particles in the segments of the cell.

7.1.1 The Background Carbon in the Segments of the Cell and
the Coal Feed Spacing

Values for the background carbon in the segments of the
cell are shown in Figures 7.01 - 7,04 in which the straight

lines merely serve to join points corresponding to values of

combustion inertia in the segments.

Figure 7.01 shows the background carbon in the segments

as the number N of segments in the cell is altered from 2 to

7. The background carbon is expressed as a combuetion inertia

in seconds of throughput, and indicates the integral of the

cell throughput accumulated, oY the time for which the carbon

in the segment will support combustion., When axpressed in

units of throughput relative to the size of the cell,; the
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profiles indicate that the background carbon is substantially

constant with segment number.

The background carbon profiles of Figure 7.0l expressed
as % concentrations are plotted in Figure 7.02, and reveal the
familiar profiles based on absolute units.

Normal coals used for power generation in Britain have
36-38% volatile matter. On a dry ash-free basis the vola-
tile content is 45-47% for an ash content of, say, 15%.

From Figure 2.5 such a coal is likely to spread over a cell
of no more than two segments. Figure 7.02 indicates that the
congentrations are 0.32% at P and 0.24% at Q in the coal feed
and outer segments respectively. These values are somewhat
higher than the 0.1% carbon concentration at stoichiometric
throughput from Figure 4.la obtained experimentally from the
pilot plant. However, the model predictions are over two
segments each of approximately 0.75 to 0.9 m width, and
served by a single coal feeder, and may be expected to indicate
a higher carbon concentration than that over a distance of
0.9 m in the pilot plant.

The spacing in between coal feeders ig the width of
the coal feed cell, since the cell is defined as being fed by

a single feeder. For coals of 36-38% volatile content, the

feeder spacing is of the order of 1.5 -~ L.75 m. Half the

segments covering the bed area would be served directly by the
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coal feeder, while the remainder would depend on the lateral

flow of carbon. From Figure 7.0l the background carbon accumu-
lated in the coal feed segment is 50 seconds of cell throughput,
while that in the intermediate segment between coal feed segments
is 35 seconds of cell throughput. The cell as well as the

entire unit of Figure 2a contains carbon equivalent to a com=-
bustion inertia of B5 seconds.

If the volatile content of the coal fired changes from
that for which the coal feed spacing is designed, a loss in
combustion efficiency is likely to arise. An increase in
volatile content of the coal fired will lcad to a lean com-
bustion mixture (excess air) at the periphery of the cell.
Decreasing the fluidising air somewhat tends to restore the
combustion mixture at the periphery of the cell, but is likely
to result in unburnt velatiles in the zoal feed segment.
Certainly, the total combustion in the cell will decrease. On
the other hand, a decrease in the volatile content of the coal
fired will result in the combustion of sufficient carbon in
the coal feed segment to compensate for the decrease in
wvolatiles, with the result that there will be no substantial
change in the quality of combustion over the cell.

Figure 7.03 shows the effect of a variation in B, the
lateral solids flow parameter. As this is decreased, a steeper
background carbon profile between segments is necessary to
maintain the lateral flow of carbon, On the other hand,
maintaining the lateral solids flow parametexr B constant,; and

altering the combustion rate kc of particle size reduction as
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in Figure 7.04, results in a constant differential in background
carbon between segments since B is constant., The level of
background carbon falls with increased combustion rate kc of
particle size reduction since a smaller population of carbon

particles will support the same combustion loss of carbon as

kc increases.

7.1.2 Carbon Fines Elutriated from the Segments

Values for the carbon fines elutriated from the segments
of the cell are shown in Figures 7.05 - 7.07, The stralght
lines have no significance and merely serve to join points
corresponding to carbon losses for the various segmenta, The
carbon loss is expressed as a fraction of the coal throughput.

Figure 7.05 shows the carbon fines elutriated from the
segments as the number N of segments in the cell is altered from
2 to 7. The carbon loss from the coal feed segment is from
three to ten times greater than the loss from any other segment,
This is due to the fines in the feed which are confined to the
coal feed segment. In the other segments of the cell the fines
are generated by the size reduction of carbon particles due to
compustion and abrasion.

For a coal of 36-3B% volatiles, the cell is composed of
two segments. Figure 7.05 indicates 0.105 of the throughput
is elutriated from the coal feed segment, mainly feed fines,
From the outer segment, 0.038 of the throughput is elutriated,
The total fraction 0.143 of the throughput is in good agreement

with the 12-15% obtained from experimental resulte (Figure 4.1b)
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on the pilot plant operated at stoichiometric throughput.

There is no significant change in elutriated carbon loss
by varying either the lateral solids flow parameter B (Figure
7.06) or the combustion rate k_ of carbon particle size reduc-
tion (Figure 7.07). It is interesting to note from Figure 7.06
that the carbon loss in the coal feed segment increases
slightly as B decreases. ¥From Figure 7.03 the background
carbon in the coal feed segment must increase to provide a
steeper carbon profile necessary to maintain the lateral flow
of carbon as B the lateral solids flow parameter decreases,

Now this increased background carbon in the coal feed segment,
subjectad to abrasion, results in an increase of carbon fines
elutriated as B decreases (Figure 7.06).

Figure 7.07 also indicates an interesting effect. The
elutriation loss of carbon from the periphery segment decreases,
while the loss from the coal feed segment increases with an
increase in the combustion rate kC of size reduction of caxbon
particles. The explanation for the decrease of elutriation
loss in the periphery segment lies in the decrease in background
carbon (Figure 7.04) as kc increases. A decreased background
carbon will result in reduced elutriation loss as kc increases,

In the coal feed segment, the elutriated carbon fines
generated within the segment by abrasion and size reduction
also decrease with an increase in kc' since the bhackground
carbon decreases (Figure 7.04). However, this effect ie
overshadowed by the elutriated feed fines which increase

slightly as k _ increases. This glight increase in feed fines
C

5




- 89 -
is due to rounding errors in making the number of mono-sizes

integral by adjusting X s the critical elutriation size.

7.1.3 The Mass-Size Distribution of Carbon Particles in the
Segments

The effects of the three sets of parameter variations of
Table 6.2 on the mass size distributions of carbon particles in
the segments of the cells are shown in Figures 7.08 - 7,10,

Figures 7.08a and b, show the mass size distribution of
the background carbon in the segments as the number N of
segments in the cell is varied from 2 to 7. There are two
indications in this set of results. Firstly, there are more
smaller particles in the inner segments of the cell than in the
outer., This is due to the increased background carbon having
a longer residence time. The rate of size reduction of carbon
particles decreases with an increase in background carbon,
resulting in an increase in smaller particles.

The second inference is that, as the numbex N of segments
in the cell increases from 2 to 7, the smaller sized particles
decrease proportionately in the outer segment. This is due to
the decreased residence time of the carbon and the accompanying
increase in the rate of particle size reduction. There is also
a hint that there is a decrease in the number of the largest
particles in the periphery segments.

As the lateral mass flow parameter B decreases, there is
a significant increase of smaller carbon particles In the back-
ground carbon in the coal feed segment as shown in Figure 7.09,

This is due to the high level of background carbon (Figure 7.03)
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for low values of B, An increase in the carbon population
undergoing abrasion at the rate ka results in an increase in
small particles in the coal feed segment:,

Figure 7.10 shows the effect of altering the rate kc of

carbon particle size reduction due to combustion. There is an

increase in the content of small carbon particles in the back-
ground carbon in the coal feed segment with a decrease in kca
Again, this is due to the high level of background carbon
(Figure 7.04) for low values of kc“ An increase in the number
of carbon particles at a constant rate ka of particle size

reduction due to abrasion results in an increase in small

particles in the background caxbon,

T2 The Transient Mode

The effect of the five sets of parameter variations of
Table 6.3 on the heat evolution within the entire cell, and the
build-up of background carbon in the segments is studied in the
transient mode. A uniform step increase in coal and air through-

put initiates the transient mode.

7.2.1 The Transient Response of Heat Evolution

The mass loss of carbon due to combustion is used as a
direct measure of the heat evolution in this study. This
transient response of heat evolution is characteristic of the
dynamic constituent of the first of the two terms in cascads
that constitute the term blB in the heat flow tyansfer matrix

of Figure 2.1lb. The fixst of the two terms relates the
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dynamics of heat evolution in the combustion zone within a cell
to the coal and air feeds., The second term relates the

dynamics of the heat evolved in flowing from the combustion

zone to the steam tubes. This latter is dealt with in Section 8,
The effect of the five sets of parameter variations of Tabhle 6.3
on the transient of heat evolution within the cell is shown in
Figures 7,11 - 7.15. At the commencement of the step change

in coal and air throughput, the increase in air is immediately
effective in all segments, while the increased carbon flow to

the periphery segments is established slowly as the background

carbon.builds up in the segments. The characteristic of heat

gvolution must show an instantaneous increase in carbon mass
loss as the step increase in aix depletes the background
carbon in the segments. Now, as the background carbon in the
segments is depleted the carbon mass loss due to combustion
falls. Eventually the latefal flow of carbon overcomes the
depletion and the background carbon builds up. This results
in an increase in mass loss due to combustion. The dynamic

characteristic now goes to a steady~-state corresponding to the

| level of background carbon established. The transient of heat
evolution in a coal feed cell for a 20% step change in coal
and air feed rates is shown in Figures 7.11 = 7.15. These

transients commence at 0.833 (= 100/120) of the final steady~-

L state value in each case. Since the coal feed is defined in

terms of the coal feed cell, this value is not abeolute, and
only some of the initial starting points of the transients aye

shown to give an indication. These transients are composed of
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two constituents (Figure 9.1). The first is an instantaneous

rise coupled with a decay of short time-constant (6 sec) as
the step increase in air burns with the background carbon
gradually depleting it. This is followed by an exponential
increase in heat evolution of longer time-constant as the step
increase in coal feed builds up the background carbon to a new
steady-state. The dominant time-constant is between 3.5 and
6 minutes, depending on the type of coal fired (30% to 11%
volatiles corxrespond respectively to N = 3 to 7 segments in
the cell). The variation of this time-constant with the number
of segments is somewhat irregular, and there appears to be a
mechanism that compensates for an increase in N, the number of
segments in the cell, by keeping the time-constant substantially
independent of cell size. Part of the explanation may lie in
the following reasoning.

Coal may be thought of as being composed of volatiles of
fast throughput, and carbon of slow throughput. The background
carbon is made up of this latter component only. Now the main

time~constant may be approximated by:

total background carbon
throughput (slow component)

time~constant =

As N increases, the denominator on the right of this

expression increases from a small value to one that is pro-

portiond to N in the limit. On the other hand, the total

background carbon in the cell from Figure 4a also increases

(slower than the denominator). The time=congtant alters
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little and remains substantially independent of N. However,
for N = 2 the dominant time-constant of 6 minutes is large
because of the much diminished value of the denominator on the
right in the above relationship for the time-constant, the
numerator being decreased less significantly.

Figure 7,12 shows that a two to one variation in B the
lateral solids flow parameter has little effect on the transient
of heat release, although it does effect the rate of build up
of carbon in the segments significantly as pointed out below,

The effect of an increase in the rate kc of size reduction
due to combustion on the dynamics of heat evolution is shown
in Figure 7.,13. ©Not only are the levelé changed,; bubt the
nature of the transient response tends to change from that of
an exponential characteristic. As kC increases the background
carbon decrecases so that the carbon feed is burnt Qith less
mixing en route, and exhibits less of the familiar character-
istics of an exponential.

Figure 7.14 shows the vertical mixing as having more
importance than is thought at first sight. As { increases and
the vertical mixing becomes slower, it is necessary for the
backgiound carbon to increase (Figure 7.19) so as both to
replenish a given rate of carbon removal from the combustion
zone as well as sustain the required lateral transfer. This
confirms a widely held view bearing on the design and ocperation
of large scale plant. A dense tube packing to limit capital

costs will certainly cause the vertical mixing to be the poorser.

This will result in high background carbon and excessive build
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up of heat in the lower reaches of the bed with the possibility
of clinkering the ash, and a relatively cool upper region of
the bed containing the heat transfer tubes. Both the heat flow
from the combustion zone to the steam tubes, as well as the
lateral flow of the carbon, are likely to decrease.

Figure 7.15 shows that the paremeter e, introduced to
account for a decrease inthe efficiency of utilization of the
instantaneous excess air during the transient, has negligible

effect with a 20% variation.

7.2,2 'The Build Up of Background Carbon in the Segments of the
Cell During a Transient

The effect of the five sets of parameter variations of
Table 6.3 on the build up of background carbon in the segments

of the cell during a transient is shcwn in Figures 7.16 - 7.19.

All these results exhibit a characteristic build up of back-

ground carbon in the coal feed segment (segment 1). In the
outer segments there is an initial drop as the background
carbon is initially depleted during the transient by the step
increase of air which is effective immediately. Subsequently

the lateral flow overcomes this depletion, and the background

carbon rises to a steady-state value.

Figures 7.16a, b and ¢ shows that the rate of build up
of background carbon in the coal feed segment during a transient
is reasonably constant as N the number of segments in the coal
feed cell increases (inset Figure 7.16a), This result is con-
gsistent with that for the transient of heat avolution within

the bed, and a similay reasoning may be followed, From
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Figure 7.01 the background carbon in the coal feed segment
increases only slightly as N increases, On the other hand, the
carbon throughput (slow throughput components of the feed)
increases in proportion to N, The time~constant of the build
up of background carbon in the coal feed segment (background
carbon in coal feed segment/carbon throughput) is fairly
constant with respect to N,

For N = X4, the coal feed cell seems to operate so as to
exhibit a characteristic closer to a homogeneous cell. Hexe
the coal feed segment is flanked by half segments on either
side and these, by reason of their diminished size, have their
characteristics overshadowed.

In Figure 7.16c the periphery segment (segment: 4) is shaown
to suffer most depletion by the step increase in air during the
transient, and to recover more slowly than inner segments
2 and 3.

The change in background carbon over the transient is more
ﬁarked in the coal feed segment, and decreases progressively to
the periphery segment. This is because steeper potential
gradients are necessary for increased lateral flow of carbon
from segment to segment.

Figure 7.17 shows the effect of a two to one variation in
the lateral mass flow parameter B. As B decreases, the time-
constant of the build up of background carbon in segment L
increases, This result is consistent with the increase in
background carbon (Figure 7.03) in segment 1. Again, since

time-constant = carbon in segment/cell throughput, and anly
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the numerator increases as B decreases, the time-constant must
increase. In the peripheral segment, however, the effect of
decreasing B delays the build up of background carbon since the
rate of lateral flow is decreased,

The effect of an increase in the combustion rate kc of
particle size reduction is shown in Figure 7.18 to result in a
decrease in the time-constant for build up of the background
carbon in segment 1. This is consistent with a decrease in the
background carbon (Figure 7.04). In the periphery segment the
build up of background carbon overtakes the depletion due to
the excess air during the transient earlier as kc increases.

Figure 7.19 shows the effect of a variation in the
vertical solids flow parameter f on the build up of background
carbon in the segments. There is a very significant increase
in the level of background carbon as f increases. An increase
in f corresponds to poor vertical mixing such as might result
from closely-packed steam tubes. It is necessary for the back-
ground carbon to increase sO as both to replenish a given rate
of carbon removél from the combustion zone as well as sustain
the required lateral transfer. The time-constant of the build
up of background carbon in segment 1 does not alter gignificantly.
In the periphery segment, as f increases the depletion is marxe
marked and the recovery of the packground carben is slower.

The effect of a variation in e, the efficiency of
utilization of the instantaneous ewcese air during the transient

on the build up of background carbon, is barely discernible and

is not showne.
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HEAT PLOW FROM COMBUSTION ZONE TO STEAM TUBES

8.1 General

The dynamic constituents of the term bl3 in the heat

transfer matrix of Figure 2.1lb is composed of a cascade of two

terms shown in Figure 9.1. The first of these two terms relates

the heat evolution to the coal and air throughput and is treated
in sub~section 7.2.1. This heat evolution occurs in the combus-

tion zone at the base of the fluidised bed where the oxygen uptake

occurs, and is liberated in the hot ash plasma in the combustion
zone, i.e. the bottom layer of each segment as indicated in

Figure 1.2c. The second term of the cascade of Figure 9.1 is

the characteristic of heat flow by mass transport of the hot ash
plasma from the combustion zone to the steam tubes in the upperx
layers of the bed. Fluidised beds are characterised by reasonable
thermal uniformity, and only the vertical flow of the hot ash
plasma by bubble transport is able to account for ﬁhe flow of
heat evolution from the combustion zone at the base of the bed
to the steam tubes distributed through the bed height.

When compared with the vertical flow of heat, the

lateral flow of heat is negligible whether by lateral flow of

solids or by conduction along a thermal gradient. The lateral
flow of solids is perhaps more than an order less than the

vertical flow, and hence the heat transferred laterally by this

e o e

mechanism is in the same ratio to that transferred vertically.

For conduction to be an effective mode of lateral heat transfeyr

34 D 4 o ¢ 9
a lateral thermal gradient exceeding 100°¢/em would have to

ry to the accepted uniform thermal chavacteristics

e

obhtain, guite contra
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Thus, the only effective mode of transport of heat from the
combustion layers at the base of the bed to the coolant tubes
suspended in the bed is by vertical transport of solids. The
segments of a coal feed cell may be considered thermally insular,

since lateral flow of heat is negligible.

8.2 Development

The left~hand side of Figure 1l.3c shows an elevation
gsection through a single segment of a fluidised bhed combustor.
The bed depth is subdivided into a number of layers (here ten)
and, to illustrate the principle, five yows of coolant tubes are
embedded in alternate layers. The upward vertical transport of
solids by bubbles, accompanied by the downward displacement move-
ment of solids for conservation of mass flow is that defined in
equation A4.4.

Since the sensible heat capacities of all layers are
identical, the temperature of a layer is directly propoxtional
to its heat content. Initially, assume all layérs at the same
temperature, During an incremental time T a guantity of heat is
released by combustion in layer 1l at the base of the fluidised
bed. This heat may be assumed to be uniformly diffused through-=
out layer 1, and its effect is to raise the temperature @] of

layer 1 to Bin

All those layers with coolant tubes embedded in them lose
heat at a rate proportional to the temperature difference 6 - w
where | is the temperature of the steam in the tubes. In the

steady-state, the total guantity of heat transferved in all the
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layers having tubes must be the same as that released by combustion.
Knowing the heat transferred in each layer, an estimate may be
made of the drop Aer in temperature from er of the sensible heat
in a layer with tubes to obtain a layer temperature of G;W

The heat content of the several layers is now mixed for
the incremental time T by the characteristic of bubhle transport
to yield the individual temperature er of each layex for considera-~
tion during the next increment T of time.

Tt is now possible to repeat the cycle of operations
beginning with the release of a fresh quantity of heat in the
combustion layer. The essential condition for steady-state is

that thermal conservation must be satisfied, i.e.
Heat absorbed by coolant = heat released by combustion

Carrying this cycle of operations of heat release,
transport and absorption to the steady-state reveals the thermal
gradient through the bed depth that results from the character-

istic of bubble transport.

The stages in the cycle of operations of heat release,
transport and absorption are set down as a set of difference

equations in Appendix 12.

8.3 Predictions

The difference eguations set down in Appendix 12 are
programmed in Listing Al2,1 and executed until a steady-state is

achieved in the vertical temperature profile as tabulated in

s, 0

Shen v ndy

RSN




- 115 -

Table Al2,l. For a given steam temperature § = 356OC at which
boiling occurs, the effect of variation of the vertical mixing
parameter f is shown in Figure 8.1, With poorer vertical mixing
defined by f approaching unity, such as may result from the
impedence to vertical mixing of close packed steam tubes or the
use of excessive fluidising velocity, an exaggerated thermal
gradient across the bed height may be expected.

For a given vertical mixing parameter £ = 0.4, the effect
on various areas of the fluidised bed of steam tubes at 3OOOC,
356°C and 500°C corresponding to heating, boiling and super-
heating is examined and tabulated in Table Al2.i{. Assuming that
the heat transfer coefficient 0.5678 kw/m2 OC(lOO Btu/oF % 1)
is the same at these steam conditions, the temperature would have
a range of 200°C as shown in Figure 8.2 for tube bhundles of
various temperature ranges. In practice, the tube bundles are
mixed to even out this effect.

The dynamic response of heat flow from the combustion
zone to the steam tubes in a segment is obtained by initiating a
10% step increase in the heat of combustion released in the
combustion zone. This heat is partly removed by the steam tubes
extracting heat at an increased rate, while the remalnder
accumulates in the bed., This accumulation of heat results in an
increase in bed temperature, which in turn causes increased heat
extraction by the coolant. In the steady-state all of the 10%
gtep increase is accounted for in increased heat extraction by
the coolant. The bed temperature ig now at thermal equilibrium,

The time trajectory is plotted in Figure 8.3. Instead of the

b
&
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ordinate being the response to the step increase, the function

tabulated in Table Al2.2 is

In (1 - response/step)

For an exponential response this function is linear. The
time-constant is the abséissa corresponding to an ordinate of ewl
and has a value from Figure 8.3 of 3.1 minutes. With such a plot
a change in time-constant shows up as a line of different slope.
No significant change is discernible in the time-constant over
the range 0.1 to 0.8 for f,the vertical solids flow parametex, as
well as a range of 300°C to 500°C in ©, the steam temperature.
The transfer function of the heat flow may be expressed as a

phase lag of L-transform

1/(1 + pT)

where T = 3.1 minutes. The data format and values used in the

computation are given in Table Al2.3.
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THE SYSTEM DYNAMICS AND COMMENTS ON CONTROL

9,1 General

Having defined the two constituents of the dynamic
characteristic of the term b13 in the heat transfer matrix of
Figure 2.1b, it is possible to represent these characteristics in
cascade for analogue simulation. Then, following the procedure
outlined in sub-section 2.2, the entire system of mass and heat
transfer matrices may be mapped in principle. Finally, some
comments are made on aspects of the control of the characteristic
synthesised in this study to form a base for a systematic investi-

gation intc the problem of control and regulation.

8.2 The Dynamics of Heat Evolution and Flow

The dynamic component of the term b13 in the heat transfer
matrix of Figure 2.lb is composed of two constituents. The first

is that of heat evolution in the combustion zone as the carbon

burns and is moved from layer to layer and segment to segment

under the influence of the vertical and lateral solids flows.

S

The mechanisms developed in sub-section 4.4 to represent combustion
during the transient yield characteristics, as discussed in sub-
section 7.2.1, that define the first constituent of the dynamic
characteristic of the term blB’ It is composed of a phase lead
term of time-constant O.l min to represent the anticipatory effect
of the step increase in air, and a phase lag term of time-constant
5.5 min to represent the change in combustion as a result of the
gradual build up of carbon through the sesgments of the cell. From

Figure 7,11 the gain constants associated with these two time=-congtants
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are approximately 0.2 and 0.8 respectively. The characteristics

of heat evolution is shown in Figure 9.1 as the first of the two

terms in cascade that represent the dynamic component of the term
b13 in the heat transfer matrix.

The second constituent of the dynamic component blB is
the characteristic for heat flow from the hot ash plasma in the
combustion zone to the steam tubes distributed through the bed
height. This is developed in sub-section 8.2 and the character-

istic defined in sub-section 8.3 is shown in Figure 9.1 as the

second term in the cascade that represents the dynamics of b13°

9,3 The Schematic of the Entire System

Following the reasoning developed in section 2.2, a
schematic may be traced for the entire system dynamics. Such a
schematic based on the system principle shown in Figure 2.2 is
defined in Figure 9.2 for the mass and heat transforms. It forms
the base from which a systematic investigation of the centrol

prdblem for a power station based on a fluidised bed boiler may

be made.

9,.3,1 The Mass Transfer Matrix

In Figure 9.2 the coal fired is shown as containing
15% of ach and 85% of combustible material. Half the ash is

shown as passing through the bed by elutriation, while the

other half is removed from the bed over a wier. In the

absence of experimental information the flows in these twao

streams of ash are set equal, The ash stream that flows ovey
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the wier is subjected to a residence time in the cell which may

be assumed to be an exponential of time-constant given by
time~constant = total ash in coal feed cell/half the ash stream

The total ash content of a coal feed cell composed of two
gsegments is 1,000 kg (densgity of ash = B0O kg/m3) with a coal
throughput[gl to the cell of 0.032 kg/s at U = 0.75 wm/s.
Assuming an ash content of 15%, half the ash stream eqguals
0.0025 kg/s. The residence time of this ashhstream in the
cell gives a time-constantof 110 hours.

The combustible material which is B5% of the throughput
joins the air stream after combustion. The dynamics of this
term is the same as that for heat evolution as defined in
Figure 9.1, since the heat evolution implies the.conversion
of the carbon into combustion gases. The time-constants and
gain factors are identical to that of Figure 9.1.

The dynamics of air flow through the bed may be
assumed instantaneous, while the steam flow in the tubes is
a velocity transport time delay for a once through system,
Alte?natively,the characteristic for a header system may be

[20, 21]

taken from the literature

9,3,2 The Heat Transfer Matrix

The heat of combustion derived as the product of the
coal throughput and its calorific value c.v, is liberated in
the combustion zone of the bed cbeying the dynamics of heat

evolution shown in Figure 9.1. This heat evolution is




eI s

- 124 -

apportioned into three fractions as shown in Figure 9.2, 1In
the absence of experimental knowledge derived from full-scale
plantfestimatengJ of these fractions are 1% to the ash stream
which leaves the bed, with the remainder of the heat evolution
shared equally between the gas stream and the f{low through the
hot ash plasma to the steam tubes.

The dynamics for the heat loss via the ash stream by
elutriation and by overflow at the wier are the same as those
for the air mass flow. The heat flow to the gas stream may
be assumed instantaneous, while the heat flow from the com-
bustion zone to the steam tubes by flow of the ash plasma is
the second term in the cascade shown in Figure 9.1.

The characteristics of steam flow in the tubes is as
above for mass flow. It is either a transport time delay for
a once through boiler or the conventional characteristic for
a header system[éo' 2i].

The sensible heats in the incoming Streahs of ash,
fluidising air and cooclant streams are added as heat flows

to the input of the boiler. The off gas passes through an

Again, in the absence of

El

experimental measurements on a full-scale plant, estimates

economisexr and a heat exchanger.

are made that the heat recovered at each stage isg 50%. The
heat from the economiser pre-heats the water, while that from
the heat exchanger pre-heats the fluidising air. Short

transport delays may be allowed fox the passage of the gas

through each of these two stages of economiser and heat

exchanger,
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9.4 Some Aspects of Control Applied to the Dynamic
Characteristics revealed by this Study

The system schematic of Figure 9.2 may be used as the
basis for a systematic study of the problems of control and regu-
lation of a fluidised bed boileyr. It is necessary to incorporate

4 . - [22] .
the boiler into the entire system - of hydraulic mains,
evaporators, superheaters and turbines.

The only worthwhile comments that can be made here must be
restricted to the primary dynamic characteristic of the term b31

in the heat transfer matrix as revealed by this study.

It is necessary to first define the type of input that the
system may be called upon to respond to. Step changes are generally
toco severe in larvrge plant. Ramp changes arve usually found satis-
factory both from the point of speed of response as well as
stability. However, it is advantageous to get over transients
as rapidly as possible and with minimum disturbance to the system.

Having determined the input type that the system is
required to meet, it is useful to define an index of performance.
In any system of controller and plant the error between the
demand (input) and response (output) is a good indication of the
quality of the overall controlled system. The design of the
controller[?i] may be based on minimising a performance index I
which is expressed in terms of the error e(t). Thus, a minimum
error sguared index I = ez(t)dt will tend to force a rapld

response at the expense of instability. A time weighted function

such as T = t e(t)dt will ensure correction as errors persist

with time. In between these a range of choice exists to gult the
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situation in question,

Furthermore, there is the question of the controller in
the feed-forward or feed-back configuration; indeed, whether open
loop or closed loop,

An interesting conjecture prompts itself in connection with
the characteristic of heat evolution revealed by this study. In
an attempt to effect a quick response with a minimum of instability,
it may be advantageous to accompany a step change in coal through-
put with a ramp change in fluidising air. The rate of the ramp
change should extend over the dominant time-constant (5.5 min)
of the phase lag in the heat evolution term in Figure 9,1,
Changes in coal and aiyx throughputs proportioned in this fashion,
and operated in unison in any control or regulation loop to meet
a given criterion of performance will perhaps constitute a con-
figuraticn difficult to improve. The ramp increase of air
ensures that the background carbon in segments is depleted at
a rate not far removed from that at which it is built up by
lateral flow through the segments. On the other hand, the
fastest build up of the background carbon is ensured by a step
increase in the coal throughput. The penalty is that over the
initial‘stages of the transient the volatile release in the coal
feed segment will have insufficient air for combustion since
the step increase in coal throughput is matched by the ramp

increase in air throughput only at the end of the transient

time-constant.




CHAPTER 10

SUMMARY OF CONCIUSTONS
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SUMMARY OF CONCLUSIONS

The principal factors that emerge from the study are as

follows:

l#

Using lineax coal feeders the spacing between feedexrs should

be 1.5 ~ 1.75 m for coals of 36-38% volatile content.

The percentage of fines elutriated from the bed is likely to

be 12-15% cf the throughput.

Serious consideration should be given to feeding preheated
excess aix, for the combustion of the carbon fines elutriated,
directly into the freeboard. There is a strong suspicion
that the extra heat evolved by the increased combustion of
fines within the bed does not compenszate for the heat
removed from the bed by the excess air itself. Morecver,
the excess air results in increased fluidising velocity
which in turn leads to a slight increase in critical
elutriation size of particles to result in increased

elutriation loss. Furthermore, with no excess fluidising

air, there is a decrease in the pumping costs.

It ﬁay be advantageous to operate the boller and freeboard
as a two-stage process for maximum combustion efficiency.
Parts of the coal feed cell near the coal feeder may be
operated as a partial gasifier with the remainder of the
cell operated for complete combustion. On combustlon in
the freeboard, the resulting CO will provide the necessary

heat to raise the temperature for the further combuation of
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the elutriated carbon fines. Although the cost of the con-
vective tubing in the freeboard will increase, and it is
about six times as expensive as that in the fluidised bed,
there is the possibility of obviating the need for a
further combustor beyond the freeboard to reduce the carbon

loss to the acceptable level helow 1%.

5. Altering the volatile content of the coal fired from the value
for which the coal feeder spacing is an optimum, will effect

the combustion efficiency of the boilexr. If the volatile

content of the coal fired is increased the fluidising air
should be increased correspondingly to burn the volatiles
liberated in the coal feed segment, Because the volatile

conterit of the coal is increased, the carbon, which forms

the remainder, decreases. This decreased carbon spreads
over the remainder of the cell to give lean combustion
conditions. Moreover, the increase in fluidising air to
burn the extré volatiles in the coal feed segment increases

further the lean combustion in the outer segments. On the

other hand, a decrease in the volatile content of the coal
fired will result in the combustion of sufficient carbon in
the coal feed segment to compensate for the decrease in
volatiles with the result that there will be no substantial

change in the quality of combustion over the cell,

6. Provided the phenomencn of segmentation holds in large
fluidised beds, there is likely to be 15-20% of the bed area

which is relatively stagnant, If the segments correspond to
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nodes or areas of high activity, these relatively stagnant
areas (Figure 1.2b) correspond to anti-nodes or locations

of low activity. At the design stage an allowance should

be made for this effect.

7. Care should be taken in not having too close a stacking
factor for the steam tube bundles. It is questionable as
to whether it is desirable to break up the natural patterns
of segmentation exhibited by large fluidised beds. Vertical
and conseguently lateral flow of solids must be affected

adversely with the consequences of increased thermal gradients

through the bed height as the transport of the ash plasma
carrying the heat evolution te the steam tubes is decreased

An excessive build-up of heat near the combustion zone will

tend to cause ash clinkering, while the upper part of the
bed will tend to chill and thereby decrease the heat

transferred to the steam. -

8. For the purpose of changes in coal and air throughput re-
guired to respond to the corrections by control or regulat-

tion loops, it may be advantageous if changes in air

throughput are made via an integrator action. In this way

all step changes in coal throughput will be accompanied by

a ramp change in air throughput. The integrator time-
constant must be that of the dominant phase lag of 5.5 min

for coals of 36-3B8% volatile content. This ensures a minimum
of depletion of the carbon inertia in the outer segments
without impeding its build-up through the segmente in responsee

to changes in coal throughput.
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PPENDTIX 1

NOMENCLATURE

DescriEtion

Ash in coal

Air in excess of stoichiometric

Carbon in coal

Caloxific value of coal

Hydrogen in coal

Heat
Heat
Heat
Heat
Heat
Heat
Heat
Heat

Heat

flow
flow

flow

in ash stream (loss)
in air stream (input)

in steam

evolution rate due to combustion

flow
flow
flow
flow

loss

in carbon dioxide
in gas stream ~constituents
in moisture of off-gas
in nitrogen

flow

Latent heat of vaporisation of steam

Moisture in coal

Oxygen in coal

Specific heat of ash

Specific heat of air

Specific heat of carbon dioxide

Specific heat of nitrogen

Specific heat of water

Bubble plug flow time through bed height

Time
Mass
Mass
Mass
Mass

Mass

flow
flow
flow
flow

flow

Carbon in

of ash

of airx

of steam
of coal
of off-gas
bed ash

ambient temperature

Temperature of fluidising bed

Temperature of fluidising alr

Units

%
%
%
k.cal/kg
%
k.cal/hr
k.cal/hx
k.cal/hy

k.cal/hr

k.cal/hr

k.cal/hr
k.cal/kg
%
%

1 second
second
kg/h
kg/h
kg/h
kg/h
kg/h




APPENDTIZX 1

MASS AND HEAT FLOVW TRANSFER COEFFICIENTS

Al. 1 Mass Flow Coefficients

The coefficients of the mass flow matrix set down in

Figure 2.la are as follows:

@

The coefficient BWA/BWF relating the ash waste W, to the

ajqe
coal feed WF is obtained from the coal analysis (Ash, %).
1 = a ¢ = @ 2 d= .o
aly wA/awF 0.0L Ash/(i~0.0ly) (Al.1)
where v is the % of carbon in the hed ash.
a, .. The coefficient oW /OW_ relating the waste gas flow W_
12 g F q
to the coal feed WF is a function of the products of
combustion of coal.
= 3. 3 = 1-0,01 Ash/(1-0.0ly) (Al.2)
a5 wg/ W / Y
a5 The coefficient ng/awa relating the waste gas flow Wg
to the air intake Wa is unity since all the air appears
4n the waste gas.
= OW /o0W_ = 1 (r1.3)
822 g/ a
Byqe Since no alteration in mass occurs in the ccolant stream,
= BW = l (Alad)
433 ch/ c

Al.2 Heat Flow Coefficients

The coefficients of the heat fiow matrix set down in

Figure 2.1b are as follows:
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The waste ash heat coefficient 9n /Bé i
A comb

eliminating W_ from

s obtained by

. F
Hcomb = &F X C.V,
and éA = 0,01 &F Ash x SA % (& = ea)
and is bll = BHA/Bécomb = 0,01 Ash x s, x (8 - @a)/cgvﬂ
(Al.5)
where Sy specific heat of ash, c.v. = calorific value

of coal and 6 and Ga are the temperature of the bed and

the ambient temperature respectively.

©

3

The waste gas heat coefficient OH /0H i
q comb
considering the heat flows H I H
. Na ' JCOQ and HM

constituents, nitrogen, CO2 and moisture.

_ _0O.01y
1-0.0ly

0.0ly As

~ 1-0.0ly

AshXJ X

#] b's SCO

s ohtained by

in the gas

SNZ_X (6 - ea)

5 x (6 - ea)

0.0l w. (2 H +m [% x (6 -06) + %J
F 2 w a

Ol

1 [32 0.0ly
- Ash
23 'p [;2 (€ - 175,01y AM)

16
t5H -

é] (1 + 0.0la Ys x
X " a

(aa,fs - @a)

The coefficient is deduced by considering the net heat flow,

®

H =
g

® 3 e

+ + H -
Hy, * Heo, ”

®

H
a

from the heat released by combustion into the gas stream

and is

4

N2 + HCOZ

+H - H
H

;} / Hcmmb (h1.6)
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The heat transfer coefficient BHC/BH p £° the coolant is
co

obtained by considering the available heat

@ © ° © o °

H = H - (H - H - - T
c comb ( g a) HA I}L

and is
= OH /3H = |H S - 1) - H - n |
bl3 c/ comb [ comb (Hg Ha) HA ULJ/Hcomb

= 1 - 0O T aHg/chomb =0 B/ o,

Both these coefficients are unity since changes are reflected

directly.

- o5 / ;' = (AL.B)
b22 qu, a'la 1

o= ¢ i T)i = (]\1@9)
b23 ahc/rnc 1
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APPENDTIX 2

NOMENCLATURE
Symbol Listing A2,1 Description Unjts
A Plan area of segment
Ab AB Bubble flow area,; fraction of segment
area '
c AC Cloud flow, fraction of segment area
s Cloud shed, fraction of segment area
AP AP Particulate phase gas flow, fraction
of segment area
Aw AW Bubble wake flow, fraction of segment
area
h Bed height, fraction of segment area
hg L%yer thickness of gas flow, fraction
of segment area
T Bubble plug flow time through the bed 1 sec,
height
t Time second:s
U U Fluidising velocity (empty bed) m/s
Ub UB Bubble stream velocity "
ab.r UBAV Mean velocity of bubbles over rth )
gas layer
UO uo Incipient fluidising velocity "
U up Particulate phase gas velocity "
Ui us Settling velocity of solids "
Vb Bubble volume

v Cloud volume
o
o Ub/Uo
B BETA Wake as a fraction of the bubble volume
€ EPSI Voidage in particulate phase
v NOL Number of layers for gas flow




APPENDTIX 2

PROFILES OF SOLIDS AND GAS STATES IN A FLUIDISED RBED
SEGMENT B

The gross profiles of gas and solids phases within a

segment may be defined as follows:

AZ2.1 Vertical Profiles

The various physical states of bubbles, cloud, wake and
particulate phases may be considered in terms of vertical profiles
through a segment, These profiles define the cross-sectional
areas occupied by the several states at different bed heights.
Since the gas streams are considered in horizontal layers of
constant height, volumes may be treated as plan areas of cross-
section effective over this height. Each of the fast moving

particulate states or phases of cloud and wake, as also the

slow moving particulate phase,is considered as a gas-solid
entity, and expressions are deduced defining them as such.
The gas constituent is defined by the voidage, while the

complement of the voidage defines the solids content. In all

diagrams these constituents are shown separated since they

have differing velocities and do not move in unison from one

interval of time to the next.

The equations defining the areas of crose~section
occupied by the states in any layer are as follows.

The plan area of cross-section A of & segment may be
expressed in terms of areas occupied by bubble gas Ab, cloud Ac‘

wake A and slow moving particulate phase Ap, to glve:
W
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A= A+ (Ac - ZAAC) + Aw + {%p + (Ub/Up)ZAAé] (A2.01)

where ZAAC is the total cloud shed up to the layer in question.

Hexre A /A = \ = -
\C/ b VC/Vb 1/ (o 1)
where o = U /U .
b" "o
It follows that the decrease in cloud arca AAC due to

cloud shedding is

b = ah ,:l./(a - 1)} + [1/(@ - 1)1 An (h2.02)

-

Now AAC travelling at bubble velocity U) becomes cloud shed Aos

}

travelling at particulate phase gas velocity U
= (U _/U_) Ar A2,03
A (u,/ o P ( )

The particulate phase area Ap is increased by the addition of cloud

" shed with height to

i A2.,04
Ap 4 (Ub/UP) ZAA ( )
The total gas flow is
= - + (A + (U /U )LAA U] (A2,05)
AU AU, E[(AC TAA U + AU (P AN ) L
Now,
solids flow up = solids flow down
- e Y - i") i
hw(l - E)Ub = (1 = E)[AP + (Ub/UP)XAAC + (Ac Z.;AAC)]UB (A2, 06)

Wwhere the area A of wake flow ie a fraction f of the bubhle stream
W

flow AbUb“
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o= B Ay

For the particles to remain fluidised
u oo+ ou, o= u_ /e (A2.07)

Equations AZ.0l and A2.07 are used to eliminate A and U in
A2.05 and A2.06 giving a pair of simultaneous equations the
solutions to which are:

Ab = AU%//LEUb + (1 + B)Ué] (A2,08)

and
x - 4 - - 3 T - N 0 ~y -
) AU~ U+ eu) ap[u, - Bu, + eB(u, +u) -0+ eu]
A - LAA =
c c E(Ub + UC) - UO
' {(pn2,09)
Also from the above:
AW = B Ab (:&2:; .1.0)
and from A2.01l
P = - + R) - ~ LAA A2.11
Ap + (Ub/Up)LAAc A Ab(l B8) (AC c) ( )

Equations A2.08 té A2.11 inclusive define the vertical profiles in
terms of A, U, Uo’ Ub' Us' € and . These profiles are shown in
Figure 3.%a as a fraction of A for U = 0.9 m/s, UO = 0.06 m/s,
U, = 0.012 m/s, € = 0.5 and B = 0.25. Here U, is a function of

U and U, given in equation A2.12.

AZ2,2 Horizontal Layers

Horizontal gas layers facilitate the identification of
the particulate phase gas, From the standpoint of camputation

it is most helpful if this identification, togethey with the
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bubble transport effects, are defined at regular intervals of
time.

Two differing velocities in the vertical direction
require to be reconciled in this lineation, since the bubble gas
travels very much fastex than the particulate phase gas.

From a knowledge of the bubble gas velocity U_ over the

b

bed depth (quoted bv Whitehead and Young[é]),

.o 54
. _ o ; -
U, = U=, + 0.7 \,/10.,8(U/UO)l (A2,12)
the bubble gas plug flow time T, over the vV gas layers of the bed

is evaluated as

T o= ' G 2,13
Z hg,r / U, (A2.13)

where h . is the height of the rth gas layer and ﬁb . 1s the
mean bubble velocity in that layer.
Now the bed depth h is sub-divided into V equal gas

layers* so that h is:
g.r

h = h/v = TU (2.14)

Equations A2.13 and A2.14 define the horizontal linea-
tion of Figure 3.8. Bubble gas occuples a profile section which

is replaced every interval of time T, The particulate phase gas,

¥Actually, the increase in bubble velocity with bed height

itself results in an increase in the area occupied by the part-
iculate phase, This in turn leads to a decrease %n U~i the
particulate phase gas velocity, with a consequent decrgasa in

gas layer thickness h as r approaches Vv, However, thie sffect
is small and considerdsie simplification results by considering
gas layers of equal thickness.
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on the other hand, merely moves through a layer in each intexrval
T. Hence, particulate phase gas which entered the bed in dif-
ferent time intervals may be identified. These two equations

< I

may be used in an iterative procedure to evaluate hg . the gas
layer height and the time T,

Equations A2.08 to A2.11 inclusive are used to define
the profiles of the various solids and gas states within the bed.
For clarity,; the solids and gas components of the states are
shown separate in Figure 3.8a, with an indication of the velocity
of each constituent. It is worth noting that the conditions of
operating the fluidised bed indicated in Figure 3.Ba result in
no particulate phase gas entexing layex 1. The cloud require-
ment for the first two layers is in excess of the available
particulate phase gas. Subsequently, cloud shedding gives rise
to slow moving particulate phase gas. Under the appropriate
operating conditions (reduced fluidising velocity) the model

does show slow moving particulate phase gas entering layer 1.
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APPENDTZX 3

NOMENCLATURE
Symbol. Description
A Plan area of segment
AB Bubble flow area fraction of segment area
A Cloud flow area o
Acs Cloud shed area i
Ay Downwaxd displacement flow area ¥
Ap Particulate phase gas flow area i
Kp Gross particulate phase gas v
(Ap + Acs + Aﬂ) area
k2 to kv Praction of particulate phase gas displaced
downwards in layers 2 to V
’ m Incremental time numbey
% r Gas layer number
% T Bubble plug flow time through bed 1 second
. height
t  Time seconds
Ub Bubble stream velocity m/s
u (t) Unit impulse function
E . Voidage in particulate phase
AV Number of layers for gas flow




APPENDTIX 3

KINETICS OF GAS FLOW

In order to define the flows of gas in a fluidised bed
the gas constituent only of the various states need be considered.
This is effected by reducing the areas of states by the voidage
factor as shown in Figure 3.8(k). A quantity (Ab + EAC)Ub of
cloud/bubble gas enters layer 1. It moves through the successive
layers in each of which it undergoes some cloud shedding E:AACe
The amount of cloud/bubble gas leaving the surface after time T
is EAb + E(AC - XAAC)]Uba The output to input relationship of
this cloud/bubble flow is defined by:

[Ab + E.(AC ZAAC)UJ (ty = [(Ab . EAG)U};‘ (t)y vu(t - T) {(A3,1)

where u(t) is an impulse function.

For the particulate phase gas two additional mechanisms
must be taken into account. Firstly, there is cloud shedding as

the bubbles coalesce, secondly, there is the downward displace=-

ment movement of particulate phase gas. In their wake, bubbles

transport solids from the base to the surface. This leaves a

void which is filled by displacement from adjacent and succeeding
layers above. These two phenomena result in the nature of the
particulate gas flow deviating from plug flow towards perfect
mixing. The amount of this deviation depends upon the magnitude
of these two phenomena and in practice there results a partially

mixed gas flow,

The particulate phase gas of Pigure 3 b) may be resolvad
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to show the effects of cloud shedding and displacement flow.
This is shown in Figure 3.8 (c) with an indication of the time
intexvals T during which the movements of the gas constituents
of the several phases, displacement and cloud shedding, occur.
The gas constituents in the several layers may be represented by
the expressions set down in A3.2, apprcpriate to the end of the
mth interval of time T, and expressed in terms of the cross-
sectional area occupied by the constituents. These expressions

define the gas phases shown in Figure 3.7(c),

LAYER
5 Ap 5.m ¥ EAcs 5 %] - kS)
4 ,5pa4am * ,s 4. mJ (- k4) * Ad.4,m
3 _ép.3°m " cs 3. nj (- k3) * Ad,3.m (r3.2)
-
. - +
2 _Ap.2.m " EACS.Zom (1 -k ) Ad 2.m
. EAp.l.m * Ad.lﬁm
€A is constant for each interval m of time T, and

p.l.m
represents the intake into layer 1 of particulate phase gas during

time T. Now EA is the amount of cloud shed gas in the rth
CS.Y

]

layer and is a constant for that layer for any interval m of
time, Adﬁrwm is the amount of displacement in the rth layer
descending from the r + lth layer. It is a constant proportion
k, of the content of the r + lth layer leaving the complement

1 - kr of the r + 1th layer in situ. As the particulate phase

gas moves up one layer after each interval T, all that phase
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consisting of particulate and displacement in the first layer

during the previous time m - IT is expressed as A in the
pPe2.m

second layer for time wmT,

For the second and subsequent layers particulate phase
gas, cloud shedding and displacement during m ~ 1T moves up from

layer r - 1 to layer r and is expressed as A « These terms
m

are involved when expanded, but nevertheless indicate that the
successive layers contain particulate phase gas originating
further and further in the past as shown in Figure 3.7(c).

The amount of displacement gas Adargm is a function of

both the particulate phase gas content and the cloud shedding in

the layer above.

Ad.r.m - kr + 1 [ép.r + 1.m v EAcs.r + l.ﬂj (r4.3)

At the end of each period of time T the top layer of particulate
phase gas leaves the fluidised bed at the surface, and the parti-
culate phase gas content of the various layers moves up one layer.
This ensures a particulate phase gas velocity Up. The particulate

a I rth layer for the m + lth
phase gas content Ap.ram + 1 of the rth lay

interval of time T becomes

N = |3 1 -k + A
Apor.m + 1 [%p“r -~ l.m * EAcs.r - lwq]( r - l? dox - Llem

(A3.4)

where the cloud shedding Acs r-1 may be taken as the average

increase per layer in particulate phase gas which in turn,

oceurs over layers 2 to V inclusive:

La¥
o
£
e

A= (A

- A (v = 1) {»
Cs PV P°L) /
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The value of the constant kr for the rth layer is chosen
so that the profile of the particulate phase gas approximates to
AP of equation A2.8,

In practice, this value of kr is small enough to he
negligible. Considerable simplification results since equation

A3.3 reduces to insignificance, and equation A3.4 reduces to

s s

A = A + EA
p.ron, + 1 p.r = l.m cs.xr = l.m (A3.6}

The boundary conditions are defined by the intake of air:

AL
p.lem + 1

- Eprlcm (A3.7)

and the air leaving the surface of the bed during m A LT

Rpavam * EAcsavﬁm (A3.8)

Equations A3.1, A3.5 and A3.6 with the boundary conditions A3.7
and A3.8 give a gas residence time distribution shown in

Figure 3.8(b) for a fluidising velocity of U = 0.9 m/s.
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APPENDTIX 4

NOMENCLATURE
Symbol Descrigtion
Al - A5 Carbon in layers 1 to 5 in a segment of 5 layers
Ajn Carbon in layer n of segment j
A Plan area of segment (unity)
- Wake area, fraction of segment area
B Lateral solids flow parameter O < B < 0,5
(fraction of surface layer exchanged between
adjacent segments in time T)
f Vertical solids transport parameter O < £ < ],
(bubble shedding factor in time T)
h Bed height m
hg Layer thickness of gas flow m
. 3 Segment number
% m ‘Incremental time number
i
g' n Number of layers in segment relevant to solids
' movement
T  Bubble plug flow time through bed height 1 sec.
t Time geconds

\Y Number of layers for gas flow
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APPENDTIX 4

THE KINETICS OF SOLIDS FLOW

The gas layer height hg.r of equation A2.13 has no direct
relevance to the movement of solids. The synthesis of expressions
defining solids mixing is facilitated by defining a layer thick-
ness directly related to solids movement. The thicknesg of a
layer in the segment is chosen so that a layer contains an
amount of material equal to the total wake capacity of all the
bubbles generated during T, the plug Fflow time of bubbles through
the bed height. Thus the total ash/carxbon content of a layer is
potentially portable with each renewal of aiy thyough the bed
height.

Now in a time T the wake cross—section Aw in any layer
is given by equation A2.10. The total wake volume due to all

the bubbles generated in the segment in a time T in all V layers

of gas, each of thickness hg is:
V

h 5 A (Ad, 1)
1

If the thickness of the solids layer in the segment is such that
the layer is of the same volume as the wake capacity of A4d.1,
then equating volumes

\V]
Ah/n = hg 5; A, (74.2)

3

where n is the number of layers relative to solids mixing and is

v
n o= M/n ) A (A4, 3)
g ] w ’




The wake transport of solids by bubbles from base to
surface results in an asymmetrical pattern of vertical mixing.
Upward transport by the bubbles is accompanied by an equal down-
ward displacement. This ensures mass consexvation. The algorithm
that defines the composition of the rth layer containing an
amount¥ Argm 1 at the end of the (m + 1l)th interval of time T,
in terms of the amounts in the layers at the end of the previous
interval of time, may be deduced from the pattern of bubble
transport and shedding shown in Table A4.1l. The compositions
Al to AS in,; say, five layers at time m.T are known. The next
bubble run during m + 1.T determines the compositions of the
layers at the end of the m + lth time interval, in terms of
Al to ASa

Bubbles, having a wake carrying capacity of one solids
dayer, form in layer 1 during a time interval T. The entire

amount of solids A contained in layer 1 is picked up by the

17
bubbles. On rising, the bubbles shed a fraction f of their wake
burden (i.e. fAl) in layer 1, and cross the boundary between
layers 1 and 2 caryying an amount (1 - f)Al° By displacement a
quantity (1 - f)A2 of the material initially in layer 2 moves

down to layer 1 leaving fA, in layer 2. On moving into layer 2,

2
the bubbles replenish their wake with a fraction £, i.e. fﬂza

Thus, there is mass conservation in layers 1 and 2., This cycle

of shedding and transport is repeated in the successive layers

¥Only the solids content of the layers is congidered; each layer
contains the same amount, but its composition varies.
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to develop the pattern shown, Finally the entire amount trans-

ported to the surface layer is deposited there. Such a pattern
is consistent with constant bubble transport and shedding, with
asymmetrical mixing in a given layer extending only from one
layex above, but from all the layers below the layexr considered.
This latter is due to the difference in velocity between the
upward wake transport and the downward displacement of solids.
In order to deduce an algorithm the pattern of bubble
transporl may be reduced conveniently to one of bubble shedding

and transport in equilibrium with bubble replenish and downward

displacement,

TABLE A4.2

L
A Content
Y at Content at m + 1.T
E mT
R
§
5 AS (Gs +Ts +Q5)
4 A4 (G1'4+Tu +Qu) |Gy + Sy + Dy
3 A, (Gy +Ts +Q3) [Gs + S3 + D3
2 A2 (G3 + Ty + Q2)|Gy + Sy + D2
1 Al Gy + 81 + Dy

During the passage of the bubble train from layer v to

¥ + 1 there is a shedding S of solids in layer r followed by a

transport T of solids into layer ¥ + 1, This ls accompanied by

s , - BV residue Q
a displacement D of solids fxom r 4 i to r leaving a resi Q
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in layer xr + l. The steps of this procedure are repeated from
layer to layer in Table A4,2 with the addition of a further term
G, the significance of which is explained below. There are two
terms, one in parenthesis and the other not, for each layer
during m+ L.T. The term in parenthesis defines the momentary
composition of the bubble stream wake during the passage of the
bubble stream through the layer in question prior to shedding
and moving on one layer. It is included merely for convenience.
The term not in parenthesis defines the composition of the layer

in question after the bubble stream has passed through it during

m+ 1.7,

Subsequently, in the heat evolution it will he necessary
to account for non-volatile combustion which occurs mainly in
the first layer. It is thus necessary at this stage to identify
separately that constituent of the material originating from the
first layer and carried upwards and shed by bubbles, This is
effected by denoting the shed material by G + 5 and the trans-
ported material by G' + T. Defining the pattern step by step

the algorithm for the rth layer reduces to the equations of A4.4.

Thus, if
]
G = fG
r
5, = f(Tr + Qr)
and Dz = (1 = f)hx-fl
» D (Ad ., 4)
then Ar = G+ 8, + by
i
3 = - £ G
and Crel i“?mw ¥
T 41 = 1= f 8
¥ f
Qr+1 - ff&:“]
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The initial conditions for layer 1 are Q] = 0, S] = 0,

T, = 0O Gl = Al»

An of the surface layer is evaluated from the following

terms of the penultimate layer

{r4.5)

where ¥ = n = 1,
The lateral displacement of material from segment to
segment occurs by an interxchange along the surface affecting

surface layers in the first instance. Thus, for the case of a

linear feeder, from any given segment a fraction B of the
material in the top layer flows laterally to each of the two

adjacent segments. This mechanism is embodied in the following

algorithm:
. . . .
a’ = A+ B[AJ L_ooad 4 ad 1] (A4.6)
n.m + 1 n.m n n n m

where the notation j refers to the segment, n denotes the surface

layer and mT is the mth interval T of time,

On either side of a linear coal feeder a mirror image of

T R

the segments exists, and the lateral movement of material from

one half to the other is taken into account by putting

pi=l o a3t (A4.7)
n n

when j = 1. This ensures mass conservation in the firet segment.

In addition

Al ol (M. B)
n n




ey S il

S e s

when j = periphery segment.

Boundary reflection is taken into consideration by
A4.8.

It may be of interest to show that equation A4.6, which
defines the lateral flow of solids from segment to segment,
corresponds to diffusion. Assuming s to be the distance apart

between segment centres, equation A4.6 may be re-written

j i S L S -1
Arjﬂ vl Ar‘fl = S?'BL{ (Aj; - Aj)/s - (Aj =~AJ j)/s}/s]m
S S _ . ,
oxr 0A/0t s IEBHBJ\/BSIj.}_L2 oA/9 ljm%)/&{lm
or n/ot = s®B(3%A/3s?) (nd.9)

This is the diffusion equation.




APPENDTIX 5

NOMENCLATURE
Symbol Listing Al0,1 Description
a PA Rosin-Rammler constant
b PB Rosin-Rammler constant
Ef EF Feed fines elutriated (fraction of coal
throughput in time T)
Ff FF Feed fines burnt within the bed (fraction
of coal throughput in time T)
v Y Volatiles in the coal fired %
X X Critical elutriation size of carhon
paxrticles [N
@ COMB Fraction of feed fines burning within
© the bhed
o ax b Exponent defining the size distribution
¢ ¢ of particles

DSOS
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APPENDTIX 5§

FRACTIONS OF TI'EED FINES BURNT AND ELUTRIATED

The fraction of feed fines, per unit of coal feed, below

the elutriation size X is given by the Rosin-Rammler relation

where a and b are constants defining the size distribution of
the coal feed.

This fraction is reduced by (1 - 0,01 V) if it is
assumed that these fines lose their volatiles almost instantan=
eously afTter being fed into the bed. Furthermore, the feed
fines which are subject to elutriation are also subject to

compustion. The amount that burns within the hed is:

o _ _ ~=Clc
Ff = ¢O (1 0.01Vv) (1 e ) (A5, 2)

where ¢o = fraction of feed fines that burns within the bed, and
o = axb.
c c

Hence, the elutriated feed fines Ef from the coal feed

segment per unit of coal feed is:

B, = (1- o.ov) [1 - {g (1 - e %) 7] (r5.3)
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APPENDIX 6

NOMENCLATURE

Symbol Listing Al0.1 Description
= WS -

a, BY Fluidising air by-passing the cell
(fraction of air throughput/unit time T)

ab + a Air leaving the surface of the cell
(fraction of air throughput/unit time T)

a AO Air leaving the freeboard
(fraction of air throughput/unit time T)

a AX Excess air
(fraction of air throughput/unit time T)

B B Lateral solids flow parameterxr O < B < 0,5
(fraction of surface layer exchanged
between adjacent segments/unit time T)

c C Background carbon in segment expressed &s
a combustion inrertia (seconds)

E_ ERF Feed fines elutriated (fraction of cell

throughput/unit time T)

E Abrasion fines elutriated (fraction of
cell throughput/unit time T)

E EO Elutriated fines loss in stack (fraction
of cell throughput/unit time T)

E_ CFE . Elutriated fines of size x _(fraction of
xe cell throughput/unit time )
F FF Fines in the throughput (fraction of cell
throughput/unit time T)
F Feed fines burnt within the bed (fraction
£ of cell throughput/unit time T)
FFB
F Abrasion fines burnt within the bed
& (fraction of cell throughput/unit time T)
F CFB Fines of size x _ burnt within the bed
e (fraction of cell throughput/unit time T)
b/ j Segment number
K carbon particle shape factor
k =k, + X total size reduction/unit time T /e




K
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NOMENCLATURE (Cont'd)
Symbol Listing AlO.1 DescriEtion
kl KC1 Combustion size reduction/unit time T /s
X, Kal Abrasion size reduction/unit time T /s
ML SCOMB Steady-state combustion mass loss from a

segment (fraction of cell throughput/T)

m M(R) Mass of mono-size fraction of size x
(fraction of cell throughput/T)

n. Number of carbon particles of mono-size x_

N N Number of segments in coal feed cell

s NOS Periphery segment number s = [?N-fB-k(wl)&]/4
8 S Surface area of all the carbon particles in

a segment
t Time (seconds)

T T Bubble plug flow time though bed height =
incremental time T of 1 second

TC TC1 Mean particle combustion time (seconds)
\Y \Y, Volatiles in the coal fired (%)
oy oeg
w W Ratio xj/x
X Carbon particle size (1)
X XC Critical elutriation size 1)
X XE Particle size bouyant in freeboard (M)
e
XO XO Largest size of coal throughput range (1)
Ax DX Difference in size between adjancent mono-
sizes ()
XJ Rate of particle size reduction (combustion
and abrasion in segment J Wa
gs Rate of particle size reduction (combustion
and abrasion) in segment s We
i "
XD KC(J) Rate of particle size reduction due to
. combustion in segment j /s
4 :
X" KCl Rate of particle size reduction dus to

. combustion in segment 8 ple
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NOMENCLATURE (Cont'd)

Symbol Listing AlO.1 Description

@

%, KAl Rate of particle size reduction due to
abrasion

¢o COMB (0) Fraction of feed fines burning within the
bed (in time T)

¢1 COMB (1) Fraction of abrasion fines burning within

- the bed (in time T)

¢2 COMB (2) Fraction of fines of size % burning
within the bed (in time %)

¢3 COMB (3) Fraction of fines of airborne size x < ¥
burning in freeboard (in time T)

Y GAMMA Mass reduction factor (combustion and

abrasion) of carbon particles (in time T)

Y- GAMMA (1) Mass reduction Factor (combustion)of
carbon particles (in time T)

Y2 GAMMA (2) Mass reduclion tactor (ahrasion) of carhon
particles (in time T)

H MU Number of mono--size fractions in the size
range x _to X
o} c
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"APPENDTIZX 6

STEADY=STATE MASS L0OSS OF CARBON FROM A SEGMENT

It is assumed that the carbon particles in a given segment

undergo a zero order rate of size reduction kl due to combustion,

and k2 due to abrasion, such that

dx/dt = =k (A6,01)

where

The given size distribution of the feed particles may be

subdivided into monosize fractions, each of size Mx, such that

;= - ¥ = T AB,02)
Ax x il kT (r6.02)

This ensures that a particle of size X reduces to size X 4 in

the incremental time T. Integrating equation A6.0l

X = X - kT (A6.03)

The size distribution may be subdivided into p monosize fractions

between the largest size X and the critical elutriation size X

50 that

= (x - AB,04
o= (g xc)/Ax ( 4)

and

x = x_ - rhx (A6.08)

By considering a reduction Ax in a time T, as given by

¥
equation A6.02 the reduced mass M

of n. particles originally of

size xr may be related to the original mass mr of the monosize
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fraction in question.

e mas & i >t
Th ass m of a monosize fraction may be related to the

particle size X, by
m. = n Kx (h6.06)

If the diameter X is reduced by Ax, equation A6,03 may be used

]
to define the reduced mass m as
r

m_ = n_ K(x_ - k7)°
. n (’“r k)

i

n, K [xr - (kl + k2)‘ﬂ :

Expanding and using equation A6,06:

- - 2 o ER - 7 . -
i m hnrfﬁlx py¥ ql] knr[lzx Po¥ q2J (A6.07)
where
ll = 3le; l2 = 3k2T;
= 2 2 . - 2 2
p, = 3k1 T (k.l + 3k2)/(kl + kz), P, 3k2 T (k2 +3kl)/(kl+k2
— 2 3 - 5 (2 gl
a = (kl + 3k2)kl T g, (k2 4 Bkl)k2
Equation A6.07 may be written:
m' = m_ - Kn_(lx? - px + q) (n6,08)
x x r
This is of the form:
‘ 5
My T M7 My
= had }’3&6 © 09
or m, (1 Y, ( )
where Y, = ) mr/mr

the fractional change in the original mass m_ and is given by

)
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= 2
Yy, Kn (1x_ - px_ + q)/mr

Using equation 26.06:
= (Lx* - 3
Tx Gy = pxp +a)/xg (A6.10)

i
Equation A6.09 defines the mass m_ of the monosize fraction

originally of size X and of mass m after a size reduction Ax

in the incremental time T due to the combined effeclts of combustion

and abrasgion. This forms the next size fraction Xr-kl”
By using the appropriate set of constants Ql’ Py and aq

oY er Py and d, in equation A6.10,the overall reduction factor

Y may be expressed as the sum of the individual reduction factors

Yy due to combustion, and Yy due to abrasion. Thus,

Y o= v+, (M6.11)

This allows the net removal of carbon from a segment due to
particle size reduction to be apportioned to combustion and

abrasion.
In this study the coal feed cell, composed of several
segments, is considered to be operated at stoichiometric coal and

air feed rates. All amourts of carbon and air are expressed as

fractions cor multiples of the cell throughput here regarded as

unity.,

Because a coal feed cell may comprise several segments

each with differing background carbon and carbon silze distribu-

tion, the rate % of particle size reduction due to combustion

: " - i v sgment, m_ the
varies from segment to segment. For a given segment, w14

change in mass in the incremental time T of a monosize fraction
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ize %_ undergoi si -4 . ‘
of s X, going size reduction at the rate xr is obtained

by differentiating equation A6.06,

mo = K'xox (A6.12)

where xi 1s proportional to the surface area of a single particle
of size Xr‘ More generally, for all the U monosize fractions in
a segment, the total surface area S of all the carbon particles
is a product of the background carbon and the surface area of the
particle size distribution. Hence, the amount (fraction of cell
throughput) of carbon burning in a segment in the incremental
time T is

r'T‘Us &
m,o= K" 8 x (A6, 13)

Now the air supply to all segments of a coal feed cell is identical.
Provided all the air is used in the conbustion of carbon particles,
equation A6.13 is constant for all segments. However, a different
quantity (fraction of cell throughput) of fines burns in each
seément, hence the net air available for combustion of carbon
particles varies from segment to segment. For a given total
surface area of all the carbon particles in a segment, the rate

; of size reduction of carbon particles varies directly as the

net air available for the combustion of carbon particles. Hence

for any segment

S x/net air (fraction of cell thr?uthut) « constant (A6, 14)
available for carbon combustion

The surface area of the size distribution in the jth segment i8¢
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1]

Y = U j 4
3 N I
(m/3) ny(x2 - yhx)? (R6.15)

0

i

r
st .
Now S° is the product of this expression and the background carbon
J o o . _ .
c” in segment j. Using equation AG.0G, the total surface area

53 of all the carbon particles may be expressed as

‘ 5 P
ST = (W/3K)C E mi (xg - rhAx) (6. 16)
r =0
Equation A6,14 may be used to relate the rate x7 of particle size

@

reduction in the jth segment to the known reduction rate ¥ in the
periphery segment s.

"3 o8 S ‘ ‘ . - ‘

XT o= ¥ [o (net air available for combustion of particles

in segment j)/ s (net aix available for
combustion of particles in segment 8)1 (A6 17)

In order o apply equation A6.17, it remains to define the net
air (fraction of throughput air) available fox combustion of
carbon in the several segments of a coal feed cell.

At stoichiometric operating conditions a constant fraction
{1 - ab)/N of the fluidising air for the coal feed cell is available
in each segment for the combustion of both fines and carbon

particles or volatiles as the case may be. In the jth segment

a throughput fraction, Fg of the fines originating from within

le the remainder F; is elutria=-

3
8

the segment, burns in the bed whi

Ideally, if the elutriated fines F- also

ted from the segment.

burns within the bed, the combustion in the segment would match

the stoichiometric air supply (1 = &)/N to give a combustion

balance between air and carbon of:




- - i3 ' j
(L - a)/N K" s x4 Fg + FZ (A6.18)

For the coal feed segment designated j = 1, this balance must
take account of the volatiles V, which are assumed to burn com-

pletely, to give a combustion balance of
(L~-a)/N = k' g'%x' +p7 ' +p ! ; :
3, F S+ F, + 0.0V (A6.19)
A closer look at equation A6.18 reveals that Fb1 and F ! are
e
factors overwhelmingly influenced by the fines in the feed. If
it is assumed that the volatiles and the fines burnt Fl use all
D

the available air, then the combustion balance of eguation A6.19

for the coal feed segment reduces to

1 4
- = n N g O
(1 db)/N lb + 0,01V (A6, 20)

and ;1 reduces to zero, there being no size reduction of caxbon
particles due to combustion.

Now equation A6.20 implies that all the oxygen available
is taken up by the volatiles and any feed fines burnt, However,
an elutriation Fel of feed fines occurs from the coal feed
segment, and consequently an equivalent fraction of air through-
put must by-pass the bed in the remaining segments of the cell,
The equivalent air by-pass in the segments is apportioned relative
to the difference in background carbon between the coal feed

segment and the remaining segments of the cell in turn. The

3

, — ]
air by-pass in the jth segment is a fraction designated D” of

F ' the feed fines elutriated from the coal feed segment, where
e

D) is given by

:

1 =8 -
Dj = AC/2 : ch (A6 21)
j =2




here

3o
be? = ct - (A6.22)

The combustion balance between air and carbon in the jth segment

of A6.18 reduces to:

(1 ~ ab)/N = k" g xd 4 Fg + Fg + Fi Dj (A6.23)

This combustion balance may be used to derive an expression for
the net air (fraction of air throughput) available for combustion

of carbon particles in the jth segment as:

J_pd Lt gl (AG. 24)

(1 - ab)/N - Fb - .

B

By analcgy from equation A6.23 the net air (fraction of air
throughput) available for combustion of carbon particles in the

segment s is:

l “
(1 - a)/N - FE - Fi - F p® (A6.25)

Expressions A6.24 and A6.25 may be used in equation A6.17 to

determine the rate ij of size reduction of carbon particles in

-
the jth segment relative to a known rate x 1in the periphery

segment s.

This change in the rate of particle size reduction from
one segment to the next may be expressed by considering a fixed

particle size reduction occcurring over different periods of time

in the individual segments. In this way the size distribution in

the segments may be expressed by the same range of monosizes.

If these periods of time for the same gize reduction in the

segments are arranged to be integers, then the same particle
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size reduction Ax occurs in the segments at these respective
integers of time. This allows lateral exchange between segments

at increments of time T of carbon particles having the same
range of mono-sizes in the segments concerned. Expressions are
now deduced for the time Tj to effect a reduction Ax in particle
size in segment j relative to the time T to effect the same
reduction in particle size in the periphery segment s.

Tor abrasion the rate ;2 of change in particle size x

is the same for all segments, and is independent of both back-

)

ground carbon and particle size distribution. The rate x of

particle size reduction due to the combined effects of combusg-

tion and abrasion in the jth segment isg thus:

o= %%

1 2

Assuming a rate of particle size reduction of kl due to combus-

.S ,
tion, and of k2 due to abrasion, the total rate x of particle

size reduction in segment s is:

x> = k. +k (A6.26)

while for the jth segment

] (r6.27)
ky + K,

]

5{3

N

Since a size reduction Ax occurs in the jth segment in a time T

hx = % 1 (AG.28)

Furthermore, since the same difference Ax between one mono-siza

and the next occurs in all segments, i.e. Ax = constant

3 Tj = $° (AG. 28)
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] : , |
Express W~ as the required ratio of the times TJ and T of particle

size reduction in segments j and s respectively-

J 3 o8 0]
woo= miro= 1550 (A6. 30)
Substitute from equation A6.26
wj = (k, + k )/(kj + k,) (B6.31)
1 2 1 2 sl

Because k2 << kl, k? may be approximated to k7 when

w o= ey + ko) /iy + k]_/wj) (R6.31) ]

H

w? from equation Ab.32 is used in equation A6.30 to determine %

in teyms of ﬁ? Finally, Tj the incremental time required for a
size reduction Ax in the jth segment is dexived from equation
A6.28.

he mass interchange between surfece layers of adjacent
segments as expressed in equation A4.6 is applied at increments
of time T to the interchange between segments of all mono-size
fractions to give mj the mass of the rth mono-size in the

r.t +T

jth segment as

. . - : + .
m? = m) 4 B|m Looond 4 m? 1] (a6.3L)c
r.t+T r.t r t

Such lateral mass flows into segment j accumulate for w increments

i .
of time T corresponding to the incremental time T~ of segment h|

(equation A6.30) to give mi't_ij

Ty T
J

A
m ol DI
' =T

r.t+




[
(o83
i

Following equation A6.09 this accumulated mass mj
r.t+T ]
mono-size x is reduced by Ax due to combustion and abrasion at 1

j of the ?f

the next increment T7 of time to give (mj 5)0
r.t+7T
j A - j . j
(mrat-rT]) et +m) (1 - Yr) (A6.32)

This is now the mass of the next mono-size ¥ 1
r 4+
j j J 2y § .
m - = m A
r + 1.t + 77 (M gpd) (A6.33)

Equation A6.31 represents the lateral solids exchange between

surface layers of segments. Equation A6.32 is the mass reduc-

tion that causes each monosize to decrease one glze due to
combustion and abrasion, while equaticn R6.33 represents the
updating that accounts for each size reduction with the passage

of incremental time TJ.

A boundary condition applies tc equation A6.31 for j = 1
m' = m . (A6.34)

A further boundary condition applies to equation A6.31 for j =8
the periphery segment of a coal feed cell, where a reflection

may be said to occur.

!

m = mj where N = odd (A6, 35)

j+1 j-1

m = m where N even (76, 36)

it

The loss of mass per incremental time T of the mono-size X due
J o, ‘e ment ma .

to the overall reduction factor Yr in the jth segment may be

deduced from equation A6.32 to be

j s IR (AG.37)
L /v




This mass loss can be aportioned into mass loss due to combustion

J cd i
Brtend Y /v (A6.38)

‘ J X :
by using v, 5 the reduction factor due to combustion, obtained

by using ll’ pl and ql in equation A6.10, and to mass loss due
to abrasion.

J

I
r.t+T

. j
3 Y, /W (A6.39)

by using Yz,2 the reduction factor due to abrasion obtained by
using 12, Py and qa, in equation A6.10.

Fines are produced due to the reduction in size of the
combined effects of combustion and abrasion of the mono-size
¥ to x . The fines produced by this reduction in size per

c-1

incremental time T is

-y y Wk A6. 40
G =Yy By pend Y ( )

Expressions A6.38 to A6.40 define the rate of removal of carbon
from each mono-size in segment j. By summing over the entire
range of mono-gizes the combustion and elutriation mass losses
in the various segments may be defined.

1
From equation A6.20 the total mass loss ML® due to com-

bustion of volatiles and fines in the coal feed segment pex

incremental time T is

Ml = 0.01V + Fb1 (A6, 41)

: y 7 . e . 3. 1 —”-t-
where the fines burnt Fbl ig the sum of Ff the feed fines burn

from equation A5.2, together with & fraction ¢ that burng of
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the abrasion fines from equation RA6.39, and a fraction ¢, that

burns of the fines of size x_ (equation A6.40) generated within

the coal feed segment.

u”l 1 -

1 " 1 1 1
F'o=TF_+@ moo 1Y /W (1-y! m !
b £ Lo Troewa! Tro . Vo1 Py /Y

1=
—

f

H
it
(o]

(R6.42)
where the total fractional mass reduction Yl 1 is identical
‘J.—

1 . - . .
to Yuwlm2 the fractional mass reduction due to abrasion, since

it is assumed no size reduction due to combustion of carbon
particles occurs in the coal feed segment.

The elutriated fines E; is the sum of Ef (equation A%.3)
the elutriated fraction of the feed fines, together with the
remaining fraction (1 - ¢1) of abrasion fines (equation A6.39),
and the remaining fraction (1 - @2) of the fines of size X

(equation A6.40) generated in the coal feed segment.

p-l -1 1
Ef1 = Ef~k(l-¢1) 2 L Y;'Z/WI‘1L (1-@2) (l"Yu_l)
Y=0 =0
1 1 . (A6,43)
mp—l.t+T1/w

From equation A6.38 the mass loss ML? due to combustion of carbon
particles of all mono-sizes per incremental time T in segment J

is
. -1 : i
i 3 ] (A6 . 44)
ML= = 5:: mr,t+'I‘j Yr.l/w
r=0

.

The fines burnt Fg is the sum of the fraction @1 of the abrasion

fines (equation AR 39) that burns, together with the fraction P2

. : , jat .40 enerated
that burns of the fines of silze X, (equation A6.40) g

within segment j.
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. U”l . . H-1
J = ] S| j - ; ; . j
Fo=¢1y m 3 YD /w4 g (1-~vd ypd /v
b b r.t+T 'r.2 g;_; Yu~l)mu~1ht+q§3
(A6.45)
J

‘he e iated fi 8 i ¢ . c .
The elutriated fines Ef is the sum of the remaining fraction

(1 - %:) of the abrasion fines (equation A6.39) and the remaining

fraction (1 - @2) of the fines of size X, (equation AG. 40)

generated in segment j.

= -l , U1
«j = - _“W j ‘ j 'j . _ \n . j
Ef (1 -@1) Z;:__. mr=t+Tj YI;Q/W + (1~ @z2) z (l—-'Y]JW])
o =0 g
J 0 )
et + I/ (M6 46)

In making solutions of the fines elutriated from the
various segments, the constituent terms of equations A6.42,
AG.43, AG.45 and A6.46 are evaluated separately so that the
fines elutriated into the freeboard from all the segments of
the coal feed cell may be assembled in thelr separate categories

of feed fines, abrasion fines and fines of size X
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COMB (3)
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APPENDTIZX v

NOMENCLATURE

DescriEtion

Fluidizing air by-passing the cell (fraction
of air throughput/unit time T)

Air leaving the surface of the cell (fraction
of air throughput/unit time T)

Air leaving the freeboard (fraction of air
throughput/unit time T)

Excess aiy (fraction of aix throughput/unit
time T)

Feed fines elutriated (fraction of cell
throughput/unit time T)

Abrasion fines elutriated (fraction of cell
throughput/unit time T)

Flutriated fines loss in stack (fraction of
cell throughput/unit time T)

Elutriated fines of size x_ (fraction of cell
throughput/unit time T)

Combustion in freeboard of elutriation size
% to airborne size Xe (fraction of cell

throughput/unit time T)

Combustion in freeboard of all airborne sizes
below xe (fraction of cell throughput/unit

time T)
Segment number
Periphery segment numbey

Fraction of feed fines purning within the bed
(in time T)

Fraction of abrasion fines burning within the
bed (in time T)

Fraction of fines of size X burning within
the bed  (in time T)

F fi i X 3lze % }
n of fines of airborne s X,

Fractioc ;
(in time T)

purning in freehoard
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APPENDTIZX 7

STEADY~STATE ATR/CARBON COMBUSTION BALANCES IN THE
CELL AND IN THE FREEBOARD

The quantities of air uptake and fines that burn are
expressed as fractions of the cell throughput. All rates are
with respect to the incremental time T.

A combustion balance between the coal and air combustion
occurring within a coal feed cell may be written as:

s

H
o

l-a -a =1-E,~E - S
Y e f Fxc 2;;? Lxc Ea 2

jyel

j::
in which the air is expressed on the left and carbon on the
right, and the terms are:

~ By-pass air of the cell

&

b
ab-l-ae - ¥Fraction of air throughput required to
burn all the fines elutriated from the
surface of the bed
Ef - Feed fines
S .
El +-2§:j Ej — Fines of size x_elutriated from
XC 4 ®C , c
j=2 entire cell
S 0
Bl 42 E- - Abrasion fines elutriated from entire
a 4 a
j=2 cell

If the excess air a is fed into the freeboard to increase the
X

combustion therxe, the air in the freeboard is

(h7.2
2, +a, +a, )

s ] _
Now all the fines E;c + ZEZé Exc of size . elutriated from the

surface must remain in the proximity of the surface in the free-

board until reduced to elutriation size x‘aresulting in a

combustion E, of




S
- (& 5 g
=7 e 23';_@ B [ o) (A7.3)

Of the remaining fines a fraction @3 is assumed to burn in the

freeboard to give an additional freeboard combustion Eg of
Ep = (E_ + E' + 25:1 g 4 p! = 7
5 e ) E tELH 2§Z: E_) ¢ (7. 4)
3=2

Hence, the elutriation loss Eo from the freeboard is the fraction

of thess airbhorne fines that do not burn
1 2 J j
= (] 4 . TS S 2y (1 - 7.5
E (Lf 1 Lxe + 2§~2 hxe F R 25 Ea)(i Bs) (A7.5)

Equations A7.3 to A7.5 give the carbon part in a combustion

balance with air of ab + a . Here
e
cl I - X = & t 4 1 36
ay o & By + Ea (A7.6)

where aS is the unburnt air in the stack.

The air/carbon balance of the unburnt carbon and air is

a = E (A7.7)

The air in the stack is thus

s +a (A7.8)
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NOMENCLATURE
Symbol Listing ALl.l Description
cH A Background carbin in segment 1§ (cell

throughput pre-transient/unit time T)

o’ A (J) /NOL Carbon in layer r of segment j (cell
throughput post-~transient/unit time T)

Carbon in layer r of segment j (cell
throughput pre-transient/unit time T)

ed E Efficiency of utilization of instantan-
eous .excess air during the transient
o<ed <1,

K3 Kl Ratio of step increase of coal (post~/
pre-transient thrcughput)

Ky K2 Ratio of step increase of air (post-/
pre-transient throughput)

MLj SCOMB Combustion mass losg of carbon in
segment j (pre-transient throughput/unit
time T)

] coMB (J) Combustion mass loss of carbon in segment
t j during the transient (post~-transient
throughput/unit time T)

n NOL Number of layers in segment for solids
flow

'Sj 5(J) gurface area of all carbon particles in
segment J
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TRANSIENT MASS LOSS OF CARBON FROM A SEGMENT

- 3 ey <ye) e ¢
(ALl mass losses are rates expressed as fractions of throughput
per untt of incremental time T)

A step increase in coal and fluidising air rates to a

coal feed cell results in imbalances between the rates of coal

and air feeds to segments during the transient. The increase

in air is effective immediately, while the new level of coal

flow can only be established after the build-up of a new

background carbon gradient from segment to segment. Indeed,

the step increase in air initially depletes the background

carbon in the periphery segments. Now, the efficiency of

utilization of air decreases with excess air. This effect is

taken into account by a parameter e of value o < e < 1 which

governs the efficiency of utilization of the instantaneous
excess air during the transient. The significance of varying

e is included in the study.

Prior to the step increase in coal and air the cell is
operating at pre-transient stoichiometric throughput, while in

the steady-state after the step increase the cell is again

operating at a post-transient stoichiometric throughput.

During the tyransition the gsegments of the cell are operated at

en coal and air throughput

varying conditions of imbalance betwe

to the segments. The transition from the pre- to post-transient

conditions is effected by the following steps in this model.

s atd [ the
a) pefine the step increase OY decrease as a vatio of th




post-transient to pre-transient coal and air throughput as

i

Ky post~/pre-transient throughput of coal, and

1

Kz

{

post-/pre-transient throughput of air

b. Convert the background carbon in layer r of segment j from

Cr expressed in pre-transient units of throughput to Ci expressed
in post-transient throughput by dividing by K;.

j
r

.
¢l = c/x, (AB.01)

Cs Finally, the combustion mass loss in segment j during the
transient may be determined as follows:

Prior to the step change the combustion mass loss MLj
of carbon in segment j from equationA6 44 may be expressed as

the prodict of the background carbon in the combustion layer and

a mean reduction factor ;3
vl = Y9 (C/n) (18.02)

whence

1

vy = wm¥/Em (n8.03)

Provided the transient does not introduce large relative

- ",
changes in background carbon in the segments, this value 7y~ of

mean reduction factor may be assumed to apply over the entire

trangient.

The combustion mass 1088 in the final steady-state is

:

ML expressed in post-transient units of throughput.

MLj Kz /Ky (AB.04)

Both before and after the transient the mean reduction factor




-3, o i .
Y~ gives rise to mass losses which are in combustion balance

with the fluidising air. During the transient, as the background

carbon builds up, it provides an instantaneous mass loss which

increases in value from that before to that at the end of the

transient, and is given by

1Y (AB.Ob)

Now this instantaneous mass loss of carbon is in combustion

balance with only part of the fluidising air in segment j. The

remaindex of the air may be said to be in instantaneous excess.

As the transient progresses the instantaneous combustion increases
with increase in background carbon, while the instantanecus excess
aixr decreases.

The difference between the instantaneous mass loss of
carbon of expression AB.05 and the mass loss in the final steady-
state of expression AB.04 represents a potential of combustion
in balance with the instantaneous excess air during the transient.
Since the efficiency of utilization of the instantaneous excess

. j 3
air during the transient is a fraction e’ of value o < e” < 1,

the actual mass loss in combustion balance with the instantaneous

excess air may be expressed as

ed I Ko/xa - c% ) (AB.OB)

Since combustion is assumed to occur at the surface of carbon

particles, and since e is a function of part of the air uptake
3

for combustion, the parameter ej ie directly proportional to &

the surface avea of all the carbon particles in segment 3




Hence
3 a3
e”/S” = constant (AB.O7)
Equation AB.07 may be used to relate the values of ej for the
successive segments of the cell.
The sum of expression AB.05 and AB.06 defines the com~

bustion looaMLt during the transient from layer 1 of segment j as

3 o_ 3 [ -3
ML = Cy oyt el /K - e) g (AB.0B)

In the event that the step change sets the air throughput Kz <K

the coal throughput, equation AB.0B reduces to
s L
ML, = ML Ky /Ky (AB.0OY)
since the combustion is limited by the air supply.

During the transient the fines burnt are assumed to

]

increase in direct proportion to the ratio of the mass loss MLt

during the transient, to the mass loss MLd of equation A6.44

prior to the transient. The proportionality factor is thus

ML%/MLj (18.10)
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NOMENCLATURE
§meol Listing AlO0.1 Description
a, tag Alr leaving the surface of the cell
(fraction of air throughput /unit time T)
B B Lateral solids flow parameter O<B<O0.5
(fraction of surface layer exchanged
between adjeacent segments/unit time T)
-
s ] c () Background carbon in segment j (cell
throughput/unit time T)
cs C (NOS) Background carbon in segment s (cell
throughput/unit time T)
Mr Mass of mono-size X, in a segment (cell
throughput/unit time T
Mg Mass of mono-size x_ in segment j (cell
) throughput/unit timé T)
mf Mass of mono-gize x_ in coal feed
* (fraction of cell tﬁroughput/unit time T)
mJ Mass of mono-size X in mass-size dis-
* tribution in segment 3 (fraction of cell
throughput/unit time T)
N N ‘Number of segments in coal feed cell
n NOL Number of layers for solids flow in a
segment
Tc TC1 Mean particle combustion time (seconds)
! Incremental time (segment 1) to effect
a carbon particle size reduction Ax.
T2 Incremental time (segment 2) to eszCt
a carbon particle size reduction Ax.
X cize of rth mono-size of carbon particles




- 9.2 -

APPENDTIZX 9

INITIAL VALUES OF COMBUSTION INERTTA AND MASS-SIZE
DISTRIBUTION IN SEGMENTS

In order to ensure rapid iterative convergence during
computation, initial values are deduced for both the background
carbon content as well as the mass size distribution of carbon

particles in the segments.

(a) Initial Background Carbon Content in Segments

A cell operated at stoichicmetric conditions of feed may

be said to have unity coal and air throughput. An initial value

of the background carbon content in the periphery segment of a cell
operated at these conditions may be estimated by considering the
rate of removal of carbon by combustion, the rate of mixing within
the segment, and the average time of combustion of carbon particles.

The rate of removal of carbon by combustion from a segment

may approximately be equated to the rate of supply of alr to each

segment. A coal feed cell composed of N segments has an air
throughput of 1/N per segment. Thus the rate of removal of carbon
is approximately 1/N of the throughput.

A segment composed of n layers may be considered to mix

vertically so as to expose a fresh layer of carbon LO combustion

each second. If the mean combustion time of carbon particles is

one second, the background carbon content in seconds 18 n/N.

ic] j > 1ime geconds the
For a mean particle combustion time of T

B o sz to
background carbon content C  in segment & reduces

c® = T /N (AD.,0O1)
C
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Equation AS.0l may be refined somewhat by considering
elutriation. Although the coal and air feed rates balance under
stoichiometric conditions, a considerable fraction of the coal
feed is lost from the bed as elutriated fines. In the steady-
state a fraction of air throughput equivalent to these
elutriated fines must pass through the bed without burning.
Thus, instead of an air throughput of 1/N being available for
combustion of carbon in a coal feed cell as in equation A9.01,

the guantity is

(L -~ a.b - ae)/N (A9.02)

where ab + ag is the fraction of aiy throughput required to burn

all the fines elutriated from the bed as in equation A7.0l.
Having estimated the background carbon content C in the
segment on the periphery of the coal feed cell, thét in the other
segments of the cell may be deduced from lateral flow considera-
tions since the difference in background carbon between successive

segments gives rise to the lateral flow between segments. Thus

(cj - Cj+l)B/n = z(l - a - ae)/N (A9.03)

where z is defined below.

Here the lateral exchange between segments is a fraction

3
B of the difference between the packground carbon C /n and

¢t n in the surface layers of adjacent segments. Where the

net lateral flow is into the periphery segment, this difference

must be sufficient to supply the combustion in that segment as

given by expression AZ.02. Here 2 takes on the value unity.




Proceeding towards the centre of the coal feed cell the

lateral flow must supply the combustion requirements of all

segments towards the periphery and

B
il
H
[N
w
oS
=
O
[
=
it

odd

it

or z = .5, 1.5, 2.5 .... for N even

Figure 5.1 shows the proximity of this estimate of the
initial wvalue of the background carbon content to the final values

for N = 6 and 7.

(b) Initial Mass-Size Distribution of Carbon Particles
f a Cell

in Segments of

The mass of each mono-size in the successive segments of
a cell is generated commencing with the coal feed segment, since
the coal feed size distribution is known. The mass-size distri-
bution for each segment is obtained by expressing the mass of each
mono-size as a proportion of the total mass of all mono-sizes in

the segment in question.
Iﬁ the coal feed segment (segment 1) all carbon particles

underge a mono-size reduction due to abrasion over consecutive

increments of time 7! which is a function of the rate of particle

size reduction in that segment. Of the largest size x_ the coal

feed cell can only contain a mass which is fed during the incre-

mental time T!. For the next size ¥y the mass ig the sum of that

. 3 i 7!, togethe
of size x; from the feed during the present time T, togethey

¢ A {iginalls * plze ¥
with the now reduced mass of particles originally of 8 o

, s i reduced to size Xi.
from the feed of the previous time T' and now
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fFor any general size x_ the mass i
r S Mr of the mono-size X, during

. . . s 1
the incremental time T may be expressed as the sum of the mass

- the mono-size x duri S . ) )
of t r-1 ing the previous incremental time T°

ow reduced b 1 - 2 s )
and n y | Yr) because of combustion and abrasion,

. £
- ther with the mas - -gi coin f
togeth s m, of the mono-size x . in the feed during

the present time !,

M

- (A9.04)

_ .
v l(l Yr) Fom

Using equation A9.04 the mass Mr of each mono-size is

built up for the entire size vange of particles within the coal
feed segment.

This mass Mr is used as the feed mi to generate the mass
2

)y

of particles of each mono-size in the next segment (segment

in which carbon particles undexrgo a reduction in size over con-

secutive increments of time Tz, and so on through the successive

segments of the cell.

The particle

deduced from the mass

mass-size distribution mi in segment J is

.

M

X

of particles of each mono-size as

generated above.

This is accomplished by expressing the mass

Mi of each mono-

mono-sizes.

Finally, the mass-size

combustion inertia of

size as a proportion of the total mass of all

(A9,05)

r=1

distribution mi may be used to deduce the

the carbon particles in each mono-size as

(19, 06)




where Cj is the

ségment 3.
Figure

jnitial mass to

mono-size for a

- 9.6 -

combustion inertia of the background carbon in

5.2 shows the proximity of this estimate of the
the final mass of the background carbon in each

ccal feed cell of seven segments.
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THE STEADY-STATE MODE PROGRAM DETATLS

In this Appendix are assembled the following details
connection with the computer program of the steady-state mode of

the model.

Listing AlO.1 The Program FLUMYK

Figure AlO.1l The Flow Chart of FLUMX
Table AlO.1l A Typical Printout from FLUMX
Table AlLO.? The Data Format for FLUMX

Table ALO.3 The Mass-Size Distribution/Segment




LISTING ALO, 1 FLUMX-PROGRAM OF STEADY-STATE MODH
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CRUT BATAGLOT, TYROVSKIPE T

Los 00 1= TG 3/7#%0- FEED FINES IN BEDy

CRECK,

\ Loy [

DCL TME CHARIG);
T E—TT VL IR R
TCONVEPRIC R T I R O v e e e
H=FLOATUSURSTRITAE 1,200
MINIT=FLOATOSURSTRTHE, 3,200 77
SEC=FLOAT(SUTSTRITYME, 8,20y
RETURNIS DS+ HIHIT+SEC/ 6005 0

END TCONY;S o

T1=TCONV; | ST AT T T T : '
DCL{TOUNT s TIMyRyLOCP) BIHARY FIXED, (KAL KCOyKCLyLCNIDEC FLI
DOLACDMG s ETASTT (TCH(D23) DEC FL@A%fKKlvsFOVK(1VLCFjiE( FL
DCLAC 35975 90y KOy SUNIIS yCFESCOMS, FEy DUMP3 ) (41DEC FLOATS |
DCL Pr(BT)IuIFIAL(zv? 5y7411y 1371719, 230 29y 31437441y 43y 475 5
361 67470 473479 483,89, ﬂ7vl(]v]‘3i1(771n”vlliv 27v131v
1?9,1fm>,
DCL (14924230
DCL (4(0:35C,0:
DCL 00T CAARLE]
DCL DTE CAAR(G); DTE=DATE::
DCL DON FILE PRINTS
ﬂDT“‘,f’“TX(DTLV>79)]]i/‘IiSUuSTF{D1 3,21 17771 SUBSTRIDTE ¢

Gé\‘lul GA\"I\ }((.:J)Jv‘q‘;
T{0z 550,08 41} FFC FLOAT:

t—t we wo

1

TIKAL $£X 33 BY ¢ HOLs K01 Ty TCL Ve PAsPBISKIPY
(Kr 7{\(’ A)jg‘H'T(,TT) SKIP o
AZZVSKIP; | IF 220 THEN STOPs

_L*,-ou-d—-a
*‘{(,’)’ﬂ
—{ -

’b]'*'vrl))‘Tj ';"{:
RUTIC ({XD=XC1 /DX

XC=X0 - "'J <)X 3
PUT SKIP(2);

PUT DATA [ PA,P2,XE4XCy X0) SKIP5
PUT DATACHGL s AX ¢3Y 3V MU) SKIP
PUT DATA(KALsKCLsTCLy! 6,0X) SKIPS

1~ ABRASIUM FINES IN BEO*/
Y% 72— FI2ES SIZE XC TH BED */3 - BN t
COMR{ 1) ={1+A%% (1*“Hw*rT,\(IHTT(I!/TC(Ih_‘_‘ o
/% 3 FINES TIH FREERDARD */3 . . s
END L2353 e e

PUT DATA(COMBT) SKipi_;,m;Q;;nx

FBe¢FL+C=D3 e
?F:Tt(lw)g1*v)$XC**PB/XO*#PB;:;;15,;M” :
COUNT=~1% e TR TR BE

Lq J?/) O : ) . . ) e N 6,”. L e e Ceemlllo
DO k= oirn Ap-1L/% CALCS BDNVOL FEEDR/3 o

~_ e = . A' ‘ ! ’ A
= T-‘. ) ' ;
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LISTI 16 AL0.1 (CONT.) FLU

‘(f\v )——Tu(lw 0 ::(V’* —ax e R
[rno Lé 3 PHOOXO=REDX ) H s PB= (XO= (R+LVHDXPHREPB) /XO%#PB

LCM=1 A T I I B SO T T R A
ONE: FFB=FI »(J QYR (oY R e e
IF COUNTC THEN FB8{L)=FFRy 7 . Rt vy
TH=1/ 0 O1*V+FB(LY/ T /% HUMBER OF SEGMENTS*/5; e
=TRUNC T+, 5] 3 ,Li,Es»Qr SfbMFhTS'/Ff S
IF N< 5 THEN N=1j
SESATR={1=8Y)/N; ,
JUMP=SESATR= 01%V5
JUHAP=OUMP(DUHAPYD Yy T T
CLF UFFR/TI>0UMP THEN FﬁB~T4DUHP
FOUL)=FF3; , S L I HERRE ISR
CFrE=FF=FFR; o e
PFF=FFE/Ty 0
PFFR=FFB/T
PFFC=FFE/T TR . o s
TF COUNT=) THEN PUT DATALPFF, PRFLPEFE TH) skips
MOS=TRURC { (L)% 54505 '
1F SOUNTM=0 THEN 60 TO L6y -
CUNOS) =TCLRHCLH (S EGA IwatLi(1”ri$]?{MITIAL CONCENTRATINNGR /3
TF MODUNLOB) =0 THEN /4=~ S3ELSE Z=03 " ‘
L6y O J=N0S=1 TO 1 BY =13 e
L=1+13 N
CJ)=2Z*NOL*[SEGAIR~ FFL/(r*W))/P+C(J+1),"“]fi]ﬁ“f“faf“q’“
D by . i EEL
_PUT SKIP; S
PUT DATA (C) SKIPv i
5=03 I TR L i U e -
. "1F ZOUNT>=0 THEN GD TO L85~ L
S oJd3r o Le0P=LuCkls o S R AT TR S R
D1ST=0 3 S PR |
: SUMOT =03 '«Hﬁf??iff?ﬁiﬁf*:ff*Lilg;ﬁgiﬁuu;Tf”;_.;,;iﬁ.Q
Le: 00 J=1 TO NOS:
| 1f counT>=0 THEN GO TO L16G
C1F J>1 THEN 6O TO J4s ELSE DOS D L
L1C: [DO R= 0 TO U=l oo 1,1,,:,;;;ailﬁlgg;yi;;fégp;;;:¢;u~

$¢ wa

DISTIR0)=M(R0)5 L

EHD L1CS e AEERTTL T s

KCL1) =03 A ' e R

KC(2) s KCL3 )y AC(L)vKr(J)~KCIe,WiW;W;Z;:,:;f”., SR Tuaile

=MD 5 L e e

Jes | TF LCop>Y THEN GO TO J1os - .

W(NDS) =1 /7=INTTIAL REL. COMB: TIHE f/f, o
(]}”(Ku]i}\r] j /AL S T L iiimes P L e e

IF HOSeh THEN GU TO J6% e e e
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LISTING A0.1 (CONT.) FLUMX
Wi2) =33
GO TO Jas T e B TR L B TR
Jor |17 Jus<3 THEN 6O TO Jo; B
o) T
JB ul(J 1t~1¢ CUJY=TS
J10J2) =3KKALRT S m o B
w2 ldal) =4 ““‘J”bE(Ji‘T Tf(KF(JbiﬂvhllfftkC(J\+Kﬂ})a
020J 520 =2 AL SKALFTET = (KAL43RKC {1/ IRALHRC () )5 :
33003 1) =(RCEI IS 3HRALHKC (JVERC (I ) ¥ TR TH T ' .
@3(Jﬂ:)z(i-(Ale*KC(J)s‘1\& <A1*T+T>¢:T,
L12: | DO =0 T MU-1;
: 71=X0=REDX; S D m
SaMMAL (Ty J)=0GLEJ, AETITIIT J’(Jvlé*?‘*u3(Jvl))/(/1~z]éZ]i?
/¥ SLZE RECUCTICH FACTCR FOR COMBUSTICN %73
CAMMAZ (R JI=(310Jd, ?i'wl«Zw') (Jy 21214030 ¢ 20V /L2157 1% 1)y
/¥ STZE REDUCTION CTCR FCR ABRASIUN #/3 N
. Lewn L1 .
J10: ! ITSTIO I =1 V=0T ST(0 ¢ =21 /7= LHITTAL STZE DISTRIBUTIONS¥/
L144r0C R =1 T3 #)=13
I DTST (R J=DTSTER=14d) % (L=GAHIAL{RyJ 1 =GAMMAZ IRy J 1)
L) EDTST IRy =113 -
SUHJIS(leSUWJIS(J)enlsTin,Ji.ﬁ;;;;ff .
LiiND L1403
L16% | DD k=0 T MU=13% R )
1F COUNT »>=0 THEN 60 TG J12;
MR J)=LTSTIR b J) 7 SUMDTS ()5 C(JD/*RFLAT[ STZE DISTe TO COMNCe |
S J123| SO =S +M(Re )/ IXO-REDXDS i
END L2 P o -
IF LUEOP>L THEN GU 10 J’4,;V,VM¢ T )
PUT DATALH) - SKIPS L AR T T -
PUT FILE(ND MY EDIT('MU", S17Ft ,1S120 DISTRIBUTION / SEGMENT ¥y
(4 DO J=1 T3 JJS))(P«GF e 1a) A2y X4y ALY X34 Y AL2T )y
SKIP ¢ X (10} 3 [RDS) (X(l)),F(l'O))).V‘,”_‘nﬂ_y L
DO 1=l TO “U-13 ‘ ' -
PUT FILE(DON) EDITUIX0=T1%0Xy (MUT¢J) DO J=1 TO N}S))(SKievk_
{2} (F(—fglj))yx‘?)y(f\uS) {L(]Jv‘?)’,o : o . K B
ND o - -
J14s DOMPL= o‘ TR e
L18:rD0 J=? NOS
TF {(J=hC g)&(‘CJ(Jy J¢.1) THEN 2=1% ELSE Z=23
GUMPYL =nUAPT+23(SILI=S VY - -
i 2;ELSE 271*“
MO (Ny2 V=D THEN I= ) ,
éhMPSzgﬁgiéhlk 2 (FRINOSI+F FE(N0S) I =FFE/LIN=1)%213
JF JUMPz<=0 THEN OG0 L s T “
TCL=TC1/33 R RO
COUNT==1 3 i e




L("\A 1 E) M

CHECK=CHED <+1w

FOBSFEC=D3 R E Er A SR T
TF CATCK>2 THEN %Tonv‘“““"" e
GO TD DNESENDS LILETTETIRIIIIT o e

L70¢ r*DU J=1 T NOS/EURDATE REL. COMB. TIMESH/;

L2222

L2c: {DO [=p T NOS—1; O ImEIE R

MOSEACICO (201 <01 THEW Z=23ELSE 1=13
:(3(1)~\(J))/DJMP19 '
JV=T#SEGATR=(FB(J)+FE(IV Ve Z=FFE/ ({N=11%2)
L) =1, 0 %VE{J=1))3 o o -
II pu
AU =00UHP2S (I /(DUAPS (J) =S {INDS I

MY =TRUAC (WL J) 4505 ‘

FF WlJY <6 THEN Wld)=15 =70 o
Le N L2005 o

[F LOOP <= 2 THEN GO TQ J33 - 0 han e o
[F COUNT=0 TIEM PUT DATA (DUNP3) SKIPY

IF COUNT=0 THEN PUT DATA (W) SKIP;

T2=TCONY 3

IF (T2-TL) > 5 THEN STOP;
TF HDS<R THEN LCH=W{1] -
ELSE DO/*LoC. ¥ AF RELe COHB. TINES®/§ 0
LCM=13 :

0 I=1 TO NOS-15
[ECM:LCM*A(I);

MEND L2255 e
ZM=RL1) 5

LH=HAX 2y L)) 3 ;'
END L2435 S

IF P/Q=TRYUNC(P/Q) THEM RE TUQ"HLB),[LSE RETURMIOBI S

CKP: [Phoftp,g)

S oJies

o J2ee

CI=141

EhD Kp

IF PR{LI>=ZN CTHEN 60 TO J243 L
LF KP(LCH, PROTII=L THEN 60 T0 J205 oo o

50 10 J133 DEEETETA TR A
LCM=LCM/PR(T IS B e e
L26: #00 J=1 T0O NOS-1:¢ = BT
[IF (P(LC19'(JB)~O Tr w Gu TD Jzz,:gi_Mﬂi?
END L2633 : o R
50 70 J4133%

Je2 s

LOM=LCMEPRIT )G
T=1+13
50 TO J18j

WPI(JNC=0 THEN GO TO Jleg 0 i o e

”‘Jj"‘““’*“”""‘A‘*V“(J F O R R E R R RN S |
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LISTING ALO.1 (CONT.) FLUMX |

END ; | S |
J24s TI%»Os L E B
pIX: I Evc. iy SL,\],"; [B 0: e e
COUMT=COUNT+1 3
L2683 DO HNUM=L T LCOM;
FE(LY=FCElL)+FFE;

FI(LY) =FE(L)+FF8;

TIH=TI M+l Lo TR AL :

L30¢ DO F=0 TO MU=1/% LATERAL MIXIMG ALGOPITHM */5
(;12M[R72)§ T L '
~ DO J=1 TJ NOS3

TF J=1 THEN SH({RyLI=M{RyLI+M(R, 01 /%FEIRE/ s
22=(kyJd) g : '

IF J==N0S THEHN DJg - ‘ B RUERT
H{EyJdy=ti{Red} +B fT/NUL’(ZiEFVZ?iﬂ(rﬁdi]i}, o

50 TD J253 ' B

L£HD S ‘
‘1(? Ji M{R g J) #T %3/ NOL* (21 2R 724 LIR 2GR 24< B

: ,
T3 HOSS |

S5 ) (=08 R (=240, 5)

MON (11 (1) >-001 THEN GO T J203
CFE()
PN =FB ()40, J)ECONB 21235
(MU, J) =03

90 K=D T MU-13

—
(U8
o

.

VM(Kgd) =t{K=1yJ)/*UP DATCVJIZF»/,WN;;wAJ;@;jgu:
LEND L2833 o
M{D,J) =0
J26il END L3453 S
— END L2853 R L il e
C O K . e e — L Stk - .: - ',";“’- V,A, .. -
LéGe DO J=1 T3 NOSy e
. LU R=0 TO u=1;

END L62 3 e
o E ND L[+ 0 3 e e Lt it
CCRESCTE/(LCMSTIG e

) o . :

L) =C{d) # MRy J)/*UPDATE. CONCEMTRATICNR/§ -

SCOMBLLI=SCEH d(l)+”01$v*T§;ffWf?jfﬁr*,“ffv—>>-f»w~v'

CRE(I) 4 HI I x (1~ SCOMB (2) ) *I3/%FINES®Ss -

FE(JY=FEL IV +MIK )% (1=COHB (1) ) RGAMMA (K,J)*ZB/*F«INES*/;‘
‘(J)"" { J)+“(\, JaC B ) RCANMAZ [Ky J oy

SCOME(J) =SC ﬂ‘[(.JH‘M,\,J)’b’\ IMAT (Kg J)% ZV*C(‘”BUbTI(‘
‘(!\,J)* K Jd) 2 L=GAM |/5\1(I‘\9J"“(JA1'1A4(K Jrs _ R
: Lﬂc ND L36 ? . e __ e ,..._;:\.,'.,"._'_ . ______ R \-':- -
L3g:{lD0 K=MU T 0 BY =13 R .

.A‘/a'
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LISTING ALO.1 (CONT.) FLUMK - ..

FE=FFE/LLOCAXT ) 3

Ty

SCOMB=SCOMY/ (L

Fr=Fs/ (LCAT )
Pur SKIP; S
PUT DATALCFE) SKIP;
PUT DATA (FE) SKIP; -
FHH'DATA(W,H,H SKIpy
PUT DATA(FBY SKIP;

CFE=CFEXT ; e
5rmsu~srnuHarg"””W"“
FE=FE*TS g5
FB=FB%T 3
PUT SKIPS :
PUT DATA(C) SKIPG \
CIE COUMT=D THEN G0 TO ONE; AT i TR LT
1F (TIM/Lu%<110w)l(C”LNT\IPdQ Hutébo Tﬂ wrx, o
TCFE=CFE(L) 3 . SR
TEE=FE(1) 3 ,
TSCOMB=SCOMBILY oo i e
TER=FB{1}; '

73=7 3

L&ee 00 Jd=2 1] NS
CFE=TCrRT+CRE(JI* 235

TrE= TF‘+rw())*23
TSCOMB=TSCOMB+5CD
TER=TFB+F3 (J)*L
END L&4s
TFE=TFE/T;
TCFE=TCFE/T SOEEITATETI TR TR D
TscoMo=TSCOM/TE e
TEO=TFB/T: B I s
FRECY =TCFE* (1= (XE/XC)xx2) /#COARSE FINES CBURNING IN FREEBOARD
FREFE=TCFE~FRBCLS o
FRRC2 = (FROEE+TEE) #COMB(3) /% FINE FINE
FROFE=FRAE 4 TFE=FROC2/% FREEBIARD FINES ELUTRIATED *
TfTALC“(T;C)”H+Tr3+FQDCl4FR”CZEorqw S

AC=]+ AX=TITALCS T

MBIV X35
23

[N

S BURMING IN FREEROARD
AN

PUT

)}\T[\( LCH

LCOUNT T T SKIP:

PUT EDITL'S

U1 GF CCH4BusSTION IN or

AIR TN STACK® 4/

A0V (R U 1213

3’

VUNBURMT
PUT EDIT(‘(J[RSF FINES
TFINE FINES DURNIAG P
PUT EDIT(‘FRLL%DAQD
PUT EDIT{ITOTAL CO¥B

FI

BIRHNING
| FREEDBIARDYy
NES FLUTRIATE
STTONM 3;TUTALC7

Fr

1 FREEBIARDY,

-DY

TSCOMB+TFEy

LC2YIRMM2))
fRPF[)(R(M9¥3
‘ﬁV R AGE CAHHJP

rnBc1vl>,r**

TOTALCHFRAFE) (RIM21VG SHIETT IR
PUT SKIP(4) 3
PUT DATA(STS
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LISTING A10,1 (CONT.) FLUMX

PR
s

PUT FILELOON) EDITOHHUC, v STZE0 v STZE DISTRIBUTION / SEGHEMTS
(J DE J=L1 TO NISPYVIPAGE s X U4 )y ALZ)y X (4) g AL4) y XU34)5A(27 ),
SKIP X (100 3y (N3S) (XA15)sF(1,00));

DO 1=1 T MU-1j3 : g S =

PUT FILECDONY FOITOI,X0=T%DXy (M(14J) TO J=1 TO NOSVI{SKIP,
(2) (FC7 400 eX {2V, (NOS) (E(Llby4)) )3 -

SEND 3

GO TO REP; SRR
Y FORMATISKIP X (6) 42 (AI3614FI10,5),X (5015

ERHD FLUMXY E e e alE
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sTART A
Uyt o e
e}
ENT ER ‘ C‘A‘LCULA‘TE
FARAMETER

FER, N | TN
SEGAIR, FRB (1Y
FEE

CiZlE RANGE
pr, MU , XC

PRAMT
PARAMETERS

e

1= o033 PRINT
CALCYILATE Fr FFR
COVR(0) = cami ()Y FFE, TN
FINES COMBSTH.

CALCULMTE
MO

Ra Q) wu
Dy w FEED
SIZE DISTRIBY,

¥
) NO COMBUSTION
T OUNT (O e L |RATES Re o fod
FRa, FE C =0 . / FRCH ZRGMENT
2 i sniffcncunniond
{,
ESTIMATE (AT AL No
. BRACKEROURTD LooP &l
FEED FINES CARRBON
FF
: ; YES
1 NITIAL  RATIS W

L COUNT =~ OF INCREMENTAL TME

N SEGMENTS
¥

Mr%s REDUCTION
FECTORS FO® EALH
vl ey
coMBugTION Ty
ABRABION Ty 4

Loop = 0O

R = O() vu-f
SUR-DIVIDE
COARSK FEED
T MU
MOMNG ~ S VZED

INAT 1AL, MA®S-
ging DISTRIBUTION

BOR ERCH BEGHMEM T

LCM =1

PIST = O GENERATE SEGHENT
o Mies DISTR ., ARD
SUMDIS =0 SUREFACE AREA &

e %
B RS

I

FIG . Af0)  FLOWCHART OF STEADY=-STATE MODE = Flu




[
71

SNES

PRINT  WNTIAL
MEG S~ S\ZE
DT RIBUTI
EOR EACH
SEGHMENT

ALLOId  FOR
FEE Y FINES

IH OUTER
SEGMENTS
&

AR FDR CARBON
COMBUBTION

N SBGMENT NOS

UPDATE
RELAYT\VE
COMBUSTION

TIME &

f
¥
RO UPDATE 21285 PRINT TOTAL
] CE Ll
%““““””“‘ LOGEES
J = J A4t
i
/ — | ‘ '
FRINT  Maege
& o
vt W ?iiam:gﬁrmm
' MUM = NUM 4
FiG , A0 (CONTD) FLOWCHARTY OF STEADN- STATE MODE = FLUWY

() —

CEXCCUTIO N N\ YES
N TMEYS

UPD ATE
BACHKEGROUNT
CARBON

{

CoMBUSTION TIHES

o s e s ik

FE FB CFE S5COMB =0

COUMY = COUNT 4|
HUM = §

<z

SEGMENT |
(OHBUSTION FiNgs
AND  VOLATILES

e

l TIM o= T+ | l
£
LATE®RA L. MY
FEED

COMRBUSTION %=
CLUTRIAT IO 08
COARSE FWES

{ ,

COMNBUSTION
AN D

AREASLON

= Logs RATES
G‘Yog PER KHC.F:EM&MTAL
. TIHME T
LCM, oF RELATIVE ]
e ¥

PRINT
FR,FE,CrE
SCoMB

e

EXPRESS LO%LES
N TERMS oF
WEIGHTED VALUE
OF KC.

PRINT  FinaL
BACHGROUR )
CRKBON

< COUNT =0 /

e

ACCUMUL AT ¢
TOTAL LOGHE
Foe By

1
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TABLE AlO.2. DATA FORMAT J'OR FLUMX

KAl, AX, B, BY, NOL, KCl, T, TCl, V, PA, PB, XC, X&,

R e

X0, ETA, TC, TT.

Z2Z = Values of the parameter that the investigation

is to cover
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INITIAL MASS-st17€

DISTRIPUTION

/ SEGMENT

e & v & & & @ @ .
g
A o= 1 O S T -
Ny R o \)
WL
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gl \’)
NN

o

m o

-C1

=l

©
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e
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[RY]
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P2 A M O AR

e o @
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Gt D

©
ol

o

a2
T
+
>
fa]

kN

N TP e AT

o

[l
P
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[alat

©

il
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o
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rmoamn e
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Pol
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°
Nel

ol
o= N
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S
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A R TR Rl S SR PO R SVIR U I O A B

A
o~
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4
i
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OO ON SO

.
(\
\ ('\
-~
™
+
~

7‘@,[r(C
TECLEFLC
L2262+ C
SEEGHLECC
LC2CREFCL(
CGC4ERCC
SCHL20400
Lezzr+CC
J14220400
«1644E+CC
248 CLHCC
26eE+CC
248 CEY T
366(0+CT
445£E0((

L L92TE+CC
ST3IG1+0C
SITAREFCT

2

1.0FE1C-02
2,140SE=72

:2 S‘lf\ﬂ(_"?
£.165208-02
T.1€21F-02
-

5, 166€0E~C

PE S el
PR U

EL.E451F
9. CEAE=D
A R

CLEESCE~
1. O282E+

1.v521ﬁ+00
1.2¢T747+0C
L 13070+ CC
11205400
1,191 1E+00
1,21 7¢E+DC
1.2410E+0C
1. 2623¢F+0GC
lozbl2t+00
1o 2CE2040GC
1.20770+0¢
L 215TE+GC
S215LL+C0

—

1,281 TE+!
1.2228C+G06
1. 1783E+C0
1.1475E+0G0
1. 10 146400
1.(4C40+C0
Q.ﬁﬂ%9E~Gl

S 4T3TE-C2
l.1¢llE~Cl
1. 4636E-01
1.7672i~-C1
2. L771r_n1

3
1.,0233F-L3
2500480
LFEETE~CS
s 34685~C3
s AChaY1 02
LGIB8TE—-02
£ 5620272
JHELZE-T2
LEZATE-C
SBE1LE-C2
L 260GLLE~22
uJKTIV -2
sUBEIE-01
s 2456801
SR LEE-UL

LETI4E~U L
wu!f‘~CL
S2E-31

2e—C1
C-C1

wlniu’?\;-u\‘ur—‘z—*w'—'r—':O\iu’\-y'-"'.dl\.lrdo—dﬂ)i‘
©

6.1(¢L[—u[
Lo h(40OE-CL

T 3
TsL6846-C1
7.2687T0~C1
7.39?lf—ﬂ
Te XY'CL
T GLUr
T 484730 “(.l
T.64182:-CL
T.3602FE-0C1

L 238400

sDTRGE-CL
6,2 TL2E-01

62631~-G1
£, 33050 ~C)
()“\ L(\/fr s

s EL40T~0]
5&2410:~Cl
4,00430-00
43200601
3, 84726001
3,33790-01
u131374*ij

S 29BCE-C]

%
9,1262€£-05

2.0625C6-04"

6. G3RAGE-NG
1,1733E-03
2,0805E-13
1,3162F-~03
5,0538E-03
T.3472E-G3
1.0279E~02
1.3620~N2
1.83736~02
2.3678£-02
2.9906E~02
3.,7108C~C2
/19» ]7{1 Dz
£.4589E~02
6451 4E-02
T.63C4E~02
B T74TE-C2
1eN222F-01
Lel&e8E-CH
Lo d206F-01
Le4B3ILE-DT
1 65316-01
I 42a78-01
RS
/a1377 :
2. 4RB1F-01
2.5753E-D1
2.TE3FE-D1
2:.9489E-01
3,1292C~
3.3026E-01
3.,466TE-01
3.6193E-01

3,7583E-01"

.39 L4E-DL
3,93662E~-01
40\:‘708'&"01
4,13306~01
4ol THE~TL
4s182086~C1L
Lo LOETIE~GL
4,12276-01
4485601
3¢440E-01
2,8091E~01
.6442F~01
3,400 1E~01
3,22485E-01
2,90017C=0%
2.7125C-01
26424901
2412358E~01
1eBLA2E~CY
1eBO3RE-0]
1, 14991E~01
Q0069 E~0 3
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e
“ U S17E TABLE A10.3 (CONT.) FINAL MASS -S77¢ RISTRIPUYICN / SEGMENT
1 2 3 4
1 127¢ 2LC4E4E-CL 1. F21EE~C1 2.387260-C2 1.3769F-03
2 1387 S.1394E-01 2.4420E-01 G4,50420:-02 3.55726-013
3 1238 5.9282E-C1 3.08516-01 R ETaCI~C2 Ne75%4F~03
4 1214 £.5G673E=01 3.631E0-01 1. 16060 ~C1 1.9012E-02
5 12¢2 -7 ceL-C1 4,06540-01 1.47(C0=01 3,915%2E~02
& 127¢ 7 1£E-C 1 450600~ TeT4210-C1 4,20490-02
7 1245 £ ; 4. 850G 2.0L136-01 5 H20GE-02
fa 1227 & 2 EL16800~C] 2.23000-¢ £.G926E~03
5 1z ¢ 2 £ 2 ASERE-01 B GhHaF =12
i 1184 S € 2.65740~G1 a9, 8FR3E-02
it l11¢e2 € S 2.34410-C1 1o 1307001
12 1141 G 41 3,01750-01 1.273GE~01
13 1116 ¢ E10~C A, 17866-C1 LenuO4F=01
14 1668 1. 2Uo2E+0¢6 A hRLOE~CL 2, 4281F =% 1.53626~01
5 107¢ 1020840 C 606228011 3,4t 60001 Lebt10E-0]
1 1054 1.026784CC . 6. 7614601 3,55510~01 L. 77431 -01%
17 1623 1eo3T8FR+0C £,CZGGE~C1 J,71326~01 VLRATOT =0
10 1911 1.LT30E+00 ,7;& “‘L~L1 3,92160-0) 1.949576-01
19 Geo 1o7613F41C 7.1771C~ 3,921 60 2. TH4F~]
26 SEp 1.10€68E+CC /n¢£7fL~f1 4, 7110F-01 2. LEDYE~T]
21 G546 lolz1404CE 7.33681F~01 4. 06418 -01 2. 2354F~01
22 92% 1.12354C+0C T,48060-01 4, 1681E~G1 23027604
23 902 Lo VASEEHTE T.56576-01 42341 E~0] 2,3627E~01
24 LEZ 1.18120%40C TeE4240~01 4o2G22F-01 241 86E-DL
25 CEG Te17316¢CE TeTVIGE~CY 4, 362FE~C) 2 4E600E=0
76 £34 1. 1344E+C1 T.77250-01 43R82E-T1 2.49896-01
217 81'7 1 1951E+3¢C 18269811 G R 24T 2.,529°0~01%
23 7¢s8 - 1.203528+CC 7.£73 a1 G h4B1E-31 2.5539E~01
29 174 1. C14SE+CC 7.512 c1 4. 406850E=C1 2.5709E-11
ED) 782 1.27365+(0 7.54% Cl A HELTE-CL 2.58C9E-01
21 13¢ 1.,22250+01 T.67128-C1 4.0 ETTE=GL 2.5P43E-01
22 7S — 1,240 €60+2¢C 7.5852E-9] 4,48660-01 2.5011E-01
23 £et 1.2483E4CC a,0L16E-01 G.AT360-G1 2.57138-01
34 6E4 125568408 R, (5E60-C1 AW GE3TE=CL 2.5550F~01
35 £44 1,062 S, 45001 4ot 20 =01 2 332 E-01
26 622 1.2661€ 7.GCETE-C GG 136E-01 2.5339E-01
37 €<l 1.27520 7.6E1€67-01 4 3TR60=] 2.4603E-01
3R 576 1.2812¢€ TSt 1 4,33685-01 2.472230~C1
39 £5E [P : 7.6 (1 he28RET -0 203B27TE-01
49 53¢ 1.26232¢ 7.¢ 11 4,237~ 2.3308C6~01
41 €14 1,287SE & 1 4,17231-01 2.27370-01
42 4637 - 1.332¢¢€ 1 45 10440-01 2,2112E-01
43 471 1.207¢¢E 7.74?5: i 4, 025E0E 2 Lh34E~01
44 LEG 1,21250+CC 71 3,04 0EE 2.0706E-Q1L
45 4245 1.2176+£C ‘1 1,060 ] 1,9923F=01
4o 406 1.22246+LC 1 1,76578~01 1:91C2F~0})
47 g g 1.227¢E+4CC ~1 3L EERTE-LL 1.,823CE-0D1
48 2€2 1,2225E+CC 3.55440-01 1.7212E6~-01
43 342 1.230654CC 3T~ 1s5352F~01]
50 azo 1.24KEE+CT 3. 1113V~Fl 1.5349E~01
51 26t 1.28120+C8 b, CCarr=01 3, 1Qﬂ r-oi Lo 430TE~0}
52 217 1.35650+00 b ESLZE=0) 1,53890= 01 1,3228F=014
3 2¢5 1.26070+CE 6. LESHI~ ] 2 B10F-01 T.21140-01
N 224 1..7€1E+CT £,B50CTE=-01 2.12¢6F-01 L2600 -01
5 212 1.2C6SE+(C Go 3060U~G1 2.56410=C1 DL TITIE~02
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THE TRANSIENT MODE PROGRAM DETAILS

The following is a list of the details in connection with

the computer program of the transient mode of the model contained

in this Appendix:

Listing ALL.1L
Figure All.1
Table ALLl.1
Teble ALL.2
Listing A11.2

Table All.3

The Program FLUTRA

The Flow Chart of FLUTRA

A Typical Print-out from FLUTRA
The Data Format for FLUTRA

The Program XLATE

Data Formats for XLATE




IISTING ALl 1 FLUTRA- PROGR N OF TRA!SILiT MODE

FLLTQA F?C( CFTICNS (MAINY:
DECLARE CHARLI FILE FRINT; .
CPEN FTILC(CHARLI) LINtSIZE(l%?). L
CPEN FILE(SYSPRINT) LINESTZE(LZ2Z)S
CCL(TRKFSVTPAFL)(l) CTL: ‘ S -
LUA S RAT y TRCEF S TRCFE,CONR,TCT) (Ly 1) CTLe o i
ECL {CeEsSy CANN\@\CFN (1Y CTL: o o o
CCLUIAFRAFE4CFRyCFEN(Y) CTLy -~ o= oo e e
CCL DODT CHAR(R Y, DTE CHARLE) 4K CECTNMAL K2 CECIMALY
CTE=DATE 3 TR
EDT:SUBSTR(CTEVB )ll'/‘ll%UBSTF(LTf;,p?)ll“/E(I
SLESTRICTE 41 42) ; L
TYME=TIVME;
PLY EUTT(DCT yTYNE) (SKIF,ALG) o X(10)  F(B,CH Y5
PLT FILE (CRARLI) ECIT(CLT, TY“I) (ShIFe-(J)v
LPC: CC KCKC=1 TC 63 el
CCUNT TCCHR s TR 4 FRAC FRD FE SUM= o, ) S
GET LIST(N) SKiPw”Mﬂiawm“_¢,$m¢w“tiﬁ;iﬁ;ﬂﬁf;;;?"
FLY LISTUIN)FAGES -
RCS=TRUNCL(N+L)®,54,5) 3 '
GET LISTUINCLY SKIP;
ALLCCATE A(ﬁ[bthL)yC(hfS FINCSY, S INCS Y yCANMAINGS Y g
ALLCCATE SCOMEINCS 3(%[“) AFEINCS Y, CFE(h(C) frii s}
CALLECATE CFFF(NFSfBEL)eFATihCS;hLLi =
CALLCCATE TRAFBINCUS) $TRAFE(NCS): o
©  MLLCCATE TFCFBINGS, NCLY) s TRCFE(NCSy NCLYy TCTUINGS NOL Y5 -
A=0
CyE+S GANMA y SCONRy TRAFE yTRAFRyAFE, AFE(CFE,CFE=
RAT TCY,TRCFE, TKCFP che =03
CTCerR=0 oz
CET LIST(E(NCSY 4Cy S, H FFFE, PFFP) SKIF.
GET LISTUSCONB VyF AFRY SKIFj o onseia
GET LIST(AFELCFB)Y SKIF 3 S
GET LIST(CFEZXE XCyPRCF24TyFyREF) SKIPG o
FLT FILE(CHARLI) DATA{REF) SKIP.“W o
Ix=13 SRS N IEae
FROFL=1=(XE/xCy%*%35
F=F(NDS)#S/SINGS Yy o e
E={E<L)*E+(E2Y ) %1y
LP2C: DC J=1 TO NCS: - =
A(Jy Y =ClJ) 7hCLs ,
LFz2:]e DC LAY=2 TC NCLy 7 oo e B
(Jngy)~«(J«1>/»1hITIAL CChCFNT ATICh@ YN FACt LAYER$i§W
+LhD LP2C3 Y NI U Pt Qe LK LIt e L S . TR
GEY LIST(KI sK2) QKIF;

A=A /KL e =
ONE ¢ IF fPLhT) RtF Tch GC TC LAST‘-f,_”,,,ww,

X(10), F(8,001}
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LISTING All.1 C(CONT.) FLUTRA -~

[F J==1 THEAN GG TC Jl4s
IF T<l.5 THEN GC TC Jigz; 7007 S L TETT T
[uo LAY=1 TC NCL/*AGCD CCAKSE FEEC TC ALL LAYERS

ENE S
GC T1Q J]49

rCC J=1 TC NOCS/*VERTICAL MIXING ALGCRITRMA/5 1 o0 o

ACSeLAVISALS LAY )4+ (1= 01 -FFFE-PFFEJ* T/NCL G -

TF T LARCE®A

FEED WREN T=1 "

JL2:l ALJel V=AY 1 e (1-.01% V fFfF PFFLi/*AEF (Cﬂﬁcf FE

Jl4:| ALLASH= ﬁ(Jil)wlw”H,”;w¢~ -
G¢R=03 o
LP3C: |r DO LAY=L T[ NCL=135

EP F*( )s B
nztimF)*A(J,LAv+1): i
ACJ LAY ) =AL+SE+Ds
ALDASH=(1=F ) /FXAL;
C=(1=F)/F&Spy -~
R=F#A(JsLAYHL) G
LEND LP30; o i SE A
A(Jﬁ\CLS—uLLfJHrGan' o
L ERD 3 R
264=(VOC IR, 2 1<, 108
IF T<1<% THEN GC TC Jlé&y 0 0 & R
DC LAY=1 TC ACL/ “(ﬂTthL wrhrhc ALCEHITFN AL
ZL1=A(2,4LAY); i - .
LF36 DC J=1 TC MNCS:
' ZL2=A{J,LAYY; B
[F J~=NCS THEN DC; S
PLIyLAY ) =ZL2+B%T/NCL¥{7L1=2%2L2+£{J+], LAY )G
GC 7O J15; :
END 3 SEE T HERATL R e o
A(J.LAY)~ZL2+P*1/NCL>(lLl z*ZLd*ZLl ZG+ZL2*(24<
J1s:l LY =712 ST Sp : R
L. END LP343
GC TG Jl68;

J1és 21=A(2yNOLY

LF34¢

LAYERS#/

)‘);. ST L.

LP4C: p DC J=1 TG NCS/*LATERAL MIXING ALGCRITHM®/§ 7o

IF J-=NCS THEN CC3 -
A(JVNCL)~A(JthL)+B*(21 2*2?+A(Jfl hCL))

END 5

J17 11=123 N
. END LFP4C S ' IS
IF CLURT) 5 TfER GC TC LFJD,

Jiee:

12=A(JypCL) S o :,ffﬁtﬁf_:_T;_i-””h

G C T 8 J 1 i B oL ,f_,”:“. e f.—,.‘,_"f:_“""w;,_:;f,:: _‘ .:;_,:{ ;,:: .Zi'.:“ :_.f." o _i;fd..:.;.-.., .:7‘" '.: S ;:
PUJNOLY=A (I NCLY¥BR (21 =25 22420 % 244225 (246< 50




LISTING AL1.1 (CONT.) FLUTRA
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GAMMALIY =SCONE(II/LAL 1 )%K1Y; :
GC TC J165; o
END h L e T
GAMMA(IY=SCOMELIY/LALD L) #KLYAT/NCLS
J1j65 ¢ - B ST AU Pt S
= ENE ¢ ,
IF GAMMA(NCS)<1 THEN GC TC 483 - :
T=TRUNC(A(NCS s L) /SCCMRINCS) I%NCL
J8 s IF (2%V#B/NCLICL THEN GC TC JLOG . -
T=RCL/(B*2) 3 o
J1C:  T=TRUNC{T/NCLY¥NCL: = -~
IF T<NCL THEN T=13
3 1F T==TX TEEN COj5 B T S N SO
PLT FILF(CHARLLI) SKIF DATALT); o
FUT LIST (T ol i m ey -
TX=T; ~
GC TC J1663%
ENE 3 .
P& DC J=1 T0O MCSy : R ‘ TR
JiCALCULATE NEW CDNPU&TI(% ka[hC TR \Rl!lrh PER]UE%;;_ ;
LPELE= DC LAY=) TC ACL3 . L e R il T
1F szi xr EN GC TC 419 o
TF (T<1.5V6(LAY>LY THEN GC TC 4385 e ;
IF LAYﬂ—l THEN GC TC J18;
CCOMBL 1) = (. 0L*VPFFB)* ((K2>K1)+1K2<= Kl)*Kc/KI)*((T)])*1/hE’
+{T<)1.5)1)5
J1E€: COMB(L LAY I=COMB(L, 105
I GC TC J26C; i e SR i1
3162 IF (T<1.5)6(LAY>LY THEM GC TC J29% v,ﬁf**“”““"“"“”“’”“" g
CTEST=SCOMD (J)#K2/K1H LTI #T/NOL A (T<T. ))wﬂ(J LAY)*CAMMA(J) i3
IF CTEST<D THEN CTEST=0: RO :
HoCOMRIJ, Lw)-MJ.L’Y)N‘Aer(JHL(Jl‘CIFSI
Horr CD“B(J'LAY)>.U*A(JyLAY) THEN COME(Jy LAY )= o8%ATS LAY ;
HoACJ LAY =0 (3 LAY ) =COMB Uy LAY DS e
J2C:iPAT(JvLAY)—CCNU(J,LAY)/SCCFP(J)*K?/Kls R ThEnie
i IF (J=1) ] ((J=MCSHEINMCL(N,2)<03)) THEN Z=13% rL<E z ?._
TCOMB=TCOMR4 2/THCONMB (LAY ) o i ©
TREFR(JY=AFFIJI*RAT (JyLAY)/NOLS
TRAFE(JISAFECII#RAT(Jy LAYI/NCLY -
TRCEB (J LAY ) =CFBIJVERAT Lda LAY )
TRCFE(JsLAY)=CFECI)*RAT (s LAY )i 2
=13
TCTUJ s LAY ) =TRAFBIJI+TRAFE(IV+TROFE(Jy JLAYVSTECFE(d 4 LAYY Y
FEL RIS F#TCT(JiLAY3> %#AtJvLﬂY) THEﬁ EC’fﬁ__ﬁﬂw;”,_:_ﬂ:,_uﬁﬂw
L C* 8 g FEra : = = ‘.‘._‘ N ,".,':;J.i..,:‘ ;.'_«‘..'v.' ......
GC TO J30 3

If T<l.5 TFEN DC:




LPSZ(

Jic il
FR=1

Aldael AY)WA(J LAY)~Q“(Tr(FF(J;LﬁY)+TFCFE(JsLAY))e”mH‘U
TFP=TFR«QAJ/T*(TRCFRIJyLAY)+TRAFRB(JIXNCLY s oo oo
TCFE=TCFE+CHAZ/T#TRCFE (Jy LAY S

TAFE=TAFE+CH 2/ THTRAFELJ)*NCL-
CC LAYL=1 TC NCL; - -
AUy LAY L) =2 (Jy LAY L) =C* ITRAFE(JI4TRAFR(JNNG o

EAD LPS2;

END LPS1s 7
ENGC LPSC:

CCHR+TFR
NIIE TCENR+TFV+TCcF+TAFL+FFFL;

FREC=TCFEXFROFY; S

FREFE=TCFE~FRNRC:

TAFE=TAFE+FREFE; 5 0

FREBC=FRECHTAFEXPROF2S

FRBFL—fRP%P%TAFY~FRPC4FFFf.'f

COUNT=CCUNT 413 )

~1F COULNT<L.5 THEN DCy - ' e e

FLT DATA(N)SKIP; PUT riLr(trﬁRLi)lA1¢(NsﬂKIr°'”“““”'”'"

PUT EOITIYCCARSE CUMR ¥, 8 FINES CONE Ty 0
P ORED CONMp gt FRE CCHR G40 tLUT O RTOT CARBON  E
(SKIP (6) (X(a) yALLZ) X4y o RSN
PUT FILE (CFARLT) ECITU'CCARSE COMF &, 0 rlhfb COMA i,

P OBEC CUNME  f, v FRB CCME 9,0 FLUT CTOT CARRCA
(SKIP,(6) (X(4lyA(12),X(4)));

-

i

-

LAET:

[Zo LAY=1 TC hCL{';

had [:NE»

= ENC ;
IF (NLD(COUhTyP)(.))I((LUhF(l 5)'ThEN DU
PUT FILE(CEARLL) CATA(CCUNT) SKIF; .
CC J=)1 TC NCS S T
SEGKCL=0;

SEGKCL=SEGKUL+A(J, LAY); %
O s ARER
FLT DATA(J ¢SEGKCLYSKIF;
FLT FILE (CFARLI) ATA(J»SF(KCL)QKIFs
ERD 3 7,.;m*_jxkﬁgﬁauo,.ngzfzaaa%:Q o e
P=F%2 ;

PUY EDTTUTCCONE(TFR yPRyFREC,FRBFESSUMIISKIP, 16) (EC1E,4) X5
FULT FILE(CFAFLI) ErIT(1cuw:TFF.PE.FRPcoFRPrrv:LM)

FUT FILE(CFAFLI) SKIP.

TCONB 3 SLKyTFE,FRRC, F’LFFvTCFt.TﬁFF C’ il
GC TC CKE; SEes
FREE AyCoE ySaGANKA SCOMEAFEy AFE, rrf,Engc[NFv

FREE RﬁTaTFﬁFB;TRAFE;T CFEsTRLfEVTEIgi;riwwméiq,u
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INITIAL BACK-
GROUND CARBON g
PER L AYER B gy ;
v ‘ p! AN
E ! 2
AP RESS N :
- LAY =
TERMs  oF Y 17
POSHT- TRANSIENT )
THROUGHPUYT

& LAY

Vigg

! CALCUL AT E
ADD  FReD o coMs (7, LAT)
LAY ER 4 oF : {i
SEGMENT 4 CALCU LATE — -
J  E———— comMa (1,1 RKE™MaviE
 [VERTICAL T | — COMB (J, LAY)
ALL LLANERs CoMB (I, LAYY = FROM ALL LAY EES
" Cowve{l,D
¥ I
T = T4 ¢ R <
b é }
CALTULATE
A FR AFE
c FB CFE
v REMOVE NBRAS\ON

FINES FROM ALL
LAYERS OF SEGMENTY

¥

ne REHMOVE FINES of
1 B\ZE ¢, FROM
LAYERS 4 66 ALL

o S EGMENTS B
LAT € RAL LAYERAL My, ¥ !
MiX SURFARE ~ |
LAYERE ALL LAYERS LAY = La+] | |
L COMBUS VIO :
OF FINES '.E;
w\ . FREE HOARD nyE
/ 40 LAY Y HOL 1 5
. ¥
\\ UPDATE COUNT ;

MASS REDUVETION
FACTOR B, FoR
COMNRUSTION

FRINT

SRR,

FIG . Al FLOWCHARY OF TRANSIENT WMODE — FLUTRA
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All.2.

DATA FORMAT

FOR FLUTRA

e, C(l) i C(2) i

PFFB, SCOMB(l), SCOMBEB(2), ..

AFB(2),
CFB (1), CFB(2),

XE, ¥C, PROP2, T, P, REF

C(NOS), S(1), s(2),

... AFB(NOS), AFE(l), AFE(2),

.. CFB(NOS), CFE(l),

S(NOS), B, PFFE,
. SCOMB (NOS), V, F, AFB(l),
... AFE (NOS),

CFE(2), ... CFE(NOS),
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FORMATS FOR XLATE

Data from FLUMX

N

PFFB, PFIFE

FE (1), FE(2),
CrFE (1), CFE(2),

FB(l), FB(2),

FE (NOS)

CFE (NOS)

... FB(NOS)

Ouput from FLUTRA

N

AFB (1), AFB(2),
AFE (1), AFE(2),
CFB(1l), CFB(2),

CFE (1), CFE(2),

... AFB(NOS)
... AFE(NOS)
.. CFB (NOS)

... CFE (NOS)

P e

MR A S5 I T




Svmhol
R AN

n

€]

s

[leat transfer surface area of tubes

Heat transfer coefficient

ass of ash in segment

Mas; of ash per layer of segment

Number of layers in sepgment

lNeat of combustion released in time T
Quantity of heat transfer to tubes in time T
Specific heat of bed material

Incremental time equal to bubble plug flow
through bed height

Témperature of bed

Steam temperature




v

APPENDIX 12

D ARIOTVATY TROMA TN e e
RAMSIER TROM BED PO TUBES

. i
Consider the effect of heat flow by solids movement over a small
interval T of equal to one bubble mix ftime (T~0¢5 s). T is the time .
for bubbles to through the bed heipght. Initiclly, assume all
m temperature, so that the initial conditions set

layers to have

the temperature Y of the r th layer asy =1y
7 T

+

The heat transfer q  in a time T from layer r 1if it contains

2 . - . A - . _'L, .
tubes with steam al Temperatire @ is
q, = HA(;&P - @) . . e (A12.1)

The total heat transferred in time T from u layers with tubes is

n _ n ‘ A

& = IT. wa [ o

g, =T ,(Vr 6) | cevos (A12.2)
=1 == ’

Ih transferring a quantity a. of heat in a time T the temperature of

layer r having tubes drops by A}&r given by

= ‘ .' ~ .l.- 0.0‘06 2
q. = ms. Ay o e (A12.3)

_ . .
The layer temperature'yf_after heat transfer is thus

V’; =¥ - A Yy : ‘ : cesee (A12.4)

For thermal conservation the amount Q1 of heat released by combustion
in time T in layer 1 is such that
. n .
Q1 = Z qr . ‘loaooa (quss)
r=1 A A

This heat ofiCombustion when added to layer 1 raises its:temperature
from y& to;g1 . : |
. . _
= / 3 ® . : . g . & % (A12t6)
Ya=71+ Y/mgee R

The temperature of all layers is now defined after heat
absorbtion and heat evolution. A bubble rix over the incremental time

T yesults in a fresh set of temperatures for all layers.




Steady stabc teuperature profile through bed height
| (after 480 wixes)
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815.20 284 Ly 840,25 983, 6l
811.53 284,93 840,69 984,08
806.60 284,05 839,81 687%, 20
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Steam temperature @ = 55606 Vortical wixing parameler = Oely
Layer Vertical miying para;;ter T Steam te&ﬂeraturo éMQC T i
0+ 0-2 Ol 08 | 300 wwtﬁss 'w“  500 :
1 | 8hk,05 | 8Ly 21 | 856.57 | 929.27 | 800.81 | 856.57 | 999.96 '
2 843,373 § 8h5. 54 | 852,13 1 902,60 706,37 852.13 005,52
3% 8hi.07 | Oh5. 54§ 8ho ol | 883.20 764,18 849, ol 99%.3%
Lo} 84z,72 | 8L, 21 | 84640 | 862,71 790,64 846,40 989.99
5| 8hk4,36 | BLk.5s | 845,00 | 848,93 | 789.33 | 845,09 | 988,48 s
6 | 843.91 | 843,55 | 8ha kil | 833,97 | 786.67 | 8ha bk | 985,83 i
7 bk, 05 | 8hk.21 | 842,01 | 825.13 786.25 8h2.01 985.20
8
9
¢
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7
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X
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‘ o TABIE 2.2 ’ -
o {
. ‘ . : : \
i Dynamic response of vertical heat flow in segment o
Time All combinations of f and © considered
mixes | min 1 - response/step

A 0 | 10
581 | 2 o oem2
964 b : o 0-27
| 6 S P 1
1921 8§ - 007
2401 | 10 o | 0037
2881 12 - 0019
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Relevant params
Aerhyall Pat

Area of se

1

Number of layers
Nunber of layers with tubes

Aresa of heat transfer
surface of tubes

Rate of heat release in
- combustion layer per
bubble run time T1

Specific heat of ash

. Heat transfer coefficient
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CLISTING 12, PROGRAM OF BEAT TRANSFER TO TUBES
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