AN ABSTRACT OF THE THESIS OF

Richard Turton for the degree of Master of Science

in . Chemical Engineering presented on June 8, 1979

Title: COMBUSTION OF WQOD CHAR\I} A TRANSPORT REACTOR

Abstract approved: RedaCted for PrivaCy

\ Ferhan Kayillan

Experiments were carried out to find certain physical proper-
ties of the wood char used as feed stock to the reactor. The bulk
density of the fuel was found to be in the range 300-850 kg/M3 while
the internal surface area, found by the physi-adsorption of nitrogen
at 78 K, was estimated to be in the range 2-5.5 x 105 MZ/kg. The
combustible content of the fuel was also evaluated and was found to
vary from 50% by weight to 95% by weight. The particle size distri-
butions of fuel before and after combustion was also evaluated.

Experimental test runs were carried out on the reactor, after
the solids and air feed systems had been calibrated. Thermocouples
and gas sampling ports were situated along the length of the reactor
and hence temperature and gas concentration profiles were experi-
mentally determined,
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reactor. The model was found to be sensitive to changes in the
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files compared favorably with the experimental observations.
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NOTATION

A Area (MZ)

C Specific Heat Capacity (J/Kg K)

C The Component of Drag Coefficient Associated with the

Non-Sphericity of a Particle

Cd The Drag Coefficient of a Particle Falling in a Medium

d Diameter (M)

D' Diffusivity (M2/s)

E Emissivity

F Flowrate (Kg/s)

AF Change of Flowrate of Solids Due to Combustion in the Initial
Heat Balance (Kg)

h Heat Transfer Coefficient (W/MZK)

AH Heat of Reaction for the Combustion of Carbon with Air
Yielding Carbon Dioxide only: C + O, = CO, (J/Mole)

k Thermal Conductivity (W/M k)

kchem diff’ Reaction Rate Coefficients for the Chemical,
Mass Transfer and Overall Process Steps
(Mole/M /)

Kd  CdRe?

L The Length Travelled in the Reaction Section of the Model (M)

M Mass (Kg)

N Number of Particles

Pr Prandl Number

The Rate of Heat Transfer by Radiation and

Convection from the Walls of Reactor (W/M)

r The Radius of a Particle (M)

R The Universal Gas Constant (J/Mole K)

R Resistance to Reaction (s M2/Mole)

Re Reynolds Number

Sc Schmidt Number »

SC  Stoichiometric Coefficients in a Chemical Equation

T Temperature (k)

v Velocity (M/s)

w Weight Fraction in Size Distribution

XA Overall Conversion of Carbon

YOZ’ YCOZ’ YN2 Mole Fractions of Oxygen, Carbon Dioxide,
and Nitrogen in the Combustion Gas

Q
rad’ “conv

Greek Symbols

a' Inorganic Weight Fraction in the Product Ash
B Combustible Weight Fraction in the Wood Char Feed
B Volume Fraction for Gas Split



The Surface Sphericity

The Effectiveness Factor for the Reaction of Porous Carbon
Density (Kg/M?3)

The Form Sphericity

The Steffan-Boltzman Constant (W/M K

Volume Fraction of Reactor Split
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Subscripts
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COMBUSTION STUDIES IN THE TRANSPORT REACTOR

I INTRODUCTION

The problem of excessive particulate emissions from Wood-
fired Boilers has plagued this type of equipment throughout its history.
A common practice for the operation of these boilers is the reinjection
of particles, collected in the multiclone separators, back into the
boiler system. Although this reinjection eliminates the problem of
what to do with the fines. It, however, causes another problem.

By reintroducing small particles into the system the particle
size distribution within the boiler is changed from what it would be if
reinjection were not permitted. Thus, the number of small particles
in the system is increased and this increases the loading on the
cyclones which in turn leads to higher particulate emissions.

An alternative to reinjection is the removal of the particles
from the main boiler to a small burner unit, where more efficient
combustion can take place.

The combustion of small wood char particles in a burner,
auxiliary to the main boiler has been studied. Some of the problems
arising from the design and operation of such a burner have been

identified and analyzed in this research work.



1.1 Need for Research

There are many problems involved in the accurate design of
a Wood Char Burner. The mode of operation of the burner (e. g.
Fluidized Bed, Plug Flow, Backmix etc.) is not obvious.

The vast majority of previous research work on carbon com-
bustion was carried out using coal as the source of carbon. Owing
to this lack of information on wood char combustion, accurate predic-
tions of particle burning times are impossible. Further complications
arise due to the lack of experimental data on the physical properties
of wood char.

Due to the above factors and the growing need to reduce par-
ticulate emissions from wood fired boilers a program dealing with
basic research on wood char burners was started at Oregon State

University.

1.2 The Goals of the Research

An experimental wood char burner has been constructed at
Oregon State University for basic research into the combustion of
wood char, obtained from various types of wood fired boilers. Fig-
ure 1 is a photograph of the installation which is situated at the
Experimental Station, Fairplay, Corvallis, Oregon.

The goals of the author's research were threefold.



First, a computer simulated model of the reactor was to be
developed. This would allow certain unknown parameters, relevant
to the combustion of wood char, to be evaluated. The computer
model would also aid the design of possible future burners of this
type.

Second, experiments on the burner were to be carried out in
order to check the assumptions and accuracy of the combustion
model.

Third, experiments were to be performed on the wood char
in order that certain physical properties, required in the model,

could be obtained.



Figure 1. The experimental facility at Fairplay.



2. THE LITERATURE SEARCH

A literature search was carried out at the beginning of this
work. Information obtained from this search and subsequent searches
was used to evaluate the merits of different approaches to the com-

bustion problem. A summary of this information is given below.
2.1. Combustion

Considerable work has been carried out on the combustion of
carbon in the last fifty years. Most of this research has used coal
as its primary source of carbon.

The kinetics of combustion reactions has been dealt with, in
some detail by Nusselt (1), Spalding (2), Essenhigh (3), and Frank-
Kameneski (4). A review of such work along with a summary of their
findings is given by Field et al. (5).

The particles sizes considered in the above works, range from
25 to 4000 microns and hence the correlations presented may be used
in this study.

There are many physical and phenomenological models of
combustion in use today. Many of these models assume that the
carbon particles may be well represented by some simple geometric
shape (e.g. spheres, flat plates). This assumption simplifies the

mathematics and allows the simple formulation of the conversion and



burning time.

Possibly the most well known models are the Shrinking Sphere,
Shrinking Core and uniform conversion models. The first two models
were originally developed by Yagi and Kunii (6 & 7). The third model
along with a comprehensive description of the first two is given by
Levenspiel (8).

For any combustion model it is necessary to evaluate a chemical
reaction rate. The process which occurs at the temperatures consid-
ered here (i.e. less than 1400 K) is thought to be an adsorption-desorp-
tion process. The net rate at which reaction takes place for this
process has been studied by various researchers. Parker and Hottel
(9), Tu, Davis and Hottel (10). Golovina and Khaustovich (11) and Gray
and Kimber (12). The value used in this work was that obtained by
Parker and Hottel (9). They studied the burning rate of small carbon
spheres in air at temperatures between 900 and 1400 K.

The primary combustion product was found to be carbon dioxide,
this may in fact be false and Field et al. (5) give a comprehensive
review of the surface carbon-oxygen reaction.

It is also necessary to evaluate the mass transfer coefficient
for the transport of atmospheric oxygen from the bulk air stream to
the surface of the particle. The value used here was that predicted
by the well known Froessling equation (13).

It becomes apparent that the reaction rates predicted by the



shrinking sphere and core models, using the above correlation, are a
gross underestimate. This underestimation is believed to be due

to the fact that the carbon used here has a very large internal surface
area. The effect of porosity and internal surface area on the reaction
rate is considered by Walker et al. (14). The approach used by
Walker is similar to the one often adopted for solid catalyst reactions.
The internal surface area is combined with the surface reaction co-
efficient and modified by an effectiveness factor which accounts for
the resistance to pore diffusion. This approach is, in essence, the

same as that proposed by Thiele (15) and Weiss (16).

2.2. Particle Transport Processes

The entrainment of particles of different shapes and sizes has
been studied by Zenz and Othmer (17), Knudsen and Katz (18) and
Brown (19). These studies give several correlations for the drag
coefficient. However, the bulk of the above work is applicable to
either small particles in the stokes Regime (Rep < 0.1) or the larger
particles in the Newton's Law regime (Rep > 1000). Unfortunately,
the bulk of the solids used here have particle Reynolds numbers in
the intermediate region (0-200) and hence the above correlations are
of only limited value.

Becker (20), however, studies the effects of shape on the par-

ticles terminal velocity in this intermediate range. It is from this



work, that the correlations used here, were taken.

Finally, the evaluation of heat transfer coefficients usedin
the prediction of convective and radiant heat transfer were taken
from Welty, Wicks and Wilson (21) and Rohsenow and Hartnett (22).
The convective heat transfer coefficient for gas to particles was
taken from the Ranz and Marshall equation (23), while for the situa-
tion of heat transfer from the hot walls of the reactor to the gas, the

Colburn analogy (24) was used. .



3. THE COMPUTER SIMULATED MODEL OF COMBUSTION

3.1. Description of the Processes Occurring
within the Reactor ’

The reactor used in the experimental test runs is shown in Fig-
ure 1.1 and a schematic diagram illustrating the flows to and from
the reactor is given in Figure 3.1 and a full description of how the
reactor was operated is given in Appendix (I). It is sufficient to note
that these are basically two modes of operation for the reactor.

First, the combustion air can be introduced tangentially. This
produces a swirling mass of hot gas and entrained particles. Figure
3.2 is a photograph from the top view port, which was taken whilst
the reactor was being operated in this mode. Due to the swirling
action of the gas, the reactor looks very much like a cyclone. The
particles are thrown outward by the centrifugal force and tend to move
in an anulus near the wall of the reactor. Some scraping action oc-
curs as particles are thrown against the refractory lined walls of the
reactor. This scraping action tends to slow the movement of the
particles and hence increases their mean residence time within the
reactor.

Second, the mode of operation is achieved by directing the main
combustion air into the very bottom of the reactor. This air is fed
via the radial ports situated at the base of the combustion chamber.

Some turbulence and mixing occurs at the lower portions of the
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Figure 3. 2.

11

Photograph showing the reaction chamber
whilst operating in the tangential mode. The
photograph was taken from the top viewport
and looks down into the reactor.
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reactor and this is illustrated in Figure 3.3. This turbulence dies out
however as the gas and entrained particle move upward, and the scrap-

ing action of the particles against the walls is much less than in the
previous mode.

As cold air and char particles are fed into the hot combustion
zone of the reactor, several processes occur simultaneously. In
order to be able to mathematically describe these processes it is
necessary to recognize and understand what happens.

As a cold char particle enters the reactor it is immediately
exposed to the hot inside walls of the reactor. Thus heat is trans-
ferred by radiation to the particle from the refractory walls. The
particle will also come in contact with the hot combustion gases pres-
ent within the reactor. Thus the particle will also receive heat by
convection from the hot gases in the reactor. If the particle is very
small then the convective heat transfer coefficient will be large and
the time required to raise the particle's temperature to near that of
the gas may be only a few milliseconds. Thus, the small particles
will begin to react only a very short time after entering, while the
larger particles may take considerably longer to reach a temperature
at which significant combustion may take place. Apother process

which effects the particles is that of entrainment. The terminal
velocity of a small particle will be small and hence entrainment into
the gas stream will occur immediately on entering the reactor. This

is not so for larger particles. If a particle has a terminal velocity



Figure 3. 3.

Photograph showing the reaction chamber
whilst operating in the radial mode. The
photograph was taken from the top viewport
and looks down into the reactor.

13
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less than the gas velocity within the reactor then entrainment is not
likely to take place. These large particles will start to fall when
they enter the reactor. However since the gas flow is swirling and
fairly turbulent these particles are bumped and blown around and are
exposed to the hot gases and reactor walls. This allows a certain
amount of reaction to take place even for these large particles. Heat
transfer by conduction from the hot reactor walls and inter particle
collisions are also possible, HoweQer, its prediction may well be of
a stochastic nature and is far more complicated than the other
processes described.

For the case of cold inlet air entering the reactor the transport
processes involved are slightly different.

The heat transferred to the air by radiation from the reé.ctor
walls is small. This is because diatomic gases of symmetrical
composition such as OZ’ N2 and H2 may be considered transparent
to thermal radiation. There will, however, be some radiation to
the CO2 formed by combustion but for the temperature range consid-
ered here the effective emmisivity will be low (less than 0.08). The
inlet air will also receive heat by convection, both from the reactor
walls and the burning particles. Finally, there will also be an
amount of mixing between the inlet air and the hot combustion gas

present in the reactor.

The above description outlines the processes of heat and mass
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transfer occurring within the reactor. In the following section the

assumptions used in the combustion model are reviewed and discussed.

3.2. Assumptions Made in the Combustion Model

Whenever a real process is mathematically modelled it becomes
necessary to make certain simplifying assumptions. Without these
assumptions the mathematics describing the process may become
unbearably complicated or even worse - non-solvable.

So the key question is what assumptions can be made to simplify
the mathematics yet still be justified from a physical standpoint.

The following section outlines the assumptions made in the
model and gives a brief explanation of why the assumptions were

made.

3.2.1

All the combustion is assumed to take place within the reactor.
Thus, combustion in the cyclone and the associated piping is ignored.

Since neither the pipework nor the cyclone is insulated consider-
able cooling of the combustion products occurs on leaving the reactor.
This cooling will tend to slow the reaction. It was also observed that
little carryover from the reaction chamber occurred. Therefore, the
fact that at most only 10% of the feed is carried out of the reactor and

that as soon as it leaves the reactor, considerable cooling takes place,
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it is justified to make this assumption.

3.2.2

The wood char particles are assumed te be isothermal.

For small particles this assumption will be accurate, since the
mass of the particle is small and the thermal conductivity reasonably
high. For larger particle at high rates of combustion it is quite likely
that some temperature profile will exist within the particle. However,
it has been shown for the similar process of heterogeneous catalyst
that the temperature profile in the particle will only be significant
when a temperature difference exists across the gas boundary layer
(Levenspiel, 8). Since the effect of the boundary layer temperature
gradient will be more significant than the gradient within the particle,

it is reasonable to ignore the latter.

3.2.3

The temperature of a wood char particle is assumed never to
exceed that of the surrounding gas.

This assumption allows for a particle to warm up to the gas
temperature but once it has reached it the particle temperature
moves with that of the gas. Thus in effect, the convective heat trans-
fer coefficient is assumed to be very large at high temperatures. The

convective heat transfer coefficient for a spherical particle in a fluid
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medium is given by the Ranz and Marshall Equation.

1/3

k 1/2
h-ap(2+0.6Rep Pr )

The value of this coefficient is rather insensitive to temperature
variation. However, it is inversely proportional to the particle

diameter to some positive power i.e.

h «c— where 1/2 <n<l

For small particles (low Rep) the heat transfer coefficient is very
large, but for larger particles the value is greatly reduced.

It would seem that the assumption that all particles have a
temperature less than or equal to the gas temperature is erroneous
for large particle. However, it was found that the computation of
an individual heat balance for a particle at high temperatures caused
the system of ordinary differential equations to become exceedingly
stiff. Therefore, since this assumption allows the systems of equa-
tions describing the reaction process to be solved fairly easily and
further, since this is a conservative estimate of particle combustion,

it was adopted.

3.2.4

The only combustion reaction which was considered to

take place was the direct oxidation of fuel to carbon dioxide i.e.
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“o %@ T 2
At the temperatures at which the test runs were carried out the gas
phase oxidation of carbon monoxide to carbon dioxide is very rapid.
Thus it would seem reasonable to assume that any carbon monoxide
formed by combustion would be very quickly converted to carbon
dioxide.

It is, however, worth noting that at the operating temperatures
used here, it has been found (Field et al., 5) that the primary com-
bustion product is, in fact, carbon monoxide.

For large particles the gas phase oxidation of carbon monoxide
will occur very close to the particle surface. This situation is well
represented by the above reaction scheme.

For small particles, the boundary layer of gas around the
particle is very thin. Hence, the possibility of carbon monoxide
escaping into the bulk gas stream and reacting there, is much higher.
This two step reaction process is not the same as the one step,
heterogeneous reaction described above. Thus for small particles

we may have

+1/2 0 Co, . +1/2 0, -~ CO

C -
(s) 2(g) (8) 2 2(g)
heterogeneous homogeneous

The situation described above has been modelled in essence by vari-

ous workers (e.g. Spalding, 2). The solution however may be very
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involved. Thus the one step reaction scheme has been used due to

its simplicity.

3.2.5

Due to lack of experimental research the variation of the shape
and inorganic and water content, with particle size has been ignored.
The first property was known to vary with the size of the particle,
since various samples were studied under an optical microscope.

It was however felt that these variations could be adequately accounted

for by assigning mean values for each feed sample.

3.2.6

All the char particles are assumed to have a form sphericity
of 0.63 and a surface sphericity of 0.40. These values were estimat-
ed with the aid of a microscope and compared reasonably well with
values from the literature (25). An effective spherical diameter of
0.6 is also assumed and again this is estimated by observation. It
is recognized that the assumptions in 3.2.5 and 3.2.6 are rather
crude--however, the combustion model can be adapted quite easily,
to account for such variations.

The above discussion outlines the main assumptions of the
model. The following section covers the derivation of equations and

the general approach used to describe the combustion process.
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3.3. The Combustion Model

The combustion model developed in this work is presented here
by giving a general descritpion of what the model is capable of doing.
It should be pointed out that in using the model, the degree of sophis-
tication may be arbitrarily specified by choosing what sections of
the model are to be included. This allows a comparison between a
complicated system description and a simple one, to be made. As
an example the fourth section of the model, described below, evalu-
ates the surface average particle diameter. It was originally thought
that this typical particle size could be used to predict the behavior
of the whole particle size distribution. Unfortunately, this typical
particle size may underpredict the burning time for larger particles
and by using this unisize distribution the combustion process is not
accurately described. Although by including the option for a mean
size evaluation, the prediction of a unisize distribution may be com-
puted and in some cases may be used.

The following discussion considers the six main sub-sections
of the model and describes each section. These sub-sections can be

combined in series to give the overall process description.
3.3.1. The Initial Heat Balance (Sub-section 1)

The processes which occur when char particles and cold air

enter the reaction chamber were discussed in 3.1.
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The purpose of this section in the model is to take account of
the processes which occur immediately on entering the reactor.
These are namely, the combustion of very small particles and the re-
duction of the large particles to a size at which entrainment may take
place.

For very small particles the convective heat transfer coefficient
is extremely large. It can be shown that the time required (tf) for a
particle originally at a temperature T1 to rise to a temperature T2

whilst surrounded by a gas at a temperature of Tg is given by:

2
p C d (T - T.)
. _ PP log & 1
t; = e T T 3.1
12 & (Tg - Tp)

From equation 3.1 it is obvious that the time required for a
very small particle to warm up to near gas temperature is very small
(a few milliseconds for particles less than 100 micron). It can also
be shown that the burning times for a small particle is also low.

Thus the combined heating and reaction time for, say, a 10 micron
particle in a gas stream at 1000K is less than 150 milliseconds. It
would thus seem reasonable to assume that small particles less than
a certain maximum size, react immediately upon entering the reactor
(assuming of course that they immediately come in contact with hot

combustion gas). The value of the maximum size particle to
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completely react may be changed. By assigning a value less than
the smallest size in the particle distribution this effect is eliminated.

As mentioned previously the gas velocity within the reaction
chamber will, in general not be sufficient to entrain all the particles.
It is thus necessary to estimate the size of a particle which may just
be entrained by the gas. The effect of the shape and size of a particle
on its terminal velocity was considered in Appendix E. From this
section the particle size which is just entrained by a gas velocity V
is given by:

2
3CdV

P T4 (pp-p‘g¢

where the value of Cd is a function of particle Reynolds number and
various shape factors (see Appendix E),

The value of particle diameter given in equation 3.2 refers to
the equivalent diameter of an equal volume sphere and must be used
accordingly.

It is assumed that particles with size greater than that predicted
by equation 3.2 will not be entrained. This does not mean that these
particles will fall to the bottom of the reaction chamber and stay
there. On the contrary, these particles will be swept and blown
around sampling the hot gas and hot reactor walls. A certain amount

of combustion will take place. When enough reaction has occurred,

so that the particle size has been reduced to that given by 3.2,
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entrainment can then take place. The particle will then leave the
bottom of the reactor and travel upward through the reactor.

Thus two combustion processes occur in the initial heat balance.
The very small particles are seen to react almost as soon as they
enter the reactor. The large particles do not get entrained immedi-
ately. However, they move about and react until their size is small
enough for entrainment to take place. At steady state the number of
large particles in the bottom of the reactor is constant. Hence in
the heat and mass balance for the bottom part of the reaction chamber
the large particles may be assumed to shrink to the si‘ze of the en-
trainable particles.

The initial heat balance finds the temperature which is the
root of the non-linear equations describing the above process.

The equations describing this process are written in the func-
tion subprogram Heat Bl (see listing of program in Appendix G).
This function evaluates the error in the heat balance when an input
temperature is specified. By using this evaluation in conjunction
with an interval halving root finding technique the correct exit tem-
perature for particles and gas is found.

Perhaps the easiest way to follow the logic of the above proce-
dure is to study the effect of particle size distribution before and
after the heat balance. This is illustrated in Figure 3. 4.

It should also be noted that there is provision for the inclusion
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of a zero terminal velocity. Thus the situation where all the particles

are entrained can be simulated.
3.3.2 The Gas Stream and Reactor Split (Sub-Section 2)

After the initial heat balance has been calculated, the gas and
solids begin to move upward through the reactor.

When all the main combustion air is introduced via the bottom
radial ports then the solids and gas move upward and can be physically
described by a plug-flow model.

However, when the main air is introduced tangentially, the
solids are pushed toward the outside of the reactor and move in a
swirling annulus up through the reactor (see Figure 3.2). To de-
scribe what happens in this mode of operation is not straightforward.
It was however decided to simulate this tangential mode by splitting
both the gas stream and reaction zone. This is illustrated in Figure
3.5.

The reactor volume is split into a reaction section and a bypass
section. All the solids are assumed to move in the reaction section.
However, only a portion of the gas will move with the solids, the
remaining gas will move through the bypass section. Both the amount
of gas flowing in a section and the volume of the section may be chosen.
Hence, the gas velocity in the reaction section may be adjusted and

this in turn will effect the residenqe time of the sclids in the reaction
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zone.

It is assumed that there will be no heat or mass transfer be-
tween the two reactor zones until mixing cccurs at the top of the
reactor.

The split of gas flows and reactor volume is carried out by the
subroutine Gasplit (see Appendix G). It should be noted that by choos-
ing both the split parameters as unity, the situation where all the gas
and solids move together through the reactor is simulated.

3.3.3. Calculation of the New Particle Size
Distribution (Sub-Section 3)

The amount of solids leaving the bottom of the reactor with the
gas will, in general, not be the same as the amount fed to the reactor.
This is because certain size reduction of the larger particles must
take place to allow for entrainment. The weight fractions of the vari-
ous particles must be recalculated with respect to the amount of char
remaining.

For the small particles which totally reacted the new weight
fractions are obviously zero., For the remaining particles, excluding

the size just entrained, the new weight fractions are given by:

(o)
| -
wi _Wi(Fc /Fc) 3.3

while for the particle size just entrained we have
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I (o]
Wj =<Zwi FC —AFC>/FC 3.4

i>j

Where A FC is the carbon lost in the initial heat balance due to
reduction of the large solids to size j.
3.3.4. Surface Average - Mean Particle Size

(Sub-Section 4)

Later in the description of the model it becomes necessary to
integrate a certain system of ordinary differential equations. FEach
particle size will possess different kinetic and transport rates -
and should thus have a system of equations to describe these process-
es. However, if a suitable mean particle size can be calcu;gted then
the description of the processes may be summarized by this typical
particle. This, of course, will greatly simplify the mathematics
and will present a smaller system of differential equations to solve.

In heterogeneous processes one of the most important parame-
ters of the transport pehnomena is the surface area of the solid phase.
It would thus seem logical to adopt a surface average mean particle
size.

The procedure for calculating this mean particle size is based
on that given by Kunii and Levenspiel (26) and is modified for the
case of changing density with particle size. The surface average

particle size EP is given by
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g . ZVilPey
P

3.5

Z w./dp, pp;

The evaluation of Ep is carried out by the sub-program SAVEDP (see
Appendix G). Equation 3.5 gives the mean surface average particle
size when spherical particles are considered. Thus, equivalent

spherical diameters should be used in this evaluation.
3.3.5. The Reaction Section

The amount of gas, the particle size distribution and the volume
of the reaction section have all been evaluated. All that remains is
to correctly evaluate the kinetic, heat and mass transfer processes
which occur as the particles and gas move upward toward the exit.

Since the particle size, gas composition and temperature all
change through the reactor it is necessary to evaluate the correct
differential equations which accurately describe this situation. These
equations must then be integrated along the length of the reactor.

A slip velocity between the particles and the gas will exist, due
to the non-zero terminal velocity of a particle. It is, therefore, more
convenient to consider a differential length increment rather than a
time increment. The processes occurring within this differential
increment are illustrated in Figure 3.6.

The following section develops the equations used in the reaction
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gsection and illustrates the technique used for the integration.

- — | - A"

N
o O
Q

o/ | dL

=
O

@0 Zn

Figure 3.6. The processes occurring within a differential
length increment of the reaction section.

Material Balance on a Char Particle. For a char particle of

size dp the rate of reaction may be expressed as (see Appendix F)

dM wd 2
—'P-dt = -kovyoz _L¢ 3. 6

Since we are interested in a length dependence equation 3.6

may be written as

—P _ 1
dt kovyoz o Vv 3.7
P

Where Vp is the net upward particle velocity Equation 3.7

may be equivalently expressed in terms of conversion,
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o
Since 1-X, =M/M
A p/ P
we have >
dX dM td
MO—A P _ _p _1_
p dL dL Ovyoz ¢ VP
or 5
dXA _ kovyOZ 11-dp 1
dL. c \Y%
M
D P
dXA B kOVYOZ (1-X ) 3.8
dLL. "V ¢p d A '

P PP

The heat balance on a single particle is considered next.

Heat Balance on a Char Particle. One of the assumptions in

this model is that a particle may never exceed the gas temperature.
The following equations, therefore, will only apply at particle tem-
peratures less than the gas temperature.

The enthalpy balance for a particle of diameter dp and tempera-

ture Tp is given by

aM
d —R
- = AH .
ar, M C.T) =30 t Qpap * Sconv 39
where
Q =cEA (T T 4)/v
RAD ~ P Tw P P

Q =h A (T -T
CONV pp(g p)/vp

The term (MPCPTP) on the L, H.,S. of equation 3.9 contains
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3 length dependent quantities. However for the sake of simplicity
we may assume that the specific heat of the carbon (Cp) is effectively
constant over the incremental length. Thus the L. H.S. of equation

3.9 may be written as

d d dM,
— M C T)=MC —(T)4T C
ar MpCo ) = MG T T e e aL

Using the above relationship in equation 3.9 and rearranging

terms we may write

¢V d p C dT
PPP P 4 4
=¢ (T~ - T h (T -T
6 dL ¢ B p)+p(g p)

+ kovyoz (CpTp - A H) 3.10
From equations 3.8 and 3.10 it can be seen that we must have
a relationship between the particle diameter dp and the distance
travelled in the reactor L. A differential equation may, of course,
be written to describe the particle shrinkage. However it is more
convenient to use the algebraic relationship between diameter and

conversion i.e.
1/3

o] o]
d =d o °(1-Xa)
P P <_p__A_ 311

Equation 3.1l assumes that the particle may be represented by
a shrinking sphere and this is further considered in Appendix F.

The equations presented above describe what happens to a
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particle of a particular size as it moves through the reaction
zone. The particles of char entering the reactor will not be of
the same initial size. It is thus necessary to choose a typical
particle size and represent the initial size distribution by this
typical particle. Alternatively, if it is not justified to use a mean
particles size then the distribution may be represented by a number
of discrete size cuts.

The second method is the more general and is used here, it
should be noted that a mean particle size may easily be handled by
the general size cut approach, by assigning each size cut the mean
particle size.

Before the gas balances are considered, it should be restatcd
that both particles and gas are assumed to move in plug flow througnh
the reactor. There will, of course be a slip velocity between par-
ticles and gas however the possibility of backmixing is not considered
here.

Overall Mass Balance for the Gas. The overall mass balance

for the gas can be written as:

PN sc. . ©sc
dL ¢ dL S ) 312

i=products j= reactants

where SCi is the stoichiometric coefficient of species i.
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It was previously stated that the only reaction considered to be

taking place was

+ O - C

o f %@ T 2@

Thus the stoichiometric coefficients for reactants and products are
equal (the carbon is not included since it is in the solid phase). This

means that the R.H.S. of equation 3. 12 is zero, thus we may write

dF
—E - . 3,13

ar.

Material Balance on Oxygen and Carbon Dioxide. Again it is

more convenient to express this relationship algebraically rather

than differentially. Thus we may write
=0.21 -X, F °JF
YO, Tt T AT Mg
- o
and yco2 = X, F /15*g

Heat Balance on the Gas. The heat balance on the gas may be

written in the following form

d ( 4 4 Ni“dp-z

—_— =g E - . 5 -

i Z MiCiTg> cE (T Tg )Z = +m dRhg(Tw Tg)
i 1 Pj

2 —

+h z Njﬂd'pi dXA o

_— (T - o ——
p/ v ( ¢ Tp-) 5 AHF 3.14

j Pj J
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where i - are all the components at the gas temperature
j - are all the components not at the gas temperature

It should be noted that the reaction term uses the overall conversion
and does not specify that the particle must be at the gas temperature.
However it may be reasoned that as soon as appreciable reaction
takes place particle temperature will rapidly rise and very quickly
reach the gas temperature. Thus, by including the overall conversion
negligible error will be introduced.

The term or the L, H.S. of equation 3. 14 inclues all species at
the gas temperature. As in the case of a single particle we may
assume that the specific heats are constant over the incremental

length element and we may write

d = < dT d

=— ' M = —E& <

T L iciTg Mici I +Tg at )M, 3.15
i i

Since the bulk of the enthalpy is carried by the gas we can effec-
tively consider the total heat capacity of the stream to be a constant.

Thus we can write

2
dT N.wd.,.
_ 8 . 4 . 4 N\1i PP
ZMici ar- o E(T, =T ) +wdph (T -T)
i i Pj
.\N.ndp? dX , .
+hp2/ J ) (T, -T) - 3., OHF, 3.16
—~ v j &
J Pj

The above equations describe the situation occurring within the
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reaction part of the model. All that is required is the integration
of these differential equations to yield the temperature and conversion
profiles within the reactor.

The Method of Integrating the System of Equations. It was men-

tioned previously that the system of differential equations used to
describe the combustion of a single particle may be '"stiff.'"" The
term stiff means that one of the variables (i. e. temperature in this
case) changes by a large amount very quickly, as compared with the
other variables (conversion and mole fracticns, etc.). Although this
does not sound like a problem, it is. Since the integration must be
‘carried out numerically, the step size used must be capable of
handling this large change in the stiff variable. Thus the step size
may have to be extremely small at the point where the stiffness
arises.

By not allowing a particle's temperature to rise above the gas
temperature the problem of stiffness is somewhat reduced. This is
because as soon as the particle reacts appreciably, this is where
the stiffness occurs, it is assumed to move to the gas temperature
and stay there. The gas and hot particles provide a large thermal
mass which slows down the large temperature changes, to a certain
extent. However the stiffness is still present in the system and
caution must be used when solution techniques are considered. Field

et al. (5) consider the solution of the heat balance on a particle using
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a graphical approach--this allows the equilibrium burning tempera-

ture to be calculated.

Several approaches were tried in order to reduce the computa-
tion time for solving the equations.

First, a variable step method due to Gears (26) was used. This
algorithm was available from the International Mathematics and Sta-
tistics Library and this sophisticated technique provided good accur-
acy. However, since the model could only be used if this particular
program were available it was decided to search for an alternative
technique.

The second approach used an explicit Euler technique (27) and
as might be expected could not handle the stiffness of the problem
without a huge number of steps.

Finally a technique was adopted which was previocusly used by
Kayihan (28) for a similar problem. This method uses the analytical
solution of a lst order differential equation as an approximation to
the solution for a small step length. Then, the w{ariables are updated
for this step of the integration and these updated variables are used in
the calculation of the next integration step. This method is illustrated
below:

For a lst order differential equation of the form:

dx
T E.px = F where F is a constant
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t/'r)

we may write x = x_ + (F - xo) (l-e-
If an incremental stepwise integration is used with step size dt then

we have the following recursive relationship.

_ -dt/7
XN+1 = XN + (F—XN) (1-e ) 3.17

For the case when F is a constant, equation 3.17 gives the exact ana-
lytical solution. However if F is a function of x say, then we have
only an approximate relationship. The error in the approximation
depends upon how much F changes in dt. This approach, however,
allows for the most dominant term in the equation to be accounted
for analytically. Thus, this type of solution is implicit in form and
the step length needed for a given accuracy will depend upon the non-
linearity of the problem.

It was found that 3 figure accuracy could be obtained with this
method, for the system of equations describing the reactor, using
between 200 and 300 step lengths. This represents a reasonable
compromise between precision and computation time and was, there-
fore, adopted. The actual value of the step length used depends upon
the value of the temperature gradient for the previous step. If the
gradient is high--then a very small step is taken. Conversely if
the temperature gradient was small for the previous step then a larger
step is chosen. This approach allows the stiff part of the solution to

be evaluated economically without using unnecessarily small steps
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for the non-stiff part of the solution.
3.3.6. The Intermediate Heat Balances (Sub-Section 6)

Since view port air is introduced at various points along the
length of the reaction zone, it is necessary to account for the chang-
ing temperature and oxygen concentration.

The approach adopted here is to assume that the hot combustion
gas and the cold view port air mix instantaneously.

This means that when the particles and gas reach a view port,
the heat and mass balances must be solved.

Thus the cold view port air is instantaneously mixed with
the mass of hot gas and reacting particles. The resulting gas condi-
tions and temperature are found and the reaction is allowed to con-
tinue up through the reactor, until the hext view port is encountered,
This process is continued until the top of the reactor is reached. At
this point the 'Bypass Gas' is mixed with the combination product.s
and the final heat and mass balance is solved.

The evaluation of the above heat and mass balances is carried
out by the subroutine "HEATB2'" in the model (Appendix G). The
resulting temperature and conversion profiles etc. will have dis-
‘continuities at these mixing points as can be seen in the following
chapter,

This chapter has outlined the processes modeled and described
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the working equations of the combustion model.

The next chapter presents the results for the experimental runs

and compares them with the results predicted by the model.
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4. COMPARISON OF THE EXPERIMENTAL RESULTS

WITH THE RESULTS PREDICTED BY THE MODEL

In chapter 3 the model of combustion was developed. The pur-
pose of this chapter is to compare the results predicted by the model
with those obtained by experiment.

The results predicted by the model may be presented in several
ways. However, it was decided to concentrate on the temperature
profile within the reactor. The reasons for doing this are twofold.
First, the temperatures within the reactor were known reasonably
accurately and second the temperature profile is more sensitive
than the oxygen concentration profile. The other parameters, how-
ever, are also considered, but with slightly less emphasis.

In the following comparison only ten of the eighteen test runs
are considered. The results for all eighteen runs are given in
Appendix D. For the first eight runs there was no flow meter
installed on the view port airline and since estimating the view port
air would be difficult the a_na»lysis of these results was not undertaken.

4.1. The Effect of the Overall Mass Balance on the
Predictions of the Model

It becomes apparent when the results are analyzed that the
effect of the mass balance on the temperature, or oxygen, profile is

considerable.
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The adiabatic flame temperatures for various excess air to
carbon ratios are presented in Table 4.1. The effect of conversion
of carbon and the fraction of inorganic ash (assumed to have the same
specific heat capacity as carbon) is also considered. If the results
in Table 4.1 are studied it becomes obvious that the percentage
of excess air used has a great effect cn the adiabatic plant tempera-
ture. For example, the temperature difference between using 80%
and 100% excess air, is approximately 100 K. This change repre-
sents only a 10% difference in the overall mass balance. Thus the
ratio of air to solids feed is very critical.

During the analysis of the experimental data the evaluation
of the solids feed rate was carried out by two different methods
(see Appendix D). The first method made use of the bulk density of
the fuel coupled with the calibration curve for the solids feed system.
This method provided a ''direct'' evaluation of the mass flow of
solids into the reactor. The second method utilized an ' indirect"
approach. This consisted of back ca%cu{ating the material balance
using the molar flow rate of air, the conversion of carbon and the
mole fraction of oxygen in the cyclone.

These two approaches should, ideally, give the same resuilts.
This was not the case however and the results for both methods of
calculation are given in Appendix D. The results for the two methods

differed by an average of 30% with the in-direct method predicting
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Adiabatic flame temperature for carbon combustion.

135.0000

1354.95
1352.3%
1347.50
1346.34
1342.81
1336.82
1334.30
1329.42
1323.25
1314.35

135.0000

1305. 44
130297
1320.27
1297.24
1293.94
1790.195
1285.990
1281.02
1275.42
1248.88

135.0000

1974
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THE WOLE/VOLUME FRACTIONS
THE REACTION

1 X5 AIR

CONVERSION =

N F OXTIGENS

MF o2

CONVERSION s

N F OXYGENs

4 F (02

CONVERSION =

N F OXxYGENa

A F CO2

CONVERSICN =

N F OXTCENs

4 F C02

CONVERSION = |

"M F OArGENs

4 F €02

CONVERSION =

N F OXYGENS

NF CO2

CONVERSION =

N F 0XYGENs

a4 F €I

CONVEESION =

R F OXYGENs

N F CO2

CONVERSION 2

A F OAYGENS

A F Cd2

CONVERSION =

N F JXYOENa

nFCo2

CONVERSION 3

M F OXYSEN2

N F Q02

44

Gas composition for adiabatic flame calculations.

CARBIN(S) +

80.00

120,01
0933
L1182
98.09
0957
143
954,00
9989
120
94,00
.1003
L1977
72,93
1027
L1073
70.00
L1090
10350
8§3.00
1973
1022
34.00
1092
21003
84.00
L1120
G780
82.90
1143
2992
39,90
L1182
.0933

OF OXYGEN AND CARBOM DIOUXIDE FOR THE COMBUSTION OF Cakbuow
JXYGEALG) =CARBON LiOXIDE(G) IS ASSUMED T3 TAKE PLACE.

90.00 100,00 110,00 120.00 130,00 140.00 150.00

0993 1050 L1100 148 1182 1228 1250
L1108 L1050 1000 L0955 0913 0379 L0840
L1017 1071 120 L1188 L1208 L1242 2727
1083 L1029 0980 L0938 .0893 KLY .0823
L1039 1092 L1140 18 1223 L1280 L1394
1081 .1008 L0960 L0914 0877 0340 .0598
L1081 113 1180 L1203 1242 A2 310
L1039 0987 . L0940 0897 .0858 .0823 0790
1083 NERT] 1180 1222 260 - L1295 1327
1017 L0964 L0929 0379 L9940 0905 20273
1103 158 L1200 A2 1278 L1312 L1344
0998 L0943 0900 0857 0822 L3738 L0726
22 124 1220 1280 L1297 L1330 L1348
L0973 0924 . 0880 0840 .0803 0770 L0739
JA149 192 1240 229 S 1347 L1378
L0951 - 0903 0840 . 0821 0788 2753 L0222
122 1218 11280 1298 L1333 1349 1394
0929 .0882 L0840 L0802 07482 L0738 0706
1194 1219 1280 312 L1351 1333 RETE
0904 N1 L0820 .0783 0749 N RiY) 0589
L2148 1289 L1300 1338 A0 L1430 L1429

0884 0849 .0800 £0754 0239 L3700 L6072
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higher flow rates than the direct method, for all cases. This differ-

ence will obviously have a considerable effect on the temperature
profile within the reactor.

Due to the importance of the overall mass balance, the model
was tested with both the direct and indirect methods of calculating
the solids feed rate. These res_qltvs_arre given in Figures 4.7-4.10
and also in Tables J.1-J.20 at the end of this thesis. In all of the
‘computer runs made here, the size of particle which would com-
pletely react in the initial heat balance was set to zero. Thus the
only combustion which takes place in the initial heat balance (see
3.3.1) is that due to the reduction of large particles to an entrainable
size.

The profiles presented in Figures 4.1-4.10 do not compare
particularly well with the experimental observations. However two
generalizations may be made about the results. Firstly the profiles
predicted by the model for the two different solids flow rates seem
to lie in the general vicinity of the experimental observations. This
is nothing startling, however since, the spread between the two
predicted profiles may be as much as 250 K for any given position
in the reactor. The second point is more informative. It would seem
that the final experimental point (at 2.5 m along the reactor) lies
fairly close to the profile predicted for the ''direct'' calculation

method. Since the conversions predicted by the model and the
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Figure 4.2, A comparison between the experimental and
predicted results for both indirect and direct
calculation of solids flow rate, for Run P2.
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Figure 4.4. A comparison between the experimental and

predicted results for both indirect and direct
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Figure 4.10. A comparison between the experimental and

predicted results for both indirect and direct
calculation of solids flow rate, for Run C10.
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experimentally found values are both high (between 90-100%). The
overall heat and mass balance favors the '"direct'’ calculation method.
Thus most of the remaining comparisons are made using the solids
feed rate calculated by the ' direct' method.

4.2, The Effect of the Particle Terminal
Velocity on the Predicted Profile

The terminal velocity of a particle will have an important
effect upon the time that the particle spends in the reactor. For
small particles the terminal velocity will be small and these particles
will move virith a velocity very close to that of the gas. For larger
particles this is not the case. The terminal velocity of such particles
will be correspondingly greater and thus the average time spent in
the reactor will be considerably greater than the residence time of
the gas.

The terminal velocity of a particle will depend upon many factors
and a discussion of the free fall velocity for non-spherical particles
is given in Appendix E. The method used to calculate the terminal
velocity of a particle is taken from Becker (20) and the results for
a variety of particle densities are again presented in Appendix E.

The results presented in Figures 4.1-4.10 were obtained by
using the above correlation for terminal velocity. However in using

this approach it was necessary to estimate two surface parameters



57

i.e. form and surface sphericity. This estimation relied heavily on
observation and it is possible that the values used could be as much

as 20% in error. For this reason the effect of the temperature pro-

files of a change in terminal velocity has been studied.

In Figures 4.11-4.13 (Tables J.21-J 26) the effect of multiply-
ing the terminal velocity found by the Becker correlation by a con-
stant, is shown. The value of this constant multiplier was chosen
arbitrarily and ranges from 0.8 to 2.0.

The overall result of changing the particle terminal velocity
is to change the temperature at which the products leave the initial
heat balance and enter the reaction zone. By making the terminal
velocity greater (i. e. by multiplying by a factor greater than unity)
the amount of solids which will not get entrained by the gas stream
is increased. This in turn increases the amount of combustion which
must occur in the initial heat balance. Hence the temperature of
solids and gas entering the reaction zone of the model will be higher.
The converse is true, and by multiplying by a factor less than one
the temperature of gas and solids leaving the initial heat balance will
be lower.

By changing the inlet temperature to the reaction zone, the
position of the knee of the curve--which is effectively the ignition
point--will change. Thus if the temperature of the inlet gas is hotter,

the knee of the curve moves to the left while if it is cooler then the



GAS TEMPERATURE (KELVIN)

1800.00

THE GAS TEMPERATURE PROFILE WITHIN THE REARCTOR

(THE CURVES ARE THE PROFILES PREDICTED

BY THE MODEL~THE POINTS AQRE THE EXPERIMENTAL OBSERVATIONS)
1500.00 + )

a TVEL=1.S a
73
1200.00 + .
TVEL=1.2%

900.00 t TEST RUN P3
600.00 1
300.08 0.00 50 1.00 1.50 2.00 - 2.50 3:00

DISTANCE MOVED IN REACTION SECTION (M)

58

Figure 4.11. A comparison between predictions using different .

terminal velocity correlations. The results are
for the direct calculation of solids flow rate for
run P3 (the results are for 1.5 and 1.2 times the
correlation used for terminal velocity).
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knee moves to the right. This effectively controls the point at which
ignition occurs in the reactor. The term ignition may be a little con-
fusing--however it refers here, to a point where considerable reaction
takes place in the bulk of the solids--thus a large temperature rise
is observed.

Since this parameter is again an important one it was decided
to compute the results of all the test runs with a change in the particle
terminal velocity. The value chosen for the multiplier was found
by trial and error and was taken to be 1.5 for all the test runs con-
sidered. These results are shown in Figures 4.14-14, 21.and also in
Tables J.27-J.36.

From studying Figures 4.14-4.23 it becomes apparent that the
predicted profiles compare well with the experimental observations,
for the majority of the cases. Only for test run P4 and CP3 do the
pfedicted profiles show any appreciable discrepancy. This improve-
ment in‘ the fit of the model to the data is explained by the fact that
using the original terminal velocity correlation the model tended to
underpredict the temperature at the first thermocouple (i.e. at 0.5 M
along the reactor). Thus by increasing the particle terminal velocity
the inlet temperature to the reaction zone will increase. This will
push the knee of the profile toward the reactor entrance and thus pre-
dict a higher temperature at the first thermocouple.

It would thus appear that by using this modified terminal velocity
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tion of solids flow rate).
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Comparison of experimental and predicted profiles,
using a terminal velocity 1.5 times greater than the
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the predicted profile is a good approximation to the actual observa-
tions. However, it should be pointed out that this is not really consis-
tent with the assumptions of the model. Since the more combustion
which takes place in the initial heat balance the greater the number
of large particles present at the base of the reactor. This situation
is probably better described by a mixed tank reactor than by an over-
all heat and mass balance. Since the effect of particles being elutri-
ated has been ignored, the more large particles present in the bottom
of the reactor the greater the error is in assuming no elutriation.
However the predicted profiles wusing the modified terminal
velocity, seem to be consistent with the data and therefore this might
be considered as a possible fitting parameter.

4.3, The Effect of the Split Parameters
on the Predicted Profiles

Up to this point the gas and reactor split parameters, available
as an option in the model (see 3.3.4) have been set to unity. This
corresponds to both gas and solids travelling together in the reactor,
with no bypassing of gas.

However it was originally hoped to model the effect of the
tangential air inlet (as used in the C and CP series of runs) by using
these parameters. Since both a gas flow rate and a reactor volume

parameter were included in the model, the flow of gas through the
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reaction zone and the gas velocity may be altered. By setting the

gas split parameter () less than the reactor volume parameter (Yy)
the overall effect is to decrease the gas velocity in the reaction zone,
This is equivalent to increasing the terminal velocity of the particles
and the effects produced are the same as those described above in
the terminal velocity discussion.

The results obtained by varying the values of the split parame-
ters are presented in Figures 4.24-4.29 (and Tables J.37-J.43). The
comparison between predicted and experimental results is not as good
as it was for the modified terminal velocity case. A problem with
this type of split parameter is that since a certain portion of the gas
stream is bypassed the temperature drop at the point where the two
stréams (reactor and bypass) remix is dependent upon how much of
the gas was bypassed. For this reason not more than 30% of the gas
stream was allowed to bypass the reaction section. This is equivalent
to setting a lower limit of the split parameter B to 0.7. The value
of the reactor volume split was also not allowed to be set below a
certain lower limit. This limit was chosen as 0.9 and corresponds
to the physical situation where the annulus of gas and particles is 2/3
of the radius of the reactor thick.

Although the split parameters help explain what is physically
happening, the do not predict the correct shape of the profile.

The large temperature drop which occurs at the final mixing



1800.00
1500.00
=
—
>
-
13}
X
W
@ 1200.00
o)
[
o
4
W
o
=
"]
}_
n
a
O s00.00
£00.00
300.00

Figure 4, 24,

THE GAS TEMPERATURE PROFILE HWITHIN THE REACTOR

(THE CURVES ARE THE PROFILES PREDICTED

8Y THE MODEL-THE POINTS ARE THE EXPERIMENTAL OBSERVATIONS)
BETA=0.9
GAMMA=(0.9
BETA=0.8 "
CAMMA=(0.9

A A
A*
TEST RUN CP1
0.00 .80 1.00 1.50 2.00 2.50 3.00

‘DISTANCE MOVED IN REACTION SECTION (M)

Comparison of experimental and predicted profiles, -
using different values of the gas (Beta) and reactor
volume (Gamma) split parameters, for test run CP!I
(direct calculation of solids flow rate).

74



1800.00

1500.00

1200.00

GAS TEMPERATURE (KELVIN)

900.00

600.00

300.00

Figure 4,25,

75

THE GAS TEMPERATURE PROFILE WITHIN THE REACTOR
(THE CURVES ARE THE PROFILES PREDICTED
BY THE MODEL-THE POINTS ARE THE EXPERIMENTAL OBSERVATIONS)

BETA=].8

GAMMA=0.9

A
A
A
;
TEST RUN CP2
.00 ".50 1.00 1.50 2.00 2.50 3,00

DISTANCE MOVED IN REACTION SECTION (M)

Comparison of experimental and predicted profiles,
using different values of the gas (Beta) and reactor
volume (Gamma) split parameters, for test run CP2
(direct calculation of solids flow rate),



1800.00
1500.00

-

2

—

>

-

[¥1}

X

[¥1}

@ 1200.00

)

—

T

4

[*1}

o

x

[¥1}

—

wn

a

O 900.00
£00.00 1
300.00

Figure 4, 26.

THE GAS TEMPERATURE PROFILE MWITHIN THE REACTOR

(THE CURVES ARE THE PROFILES PREDICTED
BY THE MODEL-THE POINTS ARE THE EXPERIMENTAL OBSERVATIONS)

TEST RUN CP3

ETA=0.8
CAMMAxz0.9
.00 *s0 1.00 1.50 2.00 2.50 3.00

DISTANCE MOVED IN REACTION SECTION (M)

Comparison of experimental and predicted profiles,
using different values of the gas (Beta) and reactor

volume (Gamma) split parameters, for test run CP3
(direct calculation of solids flow rate).

76



GAS TEMPERATURE (KELVIN)

THE GAS TEMPERATURE PROFILE WITHIN THE REACTOR
(THE CURVES ARE THE PROFILES PREDICTED
BY THE MODEL-THE POINTS ARE THE EXPERIMENTAL OBSERVATIONS)
1500.00
-3
1200.00 T A /
/_"r
B8ETA=0.7
CAMMARD.S
900.00 + TEST RUN CP4
BETA=0.8
SArMMARD.9
600.00 4
J
300.0 + + + +
0 0.00 .50 1.00 . 1.50 2.06 2.50 3.00

Figure 4. 27,

DISTANCE MOVED IN REACTION SECTION (M)

Comparison of experimental and predicted profiles,
using different values of the gas (Beta) and reactor

volume (Gamma) split parameters, for test run CP4
(direct calculation of solids flow rate).

77



1800.00

1500.00
2
|
>
2
W
s
8]

o 1200.00
)
[
a
2 4
W
o
b3
81
[
n
a

© 900.00

£00.00

300.00

Figure 4, 28,

THE GAS TEMPERATURE PROFILE WITHIN THE REACTOR
(THE CURVES ARE THE PROFILES PREDICTED
BY THE MOOEL-THE POINTS ARE THE EXPERIMENTAL OBSERVATIONS)
A
//A
A
——
i TEST RUN CS
BETA=(.8
GAMMA=0.9
T
0.00 ".50 1.00 1.50 2.00 2.50 .00

Comparison of experimental and predicted profiles,
using different values of the gas (Beta) and reactor
volume (Gamma) split parameters, for test run C9
(direct calculation of solids flow rate.

78



1800.00
1500.00
=
—
>
]
w
X
18
X  1200.00
>
-
q
@
W
Q.
b3
18
-
)
a
© 900.00
£00.00
300.00

79

THE GAS TEMPERATURE PROFILE WITHIN THE REACTOR
(THE CURVES ARE THE PROFILES PREDICTED
BY THE MODEL-THE PCINTS ARE THE EXPERIMENTAL OBSERVATIONS )

CAMMA=0.9
GCAMMA=G.S

TEST RUN C10

1.50 2.00 2.50 .00

DISTANCE MOVED IN REACTION SECTION (M)

Figure 4.29. Comparison of experimental and predicted profiles,

using different values of the gas (Beta) and reactor
volume (Gamma) split parameters, for test run Cl0
(direct calculation of solids flow rate).



80
of the bypass and reactor streams, does not seem physically reason-
able. One possible modification would be to include a remixing
parameter. This would allow partial mixing between the bypass and
reactor streams as they travellea through the reactor. However
this would introduce a new parameter at every partial mixing point
i.e. fraction of bypass stream which is remixed. This approach
would then degenerate into a multiple regression problem and for

that reason was not adopted in this work.

4.4, Other Parameters Effecting the Model

In formulating the model it was necessary to assume the values
of certain parameters about which little experimental data were avail-
able. In this section the sensitivity of the model is checked against
variations in these parameters.

The first parameter to be considered is the inside temperature
of the reactor wall. For the previous computer runs the wall temper-
ature has been assumed to be 1000 K. This value was used since it
was estimated as the lowest value which seemed physically reason-
able. The gas and solids are in general above 1250 K and so this
estimate is believed to be a conservative one. The effect of increas-
ing the wall temperature to 1100 K was investigated. The results for
the input conditions of test run CP4 are presented in Table J.43. By

comparing these results with those obtained with a wall temperature
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of 1000 K (Table J. 8) it can be seen that there is little difference
between the two runs. Thus it would seem that the value of the
wall temperature does not have a great effect on the temperature
profile.

The second parameter which was studied was the step size
used in the integration of the system of differential equations. The
differential equations used to describe the situation occurring in the
reaction zone are known to behave as a stiff system. The method
of solving these equations used a crude variable step technique.
This procedure allowed small increments to be made only when the
temperature changed quickly and when the temperature change was
slow larger step lengths were taken. This procedure allowed the
integration to be carried out accurately but a the same time did not
use an excessive number of function evaluations. The effect of
halving the step size for any given region of integration was consid-
ered. The results for run CP4 are presented in Table J.44. It can
be seen that at certain points in the profile there is as much differ-
ence as 40 K between this profile and the original profile in Table
4.10. This, however, should not cause too great a problem since

the discrepancies occur mostly during the ignition region. This
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means that although the computer profile may slightly under-

predict what actually happens at ignition, the overall profile will

give a very good indication of the process.

4.5 A Comparison of the Other Predictions
Made by the Model

Although the model may predict the shape of the temperature
profile reasonably well, its prediction of the conversion of carbon
within the reactor is invariably too high. In 22 out of the 42 computer
runs, the predicted conversion of the carbon in the feed stock was

100%. In 11 of the remaining 20 runs the predicted value was 98%

or greater. The results are presented below in Table 4. 3.

The results would indicate that in general the model under-
predicts the temperature at the beginning of the reactor and over-
predicts the final conversion of carbon. The first phenomena may be
explained by an underestimation of the terminal velocity of the particle
or possibly by the bypassing of some of the gas stream. Yet another
explanation is that the assumption made in the model concerning the

gas and particles being at the same temperature is wrong. It will

be recalled that a particle was assumed to have a temperature either
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colder than or equal to the the gas stream, but never hotter. This
assumption was made in order to ease the numerical calculations.
However, it is conceivable that large particles will rise to a tempera-
ture greater than the gas temperature and will accordingly react faster
than predicted by the model.

The fact that the conversion predicted by the model is always
higher than that found by experiment is puzzling. In Appendix F the
combustion of carl?on was considered and the model used to describe
the combustion assumed that any ash formed, continually flaked off,
leaving a spherical ball of unreacted carbon. During the course of
the experiments it was possible to observe the combustion of single
particles. It was noticed that when a particle burned it did not, in
general, act like a shrinking sphere. Often the size of the particle
did not change and a burning anulus was seen to travel throug'h the
particle, leaving an ash layer behind. Whenever an ash layer is
formed, the resistance it offer‘s to mass transfer is always greater
than that due to diffusion through the stagnant gas film surrounding
the particle. However in the model this resistance was not consid-
ered and hence the predicted reaction rate used will be too high.

The reaction rate at the start will not be effected greatly since the
ash layer will be thin. However as the unreacted core gets smaller
and the ash layer gets thicker the reaction rate may deviate appreci-

ably from that predicted, assuming only film diffusion resistance



Table 4.3, Comparison of the predicted and experimental
conversion of wood char feed stock

Run number Predicted value Actual value

Pl 1. 0.951

o O O o©

P2 1.
0.9997

0.940

P3 1.0

0.9696 0. 946

P4 0.9407 0.868
0.9650
0

-9993

Mean 0.992 0.926
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Table 4. 3. (Continued)

Run number Predicted value Actual value

CPl1 1. . 957

o
o O O ©o o

CP2 . 9999 , . 931

0
0.9957
1

CP3 1.0 . 960
. 9987
. 9690
. 9798
. 9994 . 941
. 9265
. 9041

CP4

o o o o o o

Mean 0.986 . 947



Table 4.3.

C9

Clo

Mean

(Continued)

(=
°

o O -~

o

- O © O

-9903
.9675
. 9843

. 9703
. 9828

. 987

0.898

0.952

0.925
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(and chemical reaction resistance). The effect of using an ash diffu-
sion resistance was considered by modifying the original model. The
results are presented in Figure 4. 30 and Table J.45. The profile
indicates that when the temperature reaches about 850 K (at about 0.3
M up the reactor) the ash layer becomes a significant resistance. The
conversion of char leaving the reactor is 77% and this indicates that
the actual reaction mechanism lies somewhere between the shrinking
sphere and shrinking core extremes.

The second comparison which can be made is between the pre-
dicted and experimental gas profiles in the reactor. Although samples
of gas were analyzed at 3 different positions in the reactor the results
obtained were far from satisfactory.

One of the major problems encountered was the discrepancy in
the combined volume fraction of oxygen, carbon dioxide and carbon
monoxide. This should have been in the vicinity of 21% but was invari-
ably around the 19% mark. It was originally thought that this was due
to an error in the carbon dioxide analyzer, however on comparing the
final exit temperatures with the adiabatic flame temperature (Table
4.1) and the corresponding mass balance (Table 4. 2) the validity of the
oxygen analysis equipment becomes suspicious. Another problem
which arose with the analysis of the gas composition was the buildup of
ash and char in the 2 micron filters and sample tubes. This meant that

the conditions in the sample tubes might not be the same as that present
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within the reactor i. e. burning within the sampling equipment might
be possible.

For the above reasons, the gas profiles were not compared, it

should be sufficient, however, to compare just the temperature pro-

files.

4.6 Possible Sources of Error

One possible source of error which has not been considered yet
is the effect of carbon monoxide production.

In the model it was assured that carbon monoxide would not be
produced. However, the results presented in Appendix D showed that
there was on occasion a considerable amount of carbon monoxide pro-
duced (0.6%). This level of carbon monoxide is equivalent to about a
five percent overestimation in the predicted temperature rise. How-
ever since the mass balance is not known to this accuracy this assump-
tion should not cause any significant errors for the computed profiles.

Another point of interest is the correlation between the flow of
solids into the reactor and the flow of solids leaving the reactor. A
balance was made on the inorganic content for the experimental runs
and the results are presented in Table 4.4. There is obviously a sig-
nificant amount of inorganic content which cannot be accounted for.
Some will of course eécape to the atmosphere through the cyclone

stack. However, it is hard to accept that this can account for such



Table 4.4. The mass balance on the inorganic content in the
feed stream.

Run number Wt of inorganic solids % Loss
Inlet Outlet
(kg) (kg)
Pl 1.952 .482 75.3
P2 1.634 .795 51.4
P3 4,643 .843 81.8
P4 3.100 . 9617 68.9
CP1 1.280 . 449 64.9
CP2 1.166 711 39.0
CP3 1.404 . 977 30.4
CP4 2.156 1.035 52.0
Cl1 5.194 1.273 75.5
C2 5.053 1.561 69.1
C3 0.724 . 653 9.8
C4 0.621 . 545 12.3
C5 1.228 .352 71.4
Cé 0.905 . 550 39.2
C7 0.886 . 961 -8.0
C8 2.070 . 696 66.4
C9 4.205 1.004 76.1
Clo0 2,785 1.143 59.0
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large deviations in the overall balance. There is a significant
amount of ash buildup on the reactor walls but again it seems hard
to believe that this amount of solids could be accumulated in this
way. However there is no other explanation and thus the combina-
tion of stack loss and accumulation in the reactor must account for
the loss of inorganic solids.

Finally, it should be noted that the predicted size distribution
of solids at the reactor inlet might be in error. The effect of size
distribution on the temperature profile was (however, considered.
The profile for the original size distribution of char in run P3 was
compared with the predicted distribution and this is shown in Figure
4,31 (Table J.46) . The results show that the ignition point in the
reaction section occurs earlier for the original distribution than for
the predicted distribution. This is as expected due to the greater num-
ber of large particles. Apart from this the profiles show a similar

trend.
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5. CONCLUSIONS

The important findings of the present study may be summarized

as follows:

(a)

(b)

(d)

(e)

()

The single most important factor in evaluating the validity of

the combustion model is the overall material balance on the
reactor system.

The model of combustion presented in this work tends to under-
estimate the temperature in the lower 1/3 of the reactor.

The combustion model tends to overpredict the final conversion
of wood char leaving the reactor.

The terminal velocity of a char particle is an important parame-
ter in the combustion model. By adjusting:the free fall velocity
of the char particles, the predicted temperature profile may be
fitted reasonably well to the experimental data.

The temperature profiles predicted by the model are very sensi-
tive to variations in the split parameters. For this reason only
small variations were considered for these parameters,

The experimental data did not indicate any appreciable differ-
ence between the different modes of operating the reactor.
Although, it is felt by the author, that by introducing the inlet
air through the tangential ports, the operation should prove

superior to the radial introduction of the air.



(g)

(h)
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The temperature profile and final conversion of char are
significantly effected by assuming that a layer of ash builds

up around the particle.

The temperature profile is effected by the amount of crushing
which occurs in the solids transport system, i.e. the distribu-

tion of solids entering the reactor.
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6. AREAS FOR POSSIBLE FUTURE WORK

The results of this study indicate that certain areas of the
combustion process should be further examined in order to verify
the validy of the model and to determine the flexibility of the reactor
system. The areas for future examination are presented below:

(a) The solids feed system should be calibrated more accurately
and a comprehensive study of the bulk density of char should
be made.

(b) The combustion gas analysis equipment should be checked with
a reliable chemical analysis method.

{(c) Thermocouples should be placed in the refractory to determine
the temperature profile within the insulating layer.

(d) A comprehensive laboratory study on the combustion of the
wood char should be made with the aim of evaluating the burning
times of different size particles.

(e) A more sophisticated technique should be adopted to solve the

set of differential equations presented in the model.
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Eighteen experimental runs were carried out on the reactor. In all
but one of these runs, samples of the wood char feedstock and the ash
produced by combustion were taken, Only for run C4 were no samples
taken. The particle size distribution for each sample was measured
using AMERICAN STANDARD sieve trays. The original size analysis
used the following set of 6 screens.

Apperture Size
(M x 10”9

1000
500
250
125

63
45

After the analysis had been carried out, it was discovered that be-
tween 41 and 89 percent by weight of the char samples were collected
on the first screen (i.e., 1000 micron). It was decided that to elimi-
nate errors due to extrapolating the distribution outside the measured
range, the top fraction of the char samples (i. e., particles with size
greater than 1000 micron) should be further subdivided, This sub-
division was achieved by resieving the char samples using the follow-
ing set of 3 screens:
Apperture Size

(M x 10-5)

3327%

2000
1000

* #6 TYLER STANDARD screen
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The fractions collected on each screen were then used to convert
the weight of solid collected on the 1000 micron screen in the origi-
nal analysis to three equivalent weights of solid. These three equiva-~
lent weights represent the fictitious weights of solid which would have
been collected if the 3327 and 2000 micron screens had been used in

the original analysis.

An example is given below to illustrate the principle and method of

calculation.

EXAMPLE A, 1

The original results for run Pl are:

Apperture Size Weight Collected
(M x 10'6) (Kg x 10'3)

1000 26,81
500 8.75
250 2.52
125 1.07
63 0.53
45 0.20
PAN ’ 0.14
40. 02

Results for the 3 screen analysis of the same wood char sample

from run P1l are:

Screen Size Weight Collected % of Total
(M x 10'6) (Kg x 1073
3327 0.70 4. 48
2000 3.45 22.04
1000 11.50 73. 48

15.65 100.00
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3kg

The results above are now used to convert the 26,81 x 10~
collected on the 1000 micron screen in the original analysis to the

3 equivalent weights,

Screen Size Equivalent Weight % of Total
(M x 10-6) (Kg x 107°)
3327 1.20 4, 48
2000 5.91 22,04
1000 19.70 73.48
26.81 100. 00

The complete adjusted screen analysis for Run Pl is given below,

Screen Size Weight Collected Cumulative Weight
(M x 10'6) (Kg x 10'3) /)

3327 1.20 100.00
2000 5.91 97.00
1000 19.70 82.23
500 8.75 33.01
250 2,52 11.14

125 1.07 04. 85

63 0.53 02.17

45 0.20 00. 85
PAN 0.14 00. 35

40.02

The cumulative weight fraction represents the fraction of the total
weight with size less than or equal to the size of the fraction being
considered e.g., 82.23 % by weight of the sample has a size less

than or equal to 1000 micron.

The procedure illustrated in example A, 1 was used for all the samples
of wood char feedstock. The three screen analysis was carried out

for each sample and the adjusted size distribution was calculated
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accordingly. Since the samples were the same for both the original
6 screen analysis and the subsequent 3 screen analysis, the errors

due to readjusting the size distributions should be negligible.

The results for both carbon char and product ash samples are pre-

sented below in Tables A.l1-A, 6.

In order to present the results of the size distribution in the form of

a histogram it is necessary to assign a mean particle size to each

size cut. For convenience the mean particle size was taken as the
arithmetic mean of the apperture size of the screen on which the solid
was collected and the screen immediately above it. This approach
assumes that the size distribution is linear in the given size cut. This
assumption may not necessarily be a good one, however for most
cases it is reasonable first approximation and eases the computation

of the mean size.

Tables A.7-A.12 give the mean particle sizes and their associated

weight fractions for all the char and ash samples.

The mean particle size for the wood char collected on the first screen
(i.e., 3327 microns) was taken to be 4013 microns. This corres-
ponds to the mean apperture size for a number 4 and number 6
TYLER STANDARD screen. Although a number 4 screen was not
used in the analysis, a periodic check showed that virtually all the

particles passed through this screen. Using a similar resieving,
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the largest particle size for the product ash was chosen as 1500

microns.
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Table A.1. The size distribution analysis for the wood char
feedstock used in runs P1-P4.

Run number P1 P2 P3 P4
Screen size Cumulative weight fractions
(M x 10-6)
3327 1.0000 1.0000 1.0000 1.0000
2000 . 9700 . 9402 . 9743 . 9442
1000 . 8223 . 7009 . 1722 . 6512
500 . 3301 .2438 .2912 . 1539
250 .1114 .0668 . 0570 .0208
125 . 0485 .0314 .0198 . 0097
63 . 0217 .0138 : . 0087 . 0064
45 .0085 .0018 . 0020 .0
PAN . 0035 .0015 . 0010 .0

Table A.2. The size distribution analysis for the wood char feed-
stock used in runs CP1-CP4,

Run number CP1 CP2 CP3 CP4
Screen szze Cumulative weight fractions
(Mx 10
3327 1.0000 1.0000 1.0000 1.0000
2000 . 9820 1+ 9746 . 9675 . 9734
1000 .8332 . 7844 . 6375 . 8067
500 .4122 . 3156 . 1482 . 3812
250 . 1787 <1176 . 0401 . 1486
125 .1057 . 0453 .0328 . 1029
63 . 0653 . 0212 .0183 . 0717
45 . 0348 .0113 . 0052 . 0360

PAN .0179 . 0071 .0016 .0110
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Table A.3. The size distribution analysis for the wocd char feed-
stock used in runs C1-C1l0.

Run number Cl C2 C3 C5h Cé6

Screen size

(Mx10™7) Cumulative weight fraction
3327 1.0000 1.0000 1.0000 1.0000 1.0000
2000 . 9825 .9850 . 9801 . 9733 . 9653
1000 . 8736 .8730 . 8453 . 7967 . 7670
500 . 5903 . 5248 .5242 .3101 .2800
250 .3774 . 3308 . 3256 . 0972 . 0688
125 .3071 2718 .2581 . 0502 .0308
63 .2478 .2206 . 1996 .0285 .0123
45 .1803 . 1560 . 1470 . 0095 . 0000
PAN . 0058 . 0001 . 0000 . 0000 . 0000
Run number C7 C8 C9 Clo
3327 1.0000 1.0000 1.0000 1.0000
2000 .9141 .9318 . 9236 . 9459
1000 . 5916 .6274 . 6183 . 7070
500 L1577 . 1901 . 2225 .3116
250 .0365 .0505 . 0605 . 1206
125 . 0247 .0316 .0321 .0873
63 .0118 . 0200 .0193 . 0634
45 . 0000 .0083 .0069 .0305

PAN . 0000 . 0050 . 0037 .0129
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Table A.4. The size distribution analysis for the ash product
from runs P1-P4,

Runs number Pl P2 P3 P4
Screen size Cumulative weight fraction
(M x 10-9)
1000 1.0000 1.0000 -1.0000 1.0000
500 . 9993 . 9855 . 9963 . 9737
250 . 9987 . 9704 9914 . 9529
125 .9910 . 9439 . 9681 . 9294
63 . 8913 . 8343 . 8738 . 8567
45 . 7406 . 6684 . 7658 . 7553
PAN . 1843 .1604 . 3507 . 4067

Table A.5, The size distribution analysis for product ash from
runs CP1-CP4,

Run number CP1 CP2 CP3 CP4
Screen size Cumulative weight fraction
(M x 10”9)
1000 1.,0000 1.0000- 1.0000 1.0000
500 0.9999 1.0000 1.0000 0.9970
250 0.9999 0.9983 0.9958 0.9944
125 0.9990 0.9876 0.9773 0.9822
63 0.9686 0.8985 0. 8886 0.9060
45 0.8726 0.7648 0.7571 0.6644

PAN 0.3625 0.2747 0.1983 0.1345
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Table A.6. The size distribution analysis for the ash product from
runs C1-C10.

Run number Cl1 C2 C3 C5 Cé6
Screen size Cumulative weight fraction
(M x 10-6)
1000 1.0000 1.0000 1.0000 1.0000 1.0000
500 0.9997 0.9996 1.0000 1.0000 1.0000
250 0.9977 0.9963 0.9967 0.9997 0.9998
125 0.9791 0.9664 0.9653 0.9988 0.9984
63 0, 8327 0.8504 0.8769 0.9525 0.9279
45 0.6262 0.6474 0.6330 0.8105 0.7482
PAN 0.2386 0.29%4 0.0392 0.3139 0.2941
Run number C7 C8 C9 Cl0
1000 1.0000 1.0000 1.0000 1.0000
500 1.0000 1.0000 0.9992 0.9967
250 0.9999 0.9995 0.9945 0.9955
125 0.9887 0.9806 0.9789 0.9903
63 0.8776 0.8276 0.8957 0.9217
45 0.6785 0.6122 0.6761 0.7163

PAN 0.2236 0.1040 0.2000 0.2389
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Table A,7. The mean particle sizes and corresponding weight
fractions for the carbon char from runs P1-P4.

Run number Pl P2 P3 P4
Mean particle
size Weight fraction
(M x 10”9
4013 . 0300 .0598 . 0257 .0558
3604 . 1477 .2393 .2021 .2930
1500 . 4922 . 4571 . 4810 . 4973
750 .2187 . 1770 .2342 . 1331
375 . 0629 .0354 . 0372 .0111
187.5 . 0268 .0176 .0111 .0033
96.0 .0132 .0120 . 0067 . 0064
54.0 . 0050 . 0003 . 0010 . 0000
22.5 . 0035 . 0015 .0010 . 0000
Total 1. 1. 1. 1.

Table A.8. The mean particle size and corresponding weight
fraction for the carbon char from runs CP1-CP4.

Run number CP1 CP2 CP3 CP4
Mean particle
size Weight fraction
(M x 10-9)
4013 .0180 . 0254 . 0325 . 0266
2664 . 1488 . 1902 . 3300 . 1667
1500 .4210 . 4688 . 4893 . 4255
750.0 .2335 . 1980 . 1081 .2326
375.0 .0730 .0723 . 0073 . 0457
187.5 . 0404 . 0241 .0145 .0312
96.00 . 0305 .0099 . 0131 . 0357
54.00 .0169 . 0042 . 0038 . 0250
22.50 .0179 .0071 .0014 .0110

Total 1. 1. 1. 1.




Table A.9. The mean particle sizes and corresponding weight
fractions for the carbon char from runs C1-C10.
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Run number Cl Cc2 C3 C5 Cé6
Mean particle
size Weight fraction
(M x 10'6)
4013 .0175 .0150 .0199 . 0267 .0347
2664 . 1089 .1120 . 1348 .1786 .1983
1500 .2833 . 3482 .3211 . 4846 . 4870
750.0 .2129 . 1940 . 1986 .2129 .2112
375.0 .0703 .0590 . 0675 . 0463 . 0380
187.5 .0593 .0512 . 0585 .0224 .0185
94.00 . 0676 . 0646 .0526 .0190 .0123
54.00 . 1745 .1559 . 1479 . 0095 . 0000
22.50 .0058 . 0001 . 0000 . 0000 . 0000
Total 1. L.
Run number C7 C8 C9- Clo
4013 . 0859 .0682 .0764 . 0541
2004 . 3225 .3044 . 3053 .2389
1500 . 4339 .4373 . 3958 . 3954
750.0 L1212 . 1396 . 1620 .1910
375.0 .0118 .0189 . 0286 .0333
187.5 .0129 .0116 .0128 .0239
96.00 .0118 .0117 .0124 .0329
54.00 . 0000 .0033 . 0032 .0176
ww, tp . 0000 .0050 . 0037 .0129
Total 1. 1,
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Table A.10. The mean particle size and corresponding weight
fractions for the product ash from runs P1-P4.

Run number Pl P2 P3 P4
Mean particle
size Weight fraction
(M x 10™9)
1500 . 0007 .0145 . 0037 .0263
750 . 0006 .0151 . 0049 . 0208
375 .0077 . 0265 .0233 . 0235
187.5 . 0997 . 1096 . 0943 . 0727
94.0 . 1507 . 1659 .1080 .1014
54.0 . 5563 . 5080 .4151 . 3486
22.5 . 1843 .1604 .3507 . 4067
Total 1. 1. 1. 1.

Table A.11. The mean particle sizes and corresponding weight
fractions for the product ash from runs CP1-CP4,

Run number CP1 CP2 CP3 CP4

Mean particle

size Weight fraction
(M x 10'6)

1500 . 0001 . 0000 . 0000 . 0030
750 . 0000 .0017 . 0042 . 0026
375 . 0009 .0107 . 0185 .0122
187.5 .0304 . 0891 . 0887 . 0762

94.0 . 0960 . 1337 . 1315 .2416
54.0 . 5101 . 4901 . 5588 . 5299
22.5 . 3625 .2747 . 1983 . 1345

Total 1. 1. 1. 1.
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Table A.12. The mean particle sizes and corresponding weight
fractions for the product ash from runs C1-C10.

Run number Cl1 Cc2 C3 C5 Cé6
Mean particle
size 6 Weight fraction
(Mx10 ")
1500 . 0003 . 0004 .0 .0 .0
750 . 0020 . 0033 . 0033 . 0003 . 0002
375 .0186 . 0299 .0314 . 0009 .0014
187.5 . 1404 .1160 . 0904 . 0463 .0705
94.0 .2065 .2030 .2419 . 1420 1797
22.5 .2386 .2996 . 0392 .3139 . 2941
Total 1. 1. 1. 1. 1.
Run number C7 C8 C9 Clo
1500 0. 0. . 0008 . 0033
750 . 0001 . 0005 . 0047 . 0012
375 .0112 .0129 .0156 . 0052
187.5 L1111 . 1590 . 0832 . 0686
94.0 . 1991 .2154 .2196 .2054
54.0 . 4549 . 5082 .4761 . 4774
22.5 .2236 . 1040 .2000 .2389

Total 1. 1. 1, 1.
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THE SIZE REDUCTION OF SOLIDS ON PASSING
THROUGH THE SOLIDS FEED SYSTEM

Since the carbon char feed stock passes through approximately 15
meters of the transport system before it reaches the reactor, it was
thought that a certain amount of size reduction might take place.
This size reduction would also be aided by the low shear strength

of the wood char.

Due to the above two factors, it was decided to investigate the size
distributions of feed before and after passing through the auger trans-

port system.

Four samples of wood char feed stock and four samples of augered
feed were taken and analysed. These results are presented in Tables
A.13 and A.14. The mean of both sets of distributions is also pre-
sented and this is plotted in Figure A.1. The change in cumulative
weight percent for a given mean particle size is also given in Table

A, 15 and this is plotted in Figure A, 2.
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Table A, 13. Particle size distribution for fresh wood char feed
stock.

Tyler sieve Screen Cumulative weight % passed through sieve

no. aper- Run b Run 6 Run 7 Run 8
ture '
(M x 10-6)

6 3327 100.0 100.0 100.0 100.0
10 1651 99.7 96. 8 97.8 97.5
20 833 70.4 70.0 75.2 61.1
28 595 36.6 37.5 39.9 20,7
48 295 24.0 25.1 23.1 11.0
80 177 9.6 10.9 6.2 4.9

150 104 5.3 6.7 3.2 3.6
200 74 3.6 4.3 2.3 2.8
270 53 3.0 3.5 2.0 2.4
325 44 2.4 2.8 1.6 1.9
PAN PAN 1.7 2.0 1.2 1.3

The mean of the above four distributions

6 100.0
10 98.0
20 69.2
28 33.7
48 20,8
80 7.9

150 4.7
200 3.3
270 2.7
325 2.2
PAN 1.6
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Table A, 14, Particle size distribution of wood char after passing
through the auger feed system.

Tyler sieve Screen Cumulative weight % collected on sieve
no. aper- Run 1 Run 2 Run 3 Run 4
ture

(Mx 10-6)
6 3327 100.0 100.0 100.0 100.0
10 1051 99.4 99.9 99.5 99,7
20 833 87.6 91.4 85.6 90.6
28 595 61.1 62.7 55.3 64.2
48 295 48.8 43,7 43,0 48.7
80 177 30.1 20.1 28.0 25.1
150 104 18.8 8.9 21.6 14.2
200 74 14.7 6.8 17.1 10.8
270 53 10.6 5.2 14.8 8.4
325 44 6.9 3.4 11.9 5.3
PAN PAN 3.5 1.5 4.1 2.4

The mean of the above four distributions

6 100.0
10 99. 6
20 88.8
28 60. 8
48 46.1
80 25.8

150 15.9
200 12. 4
270 .

9.8
325 6.9
PAN 3.1
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Table A.15. The change in cumulative weight percent for a given
mean particle size.

Mean particle size Change ir cumulative weight %
(M x 10'6)

2489 1.6
1242 19.6
714.0 27.1
445.0 25.3
236.0 17.9
140.5 11.2
89.0 9.1
63.5 7.1
48.5 4.7
22.0 1.5
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THE EFFECT OF SIZE REDUCTION ON THE
CHAR SAMPLES TAKEN FOR THE TEST RUN

From the results of the previous section it becomes apparent that as
the carbon char feed stock is transported to the reactor a considerable
change in the size distribution takes place. Thus the size distribution
of wood char immediately prior to entering the reactor is different .

from the size distribution of the fresh feedstock.

The size distribution of solids entering the reactor may be an impor-
tant parameter influencing the combustion cf the wood char, It was
thus decided to use the results from the preceding section to trans-
form the size distribution for the char samples to an equivalent dis-
tribution at the reactor inlet. From Figure A.2 the % change in cumu-
lative weight fraction for the mean particle sizes in the original dis-
tributions (Tables A.7-A.9) were found and are presented below in

Table A, 16.

The figures in Table A.16 may, at first, seem confusing. However,
an example of a size distribution transformation is given below to

illustrate the use of such a table.
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Table A.16. The % change in cumulative weight fraction for the
mean particle sizes of the char samples.

Mean particle size % Change in cumulative weight
(M x 10'6) fraction

4013 0.

2664 2.

1500 ‘ 13,

750 27.

375 21,

187.5 12,

94 9.

54 6.

22.5 2.
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Example A.2 TRANSFORMATION OF A SIZE DISTRIBU TION,

From Table A.7 we can find cumulative weight fractions for the
various size cuts for the char sample. Now using the values in
Table A.16 we can estimate the cumulative weight fraction at the

inlet of the reactor.

Mean particle Original cumula- 2% Transformed Wt fr

size tive weight cum. wt, fr,
(M x 10"6) fraction

4013 1.0 0 1. .0100

2664 . 9700 +2 . 9900 . 0367

1500 . 8223 +13 .9533 . 3532

750 . 3301 +27 . 6001 L2787

375 .114 +21 .3214 .1529

187.5 . 0485 +12 . 1685 . 0568

94.0 L0217 49 L1117 . 0432

54.0 . 0085 +6 . 0685 . 0450

22.5 . 0035 +2 . 0235 . 0235

The results for the complete set of char samples are presented in
Tables A.17-A.19. It may be instructive to look at how much the

~ size distribution changes. As fresh wood char enters the system it
is partially crushed in the transport system and finally burnt in the
reactor. The histograms for 3 representative runs are shown in
Figures A.3-A.8. These figures show the size distributions of fresh
char, char as it enters the reactor (predicted) and the ash produced

by the combustion within the reactor.
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Table A.17. Equivalent particle size distributions at the reactor
inlet for char samples from runs P1-P4.

Run number Pl P2 P3 P4
Mean particle Weight fraction
size
(M x 10'6)

4013 .0100 .0398 . 0057 . 0358
2664 .0367 .1293 .0921 . 1830
1500 .3532 . 3171 . 3410 .3573
750 L2787 .2370 .2942 .1931
375 .1529 . 1254 1272 .1011
187.5 .0568 . 0476 . 0411 .03233
94.0 . 0432 . 0420 . 0367 .0364
54.0 . 0450 . 0403 .0410 . 0400
22.5 .0235 .0215 .0210 . 0200

Total 1. 1. 1. 1.

Table A.18. Equivalent particle size distributions at the reactor
inlet for char samples from runs CP1-CP4.

Run number CP1 CpP2 CP3 CP4

Mean particle Weight fraction
size
(M x 10”9

4013 .0 .0054 .0125 . 0066

2664 .0368 . 0802 .2200 . 0567

1500 .2810 .3288 .3493 .2855

750 .2935 .2580 . 1681 .2926

375 .1630 .1623 .0973 . 1357

187.5 .0704 . 0541 . 0445 . 0612

94.0 .0605 .0399 . 0431 . 0657

54.0 .0569 . 0442 . 0438 . 0650

22.5 .0379 .0271 .0214 .0310

Total 1. 1. 1. 1.
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Table A.19. Egquivalent particle size distributions at the reactor
inlet for char samples from runs C1-C10.

Run number Cl C2 C3 C5 Cé6
Mean.partmle Weight fractions
size
(M x 107
4013 0. 0. 0. 0.067 .0147
2664 0. 0. . 0247 . 0686 . 0883
1500 . 1397 .2052 .1811 . 3446 . 3470
750 .2729 .2540 .2586 2729 L2712
375 .1603 . 1490 . 1575 .1363 . 1280
187.5 .0893 .0812 .0885 .0524 . 0485
94.0 .0975 . 0946 . 0826 . 0490 . 0423
54.0 .2145 . 1959 . 1870 . 0495 . 0400
22.5 .0258 . 0201 . 0200 . 0200 . 0200
Total 1. 1. 1. 1. 1,
Run number C7 C8 Co9 Clo
4013 . 0659 . 0482 .0564 . 0341
2664 .2125 . 1944 .1953 . 1289
1500 .2939 .2973 .2558 .2554
750 .1812 . 1996 .2220 .2510
375 .1018 . 1089 .1184 .1233
187.5 . 0429 . 0416 . 0428 . 0539
94.0 .0418 . 0417 . 0424 . 0629
54.0 . 0400 . 0433 . 0432 . 0576
22.5 . 0200 . 0250 . 0237 . 0329

Total 1. 1. 1. 1.
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A NOTE ON MEAN PARTICLE SIZE

Throughout Appendix A both the terms mean particle size and mean
particle diameter have been used, These terms are meant to mean
the same thing, namely they refer to some characteristic length

of a particle,

The term diameter may be confusing, since one normally associates

the term diameter with a spherical object., This is not the case here,

Later onin the analysis it will become necessary, or at least conveni-
ent, to associate an equivalent spherical diameter with the particle,

This is simply defined as

d = diameter of a sphere with the same volume
as the particle considered.

This equivalent Spherical diameter is not the same as the mean

particle size but will be related by the following identity

d = Ad
P

where d = mean particle size

and A = a constant for that particular particle,

The value of A may be above or below unity., However, for the work
considered here the shape of most of the particles is well represented
by a flat plate with a thickness about 1/6 of the characteristic length.

This estimate is made from visual observation using an optical
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microscope and corresponds to an A value of about 0. 6.

The conversion value of 0,6 was used in the computer runs to estimate,

from the mean particle size the equivalent spherical diameter.

Further effects associated with shape and particle size are consid-

ered in Appendix E,
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APPENDIX B

THE PHYSICAL PROPERTIES OF WOOD CHAR

AND ASH PRODUCTS
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THE PHYSICAL PROPERTIES OF WOOD CHAR AND
THE ASH PRODUCED BY COMBUSTION

Since little information was available on the physical properties of
the wood char feedstock used in all of the experimental test runs,
it was decided to carry out some preliminary studies on such proper-

ties as apparent density, combustable content, etc.

The results obtained from these studies allowed certain correlations
to be made which would be used in the computer simulated model of

combustion.

THE APPARENT DENSITY OF WOOD CHAR

The wood char used as feedstock for the reactor is, what is com-
monly referred to as, fly ash. This fly ash was collected from the
multiclone separators of a wood fired steam raising boiler, with the

kind permission of WESTERN KRAF T INC, of Albany, Oregon.

The wood char is a light, fairly coarse material. It has low shear

strength and is easily crushed in the hand.

The apparent density of a material has several meanings, however

in this report the apparent density is defined as:

Weight of a Particle
Volume of the Particle

Apparent Density =

Observations were made for various size particles using an optical

microscope. It was found that for small sizes the shape of the
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particles was fairly constant, however for the larger size particles
there was a large variation in shape. In order to homogenize the
shape of the larger particles the apparent density measurements

were taken using the following procedure,

Firstly, the whole sample was screened and 3 representative‘sub
samples were taken from each size cut (i.e., from each screen).
The average size of the particles on a particular screen was ap-
proximated as the arithmetic mean aperture size of that screen and
the screen immediately above it. Each sub sample was then crushed
using a mortar and pestle and resieved through a #150 STANDARD
TYLER SCREEN, The fraction of the sub sample which passed

through the screen was used in the determination of apparent density.

This rather complicated procedure was adopted to try to avoid the
errors involved in estimating a different average shape factor for

each size cut,

Having obtained the desired sub sample the apparent density was
found by measuring the volume of the sample using a graduated
cylinder., The sample was gently vibrated in order to reorientate
the particles and make them closely packed. The weight of this
measured volume of sample was then taken and the voidage of the
packed bed of particles in the measuring cylinder was estimated at

0.5 for all the runs. The apparent density was then calculated by:
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Weight of Sample
Volume Occupied x (1 - BED VOIDAGE)

Apparent Density =

The results for all the samples are given in Table B.1 and the
equation of the best straight line fit is also included. The results

along with the correlation are plotted in Figure B. 1.

It can be seen from Figure B, 1l and Table B. 1l that the correlation
and data are presented with the abscissa as log10 Particle Diameter.
The word particle diameter is a little confusing here since a shape
has not been assumed up to this point., Thus it may be instructive

to think of the Particle Diameter as a characteristic dimension

rather than to equate it with a spherical diameter.

The data is represented on a log scale for two reasons. Firstly, the
correlation coefficient is greater for the log plot than for a non log
plot. Secondly, the scatter about the correlation line for the log plot
seems to be restricted to a uniform band. This is consistent with
the assumption that the scatter is due to random error. For the non

log plot this random error assumption looks suspect,
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Table B.1. The variation of apparent density with particle size.

Mean particle size Apparent density
(M x 10~°) (kg/M3)

1290 402.8 478.3 452.2
1000 465. 8 426.6 497.0
710 431.3 385.3 383.5
500 357.6 349.6 392.0
360 404. 4 462.9 486.1
250 642. 9 614.9 604.9
180 676.9 700. 4 700.9
126 580.1 668.3 633,6

89 692.5 693.8 670.5

64 ' 742.1 807.2 777.9

49 725.6 759.7 799.6

24 791.2 764.6 759.8

Correlation is of the form Density* =A+B log10 51)

where A

i

-428.1 kg/M3

B=-277.8 kg/M4

*This is only really correct for the particle range (1290~ 24) p

however it was used to extrapolate to 3000 .
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INTERNAL SURFACE AREA OF WOOD CHAR

The rate of reaction within a certain temperature range may be in-
creased significantly by the presence of an appreicable internal
surface area. For this reason the surface area for various size

particles was investigated.

The internal surface area for various char samples was investigated
by the low temperature physi-adsorption of nitrogen gas (i.e., at the
normal boiling point of nitrogen 78 K.). The method consisted of
placing a known weight of sample, of given size, in a small tin foil
bucket which was then suspended from a very sensitive quartz spring.
The whole system was sealed and then evacuated to less than 150
pascal absolute pressure. After equilibrium was attained the vertical
position of the spring was measured. This was achieved by projecting
the image of the spring onto a screen, since the spring is premarked

the image of one of these marks can be drawn on the screen,

A small quantity of nitrogen is then introduced in the system which is
again allowed to attain equilibrium. The vertical displacement of the
spring, due to nitrogen adsorption, is then measured by again pro-
jecting the image of the spring onto the screen. The new position of
the mark on the spring is recorded and the difference between the two
marks on the screen is the displacement. Thus, by knowing the

spring constant the change in weight of the sample can be calculated,
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If also the pressure of nitrogen is recorded then the point on the
adsorption isotherm may be plotted. By repeatedly introducing
nitrogen and measuring the change in weight of the sample, the iso-

therm for the adsorption process can be plotted.

The isotherms for 25 different char samples are plotted in Figures
B.2-B.5. The results are tabulated in Tables B.2 and B,.3. The
isotherms are presented as the weight of nitrogen on the sample
divided by the weight of the sample versus the pressure (partial

pressure) of nitrogen.

It can be seen that for all the isotherms there is a sharp knee in the
curve, this knee is often referred to the '""B'' point. At the '"B"
point the surface of the sample has on it a monomolecular layer of
nitrogen. Thus, the internal surface area may be evaluated from

this point.

The ""B'' points and calculated surface areas are given in Tables B. 4
B.5 and the results plotted as a function of mean particle diameter

(logarithmic scale) in Figure B, 6.

In Figure B. 6 there are two points labelled outliers - these are re-
sults which seem not to follow the general trend of the plot. It was
noticed, however, that during the experimental determination of
surface area the sample buckets were rather high for these 2 runs

and that they were close to the top of the liquid nitrogen bath in which
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all samples must sit.

By the end of the run, due to some of the liquid nitrogen evaporating,
the samples were no longer sitting in the low temperature bath and
for this reason it was decided to ignore these two points. The cor-
rected plot along with the best fit straight line for the remaining
points is given in Figure B.7. The equation of the straight line cor-

relation is also given at the bottom of Table B. 5.

The calculation of internal surface area from an isotherm is a straight
forward procedure. An example of such a calculation is given below.
EXAMPLE B.1

CALCULATION OF INTERNAL SURFACE AREA

For run number 1 the isotherms are plotted in Figure B. 2. The ""B"
point or knee of the curve for the 446 micron sample was estimated

as:

kg-N2

1 " 3 - ——
B'" point = . 115kg- chart

2
Now 1 kg of nitrogen has 6,023 x 10 6/28 molecules and 1 nitrogen
molecule covers a surface area of 16.2 square angstrom.

26 -20
1 kg of nitrogen has a S. A, = 6.023 x 10 2’; 16.2x 10

= 3.4847 x 106 m2

At the ""B'' point we have a monolayef of nitrogen and hence the area
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covered by nitrogen molecules is the same as the internal surface area,

. . Surface Area of Char

115 x 3,4847 x 106 Mz/kg-char

. 40074 x 10° Mz/kg—char



Table B.2. Adsorption isotherms for run 1l + 2.

Run 1
Pressure of nitrogen
(N/M2) x 103 .27 0.37 1.07 2,40 6. 80 13. 06
Mean particle size Wt, of nitrogen/wt. of sample
(M x 10'6) (kg-NZ/kg-char) x 10-3
2250 82.8 92.7 106.0 112, 6 120.9 129.2
2520 95.9 109.3 122.6 130.6 141.3 150, 6
1260.5 85.0 95.0 105.0 116.7 121.7 130.0
718.0 70.2 8l.4 93.2 100.1 108.2 115.0
446.0 87.9 99.2 111.9 118.6 127.9 134, 6
Run 2
Pressure of nitrogen
(N/M?) x 103 .08 .13 . 40 .93 2.19 6.00 13,20 19.54
Mean particle size Wt. of nitrogen/wt. of sample
(M x 10-6) (kg-N, /kg-char) x 1074
718.0 5.5 8.6 33.5 42.8 49.1 58.8 67.0 74.0
237.0 11.9 12. 4 35.7 38.5 44.9 6-.4 75.1 80. 6
141.0 10.1 16.1 56.3 57.8 63.1 68.9 74.9 79.0
141.0 22.0 36.0 68.0 74.0 79.0 88.0 96.0 101.0
63.5 13.3 20.9 97.0 106.6 114,2 122.8 132.1 137.9
48.5 21.7 35.7 91.7 99.4 107.0 115.9 122.3 130.0

8¥%1



Table B.3. Adsorption isotherms for runs 3 + 4.

Run 3

Pressure of nitrogen

(N/M2) x 103 0. 80 0.13 0.27 0. 40 1.07 3,87 9.33  20.00
Mean particle size Wt. of nitrogen/wt. of sample
(M x 10-6) (kg-N,/kg-char) x 1073
4030 34,9 76.7 111.5 123,1 130.1 130.1 141.7 148.9
2520 46,7 94. 4 126.2 140.2 155.2 168.3 175.7 185.1
2520 21.5 70.2 106. 8 119.0 133.0 144,2 151.7 160.2
1260.5 9.8 33.7 103.8 110.9 110.9 110.9 112.3 115,1
1260.5 22.6 68.3 103.6 113.5 130.0 138.9 147,1 156.5
718.0 23.8 70.3 103.0 114, 9 128.8 139, 7 148.6 156.5
446.0 21.3 69.3 107.5 122.6 138.6 151.9 161.7 172.3
Run 4
Pressure of nitrogen
(N/M%) x 103 0.11 0.24 0.91 2.24 6.18 12.93 22.53
Mean particle size Wt. of nitrogen/wt. of sample
(M x 10-6) (kg-N,/kg-char) x 1073
4030 96.5 96.5 126,2 133,6 163.3 178.2 178.2
1260.5 70.2 114,1 134.8 144, 2 154,9 168.0 174.3
446.6 40.0 78.4 95.9 106.3 114.2 122.1 129.6
237.6 32.3 84.4 104.6 115,4 127.5 137.8 147.7
141.0 32.8 64.9 81,3 87.7 98, 4 107.7 116,9
89.5 18.9 71.8 88.8 98.6 107.7 115,6 120.5
22,5 17.0 67.9 83.7 91,6 100.1 106.3 113.1

6%1
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Table B.4. 'B' points and calculated internal surface areas for
runs 1 + 2,

Run 1
Mean part1c61e size 'B' Point Surface area
(M x 10 (kg-N,/kg-char) x 1073 (M%/kg-char) x 10°
2520 125 4.3559
2520 110 3.8332
1260.5 115 4.0074
718.0 95 , 3.3105
446.0 115 4.0074
Run 2
Mean particle size 'B' Point Surface area
(M x 10°9) (kg-N, /kg-char) x 1073 (M? /kg-char) x 105
718, % 43 1.4984
237 * 38 1,3242
141 56 1.9515
141 68 2.3696
64 98 3.4150
49 92 3.2060

*Disregarded in firal analysis. See text,
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Table B.5. 'B' Points and internal surface areas for runs 3 + 4.

Run 3

Mean partécle size 'B' Point 3 Surface area -
Mx10 (kg-Nz/kg-char) x 10° (Mz/kg-char) x 10~
4030 122 4,.2514
2520 155 5.4013
2520 133 4,6347
1261 108 3.7635
1261 130 4,5302
718 130 4,5302
446 136 4.7392
Run 4
Mean part1cle size 'B' Point Surface area
(M x 10-© ) (kg-NZ/kg-char) x 10'3 (Mz/kg-char) b'e 105
4030 150 5.2271
1261 140 4,8786
446 105 3.6590
237 112 3.9029
141 88 ' 3.0666
90 98 3.4150
22.5 88 3.0666

The correlation for internal surface area is

S.A. =A+Blog) D where A =69.8666x 104

= 9,4250 x 104

2= 3]s,
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NON-COMBUSTIBLE CONTENT OF
WOOD CHAR AND ASH PRODUCT

The non-combustible inorganic content of the wood char and ash

samples, from the test runs, were evaluated.

The procedure used was similar to that suggested by the AMERICAN
STANDARDS FOR TESTING OF MATERIALS (ASTM). A representa-
tive sample was taken and burnt in a muffle furnace, after suitable
drying. The temperature was set at 973 K and the samples in
crucibles were kept in the furnace for 6-10 hours until all com-

bustible content was removed.

The results for both char and ash are given in Table B, 6.



Table B,6. The non-combustible inorganic content for wood char and ash product for the various
test runs,

Wood char Ash product
Run # % incombustible content % incombustible content

Ave, Ave,
Pl 10.1 32.2 21,2 95,1 95,1 95,1
P2 24,0 23.9 24,0 95.2 92.8 94,0
P3 15,8 9.3 12,6 96.8 94, 3 94,6
P4 20.9 22,5 21,7 95.3 88.3 91.8
CP1 12.0 15,7 13.9 95.6 95,8 95,7
CP2 12,8 8.6 10. 7 96,2 90.0 93.1
CP3 18,2 4,1 11, 2 95.4 96,6 96,0
CP4 13,9 21,3 17.0 94,1 94.0 94,1
Cl 22.1 36,6 29.4 96,3 96,3 96.3
C2 23,1 34,1 28.6 93,2 93,4 93.3
C3 5.6 5.8 5.7 92,7 92,8 92.8
C5 8.8 20.0 14.4 93. 8 93,7 93.8
C6 2.5 14,0 8.3 94,9 94,9 94.9
C4 5.2 7.1 6.2 95,2 95.1 95,2
CS8 17.1 15,6 16,4 93.5 94, 4 96.0
C9 25.4 22,2 23.8 89.7 89.8 89.8
Clo 8.1 30.9 19.5 95.4 95.0 95,2

€S1
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MOISTURE CONTENT OF WOOD CHAR

The moisture content for the wood char samples was found by placing
a premeasured sample in a crucible and heating to 380 K for approxi-
mately 2 hours., The loss in weight was recorded and the moisture

content calculated. The results are given in Table 8, 7.

An average value for moisture content was calculated for each series
of test runs (i.e., P, CD, and C series) and this mean value was

used in the subsequent calculations.,
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Table B.7. The moisture content analysis for wood char feed

stock,

Run # % Loss in weight Average
Pl 4.1600 4. 8940 4,5270
P4 5.3877 5.8360 5.6119
CPl1 6,1503 5.8740 6.0122
CP3 3.4777 4.0120 3.7449
C3 3.2170 2.3539 2,7855
C9 6.5100 7.5873 7.0487
Clo 4,9512 4,.6570 4, 8041
Cl2 4.7002 4.1936 4, 4469

Average value for P series = 5,0695

CP series = 4,8786

C series

4.7713
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BULK DENSITY OF WOOD CHAR
The calibration of the solids feed system to the reactor will be dis-
cussed later., However, in order to find-out how much feed material
is arriving at the reactor inlet the '"Bulk'' density of the wood char

must be found,

The term '"Bulk'' referred to here is simply the weight of a given
volume of char, It is easily measured by filling a container of known
volume with char and calculating the weight of char by difference.
The '"Bulk'' density is then defined as the weight of char divided by

the volume,

The bulk density of the char at the reactor inlet was calculated for

several different samples and the results are given in Table B. 8.
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Table B, 8. Bulk density measurement for wood char feed stock.

Run # Wt. collected Volume Density
(ke) M3 kg/M3

1 2.4806 . 02047 121.20
2 2.5373 " 123.97
3 2.6933 z 131.59
. 4. 2.3814 H 116.35
5 2.4806 n 121.20
6 2.7201 " 132.90
7 2.3991 - H 117.22
8 2.8563 " 139,56
9 2.2111 " 108.03
10 2.3866 " 116. 60
= 1228. 62

X 122.86 kg/m>

Average bulk density of wood char = 122, 86 kg/m3
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APPENDIX C

CALIBRATION OF THE SOLIDS AND AIR FEED SYSTEMS
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SOLIDS FEED SYSTEM

The solids feed system is shown diagrammatically in Figure C, 1,

The solids feed rate to the reactor is controlled by varying the speed
of rotation of auger 2. The star valve and augers 3 and 4 are kept
running at a constant speed during operation. This means that what-
ever solids auger 2 transports to the star valve, will be fed to the

reactor.

The relay auger 1 keeps the supply bin fed with wood char and is set
to operate automatically if the depth of solids in the bin falls below a
certain level. Although the automatic operation is used under normal
conditions it may be overridden and the whole supply process con-

tyolled manually.

The variable speed auger 2 is controlled by changing the motor cur-
rent via a potentiometer mounted on the control panel, In order to
convert setting on the potentiometer (scale 0-10) to volumetric flow

rates of char, it was necessary to calibrate the solid feed system.

The calibration was achieved by measuring the time required to fill

a certain volume, with char from the base of the reactor. The volu-
metric flow rate was then calculated and plotted against the potenti-
ometer setting, The results are presented in Table C,1 and Figure
C.2. The x-axis for Figure C.2 is labelled % of maximum and thus a

reading of 30%, say, corresponds to a potentiometer setting of 3.
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Table C.1. Calibration of the solids feed system.

Potentiometer Volumetric Potentiometer Volumetric
setting flow rate setting flow rate
(M3/s) x 10° (M3/s) x 10
10 132.70 10 157.5
9 111.30 9 142.7
8 88.12 8 121.4
7 89.22 7 100.6
6 70. 45 6 85.47
5 63. 42 5 61.54
4 55.28 4 56.53
3 35.27 3 35.42
2 14,62

Calibration curve is:

Vol flow rate = le(pot setting) + Bo

where B = 17.62 x 10-6 M3/s

-6 3
B,=-19.39 x 10 M>/s
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THE CALIBRATION OF THE AIR FLOW METERS

Figure C.3 is a schematic diagram of the air feed system to the
reactor. The diagram shows that there are 3 venturi flow meters
and 1l orifice plate flow meter in the system. These flow meters
must be calibrated correctly if flow rates are to be measured accur-

ately.

ORIFICE PLATE FLOW METER CALIBRATION
(VIEW PORT AIR)

For the latter half of the test runs the air supplied to the view ports
was metered using a sharp edge flat plate orifice meter. The operat-
ing characteristics of the meter were established from theory and

the approach was similar to that out-lined in Perry and Chilton (30).
A table of results was generated using the digital computer and are
presented in Table C.2. The operating curves were also calculated

and these are presented in Figures C.4-C.7.

THE PREHEAT AND MAIN AIR -VENTURI
FLOW METER CALIBRATIONS

The calibration for both these flow meters were again formulated
from theory. The approach was, this time, taken from Pankhurstand
Ower (31). The results are presented in Table C.3 and in Figures

co 8'c0 11-



ATMOSPHERE

<
_m —><}——— PREHEAT

RO

| VIEWPORT

{ | < -
<t UPPER RADIAL

1 TANGENTIAL

—d

Figure C.3:SCHEMATIC DIAGRAM

OF AIR FEED SYSTEM |
<t LOWER RADIAL'




Table C.2. Calibration results for the view port orifice {lowmeter
{(computer generated).

I EEEREE RPN L L R R R R R PR R P PRI R F P PR YL E R E PRV PP Ry R

TABLE OF CALCULATED FLOWKATES FORk THE VIEY PORT ORIFICE FLOUMETER

I Y R P R R R Y Y R Y NP R P PNV L F R EE PR FY RV LS & Y

UPSTREAN PRESSURE = ,1083IE+04 (N/HD)

(3]
4
[}
.

o

PRESSURE DIFFERENCE (N/N2)= 0.0 l 2490.9 73S0 4930.9
INLET AIR TEMFERATURE=290.0 (K)  3.00000 01715 02417 .02749 03392
INLET AIR TEMPERATURE=300.0 'K)  0.00000 .01487 02374 02899 03339
INLET AIR TEAFERATURE=310.0 (K)  0.00000 1459 .02333 .02882 03281
[WLET AIR TERPERATURE=220.0 {K)  0,00000 01833 L0230 .92807 L0322
IHLET AIR TEMPERATURE=330.0 (K)  0.00000 01508 02246 02764 03130

UPSTREAN PRESSURE = L.1153JE+046 (N/ND)

r>
F 3
(L)
.

<o

PRESSURE UIFFERENCE (N/NH2)= 0.0 1 2490.0 37380 4980.9
INLET AIR TEMPERATURE=290.0 (X}  0.00000 01770 .02495 .0304% .033503
IHLET AIR TEMPERATURE=300.9 (K}  0.00900 01741 .02453 .02993 034944
INLET alR TENPERATURE=310.0 (K)  0.00000 01712 02413 L02949 .93338
INLET AIR TENPERATURE=320.0 (K) 0.00000 01483 .02373 .02898 .93338
INLET AIR TEAPERATURE=332.0 (K)  0.00000 014640 .02339 L028%4 .23284

UPSTREAN PRESSURE = .1223E+404 (N/H2)

PRESSURE DIFFERENMCE (N/M)= 0.0 1245.0 2490.9 3735.0 4980.9
INLET AIR TEMPERATURE=290.0 (K)  0.00000 .01824 .02570 03138 03411
INLET AIR TEMFERATURE=300.0 (K)  4.00000 01793 .02527 03085 2355
INLET AIR TEMFERATURE=310.0 (K)  0.00009 01764 02484 036138 03492
INLET AIR TENFERATURE=320.0 {K)  9.00000 01736 02447 02387 03437
INLET AIR TEMFERATURE=330.0 (K)  0.000090 01710 02410 02941 .03388
UPSTREAH PRESSURE = .1293E+06 (N/MD)
PRESSURE DIFFERENCE (N/N2)= 9.0 12453.0 2490.0 3735.0 4780.0
INLET AIR TEWPERATURE=290.0 (K)  0.00000 .01874 02644 .03223 L0371°
INLET AIR TEAFERATURE=300.0 (K) 0.00000 .01844 .024800 03174 03633
INLET AIR TEAPERATURE=310.0 (K)  0.30000 01314 .02357 03122 L03393
INLET ATR TEMPERATURE=320.0 (K)  9.00000 01783 02517 .03073 03937
.02479 .03024 .933283

INLET AIR TENPERATURE=310.0 (X) 0.09009 L1738

.03773
03714
.33454
.03594
03341

.04023
.93796
L0339
.03330
RrR e

04140

L4071
.0400%
.03%42
. 03381
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Table C. 3.

Calibration results for the main air and preheat air

Venturi flowmeter (computer generated).
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TANGENTIAL AIR - VENTURI FLOWMETER CALIBRATION

This flowmeter was added to the system, as was the orifice meter

described above, about halfway through the series of test runs.

The venturi flowmeter could not be located at a distance far enough
downstream of a 90° bend, to allow the flow to become fully developed,

Thus this flowmeter had to be calibrated in situ.

The calibration was achieved by fully opening the tangential air valve
while closing both upper and lower radial air valves. Thus all the
air passing through the tangential venturi flowmeter had also passed
through the main air venturi. Since the main air venturi had been
calibrated from theory, the calibration of the tangential air meter
was a simple matter of comparing the two head losses for the two

meters and noting the inlet air temperature.

The results for the calibration are given in Table C. 4 and Figure

C.12.



Table C, 4. Results for the calibration of the tangential air venturi flowmeter.

Pressure Volumetric Pressure Volumetric
difference (N/MZ) flow rate difference flow rate
Upstream pressure (std. M3/s) (std. M3/s)
(N/M?) 1.085 x 10° 1.220 x 10°
Upstream temperature
(K) 300 310

1120.5 . 06371 996.0 . 06607
1743.0 . 08165 1867.5 . 08495
2490.0 .09911 2614.5 . 10382
3037.8 .11421 3311.7 .11940
3610.5 . 12600 3984, .13214
4233.0 . 13686 4606.5 . 14394
4606.5 . 14866 5303, 7 . 15479
5229.0 .15716 5801, 7 .16423
5602.5 . 16518 6349.5 17367
6225.0 . 17320

9L1
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APPENDIX D

THE RESULTS FROM THE TEST RUNS
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RESULTS FOR TEST RUNS ON THE REACTOR

In all, 18 test runs were carried out on the reactor. The perform-
ance of the reactor was tested under varying conditions of air flow

rate, air flow distribution and solids flow.

There are basically two modes of air distribution which were con-
sidered. Either the bulk of the air was introduced in a radial direc-
tion into the conical section at the base of the reactor or it was fed
tangentially into the bottom section. These two different modes of

air feed are illustrated in Figure D, 1.

The letter of each run code gives an indication of how the main air

is introduced into the reactor. For instance the P series (Pl-P4)

has all the main air introduced radially from the bottom, as illustrat-
ed in Figure D.1 for radial mode. The CP and C series have the bulk
of the main air introduced tangentially, see Figure D.l. The differ-
ence between the CP and C series is that for the CP runs a small
fraction of bottom radial air is introduced. This bottom radial air
keeps the solids, which are not entrained by the tangential stream,
continually moving and hence prevents the build up of a bed of unburnt
wood char. In contrast the C series has virtually all the main air
fed tangentially, although for a few rurs some preheat air (radial)
and some upper radial air (about two feet from bottom of reactor) was

introduced to keep the temperature below 1350 K (the ash fusion point).



Q) I
Base of the -

Reaction Chamber

-3

TANGENTIAL MODE RADIAL MODE

Figure D.1. The Two Different Modes of Introducing the Main
Combustion Air., '
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The data for all the test runs is presented in Tables D.1-D, 3. The
results are given in the units which they were measured. However,
the data is transformed into SI units with the aid of the calibration
charts from Appendix C. The SI data is given in Tables D. 4-D. 6.
Along with the size distributions of feed and physical properties of
wood char and product ash given in appendices A and B this irforma-
tion is the main experimental data collected for this thesis and is
used to compare the results given by the computer simulated combus-

tion model and the observed data.



Table D.1. Results for the P-series of test runs.

Plug Flow Series (P)

Run number Pl P2 P3 P4
Solids feed rate (% max) 3.5 4.4 4.0 5.0
Total main air (ins. water) 14.0 23.0 25.5 54.0
Tangential air (ins. water) 0.0 0.0 0.0 0.0
View port air (ins. water) 4,3 24.0 8.5 5.5
Preheat air (ins. water) 0.0 0.0 0.0 0.0
Air temperature inlet (F) 105.0 90.0 80.0 90.0
Back pressure (psi) 3.0 1.0 0.5 2.0
Ave. top temperature (F) 1634.0 1815.0 1760.0 1723.0
Ave, mid temperature (F) 1772.0 1915.0 1910.0 1865.0
Ave., bot, temperature (F) 1741.0 1793.0 1954.0 1926.0
No. of readings taken 5 4 5 4
Ave. cyclone Oy (% vol) 17.50% 18,00 11.67 12.21
Ave. cyclone CO, (% vol) 2.63 1.90 6.43 5.63
Ave cyclone CO (% vol) 0.22 0.15 0.43 0.81
No. of readings taken 3 1 3 3
Ave, top O, (% vol) 16.20 - 11.80 12,40
Ave. top CO, (% vol) 3.85 - 7.60 6.70
Ave. top CO (% vol) 0.14 - 0.08 0.14
No. of readings taken 2 ‘ - 1 2
Ave. mid O, (% vol) - - - 11.00
Ave. mid CO, (% vol) - - - 6.60
Ave, mid CO (% vol) - - - 0. 30
No. of readings taken - - - 1
Ave. bottom O, (% vol) 16.00 17.50 6.90 -
Ave bottom CO, (% vol) 3.10 2,20 11.30 -
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Table D.1. (Continued)

Plug Flow Series (P)

Run number Pl P2 P3 P4
Ave, bottom CO (% vol) 0. 40 0.15 0.08 -

No. of readings taken 1 1 2 -
Time of run (mins,) 30.0 30.0 30.0 30.0
Weight of ash collected (Kg) 0.5070 0.8460 0.8910 1.1080

*High values caused by the rupture of the seal on the vaccuum pump,used for sampling.,
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Table D.2. The results for the CP series of test runs,

Cyclone Plug Series (CP)

Run number CP1 CP2 CP3 CP4
Solids feed rate (% max) 3.5 4.0 4,5 5.0
Total main air (ins., water) 12.0 29.0 45,0 44.0
Tangential air (ins. water) 6.5 8.0 10.0 17.5
View port air (ins, water) 17.5 19,5 15.0 20.5
Preheat air (ins. water) 0.0 0.0 0.0 0.0
Inlet air temperature (F) 105.0 95.0 100.0 85.0
Back pressure (psi) 3.0 0.5 0.5 2.0
Ave, top temperature (F) 1703.0 1740.0 1773.0 1750.0
Ave. mid, temperature (F) 1875.0 1905.0 1928.0 1865.0
Ave, bot. temperature (F) 1866.0 1841.0 1833.0 1675.0
No. of readings taken 4 4 4 5
Ave, cyclone O, (%vol) 12.00 12.60 12,40 12.70
Ave, cyclone CO, (% vol) 8. 40 6.20 8.10 5.23
Ave. cylcone CO (% vol) 0.00 0.16 0.12 0.88
No. of readings taken 2 3 3 3
Ave, top O, (% vol) - - - 13.05
Ave. top CO, (% vol) - - - 5.80
Ave, top CO (% vol) - - - 0.10
No. of readings taken - - - 2
Ave, mid, 02 (% vol) 10. 60 12,50 - 14,00
Ave, mid. CO, (% vol) 10. 40 5.00 - 5.10
Ave, mid, CO (% vol) 0.10 0.20 - 0.25
No. of readings taken 2 1 - 1
Ave, bot. O2 (% vol) 16.10 14, 30 15,50 -
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Table D.2. (Continued)

Cyclone Plug Series (CP)

Run number CP1 CP2 CP3 CP4
Ave, bot, CO2 (% vol) 3.75 5.30 4,00 -
Ave, bot, CO (% vol) 0.25 0.30 0.40 -

No. of readings taken 2 1 2 -
Time of runs (mins,) 30.0 30.0 30.0 30.0
Weight of ash collected (Kg) 0.4690 0.7640 1.0180 1.1000
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Table D.3. The results for the C series of test runs.,

Cyclone Series (C)

Run number Cl C2 C3 C4
Solids feed rate (% max,) 6.0 6.0 5.0 4.0
Total main air (ins. water) 30.0 41.0 42,0 10.0
Tangential air (ins., water) * * * *
View port air (ins. water) * * * *
Preheat air (ins., water) 2.0 2.0 0.0 0.0
Air temperature inlet (F) 70.0 70.0 70.0 60.0
Back pressure (psi) 1.0 1.0 0.5 4.0
Ave, top temperature (F) 1813.0 1813.0 1627.0 1760.0
Ave, mid, temperature (F) 1830.0 1857.0 1772.0 1893.0
Ave. bot., temperature (F) 1798.0 1637.0 1705.0 1800.0
No. of readings taken 4 3 3 3
Ave. cyclone O, (% vol) - - 13.50 12.20
Ave, cyclone C%) (% vol) - - 5.30 6. 80
Ave. cyclone CO (% vol) - - 0.50 0.00
No. of readings taken - - 1 1
Ave, top O, (% vol) 7.50 10.17 8.00 11.45
Ave, top C%) (% vol) 10.38 10.10 11.50 7.75
Ave, top CO (% vol) 0.00 0.00 0.24 0.00
No, of readings taken 3 3 3 2
Ave, mid, O, (% vol) - - - -
Ave, mid, CO (% vol) - - - -
Ave, mid, CO (% vol) - - - -
No. of readings taken - - - -
Ave. bot, O, (% vol) 8.08 12,00 0.77 14, 40
Ave. bot. CO, (% vol) 10.33 6.47 16.00 4, 80

981



Table D.3. (Continued)

Cyclone Series (C)

Run number Cl C2 C3 C4
Ave, Bot. CO2 (% vol) 0.45 0. 80 1.27 0.03
No. of readings taken 3 3 3 2
Time of runs (mins) 15.0 20.0 20.0 20.0
Weight of ash collected (Kg) 0.6623 1.1155 0.4689 0.3875
Run number C5 Cé6 C7 C8
Solids feed rate (% max) 3.3 4.0 5.0 4.5
Total main air (ins. water) 10.0 16.0 28.0 28.0
Tangential air (ins. water) * * * *
View port air (ins. water) * * o l
Preheat air (ins, water) 0.0 0.0 0.0 0.0
Air temperature inlet (F) 100.0 95.0 80.0 80.0
Back pressure (psi) 4.0 4.GQ 0.5 2.0
Ave. top temperature (F) 1630.0 1766.0 1793.0 1724.0
Ave, mid. temperature (F) 1770.0 1860.0 1924,0 1861.0
Ave. bot. temperature (F) 1734.0 1738.0 1790.0 1733.0
No. of readings taken 4 4 4 4
Ave. cyclone O, (% vol) 14,00 13.40 14.17 15.07
Ave. cyclone CO, (% vol) 4,63 5.30 5.00 4.50
Ave. cyclone CO (% vol) 0.00 0.00 0.02 0.00
No. of readings taken 3 1 3 3
Ave. top O, (% vol) 13.40 12.20 12.75 12.70
Ave. top CO, (% vol) 5. 40 6.40 6.55 6.10
Ave. top CO (% vol) 0.00 0.00 0.00 0.00
No. of readings taken 2 2 2 2
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Table D.3. (Continued)

Run number

Cyclone Series (C
V&6 (@,

Ch C8
Ave. mid O, (% vol) - - - 6.45
Ave. mid C%)Z (% vol) - - - 14.25
Ave. mid CO (% vol) - - - 0.10
No. of readings taken - - - 2
Ave, bot, O2 (% vol) 16.10 16.10 16.20 -
Ave. bot. CO, (% vol) 3.30 3.40 3.00 -
Ave. bot., CO (% vol) 0.10 0.14 0.23 -
No. of readings taken 3 2 2 -
Time of run (mins) 30.0 30.0 30.0 30.0
Weight of ash collected (Kg) 0.3750 0.5798 1.0070 0.7400
Run number C9 Clo0
Solids feed rate (% max) 6.0 5.0
Total main air (ins., water) 46.0 34,0
Tangential air (ins. water) 17.0 12.5
View port air (ins. water) 26.0 16.5
Preheat air (ins. water) 0.0 0.0
Inlet air temperature (F) 85.0 90.0
Back pressure (psi) 1.0 1.0
Ave. top temperature (F) 1921.0 1838.0
Ave., mid. temperature (F) 1970.0 1938.0
Ave, bot. temperature (F) 1833.0 1738.0
No. of readings taken 4 4
Ave, cyclone O, (% vol) 13.70 11.17
Ave, cylcone CO2 (% vol) 6.00 6.60
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Table D.3. (Continued)

Cyclone Series (C)

Run number C9 C10
Ave, cyclone CO (% vol) 0.04 0.06
No. of readings taken 3 3
Ave. top O, (% vol) 12.05 11.80
Ave. top CO, (% vol) ) 6.90 7.00
Ave. top CO (% vol) 0.03 0.00
No. of readings taken 2 1

Ave. mid O, (% vol) - -
Ave., mid C 2 (% vol) - -
Ave. Mid CO (% vol) - -
No. of readings taken - -

Ave, bot. O, (% vol) 17.50 15.40
Ave. bot. C%Z (% vol) 1.90 3.85
Ave. bot. CO (% vol) 0.23 0.53
No. of readings taken 2 2
Time of run (mins) 30.0 30.0
Weight of ash collected (Kg) 1.1180 1.2010

*These readings could not be taken since the flowmeters were not installed at the time of the run
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Table D.4. The results for the P-series of runs (SI units).

Run number Pl P2 P3 P4
Flow rate of solids (kg/s) x 1072 5.1153 6.8072 6.0554 7.9355
Flow rate of main air (mole/s) 4,0335 5.0765 4,8713 7.4001
Flow rate of tangential air (mole/s) 0 0 0 0

Flow rate of view port air (mole/s) 0.6152 1.4500 0.8869 0.7349
Flow rate of preheat air (mole/s) 0 0 0 0
Average top temperature (K) 1163 1264 1233 1212
Average min temperature (K) 1240 1319 1316 1291
Average bottom temperature (K) 1222 1251 1341 1325
Average cyclone gas analysis

% volume of oxygen 17.50 18.00 11.67 12,21

% volume of carbon dioxide 2.63 1.90 6.43 5,63
% volume of carbon monoxide 0.22 0.15 0.43 0.81
Average top gas analysis '

% volume of oxygen 16. 20 - 11.80 12.40

% volume of carbon dioxide 3.85 - 7.60 6.70

% volume of carbon monoxide 0.14 - 0.08 0.14
Average mid gas analysis

% volume of oxygen - - -

% volume of carbon dioxide - - -

% volume of carbon monoxide - - -

Average bottom gas analysis

% volume of oxygen 16.00 17.50 6.90

% volume of carbon dioxide 3.10 2,20 11.30

% volume of carbon monoxide 0.40 0.15 0.08

Collection rate of ash (kg/s) x 10“3 0.2817 0.4700 0.4950 0.6156
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Table D.5. The results for the CP-series of runs (SI units).

CP1 CP2 CP3 Cpr4
Flow rate of solids (kg/s) x 10-3 5.1153 6.0554 6.9954 7.9355
Flow rate of main air (mole/s) 3.7349 5.3115 6.4324 6.8050
Flow rate of tangential air (mole/s) 3.2094 3.6405 4.2153 5.7482
Flow rate of view port air (mole/s) 1.3272 1.3017 1.1107 1.3105
Flow rate of preheat air (mole/s) 0 0 0 0
Average top temperature (K) 1201 1222 1240 1227
Average mid temperature (K) 1297 1316 1326 1291
Average bottom temperature (K) 1292 1278 1274 1186
Average cyclone gas analysis
% volume of oxygen " 12.00 12.60 12. 40 12.70
% volume of carbon dioxide 8. 40 6.20 8.10 5,23
% volume of carbon monoxide 0.00 0.16 0.12 0.88
Average top gas analysis
% volume of oxygen - - - 13,05
% volume of carbon dioxide - - - 5.80
% volume of carbon monoxide - - - 0.10
Average mid gas analysis
% volume of oxygen 10.60 12,50 - 14.00
% volume of carbon dioxide 10.40 5.00 - 5.10
% volume of carbon monoxide 0.10 0.20 - 0.25
Average bottom gas analysis
% volume of oxygen 16.10 14.30 15.50 -
% volume of carbon dioxide 3.75 5.30 4,00 -
% volume of carbon monoxide 0.25 0.30 0.40 -
Collection rate of ash (kg/s) x 1.0“3 0.2606 0.4244 0.5656 0.6111
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Table D.6. The results for the C-series of runs (SI units).

Cl C2 C3 C4
Flow rate of solids (kg/s) x 10-3 9.8156 9.8156 7.9355 6.0554
Flow rate of main air (mole/s) 5.6191 6.5005 6.4529 3.7076
Flow rate of tangential air (mole/s) * * * *
Flow rate of view port air (mole/s) % % % %
Flow rate of preheat air (mole/s) 1.5085 1.5085 0 0
Average top temperature (K) 1262 1262 1159 1233
Average mid temperature (K) 1272 1287 1240 1307
Average bottom temperature (K) 1254 1165 1202 1255
Average cyclone gas analysis
% volume of oxygen - - 13.50 12,20
% volume of carbon dioxide - - 5.30 6.80
% volume of carbon monoxide - - 0.50 0.00
Average top gas analysis
% volume of oxygen 7.50 10.17 8.00 11.45
% volume of carbon dioxide 10. 38 10.10 11.50 7.75
% volume of carbon monoxide 0. 00 0.00 0.24 0.00
Average mid gas analysis
% volume of oxygen - - - -
% volume of carbon dioxide - - - -
% volume of carbon monoxide - - - -
Average bottom gas analysis
% volume of oxygen 8.08 12.00 0.77 14, 40
% volume of carbon dioxide 10.33 6.47 16.00 4,80
% volume of carbon monoxide 0. 45 0.80 1.27 0.03
Collection rate of ash (kg/s) x 1073 0.7359 0.9299 0.3908 0.3229
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Table D.6. (Continued)

C5 Cé6 C7 C8
Flow rate of solids (kg/s) X 10--3 4,7393 6.0554 7.9355 6.9954
Flow rate of main air (mole/s) 3,5505 4,4716 5.2970 5.3878
Flow rate of tangential air (mole/s) * % % *
Flow rate of view port air (mole/s) * * * %
Flow rate of preheat air (mole/s) 0 0 0 0
Average top temperature (K) 1161 1236 1251 1213
Average mid temperature (K) 1239 1289 1324 1289
Average bottom temperature (K) 1219 1221 1250 1218
Average cyclone gas analysis
% volume of oxygen 14. 00 13.40 14.17 15,07
% volume of carbon dioxide 4,63 5.30 5.00 4,50
% volume of carbon monoxide 0.00 0.00 0.02 0.00
Average top gas analysis
% volume of oxygen 13.40 12.20 12,75 12,70
% volume of carbon dioxide 5.50 6. 40 6.55 6.10
% volume of carbon monoxide 0. 00 0.00 0.00 0.00
Average mid gas analysis
% volume of oxygen - - - 6. 45
% volume of carbon dioxide - - - 14.25
% volume of carbon monoxide - - - 0.10
Average bottom gas analysis
% volume of oxygen 16.10 16.10 16.20 -
% volume of carbon dioxide 3.30 3.40 3.00 -
% volume of carbon monoxide 0.10 0.14 0.23 -
Collection rate of ash (kg/s) x 1073 0.2083 0.3221 0.5594 0.4111



Table D. 6. iContinued)

C9 Clo0
Flow rate of solids (kg/s) x 107> 9.8156 7.9355
Flow rate of main air (mole/s) 6.7014 5.8347
Flow rate of tangential air (mole/s) 5.6524 4,7902
Flow rate of view port air (mole/s) 1.5277 1.2284
Flow rate of preheat air (mole/s) 0 0
Average top temperature (K) 1322 1276
Average mid temperature (K) 1350 1333
Average bottom temperature (K) 1274 1221
Average cyclone gas analysis
% volume of oxygen 13.70 11.17
% volume of carbon dioxide 6.00 6.60
% volume of carbon monoxide 0.04 0.06
Average top gas analysis
% volume of oxygen 12.05 11.80
% volume of carbon dioxide 6.90 7.00
% volume of carbon monoxide 0.03 0.00
Average mid gas analysis
% volume of oxygen - -
% volume of carbon dioxide - -
% volume of carbon monoxide - -
Average bottom gas analysis
% volume of oxygen 17.50 15,40
% volume of carbon dioxide 1.90 3.85
% volume of carbon monoxide 0.23 0.53
Collection rate of ash (kg/s) x 1073 0.6211 0.6672

P61

*These readings could not be taken since the flow meters were not installed at the time of the run.
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CALCULATION OF THE SOLIDS FEED RATE

It is apparent that there are two methods of calculating the solids

flow rate to the reactor.

The first method uses a direct approach. Since the bulk density of
the char has been previusly measured and the calibration of the auger
system is known, the evaluation of the solids flow rate is straight-

forward.

The second method uses the oxygen concentration in the cyclone to
evaluate the amount of carbon burnt. This method involves back
calculating from the exit conditions of the reactor. The oxygen con-
centration is taken from the cyclone since the gases are assumed to be

well mixed and represent the final gas composition.

Once the amount of carbon which has burnt has been evaluated it is

necessary to correct for the conversion of carbon within the reactor.
Thus the total carbon entering the reactor is known. The total solids
feed rate may now be evaluated by simply dividing by the combustible
content of the feed stream. The following equation gives the relation-

ships between the known and unknown variables:

cyc
0.21 - Y xF x12
( o)V xF,

Solids flow = 2 D.1
(kg/s) B x (L-a')
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This formula (D. 1) assumes that negligible carbon monoxide is pro-
duced in the combustion process. This ig verified by the experimen-

tal observation eg maximum carbon monoxide reading was 0.8%.

The two methods of calculation described above should give the same

results. Unfortunately this is not the case as Table D. 7 illustrates.

The reason that only eight values are shown in the table is that these
are the only runs in which either all the air flow was known or the
cyclone oxygen reading was reliable. Since in runs Cl1-C8 the view
port air was not monitored. For runs Pl and P2 the diaphragm on
the vaccuum pump had ruptured and hence atmospheric air was intro-
duced into the sampling system causing erroneously high oxygen con-

centrations.

The results summarized in Table D.7 show that the oxygen readings
in the cyclone indicate a higher solids flow rate than was measured
directly. The average percentage difference between the two sets
of calculations was 27.56%. This difference is quite high and could
represent a significant difference when the results are used in the

computer simulated combustion model.

It was thus decided to compare the results for the simulated combus-
tion using both the indirect and direct methods for solids flow. These

results are given in chapter 4 of the main report.



Table D.7. Comparison of the methods of calculating the solids feed rate.

Solids flow rate (Kg/s) x 10-3

Run number Percentage
Direct calculation Indirect calculation difference

P3 6.0554 8.2775 +26.85
P4 7.9355 12,7643 +37.83
CP1 5.1153 7.0336 +27.27
CP2 6.0554 8.4816 +28.61
CP3 6.9954 9.6568 +27.56
CPr4 7.9355 11.0808 +28.39
C9 9.8156 11,2383 +12. 66
Clo0 7.9355 11,5565 +31.33

z 220.5

% 27.56

L6T
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COMMENTS ON THE RESULTS FOR THE GAS ANALYSIS

It is evident from studying Tables D.1-D. 6 that the volume fractions

of oxygen carbon dioxide and carbon monoxide do not sum to 21%.

Since very little carbon monoxide is produced (< 0.8%) the total
volume fraction that these gases should occupy is 21%. If appreci-
able carbon monoxide is produced then this value should be larger

than 21%.

The total measured volume fraction for these gases is consistently
around 19% and this presents a puzzling problem. One explanation
would be the presence of volatile matter in the feed char. However,
a periodic check showed that the volatile content of the wood char

was negligible (<0.5% by weight) and so ruled out this possibility.

Another possible cause could be that the analysis equipment was
faulty. The analyzers were, however, recalibrated at the beginning
of each day and then checked at the end of the day to see how much
""drift'"' had taken place, This ”drifﬁ” was on the order of 0. 5% for
the oxygen and carbon dioxide test equipment and 0.05% for the
carbon monoxide analyzer. The oxygen analyzer was also checked
with another calibration gas and was found to be accurate to within
+0.5% . Thus for typical values found in the test runs (~12%) this
represents an error of about 4.2%. Hence it would seem that the

oxygen analysis equipment was fairly reliable. The other éﬁpﬁpment
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is, however, somewhat suspect although the results obtained were
often checked with Fyrite chemical analysis and found to be in
agreement.

There is still no explanation of why the gas analysis gives

lower results than that predicted by the chemical stoichiometry.
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APPENDIX E
THE TERMINAL VELOCITIES OF

CARBON CHAR PARTICLES
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TERMINAL VELOCITIES OF NON-SPHERICAL PARTICLES

Since the char particles used as feed stock in the reactor are, in
general, non-spherical it is important to see the effect of non-

sphericity on the terminal velocities of such particles.

Since the gas velocities in the reactor are less than 2 m/s we have
fairly low Reynolds numbers for the particles. This does not mean
that all the particles are described by Stokes Law. However the

particles Reynolds Number (Res) will not, in general, exceed 200.

The approach adopted to evaluate the particle free fall velocity is

based on that given by Becker (30).

We may write the drag force on a particle falling in a fluid as:

'rrdeV2 o 24
F.= ( +C)) E.1
d 1
8Us ReS
and at the same time the net force on the particle due gravity is
F =M - E.2
g o (pp P) 8

A particle falling under the influence of gravity will accelerate until
the drag force just balances the gravitational force, after which it
will continue to fall at a constant velocity. This is known as the
terminal velocity. Thus by combining equations E. 1 and E 2 we have

2
a

md VP 24

8 ReS

+C =M - E.3
1) p (PpP) 8



202

3
nowM = —-d e and substituting in E.3 we get
p 6 p p

d -
v - ip(ppp)gtb -
t 3 (24 +C.) .
ReS 1

The same approach as used above may be applied to spherical parti-
cles. In this case the surface sphericity will of course be unity and

Kd may be expressed in a more convenient form.

From equation (E. 4) it becomes obvious that to evaluate the terminal
velocity of a given particle in a given fluid all that is required is the
drag coefficient Kd'

24
where Kd —Res + C1

There has been some work done on the evaluation of Kd by Knudsen

and Katz (18) and Zenz and Othmer (17 ) however much of this work
is related to particles having a Reynolds Number greater than about
1000. For Reynolds Number less than this the only reference found
was by Becker (30 ). In this paper the drag coefficient for different
ranges of Reynolds Number are presented. In Table E.l taken from
the above paper, the correlations for drag coefficients are given as

well as information relating to the orientation and type of wake

formed during motion.

Using the correlations for drag coefficient given above a computer
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program was written to evaluate the terminal velocities for different

size and density particles. The results are given in Figure E, 1,

The dotted line in Figure E, 1 represents the terminal velocity of
the char particles - this curve uses the correlation for density vs.
particle size and thus crosses the constant density curves at the par-

ticle diameter for which that density occurs,

There appears to be certain kinks in the curves of Figure E, 1. These
occur due to the different correlations used and can be accounted for
by the fact that the correlations only give continuity in the terminal
velocity function and not in its derivative. Hence there will be cer-
tain discontinuities in derivative at the points where the correlation

changes - hence, the kinks.

The dotted line in Figure E, 1l was used in the computer program

to estimate the terminal velocities of the particles .



Table E.1. The correlations for C1 for the various ranges of Reynolds Number.

Re Flow regime Wake Free orientation Inertial drag coefficient”
0.1 Viscous All orientations are stable Inertial drag is negligible
Irrotational when there are three or more
0.1-5.5 Transition I perpendicular axes of sym- For angular bodies assume
metry C1 =2.25
5.5 0.34N¢
Stable in position of C1 =2.,25 (E—e—)o ¢
5.5-200 Transition II Fixed vortices maximum drag s
For non-stagnant fluid as-
sume C; =2.53-0.283 L3
when this gives the greater
value of C) 2.3
200-500 Transition III Periodic dis- Unpredictable discs and C, = 2,53 -0.283 e’
charge of plates tend to wobble, while for ¢ <0.8
vorticity fuller blunt bodies tend to
rotate
500-300 Transition IV Increasing
disorder
3.200x 10> Inertial I Fully turbulent —otation about axis of least _, 53 _ o 283 o2
inertia, frequently coupled 1
2 x 105 Inertial II Boundary layer with spiral translation Coefficients for rounded

becomes turbu-
lent.

Wakes of
rounded

bodies

narrow

bodies decrease as the
wake narrows

44
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THE TERMINAL VELOCITIES OF WOODCHAR
PARTICLES (NON-SPHERICAL) IN AIR AT A
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Figure E.1, The Terminal Velocity of Non-spherical Particles
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APPENDIX F

REACTION RATES FOR THE COMBUSTION OF CARBON
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THE REACTION RATES FOR COMBUSTION

When the design or simulation of a chemical reactor is considered,
one of the most important factors is how fast will the desired reaction
take place. The rate of reaction is dependent upon several factors
and to accurately predict the reaction kinetics these factors must be

understood and suitably combined.

For the case of heterogeneous reactions (i.e. between two or more
different phases), the kinetic model may be quite complicated.
Thus, the following discussion considers the situation for a solid
gas reaction and the important points are outlined and briefly sum-

marized.

There are several ways to describe the combustion of a wood char
particle but these may be split, in general, into two classes. The
first class of model considers the reaction between atmospheric
oxygen and carbon to occur only on the exterior surface of the par-
ticle. While the second type of model allows for diffusion into the
particle and hence reaction within the main bulk of the particle as
well as at the exterior surface. These two types of model will be

treated separately.
THE SHRINKING SPHERE MODEL (S.S. M.)

The shrinking sphere model assumes that the carbon particle may be

considered as a solid ball of carbon with negligible internal pore
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structure. The model assumes that any ash present in the original
particle is uniformly distributed and continuously flakes off when
exposed by reaction. Thus, the particle is seen to retain its spheri-
cal shape throughout its combustion history. A pictorial representa-

tion of what happens when the S.S. M. is obeyed is given in Figure F.1.

Particle

> O_. shrinks
with
time

Figure F.l. Behavior in S.S. M.

If the original diameter of the particle was dP and the diameter after
o

combustion was dp then the conversion for the single particle is given

by

3 3
X,=1-p d /p d
A P, P, P P

For this model of combustion there are two resistances to reaction.
The first resistance is that associated with the chemical absorption -
desorption reaction which occurs at the exterior surface of the par-

ticle. The chemical reaction taking place is assumed to be

C+O2 —-COZ

The second resistance to reaction occurs when the oxygen diffuses
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through the stagnant film of gas surrounding the particle. The rate

constant for this mass transfer step is denoted kdiff'

If now an overall reaction rate coefficient kov is defined by:

Rate of Reaction of Carbon -k vy F.1

Surface Area ov "o,

Then it can easily be shown that the following relationships hold:

11 L1 F.2
kv Rchem Xaiff

Rov = Rchem+ Rdiff

F.3
Equation (F.3) shows that the resistances due to the two steps of the
reaction (i.e. the mass transfer of gaseous reaction to the particle
surface and the subsequent chemical reaction) act in series. Thus,

the overall reaction rate must be smaller than either of the individual

step rates.

There has been extensive work on the chemical reaction rates of
carbon combustion. The most usual way to express such a reaction
coefficient is in the form of an Arrhenius equation. The correlation
used in this work was taken from Parker and Hottel ( ) and the
form used is slightly different from the normal Arrhenius type since
a T;l/z term is also included. The expression for the reaction rate
is given by

=17.9583 x 10° x P x exp(-44000/RT )/NT_ moles F.4

2

Kchem M2g
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The diffusion coefficient is taken from an equation due to Ranz and

Marshall (23) and is given below.

k.. =2 (2+0.6 Rre/? s%;/3)xP/RT moles F.5
diff d P g MZS

o

The terms used in equation (F.4+F.5) above are defined at the back
of this work and the correlations used for the computer program are

also given.

From the above 2 equations it can be seen that the chemical reaction
term is very dependent upon temperature while the diffusion coeffici-
ent is relatively insensitive to temperature change. However, the
diffusion coefficient is greatly effected by the size of particle (Rchem
is not dependent upon size). Thus for relatively small particles at
low temperatures--the rate controlling step is the chemical reaction
at the particle surface. On the other hand for large particles at high
temperatures the mass transfer step becomes controlling.. When
either of these two extremes takes place and one of the resistances
becomes so small relative to the other, that it may be safely ignored.
Then the burning times for complete conversion are given by simple

analytical expressions (assuming constant gas composition and iso-

thermal operation).

The subject of the shrinking sphere model and various other reaction

models is dealt with extensively by Levenspiel ( 8 ). It is from this
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reference that the following table (F. 1) of burning times is taken.

For the situation when neither of the two resistances can be ignored
the burning time can be found by adding the burning times for the

two different extremes. Thus we can write

Ttotal - " film only T T reaction only F.6

The overall reaction rates for this model is plotted in Figure F. 1
which shows the effect of different gas velocities, particle sizes and

temperature.



Table F.1 The burning times of a carbon particle following the shrinking sphere model

Regime

Film diffusion controls

Reaction controls

Small particle
Stokes Regime

Large particle
constant velocity

t 2/3
- =1-(1-X,)
pd
PP,
T=
* Kaiee Yo
2
t 1/2
= =1-(1-X,)
dp 3/2
T = (const) 2
(o)
2

t 1/3
- =1-(01-X,)

d
pP Po
T=
chem 02
t 1/3
. = 1 - (l-XA)
p d
P Po
T —
‘chemyoz
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Figure F.2, Shrinking Sphere Kinetics.
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THE EFFECT OF INTERNAL SURFACE AREA
ON REACTION RATES

In the shrinking sphere model, only the chemical reaction taking
place on the external surface of the particle, was considered. How-
ever, if extensive internal surface area exists within a particle then
the chemical reaction rate predicted by the S.S.M. will be a gross
underestimate. Therefore, for porous particles a new combustion
model must be used, one which accounts for chemical reaction within

the particle.

The chemical reaction rate coefficient may be expressed in the

following form:

chem ~ kchem +3 kchem Sintps

the first term on the right hand side of equation F.7 simply ac-
counts for the reaction at the particle surface. The second term,
however, accounts for the reaction within the particle. The R/3
term is simply the ratio of volume to surface ratio for a sphere and
is necessary because the reaction coefficients must be computed on
a surface area basis. The last term in equation F.7, namelye, is
known as the effective efficiency and reflects how much internal
sufrace area is available for reaction. For low temperature and
small particles, where the resistance to diffusion is small, the value

of ¢ approaches unity.
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This means that there is no concentration gradient within the pellet
and the whole interior is bathed with gas at the bulk concentration

existing in the main air stream.

The value of ¢ has quite a complicated form, which for spherical

particles is most easily expressed as:

3.1 L
¢ =% tanne)  ©

4 |

where 6= 2 /Rchemsint/Deff

From equation F.7 it becomes obvious that the chemical reaction
term will be very dependent upon the particle size andthe internal

surface area, two factors which were not considered in the S.S. M.

The overall reaction coefficient is given below, the mass transfer

coefficient is the same as given in equation F.5 for the S.S5.M.

The important point to be noted from the introduction of the internal
surface area term is that the reaction term may be several orders of
magnitude greater than for the S.S. M. This means that film diffusion
will become limiting at much lower temperatures for a given particle
size. This effect is shown quite clearly when Figures F.2+ F.3 are
compared. Figure F.3 shows the variation of overall reaction rate

when internal surface area affects are considered.

From the above discussion on reaction rates it becomes apparent



OVERALL REACTION COEFFICIENTS (MOLE/S+M2)

216

1000.00
THE VARIATION OF REACTION RATE COEFFICIENT WITH TEMPERATURE
FOR THE -REACTION : Cr02=C0Q2
THE INTERNAL SURFACE AREA =4000 M2/MOLE AND DENSITY =400 KG/M3
AIR PAATICLE
VELOCITY DIAMETER
100.00 ¢ (M/S) M)
10,
1.0 .0001
/ 6.0
10.
10.00 +
1.0 .0010
0.0
10.
1.0 .0108
1.00 +
0.0
.10 ¢+

1000.00  1100.00  1200.00 1200.00 14C0.00  1500.00

PARTICLE TEMPERATURE (K)

1600.00  1700.00

Figure F.3., The Reaction Rate for a Porous Carbon Particle.
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that the internal surface area may have a profound effect on the rate
of reaction for the wood char particles. This point is illustrated in

the following example:

Example F. 1

Calculate the time for complete combustion of a carbon particle 1 mm

in diameter in a gas stream with Yo = 0.1 at 1000 K (assume
2

ep =4,0x 104 mole/M3)
(A) If the particle is non-porous then we have from Table F.1

p_d a3
P P, _4.0x104x10 3 _55.6 mins

2 kchemyo2 2x.1 x 0.06

T =

(B) If the particle is porous then we have from Table F.1

25 | 4 3
T o= PP, 4.0x10"x10 ~ 31.3 secs
- T 4x.1x3.2

* KairrVo,
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APPENDIX G

COMPUTER PROGRAMS
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The object of this appendix is to list the computer programs which

were used in this work and to briefly explain the terms used.

The Computer simulated combustion model. There are basically

two programs used in the model. The main program, which is given
in Table G. 1, contains the logic of putting the various elements of
the model together. The second program, Table G. 2, contains the
various elements of the model along with such functions as specific

heats, thermal conductivities, reaction rates, etc.

The logic used in the main program is illustrated in the flow diagram

of Figure G.1. The terms used in both programs are listed below

The other programs used in the thesis. The programs used to calcu-

late the orifice and venturi flow meter calibration table, the terminal
velocity plot, and the reaction rate plot are listed in Tables G.3-G.6.
Although certain other programs were used due to their simplicity it

was decided not to include them here.
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MAIN PROGRAM AUXILIARY
PROGRAM
l HEATRBI1
Initial Heat Balance E\
\ RFALSE
New Size Distributionic DISTNEW
Surgace Av.ercge SAVED P
- Particle Size

I

Gas and Reactor Split GASPLIT

|

: 1
lntegrqfe le;erenhcli HPARTG §

EquctAions N
HEATB2

Mix Bypass and Recctor/

Streams

!

FigureG.1 : INFORMATION FLOW DIAGRAM
FOR THE COMBUSTION PROGRAM
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List of Input Parameters for the Main Program

FUDV - This is a parameter which alters the terminal velocity of
a particle. The actual terminal velocity calculated is
FUDV times the value predicted by the corprelation (20).

LAB - This is a flag variable which when set less than two
allows all the particles to move with the gas i.e. set
the terminal velocity to zero.

DP - Vector of particle sizes used to describe the particle

size distribution

WFR - Vector of weight fractions for the particle sizes stored
in DP.

D2 - The inside diameter of the reactor

F¢ - The mass flow rate of solids to the reactor

FRWATER - The weight fraction of water in the solids
Alpha - The weight fraction of combustible material (assumed

to be carbon) in the solids.

TGAS - The temperature of incoming air.

TSOL - The temperature of incoming solids.

FGASM - The molar flow rate of the main combination air
stream.

FVIEWG -  Vector containing the molar flow rates of the view port

air streams.
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List of subprograms from the second part of the main prograrﬁ

(Table G. 2)

SUBROUTINE HEAT B2

This subroutine solves the general heat and mass balance for
the situation where a stream of hot gas and particles mix with a
stream of cold gas.

The mass balance is solved explicitly, since it is assumed
that reaction does not take place.

The heat balance, however, does not have an analytical solution.
The temperature of the gas and solids leaving the mixing zone must be
found by trial and error. This trial and error calculation is carried
out within the subroutine using an interval halving technique. The
temperature is found correct to the third significant figure.

The variables used in calling the subroutine are listed and

briefly explained below.

HS - Molar flow of hot solids
HG - Molar flow of hot gas
HYOZ - On input - oxygen mole fraction in hot gas

On output - oxygen mole fraction in exit gas
HYNZ - On input - nitrogen mole fraction in hot gas
on output - nitrogen mole fraction in exit gas

HYCO2Z - On input - carbon dioxide mole fraction in hot gas
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On output - carbon dioxide mole fraction in exit gas

TH - Temperature of hot gas and solids

CG - Molar flow of cold gas

CYO2 - Oxygen mole fraction in cold gas

CYNZ - Nitrogen mole fraction in cold gas

CYCOZ - Carbon dioxide mole fraction in cold gas
Q- An additional heat input, if required.

TC - Temperature of cold gas

HTOT - Total gas flow leaving mixing zone

TF - The best estimate of the exit temperature.

The units used in the above subroutine and any of the following pro-

grams must be consistent.

SUBROUTINE GASPLIT

This subroutine simply evaluates the gas and reactor volume

splits used in the model. The calling parameters are given as:

BETA - The gas split parameter

GAMMA - The reactor velume split parameter

F1l - Gas flow into the reaction section

F2 - Gas flow into the bypass section

RS1 - The cross sectional area of the reaction section
RS2 - The cross sectional area of the bypass section

The range of both beta and gamma is from zero to one.
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SUBROU TINE DISTNEW

The particle size distribution entering the reaction section of
the model is evaluated. The combustion in the initial heat balance
(HEATBI) is accounted for and the new weight fractions for the vari-
ous particle sizes are determined.

The calling parameters are:

SUM - The amount of carbon removed by the size reduction of
larger particles to an entrainable particle size.

DPR - The largest particle entrained by the gas stream.

J - The index of the largest particle size in the original size
distribution, which is entrained by the gas stream.

L - The index of the largest particle size, in the original
size distribution, which does not completely burn in the
initial heat balance.

SUMN - The amount of carbon removed by the combustion of the

very small particles in the initial heat balance.

All the above parameters are evaluated in the initial heat balance
(see HEATBI1) and are transferred in the common block named

'DISTN'.

SUBROUTINE RFALSE

This subroutine evaluates the root of a given function, which is

known to be between two points. The technique used to evaluate the
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root of the function is an interval halving procedure. The calling

parameters are:

X1 - The left hand guess at the root

X2 - The right hand guess at the root

XAPP - On output - the best estimate of the root

N - The maximum allowable function evaluations

ER - An error criterion. A root is found so that the absolute

error in the root is less than ER.

FN - A user specified external function 0 the root of which is
required. The function should be of the form of FN(X)
where X is the guess at the root and the output value is

the value of the function at X.

The values of the function for X1 and X2 must have different signs

and the function must be unimodal for convergence to be guaranteed.

FUNCTION HEATBI

This function subprogram evaluates the error in the initial heat
balance for a given input temperature. The correct temperature
which satisfies this heat balance can be found by using this function
in conjunction with a root finding technique (in this case it is most

convent to use RFALSE).
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FUNCTION SPECIF

This function evaluates the specific heat for a substance at a

given input temperature. The relevant parameters are given below:

T - Input temperature

I- Index of the substance under consideration where:
I=1 oxygen

I1=2 nitrogen

I1=3 water vapour

I1=4 carbon dioxide

I=5 carbon (graphite)

A These are the coefficients required to evaluate the
B(I) the specific heats. The values used here are taken
C(I) from Smith and Van Ness (29).

FUNCTION CPHEAT

This function calculates the enthalpy change of a substance due

to a change in temperature.

Tl - Final temperature
T2 - Initial temperature
I- Index of substance (see (SPECIF))

A(L), B(I), C(I) - (see SPECIF)
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FUNCTION ENTHAL

This function evaluates the standard heat of reaction at a given

temperature for the combustion of carbon yielding carbon dioxide.

T - Temperature at which reaction takes place.

FUNCTION HYPTANN

This function evaluates the hyperbolic tangent of a number.

FUNCTION SAVE DP

This function evaluates the surface average particle diameter

for a discrete distribution of particles.

I- Is the index of the largest particle size in the distribution
L+l - Is the index of the smallest particle size in the distribu-
tion.

FUNCTION RKOV

This function evaluates the overall reaction coefficient for the

combustion of carbon to yield carbon dioxide.

T - The temperature of the particle.
TVEL - The relative velocity of the particle with respect to the
gas.

DFP1 - The equivalent spherical diameter of the particle.
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FUNCTION TERVEL

This function evaluates the terminal velocity of a particle in

air at a given temperature.

LAB -

DPM -

T -
VOLDPF -
SPHERIF -

VISC -

This is an index which when set less than two gives a

zero terminal velocity. If LAB is greater than two then
the terminal velocity is computed from a correlation given
by Becker (20).

This is the equivalent spherical diameter of the particle.
The temperature of the gas.

Form sphericity

The reciprocal of the surface sphericity.

Viscosity of air. The correlation is taken from Perry

and Chilton (30).

FUNCTION DPTERVL

This function calculates the equivalent spherical diameter of a

particle given the air temperature and the particle terminal velocity.

LAB -

VEL -

T -

This is an index which when set less than two gives a
particle size greater than any in the particle size distri-
bution. If Lab is greater than two then the particle size
is found using the Becker Correlation (20).

The terminal velocity of the particle.

The gas temperature.
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FUNCTION PDENSE

This function evaluates the density of a wood char particle of
a given size.

DP1 - The size of the wood char particle.

FUNCTION PSAREA

This function evaluates the internal surface area of a wood char

particle.
DP1 - The size of the wood char particle.

FUNCTION THCOND

This function evaluates the thermal conductivity of air at any

required temperature.

FUNCTION HTCOGAS

This function evalautes the convective heat transfer coefficient
from the walls of the reactor to the combustion gas. The Colburn (24)

analogy is adopted and a friction factor of 0.0l is assumed.

T1 - Gas temperature.

T2 - Reactor wall temperature.

FUNCTION HEATTC

This function evaluates the heat transfer coefficient for a par-

ticle travelling in a gas.
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The correlation used is the Ranz and Marshal equation (23).

T1 - Particle temperature

T2 - Gas temperature

V- The relative velocity of the particle and gas.
DP1 - The size of the particle.

SUBROUTINE HPARTGS

This subroutine contains the differential equations which de-
scribe the reaction process.
The subroutine integrates the various variables over a step

length of given size.

TP - Vector of particle temperatures
DPART - Vector of particle sizes

XAPART - Vector of particle conversions

TG - Gas temperature

YO2G - Mole fraction of oxygen in the gas.

YCO2G Mole fraction of carbon dioxide in the gas.

DL - Step length for integration

RL - Total length travelled in the reactor.

FC¢ - Flow rate of solids initially entering the reactor
section

FG¢ - Initial flow rate of gas entering the reactor section
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Foél - Flow rate of solids entering the reactor.

XABAR - Overall conversion of carbon in the reactor.
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Table G.1. The main program for the combustion simulation.

PROGRAM THES CINFUT,BUTEUT, TAFES=0UTFUT, TAFEB, TAFET)
DIMENSION FYTENG(3) ,APOINTSC101)  YPOINTS{IOL) YT(D)

DIMENSION ZFOTNTS(I01),TPO10) RLENGTH(I) JDFART(IG) JAAPART(1D)
DIMENSTION AFQINTS(101)  BFOINTS{I01),CPOINTS(1ON)

EXTER4AL HEATH!

COMMON/TAD/LAB

COMMON/BROTH/FUDV

COMMON/HTCOEF/A(S) ,B(5),C(S)

COMMON/HEATER/QCONVEC,GRADIAT

CONMON/FLUG/RNUNFAR FG1,FG2,RSC1.RSC2
CONASN/GISTH/SUNY,SUNZLGNT,JND, Y02, YCO2, 0P
CORMON/PARTCLE/DPLIO),UFRITD)

COMMON/REACTOR/DIL,D2,RHT!

CORMON/RINFO/DFPY FGASH,FCAR.ALFHA . FO, TGAS, TSOL, DFKAR, FRUATER
DATALOR(L),1=1,9)/22.5€-06,54.E-04,94.8-98,

s 188,£-06,375.E-06,750.E-06.1500,8-06,2485.E-06,4013.E-04/
DATA (WFR(I),1=1,9)/.0329,.0576,.0629,.0539,.1233..251,.29
+ ,1289,.0341/

DATA (FYIEWG(I),I=1,3)/3.,0721E-04,3,071E-04,4,142E-04/

BATA BV,02,RHT1/0,1524,0,762,0.508/

DATA (&(1),1=1,9)/7.16,6.83,7.30,10.57,4.03/

GATA (R{I),1=1,%)/V.E-03,.7E-03,2.46E-03,2.1E-03,

s 1,14E-03/

DATA (C{I),121,5)/- 4E+09,-.12E+0%,0.0,-2,04E+053,

s =2, 04E+05/

UATA FRUATER,FO,ALFPHA,TGAS,TSOL,FGASM/0.0472,7,9355E-9]

s ,0.7573.305.2,285.,,5.3347E-03/

GATA (RLENGTH(I),[=1,3)/0.4999,1.4999,2.4999/

[ATA FUDV,LAB/1.5.3/

£291,.2554,

FCAR=FOsALPHA/12,
CHINORG=).-FRUATER-ALPHA
URITE(6,35)F0,TSOL ,ALPHA,FRYATER, CHINORG,FGASH, TGAS,
s+ (FVIENG(I),1=1,3) )
3S FOKMAT(/////7/2X,%THE RESULTS FOR THE SIMULATED COMBLSTION HODELs,
s 3 TEST RUN C10v, A
% //2X,sTHE INLET CONDITIONS FOR AIR AND WOODCHARS,//2X,
v sFLOWKATE OF SOLIGS =s,E12.4.% KG/Ss,/2X, sTEHPERATURE OF 30LILSH,
s 323, Fh.1,% Kb, /2%, 3COABUSTIRLE CONTENT = 3,F5.4,/2X, f
s +MOISTURE CONTENT 28 ,X,F4,4,/72X,3INQRGANIC CONTENT = =3,X,
3 Fb 4, /72X, sHATN AIR FLOURATE  =3,X,E12.4,9 KHOLE/S#,/2X,
+ STEMPERATURE OF AIR ~ =s,2X,F&.1,3 K3,/2X,
v sAIR FOR VIEW PORT 1 =2,E12,4,% KMOLE/S#,/2X,
s s4iRk FOR VIEW PORT 2 =s,E12.4,s KMOLE/S#,/2X,
s+ sAlR FOR VIEW FORT Jr4ss,Ei2.4.% KNOLE/SK,//)

URITE(6,38) {(DP(1),121,9)
34 FORMAT(2X,sTHE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEEDs,
s //2X,sMEAN DIAMETER (X) s, 9€11,4)
Do 39 [=1,9
39 Lreapp(1) 40,4
URITE(6.33) (LP(I),I=21,9) (WFR(D),I=t,9)
38 FORMAT(2X,sSFHERICAL DIAMETER (M)e,JE11.4,/2X,
s sUEIGHT FRACTION  s,9F11.4,7/)

RETA=1.0
GANNA=1.0
CALL GASPLIT(RETA,GAMMA,FG1,FG2.RSCH,RSCD)

232
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X1:299.
FI=REATRI(XD)
PREFS
20 Xx2=X1+590.
FISHEATHI(RD)
TS=F1sF2
IF(X2.5T.1500.) 6070 49
IF(TS.LT.0.0) GOTO 39
G010 29
40 URITE(S,49)
45 FORMAT{2X, *THE INITIAL HEAT BALANCE DOESs,
s eNOT HAVE & SOLUTIORS,///7)
STOP
30 NITER=S0
ERR=9.001 .
CALL RFALSE(X1,X2,XAFP NITER,ERR,HEATEL)
URITE(S,10) XAPP
10 FORMAT(2X,#THE TEMPERATURE OF THE REACTARTS LEAVING »,
+ oTHE INITIAL MIXING ZONE I3 s,Fé.1,% (R)+,/))

THE NEXT SECTION OF THE MAIN PXOGRAM CALCULATES
THE NEM SIZE UISTRINUTION AND EVALUATES THE
SURFACE AVERAGE PARTICLE DIAMETER.

CALL DISTNEW(SUMI,DPY, JN1,JN2,SURD)
JNEN= ST+
DFAAR=SAVEDPCJNEW,JND)
URITE(5,135) DPBAR
15 FORMAT{2X, sTHE CALCULATED SURFACE AVERAGE FARTICLE +,
s sDIARETER 1S o, E14.4,3 ()3, /)

_ THIS PART OF THE PROGRAA EVALUATES THE
GASFLOM KATES IN THE REACTION ZONE AnD THE
3YPASS 20HE OF THE REACTOR.

WRITE(4,55) FG1.RSCY,FG2.RSCT
€T FORMAT(2X,sGA3 FLOM INTO REACTION ZONE =s,F10.4,% KHOLE/S¥,/2X,

v s(Sa OF REACTION ZOWE =6, F19,4,% H2s,/2X,
s 3GAS FLOW INTO BYPASS ZONE  =%,F10.4,% KMOLE/3+,/2X,
+ 5034 OF BYFASS ICNE =6, F10.4,8 822,/ 7)

THE GASFLOVU HAS NOU BEEN SPLIT AND THE

PLUG FLOM KEACTION EQUATIONS #UST 0w BE SOLVED
THE EGUATIONS ARE STORED IN THE SUBROUTINE HFARTGS
AND ARE INTEGRATED IN A STEPUISE PROCEDURE WITHIN
THE SUBROUTINE

URITE(4,44)
44 FORMAT(2X,*THE RESULTS FOR THE PLUG FLCU SECTIONs,//)

WRITE(6,4])
43 FORMATU{/10X,*sLENGTH» ,5Y,sTENPERATURES ,SX ,nCONVERGION®, 8X,
¢ 4K F 02 »,8X, 80 F CO2 #,8X,08 7 N2 v,/)

YHI=YQ2
1422002
TS1=XAFP
LER

233
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vu ab i,
XAPART(1)=0,0
IF(UFRC(IV.EQ.2.0) XAPART{I)=).9799%%
TP(I)=T750L
FCUPCDLLT 100.E-046) TH(I)=xAPP
IF{UFCDYLEQLLPYY TP{L)=XAPF

41 DFART{D)=LF(D)

NPTS=300

DL=3.0/FLOAT(NPTS)
KL=XPOINTS(1)=0.
FCO=(FO-SURI-SUM2)sALFHA/IZ,
YPOINTS(1)=4nFP
IPOINTS(t)=YQ2
AFOINTS(1)31,-FCI/FLAR
BFOINTS{t)=YCO2
CFOINTSII)=IN2=0.09

FGO=FGI

F1=F0

ug 82 K=1,100

00 71-KL=1,2

CALL HPARTGS(TP,UPART ,XAPART ,XAPP,Y02,YC02,DL,RL.FCO,
2 FGOLFOT L XABAR)

TEST=ABS((XAPP-YPFOINTSI{K))/DL)
IFCTEST.LT.L200.) DOL=.04
IFCTEST.LT.199.) BL=.494
IF(TEST.GT.500.) Lt=,208
IF(TEST.GT.1000.) TL=.904
IF(KL.GE.RLENGTH(M)) GOTO 49
GOTO 43 .
45 11=FCOx{1,-XABAR)
12=FVIENG(M)
2320.0
YN2s0,79
CALL  REATB2(Z1,FGO,YQQ,YN2,YC0O2,.XAPP,22,
+ 0.21,0.79,0,0,23,1GA5,24,15)
FGO=14
XAPP=TS
[F(N.EQ,3) GOTO 45
GOTO 47
46 CALL HEATE2(Z1.FGO,Y02.YN2,YCO02,XAPP,FG2,
s YM1,0,79,142,0.0,7S1,24,25)
FGO=24
XAPP=1%
87 N=zA+!
43 CONTINUE
71 CONTINUE
XFOINTS(K+1) =RL
YPOINTS(K+1 ) 2X0PP
ZPOINTS(K+1)=Y02
APOINTS(K+1)=XAHAR
BPOINTS{K+1)=YC02
CPOINTS(K+1)a7N2
42 CONTINUE
URITEC9,73) (XFOQINTS(I),ZPOINTS(I),I=21,101)
WRITE(8,73) (XPOINTS(D) ,YPOINTS(D),I=1,101)
73 FORMAT(2X,2E14. 1)
NRITECS,33)(XPOINTSCT),YPOINTS(L) ,AFQINTS(]),
v ZEOINTSCD) (EPOINTS{D),CEOINTS(T),I=1,101,10)
83 FORMAT(2X,58F14. 1)
URITE(4,931)
931 FIRMATL/I/111210)

5100
ENT



Table G. 2. Program containing subroutines for the combustion model,

OO0

401

402

400

410

430 FORMAT(2X,sTHE NUMBER OF ITERATIONS FOR HEATB2 HAS +,
s SEXCEEDED THE MWAXIHUM »,//2X,¢THE BEST APPROXINATION s,
s «T0 THE EXIT TEMPERATURE 1S ¢,F10.2, (K)e,//,//)

420

SUBROUTINE HEATB2(HS,HG,HY02,HYN2,KYC02,TH,CG

s ,Cv02,CYN2,CYC02,9,TC,HTOT,TF)

COMMON/RINFOQ/DPP1,FGASH,FCAR,ALPHA,FO,TGAS,TSOL,DPBAR, FRUATER

THIS SUBROUTINE SOLVES THE GENERAL HEAT AND MASS BALANCE
FOR HOT GAS (HG) AND SOLIDS (HS) ENTERING WITH COLD GAS (CQ).
THE EXIT TEMPERATURE (TF) 1S COMPUTED AS ARE THE RESULTING

MOLE FRACTIONS OF COMPONENT GASES.

AN EXTRA HEAT INPUT Q@ CAN ALSO BE ADDED TO THE HEAT BALANCE
THIS CAN TAXE ACCOUNT OF THE HEAT GAINED BY RADIATION AND

CONVECTION FROM THE REACTOR vALL.

IF(CB8.EQ.0.) GOTO 40V
6070 402

TF=TH

HTOT=HO

RETURN

120

TF129Q,

XA=TC

XB=TH .
TF={XA+X3)/2.

I=1I#

IF(1.87.30) GOTQ 4190

DELH1=HGs (RYO2eCPHEAT (TF,TH, 1) 4HYN2CPHEAT (TF,TH, D) +

o HYCO2$CPHEAT(TF,TH,4)) +HSsCPHEATITF,TH,5) +FO# (1. -ALPHA-FRUATER)
o *CPHEAT(TF,TH,5)/12.+ FOFRUATER®CPHEAT(TF,TH,5)/18.
BELH2CGe(CYO23CPHEAT(TF,TC, 1) +CYN2#CPHEAT(TF,TC,2)

¢ +CYCO2sCPHEATITF,TC,4))+0
DELHOUT=DELHI+DELKH2

TEST=ABS((TF-TF1)/TF)
IF{TEST.LT.0.001) GOTO 420
IF{DELHOUT.LT.0.0) XAalF
IF{DELHOUT.GT.0.0) XBaTF
TFiaTF

6070 400

VRITE(4,130) TF

HY023(HGsHYD2+CG#CYQ2)/(HG+CG)
HTOT=HG+CG .
HYN2=(HGsHYN2+CGsCYN2)/HTOT
HYCO2={HYCO2sHG+CYCO24CG) /HTOT
RETURN

END

235
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SUBROUTINE GASPLIT(BETA,GAMNA,F1,F2,RSI,RS2)
COMMON/RINFO/DPP1,FBASN,FCAR, ALPHA,FO, T6AS, TSOL, DPBAR, FRUATER
CONMON/REACTOR/D1,32, RKTI

THIS SUBROUTINE EVALUATES THE SEPARATE GAS FLOURATES
AND CROSS SECTIONAL AREAS FOR THE BYPASS AND REACTION
SECTIONS OF THE MAIN REACTOR

FiaBETASFBASH
F2a(1,-BETA)SFGASH

PIs3. 14159
RS1aGANNASPIs02%82/4,
RS23(1,~GANMA) sP14D2e32/4,
RETURN

END

SUBROUTINE DISTNEV(SUN,DPR,J,L,SUNN)
COMMON/PARTCLE/DP(10),UFR(10)
COMMON/RINFO/0PP1, FGASH ,FCAR ,ALPHA,FO,TGAS, TSOL, DFBAR , FRUATER

THIS SUBROUTINE CALCULATES THE NEV WEIGHT FRACTIU&S

"AFTER THE INITIAL HEAT BALANCE AND STORES THEM IN

UFR(D) .

SUM=L.0SS IN VEIGHT DUE TO PARTICLE SHRINKAGE
J3INDEX OF THE LARGEST PARTICLE SIZE NOT AFFECTED
BY THE ENTRAIMMENT REACTION

ADD=0.

JHIGH=J#1

1F (JHIGH.GE.10) BOTO 640
D0 400 1sJHIGH,?
ADD=FO*UFR(I)+ADD
FJaaDD-5UN .
FT0T2F0-SUN-SUAN
UFR(J*1)=F J/FTOT
DP(J+1)2DPR

NPaL +1

D0 610 1sWP,J
UFR(1)aFQeuFR(1) /FTOT
IF(L.LT.1) GOTO 450
B0 620 Is1,L
UFR(1)20.0

CONTINUE

JP=JHIGH+!
1F(JP.GE.10) RETURN
B0 630 1aJP,9
UFR(1)29.0

RETURN
END
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SUBROUTINE RFALSE(X1,X2,XAPP,N,ER,FN)
THIS SUBROUTINE EVALUATES THE ROOT OF A
FUNCTION (FN) WHICH IS KNOUN TO LIE BETUEEN
X1 AND X2 AND STORES THE ROOT IN XAPP.
ER 15 AN ERROR CRITERION..... A ROOT 1S FOUND
50 THAT THE aBSOLUTE ERROR 1S LESS THAN ER.
N 1S THE MAXIHUM FUNCTION EVALATIONS ALLOWED.
TEST=(FN(X1)$FN(X2))
1FITEST.GT.0.0) GOTO 800
129
H1=X1

810 I=1+

IF(1.6E.0) GOTO 820
XAPPa(X2¢X1)/2,
TEST=ABS( (XAPP=XN1)/XAPP)
IN1=XAPP
IF{TEST.LT.ER) 0010 830
ATFN{XAPPISEN(X1)
BeFR{XAPP)AFN(X2)
IF(A.GT.0.0) XiaXAPP
IF(3.567.0.0) X2=XAPP
§0T0 810
820 URITE(4,840)
840 FORMAT(2X,sTHE NUMBER OF ITERATIONS HAS EXCEEDED THE s,
o sALLOUABLE WAXINUNe,/2,sTHE BEST APROXTHATION T0 THES,
s SROOT 1S GIVEN BY XAPPS,//)
5070 899
800 WRITE(S,850)
850 FORMAT(2X,sTHE TVO STARTING VALUES GIVE THE SAHE SIGN »,
s I
sT0P
830 CONTINUE
890 RETURN
END

OO0 00

FUNCTION HEATB1(TEXP)

DINENSION DEN{10)

COMNON/REACTOR/D1,D2,RHT1
COMNON/PLUG/RNUNPAR,FGI,FG2,RSCT,RSC2

CONNON/DISTN/SUN? , SUN2, IN1, IN2, Y02, YCQ2 , DPY
CONMON/RINFO/DPP 1. FGASK, FCAR, ALPHAFO, TGAS, TSOL, DPBAR, FRUATER
CONNON/PARTCLE/DP(10) ,UFR(10)

CONMON/DAD/LAB
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750

743

784
747

700
7214

703

720

730

730

THIS FUNCTION EVALUATES THE ERROR IN THE FIRST
HEAT BALANCE ON THE REACTOR.THIS TAKES ACCOUNT
OF THE PARTICLES WHICH ARE NOT ENTRAINED DUE TQ
THEIR LARGE SiZE.

PI=3.14139
GASVEL=FG1#8.2102E-02+TEXP/RSCY

DP1sDPTERVL(LAB,GASVEL, TEXP)

30 780 11,9
IF(DP(T).LT.0.1E-04) JN2sI
COUNT=O.

IF (UN2.LT.1) GOTO 766

30 765 I=1,JN2
COUNT=COUNT+FOSUFR(T)
SUN22COUNT
BURNT=COUNT#ALPHA/12.

60T0 767

SUN2<BURNT =0,

CONTINUE

N=Q

80 200 Js1,9
VELS=TERVEL(LAB,DP(J),TENP)
IF(VELS.GT.GASVEL) GOTD 210
LB

IF(N.EQ.9)60TQ 730

DENDP1=PDENSE(DP1)

SUN=0,

D0 7035 IL=t,9

DENCIL)=POENSE(DP(IL))

DO 720 K=J,9

PRUN=4 ,sUFR(K)#FQ/ (DEN(K)*PIs (DP{K)*,43)as])
SUMSUN+PToPNUNS(DEN(X)s(DP(K)s.43) %83~

s DENOPI(DP140.43)923)/6.

CONTINUE

SUMT=SUN
JN1=J-1

CARLOST=SUM#ALPHA/ 12, 4BURNT
6070 730

CARLOST=BURNT

JN1=9

Sun1=0.
HEAT12CARLOSTSENTHAL (TGAS)
HEATZICARLOST'(I.-FRUATER)‘CPHEAT(TGAS,TSOL,S)
YN2:29.79
Y0220.21-CARLOST/FGASH
YCO2=CARLOST/FGASH
WLATENT=2254.1
IFUTENP.LT.373.0) ULATENT=0.

HEATIsFGASHe (YN2sCPHEAT(TENP,TGAS, 2)+
s YD2'CPHEAT(TEHP,TGQS,I)OYCDZ*CPHEAT(TEHP,T6ﬁ5,4))
s +FOSFRUATERS(ULATENT+CPHEAT(TENP,TSOL,3)) /18,

HEAT4'(F0'(I.-ALPHA-FRUATER)/I2.)*CPHEAT(TEHP,TGAS,5)
HEATBI=HEATI+HEAT24NEATI#HEAT

RETURN
END

238
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FUNCTION SPECIF(T,D)
COMMON/HTCOEF/A(3),B(5),C(S)

THIS FUNCTION EVALUATES THE SPECIFIC HEAT FOR
SUBSTANCE I AT A TENPERATURE OF T (K)
UHERE I=1,.040..0XTYGEN
132000004 o NITROGEN
1530000 e s JHATER VAPOUR
Is4,.0004.CARBON DIOXIDE
I25.0000 0. CARBON (GRAPHITE)

SPECIF=4,188(A(T1)+B(1)sT+C(I)/(TaT))
RETURN
END

FUNCTION CPHEAT(T!,T2,1)
COMMON/HATCOEF/A(S) ,B(S),L(S)

THIS FUNCTION CALCULATES THE ENTHALPY CHANGE
OF A SUBSTANCE (1) DUE TQ A CHANGE IN TEMPERATURE
FRON T2 T0 Tt

CPHEAT=4, 188 (A1) s(TI-T2)+B{ D)4 (T1#82-T2492)/2,
s -C(D)s(t,/T1-1,/T2))

RETURN

END )

FUNCTION ENTHAL(T)
COMMON/HTCOEF/A(S),B(35),0(S)

THIS FUNCTION EVALUATES THE STANDARD HEAT
OF REACTION AT A TEMPERATURE T (K)
FOR THE REACTION C+02sC02

TAUT/298,

DELA=A(4)-A(1)~A(S)

DELB=B(4)-B3(1)-B(%)

DELCsC(4)=C(1)=-C(%)
ENTHAL=4,188(~24051,+298,¢DELAS(TAU=1,)+298, 2#24DELD
¢ s(TAUss2-1,)/2,+DELCs(1.-1,/TAU)/298,)

RETURN

END
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FUNCTION RKOV(T,TVEL,DP1)
COMMON/RINFO/DPP1,FGASH,FCAR,ALPHA,FO,TGAS, TSOL, DPBAR, FRUATER

‘THIS FUNCTION EVALUATES THE OVERALL REACTION
COEFFICIENT FOR THE REACTION (+02=2C02

THE DIFFUSION COEFFICIENT IS A CORRELATION
FROM RANTZ + MARSHALL .

THE SURFACE REACTION COEFFICIENT IS FROM A
PAPER BY PARKER + HOTTEL .THE TERM USED

ALSO INCLUDES A TERM ACCOUNTING FOR DIFFUSION
INTO THE PARTICLE (IE THIELE AQDULUS)

VOLDPF=0,63

SPHERIF22,S
DIFF27.381E-108Tsai 7S
RHOGAS2353,22/7
VISCa18,E~07sTs21,5/0120.5+T)
R=8,2102£-02

P=1. '

RHO=PDENSE(DPY)
SAINT=PSAREA(DPY)
DEFF=9,5E-042(1,~RHD/2240,) 282
RE=DP1sSORT(SPHERLF) s TVEL=RHOGAS/VISC
SCaYISC/(RHOGAS#DIFF)

ROTFF=DIFFs(2,+Q.68RE4s 328Cee(1,/3,) )P/
¢ (RsTs0P1)

RCH=?,95BIE+04sPSEXP(~(44000./(1,984¢T)))/SURT(T)

PHI=DP1sYOLDPFeSQRT{RCHeSAINT/DEFF) /2,
IF(PHI.LT.0.1) GOTO 201

RTANSHYPTANN(PHI) )
ENETA=3,8(1,/HTAN-1./PRI}/PH]

6070 202

ENETA=1.0
RCHEM=DP12VOLDPFSRCH4SAINTSENETASRHO#ALPHA/ T2, +RCH

RKOVU=1./01,/RCHEN+1 ,/RDIFF)

RETURN
END

240
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FUNCTION HYPTANN(X1D)
THIS FUNCTION EYALUATES THE KYPERBOLIC TANGENT OF x11

HYPTANNa(EXP(XII)-EXP(-(X||)))/(EXP(XII)&EXP(-(XII)))
RETURN
END

FUMCTION SAVEDP(I,L)
CONMON/PARTCLE/DP(10),UFR(10)

THIS FUNCTION EVALUATES THE SURFACE AVERAGE PARTICLE
DIAMETER FOR A DISTRIBUTION OF PARTICLES HAVING I-L
SEPARATE WEIGHT FRACTIONS (DENSITY IS NOT ASSUNED

TO BE CONSTANT)

URITE(S,10%) (DP{K),K=1,9), (WFR(X),Kat,?)
FORMAT(2X,sTHE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING 2ONEe,

* /72X, $HEAN DIANETER (M) ,9E12.4,/2X,sVEIGHT FRACTION s,
s 9F12,4,//) .

SUN=0,0
COUNT=0,0
MNzL+}
IF(1.6T.9) Ia9

DO 100 Jeun,!
RHO=PDENSE(DP(J))
COUNT=COUNT+UFR{J)/RHG
SUN=SUN+UFR(J)/ (RHOADP(J))
SAVEDP=COUNT/SuUM

RETURN

END
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FUNCTION TERVEL(LAB,DPI,T)
COMMON/BROTH/FUDY

THIS FUNCTION EVALUATES THE TERMINAL VELOCITY
OF A PARTICLE (ASSUNED 7O BE A DISC UITH A
DIAMETER:THICKNESS RATID OF 4:1) IN AIR AT

A TEMPERATURE OF T (X)

THE CORRELATION IS FRON BECKER (1939)

IF(LAB.LT.2) GOTO 991

SPHERIF=2.3

VOLDPF30.43

G=9.81

RHOGAS2153.22/7
VISC=i18.E-078Tss1,5/(120.5¢T)
RHO=PDENSE(DPL)

RE=0.t
CD=24,/RE+2.254(5,.5/REI#e0.2150
VIaFUDYs(4.sGsDP1s(RHO~RHOGAS)/ (3. 9RHOGASSCDSSPHERLF) ) »#0.5
RE1=DPIsSORT(SPHERIF)*RHOGASSVI/VISC
TESTsABS((RET-RE)/REN)

REsREY

IF(TEST.LT.0.001) GOTO 930

GOT0 920

IF(RE.LT.49.0) GOTO 990
CD=24,/RE+1 ., 4051
V1aFUDVs(4,9G20P1#{RHO-RNOGAS)/ (3, #RHOGASSCD=SPHERIF) ) 820,35
RE1=DP18SART(SPHERIF) sRHOGASsVI/VISC
TEST=ABS((REV1~RE)/REY)

RE=RE}

IF(TEST.LT.0.001) GOTO 990

G070 949

TERVEL =YY

RETURN

TERVEL=0,

RETURN

END
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FUNCTION DPTERVL(LAB,VEL,D)
COMMON/BROTH/FUDY

THIS FUNCTION CALCULATES THE DIAMETER OF A
PARTICLE WHOSE TERMINAL VELOCITY IN AIR AT A
TENPERATURE=T IS VEL.

FUDD={1./FUDYV)ss2

IF(LAB.LT.2) GOTD $0%

639,81

SPHERIF22.S

YOLDPF20.43

RHOGAS2353.22/7
VISCa18.E-07+Tea1,5/(120,5+T)
RHO=400.

RE30.1
CD=24./RE+2,254(5,S/RE) 40,2150
DP1=FUDDS(VEL#9293, sRHOGASSCO+SPRERIF)/ (4, 5G9 {RHO-RHOBAS))
RHO=PDENSE(DP1)
RE1=DP19SGRT{SPHERIF) sVEL sRHOGAS/VISC
TEST=ABS((REI~RE)/RE})

REsREY

IFLTEST.LT.0.001) GOTO 504

G0TO 503

IF{RE.LT.49.) 6070 500
CD=24./RE+1. 4051

DP1=FUBDS(VEL #8293, 9RHOGASHCDsSPHERIF)/ (4, 9G4 (RHO-RHOGAS))
RHO=PDENSE(DP1)
RE1=DP1sSQRT{SPHERIF)#VELSRHOGAS/VISC
TEST=ABS((REI-RE)/REY)™  ~~° 77 "7~
RE=RE!

IF(TEST.LT.0.001) GOTO %00

6078 $07

DPTERVL=DPY

RETURN

OPTERVL=S,E-03

RETURN

END

FUNCTION PDENSE(DP!)

THIS FUNCTION EVALUATES THE DENSITY OF A WOODCHAR
PARTICLE OF DIAMETER DP!

PDENSE=-428,1-277,84AL0610(DPY)
IF(POENSE.LT,.50.) PDENSE=S50.
IF(PDENSE.GT.2000,) PDENSE=2000,
RETURN

END
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FUNCTION PSAREA(DPY)

THIS FUNCTION EVALUATES THE INTERNAL SURFACE AREA
FOR A WOODCHAR PARTICLE OF DIAMETER DAY

PSAREA=D, JBAE+06+1 ,1I1E+06#ALOGIO(DPY)
IF(PSAREA.LT.10.0) PSAREA=10.0

RETURM

EXD

FUNCTION THCOND(T)

THIS FUNCTION EVALUATES THE THERMAL CONDUCTIVITY OF AIR AT
A TENPERATURE OF T XELVIN

THCOND=(1.7540.0058T)#1,E-03
RETURN
END

FUNCTION HTCOGAS(T!,T2) .
COMMON/PLUG/RNUNPAR,FG1,F52,RSC1,RSC2

THIS FUNCTION EVALUATES THE HEAT TRAMSFER COEFFICIENT

FROM THE REACTOR WALLS (T2) TO THE GAS (T1). THE COLBURN
AMALOGY IS USED AND THE GS 15 ASSUMED TO BE IN TURBULENT FLOW.
(C.F. P 339 VELTY-UICKS-VILSON) (UNITS - KN/N2 K}

TE=(T1+T2) /2, )
CP(0.79¢SPECIF(TN,2)+0,219SPECIF(TN,1))
CFa1.€-02

PR=20.68

HTCOGASaPRe#(~(2./3.))4FGI4CPaCF/(2.90RSCH)
RETURN

END
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FUNCTION HEATTCI(T1,T2,V,0P1)

THIS FUNCTION EVALUATES THE HEAT TRANSFER COEFFICIENT
FROM A PARTICLE OF DIAMETER DPt (TV) TQ A GAS 12y,
VHILST TRAVELLING AT A vELOCITY v ,

THE CORRELATION USED [5 THE RANZ-MARSHALL EQUATION

TH=(T1472)/2,

VOLDPF=0,43

SPHERIF=2,5

RHOGAS=353.22/TH
VISC218.E-07+TNes1,5/(120,5+TH)
RE=DP1+SORT(SPHERIF) sYaRHOBAS,/VISC
THaTHCOND(TH)

PR=0.48
RTH=THe(2,+0.8sRE*s,S4PRe#(1,/3,))/(DP1eVOLDFF)
HEATTC=RTH

RETURN -

END

SUBROUTINE KPARTGS(TP,DPART,XAPART, G, Y026,YC026,DL,RL,

+ FCO,FGO,FO1,XABAR)

DIMENSION TP(10),DPART(10),XAPART(10),DENO(10) ,RNUNO(10),D(10),
* FP1(10),PVEL(10),TAUPI(10)

COMNON/PARTCLE/DP(10),UFR(10)
COMMON/PLUG/RNUNPAR,FG1,FG2,RSC1,RSC2

CONNON/DAD/LAB .

COMNON/HEATER/GCONVEC, ORADIAT
COMNON/RINFO/DPP1,FGASH,FCAR,ALPHA,FO, TGAS, TSOL , DPBAR , FRUATER

THIS SUBROUTINE CLCULATES THE CHANGE IN TENPERATURE, CONVERSION,
PARTICLE SIIE,GAS TENPERATURE AND GAS MOLE FRACTIONS IN A LENGTH
INCRENENT UP THE REACTOR FOR THE PARTICLE SIZE DISTRIBUTION,

YOLDPF=0,43

RL=RL+DL

DR20,742

PIs3.1415¢9

SIGNASS, §72E~11

ETAs0,9

Tu=1000.
VGAS=FG0922,414T6/(273,4R5C1)
IF{RL,GT.DL) GOTO 301
QRADIAT=GCONVEC=0,0
CPu=sPeCTF(1000.,3)
DELH=ENTHAL (1000, )
CPGAS=(0.214SPECIF(1000,,1)+0,794SPECIF (1000.,2))
HGAS=HTCOGAS (1000, ,TU)
CP=SPECIF(1000.,5)

30 302 Jai,9
DENO(J)=PDENSE(DP(JY)/12,

302 RNUHO(J)-FCOOUFR(J)té./(ALPHAODENO(J)OPIODP(J)‘*J)
301 CONTINUE
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D0 303 Js=1,?
PVEL(J)=YGAS-TERVEL(LAB,DPART(J),T6)
TF(PVEL(D).LT.0.01) PVEL(J)=0.01
VELJC=YGAS-PVEL(J)
RK=RXQV(TP(J),VELQC,DPART(I))
HP=HEAITC(TG,TP(J),PVEL(J),DPA&T(J))
AZHP +STGHASETAS(TUSTP (L) )8 (TUS224TP(J)#02) -RK3Y02GCP
B2HPOTG+SIGHASETAS(TUSTP(U)) o (TUSe2+TP(J)042) s TU-RKsYO2G3DELN
CaPVEL(J)sPDENSE(DPART())sCPeDPART(J)OVOLDPF/72.
FP1(J)=B/A
TAUPYI(J)=C/A
DCJ)=PYEL(J)SPDENSE(DPART(J) ) s DPART(J)#VOLDPF/(72.sRX$7026)
IF(TP(J).GE.TGY GOTO 303
GRADIAT=0RADIAT+RNUMO(J)oPISOPART(J) oo 24SIGRASETAS (TWs w4
s -TP{J)esd)sDL/PVELLY)
CONTINUE

SUM=SUN2=SUNTaSUMANSSUNSSUMNS,0

D0 304 Ja1,9

IF(TP(J).GE.TG) GOTO 323
SUMMER=HEATTCUTG, TP(J),PVEL(J) ,DPART(J) ) 4RNUNO( J) aPY
s sDPART{J)es2/PVEL(D)

SUMTaSUMI +SUNNER

SUN2sSUN2+SUNKERSTP ()
SUN=SUM+UFR{2) o (1 =XAPART(J))/D(J)
SUMN=SUNN+UFR(J) e XAPART(J)

TF(TPCD)LT.TG) GOTO 304
SUN=SUN+PTSRNUKO(J)sDPART(J)2s2/PVELID)
SUNM=SUNN+FCOs(1.-XAPART(J) ) oUFR(J)eCP

CONTINUE :

DXABAR=SUN

XABARsSUMN ]
GRADIAT=GRADIAT+SUNSSIGHASE TAs (TWsn4=TGaw4)eDL
QCONVEC=QCONVEC+HGASSPTaDR*(TW-T6)sbL
AlsSUNT+HGASOPTSDR+STGNASETAS (TWeTE) s (TUs24TGs2) aSUN
BYsSUN2-DXABARSFCOsDELH+HGASSPISDROTUSSIGHACETASTUS(TU+TG) >
¢ (TUss2+TGs52)sSUN
C1aFGOeCPGAS+SUNN+FOL (1, -ALPHA-FRUATER)$CP/12.

s +FRUATERsFO1sCPU/IS,

F2sBi/Al

TAUGY=CY /A1

16C1216
TGsT6+(F2-TG)( 1, ~EXP(~-DL/TAUGT))

80 305 Js1,9

IF(TP{J) GE.TGLY) GOTO 306

TPUD=TPOI) +(FPICI)~TP(I) )8 (1, -EXP(=DL/TAUPI(J)))
IFUTPUD)LGT.T6) TP(J)=TG

6070 312

1PL))aT8

CONTINUE

IF(XAPART(J) . GE.0.999999) GOTO 307
XAPART{J)sXAPARTI )+ (1, =XAPART( ))& (1, ~EXP(-DL/D(I) )
IF(XAPART(J) GE.1.0) XAPART(J)=20,99999¢

CONTINUE '

IF(DPART(J) LE.1.E-10) GOTO 309

DPART(J)aBP I8 {DENG(I) o (1.~XAPART(J)) 812, /PDENSE(DPART{J)))
s se(1./3.)
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IF(DPARTI(J).LE.1,E~10) DPART(J)=1,E-10
308 CONTINUE
303 CONTINUE

XABAR*1,-(1.-XABAR)»FCO/FCAR
Y026=0.21-XABARSFCAR/FGO
YC026=0.21-Y026

RETURN

END
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Table G.3. Program to calculate the orifice flowmeter calibration
curves,

PROGRAM  ORIFICE(OUTPUT,TAPES=QUTFUT,TAFELD=D)
UInENSTON DELP(40),G(5,50),7i5)
DATA (T(D) . ]=1,9)/290,,300.,310,,320,,330./
URITEC(6,110)

110 FORAATI2X,a5(" "))
WRITE(S,100)

100 FORAAT(IX,sTABLE OF CALCULATED FLOWRATES FOR THE &,
¢ sVIEW PORT ORIFICE FLOWMETERS)
WRITE(S,120)

120 FORMATI2X,85("%"),//}

D0 10 Let,4
Pi=1,01336+405 + 7000.+FLOAT(L)
NPT32S
DPa25.+249./FLOAT(NPTS)
20 20 11,5
H=NPTS+1
30 30 J=1.A
DELP(J)=FLOAT(J=1)aDP
30 Q1,023,005 +1, 47410 (P1-BELP(J))/P1) 82,33 16E-02
¥ aSORTCPIRBELR (D) /(TUT)42,S231E+07))
20 CONTINUE
WRITE(4.40) P1
40 FORMAT(/2X,sUPSTKEAN FRESSURE = #,E10.4,2X,38/824,/)
WRITE(4,50) (GELF(J),J=1,5)
50 FORMAT(2X,+PRESSURE DIFFERENCE (N/A2)%,dX,SF10,1,/)
D0 70 N=1,5
WRITE(4,40) TIN),(Q(N,I),J=1,5)
40 FOKMAT(2X,sINLET AIR TEMPERATURE=3,FS.1,s (K)s,5F10.5)
70 CONTINUE
10 CONTINUE
WKITE(4,55)
S5 FORMATL(////7/7772%)

o

§TO0P
END
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Table G.4. Frogram to calculate e venturl towihiclel caliUlatluug
curves,

PROGRAN  VENT(OUTFUT,TAFEA=0UTFUT,TAFE1IQ=D)
[IXENSION GELF040),0(S,50),T(3)

UTAENSICH DELPCON(S)LTFIS) ,QCANY(S,80)

URTA (T(D),121,53/290.,300.,310.,329.,330./

O

WRITECS,110)

THO FORNAT(ZX,31("s"))
URITE(4,100)

100 FORRMAT(2X,+TARLE OF CALCULATED FLOURATES FOR THE +,
s SNRIN ALR AND PREHEAT AIR VENTURI FLOUMETERSH)
WRITE(6,120)

120 FORMAT(2A,31( "))

00 10 L=t,4
F1=13.897+FLCATIL)
PICONV=F1 8101338405714 ,497
nPTS=5
[P=60./FLOATINFTS)
ng 29 i=1.3
HzHPTS+]
90 30 J=1,M
DELP (D)=t E-20+FLOAT(J-1) &P
CELPCONCJ)=DELF( ) 5249,
[5=2.441%
Faz1,
F=1,0342
£=0.984
FRu2p1- 0341340ELFCD
RsF2/PY
SYI1=R¥31.429
§Y2=3.9
3Y3=2{1,-Re+,2852)/ (1, -R)
KETA=0.50535059
SY4=(1,~5ETAsx4) /{1, ~KETAs444571)
YASSART(SY193Y245YT45Y4)
TFCDY=s(TUI)=273. 1 8432,
GA=0.08628457,7/(TF(1)+459.7)
G=GAsP1/13.497
UN=5,983¢CHF+ISHFASYALSART(DELP () *G)
ACFM2UN/G
G(1,J)=ACFM2S529. 0P 1/ (1A, 4978(TF(1)+457.))
30 QCONV(T,Ji=0{1,0)44,7194E-04
29 CONTINUE
URITE(6,40) PICONY
40 FORMAT(/2X, sUPSTREAM FRESSURE =+.E10.4,2X,sN/i2%,/)
URITE(S,50) (LELPCON(D),J=21,8)
SO FORMAT(2X, sPRESSURE DIFFERENCE (N/M2)=+,S¥ 6F10.1./)
[0 7) Hs1,§
URITE(6,80) TU(N),(QCONVIN,J),d=t,5)
80 FORMATI2X,#INLET AIK TENPERATURE =x,F5.1,& (¥)*,4F10.9!
70 CONTIHUE
10 CONTINVE
WRITE(4,S53)
5SS FORMAT(/7777772%)
stop
END
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Table G,5., Program to plot terminal velocity bs, particle size,

30
i
19

PROGRAN RRATE(INPUT,JUTPUT  TAFEA=OUTFUT,TAPEIQ=D)
ODIAENSION DIAACSI),VEL(I) ,RKOVLd, 4,51

DIMENSICN LABX(3) LABY(S) , TITLEIN(3) . TITLE2{S) L TITLES (D)

& LLAREL2(8),LABELT(S)

DATA (DIAMCI),I=4,3) /71, E-02.1.E8-03,1,E-04/

GATA (VEL{T),E21,3) /710.,1..0.0/

GATA (LARXCD), I=1,3)/78 SURFACE TEXFERATURE (K) 4/
DATACLABT(E) ,121,5) /40VERALL REACTION COEFFICIENTS (MOLE/SsmM2IB/
BATA (TITLEV(D1),I=1,3)/KTHE VARIATION OF REACTION RATER/
DATA (TITLE2(I),1=1,3)/RCOEFFICIENT WITH TEAFERATURE W/
DATA (TITLE3CD),1=1,3)/HFOR THE REACTION: C+02=(02 R/
DATA (LARELI (DY D=1, 8) /4ATRN, HVELOCTTY S, R(d, 5:0 AP nRTICLER,
s AUTAMETERN,$(H)N/

DATACLABKEL2(D),1=1,3)/9 REACTION COMTROLLED 4/

RCONST=8,2102E-02

NPTS=259

THAX=1500.

THIN=1000.
BELT=(THAX-THIN)/FLOATINPTS)

b0 19 f=1,3

00 20 J=1,3

10 30 L=1,51

T=THINDELTSFLOATIL-D)

P=t.

UIFF=22,381E~-10sTws1 05

kH0=3593.4/7
VISC=18.E~07Ta1,5/¢120.5+T)
RE=DIAMCT) sVEL¢J) »RHG/VISC
SC=YISC/(KHO*DIFF)
KOTFF=0IFF&{2.¢0.4REF40,565C250,3333)+F/(RCONSTST+OTANCD))
RCHEA=7 . 9583E+J4 P oEXP(-(44000,/(1,9988T)1))/5GAT(T)
RKGVLL,d,L)=1000./C1./ROIFFe1./RCHEN)
RROV(4,4,0)=1000, sRCHEH

CONTINUE

CONTINUE

CONTINUE

UIDTH=7,

HEIGHT =9,

ICOUE=4

CALL FLOTYPE(ICODE)

CALL TKTYFE(4013)

CALL STZECWIDTH+2, ,HEIGHT+2,)

CALL ERASE

XLOW=XO0RG=THIN

YHIGH=THAX+2S0.,

YLON=YORG=S.E~Q2

YHIGH=1000.

XTIC=100.

1TIC=1.E-02

YHAX=ALOGIO(YHIGH)

YMIN=ALQGIOCYLOW)

XFACT3UWIDTH/ (XHIGH=-XLOW)
YFACT=HEIGAT/ (YNAX-YMIN)

CALL SCALE(AFACT,YFACT,1.5,1.5,XL0U,YNIN)
CALL AXTISL(XLOW,XHIGH,X0RG,YLOW, YHIGH,Y0RG,XTIC,YTIC,
$0,0,0,1,1.,1,,0.1,1)

CALL PLOT{XLOW,YMAX,1,D)

CALL FLOY(XHIGH, THAX,1,0)

CALL PLOT(XHIGH,TMIN,1,])
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80

100
90

g S0 I=1,3

bo &0 J=1,3

CALL POINTS

00 20 L=t,31
TP=THIN-DELTSFLOAT(L-1)
YE=ALOGIO(RKOU (T, J,Ls)

CALL PLET(XP,YF,1,D)

CALL VECTORS

CONTTHUE

CONTINUE

CALL POINTS

B0 110 L=1,51 .
XP=THIN+DELT KFLOAT (L=1)
YP=ALOGIO(RKOV(4,4,L))

CALL PLOT(XF,1F,1,0)

CALL VECTORS

[CHAR=TORINPT(X, 1)

CALL SYNBOL{X.7,0.,0.15,30,LARX)
ICHAR=IGRINPT(X,Y)

CALL SYNBOLIX.Y,70.,0.15.50.LARY)
ICHAR=IGRIaFT{X, 1)

CALL SYNEBOL{X,r,0.,0.12,30,TITLEY)
ICHARSIGRINFTL(X,Y)

CALL SYMBLLiK.7,0.,0.12,30,TITLED)
ICHARSTGRINFT (X, 1

CaLL SYMEOLiX,Y,0.,0.12,30.TITLED)
00 89 I=1,5

ICHAR=IGRIRFTIX, 1)

CALL S/nBOL(X,Y,0.,0.19,8,LARELICT))
0o 99 1=21,3

[CHAR=IGRINFT(X,Y)

CALL NUMBER(X,Y.0.,0.10,&,DIA8(I))
G0 190 4=1,3

ICHAR=IGRINPT(X,Y)

CALL NUMBER(X,Y,0.,0.10,4,VEL{d))
CONTINUE

CONTTINUE

[CHAR=IGRINPT(X1,Y1)

CALL SYABOLiX1,71,0.,0.1,33,LABELD)

CALL PLOTEND
STOF
END
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- 350
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70
80
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189

40
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The compu
vels

gram Lo evaluate

&
=
Cuns aizan

-+
-

ATy AT
e J4 LT

! oarran
o b ca

BV 1

DIMENSION DP(40),VEL(5,80),RH0(S) ,REVCS,40)

UIMENSION LABXCI) . LABY(4) ,LART(4),LARDI4) ,LAB3(4),LAREL()
DATA (LABXCE) 1=1,3)/" PARTICLE DIAAETER (Mel0axs) v/

DATA (LABY(D),I3t,4)/7" TERNINAL VELOCITY OF FARTICLE <#/S)"/
DATA (LABICIY,DI=1,4)/" THE TERMINAL VELOCITIES OF UNQUCHAR
DATA (LAB(I),1=1,4) /" FARTICLES (NON-SFHERICAL) IN aIR AT &
DATA (LABSCI) 121, 4)/"TENFERATURE OF 1300 X. "/
DATA (LABELCI), 121,23/ PARTICLE", "DENSITY", "(KG/X3) 7,
"800 ", "800 "y 400 ","200 "/

~/
"/

NPTS=20

B0 td Ist,NPTS

DPCIY=(C0100. <10 ) /NFTS)#FLOAT(I=1)+10,)81,E-04
LPCI#NPTSI=Z(0C1000.-100,) /NFTS) eFLOAT(I-1)+100, )41 ,£~04
DECNPTSHNPTS+E)=( (5000, -1000.)/HPTS)sFLOATII=1)¢1000.) #1.E-G4
00 20 I=1,3

RHOCI) =200, +FLOAT(I-1)4200.

bo 30 I=t,S

RE=0.

00 40 J=1.40

RHO(Z)=-428.1 -277.8+ALAGI0COP(I))
TeENP=1300.
RHOGAS=29.8273./(22,414¢TENP)

6=9.31

kE=0.01

VISC=13 sTENFsul S/(TENP#120,5) 81 ,E-07

CD=24./RE
VELUT,J)=(4,8G3DP () s (RHO(T) ~RHOGAS) /{ 3. 3RHAGAS #2.5+C0) )30, 5
RE1(T,J)=SQRT{2.0)sUP(J)+RHOGASSVEL(T, ) /VISE

TEST=ARS( (REICT,J)-REV/REN(I, ) )

RE=REI(I,J)

[F(TEST.LT.0.001) GOTQ 350

6070 199

IF(REN(I,I)LLT.O.1) GOTO &0

CD=24./RET1(1,J)+2,25

VELEL, D)= (4, sGeDP () s (RHO (1) -KHQGAS) /{3, +RHBGAS*2. 5+¢CIN)

¥ 120,35
KE=DP(J)2SQRT(2.5)sRHOGASHVEL(T,J)/VISC
TEST=ARS{(RE-RET(!,J))/KE)

RET(],J)=RE

IF(TEST.LT.0.001) GOTO 40

3070 99

IF (RE.LT.5.5) GOTO &0
C0=24./KE+2,254(5.5)2%0.,2150
VEL(T,J)=(4,#GoDF{J) s (RHO (1) -RHOGAS )/

$ (J.0RHOGAS#2,54CD))0e0, S
RE=DP(J)3S0RT(2,5) sRHOGASFVEL (1, 1) sVISC
TEST=ABSC(RE-RE(I,J))/KE)

REV(I,Jd)=RE

IF(TEST.LT.0.001) GOTO 150

GOTO 80

[F{RE.LT,49.) GOTO 40

ChOs24/8E+1, 4051
VELCT,J)=(4,5GsDP ()9 (RROCT) -RHOGAS) /

4 (3 vRHOGAS#2.55CD)) 440,35
RE=DP(JIsSAKT(2.5) sRHOGASSVEL( T, J) /VISC
TEST=ABS({RE-REI{],J))/KE)

KE1C],J)=RE
IF(TEST.LT.0.001) GOTO &9
5070 180

CONTINUE

CONTINUE

T3 ot
Do
ct

[$V)
RO
ct
(@1
4

T o=
Ui ke

pde



253

uh=7.

HT=9.

1C=4

CALL PLATYPE(IC)

CALL TKTYPE(3014)

CALL SIZE(UD2,,HT+2.)
CALL ERASE

XLOU=XCRG=100.
HIGH=10000.

YLOU=Y0RG=0.

YHIGH=10.

XTIC=10.

YTiC=2.
AMAX=ALOG10(XHIGH)
AAIN=ALOGIO(XLONW)
XFACT=0D0/ (XNAX-XHIN)
YFACT=HRT/(YHIGH-YORG)
CALL=SCALE(XFACT, rFACT,1.5,1.5,.XHIN, YORG)
CALL AXTSL(XLOU,XHIGH,XORG,YLOV, rHIGH, rORG,XTIC,YTIC,
2 0,0,1,1,0.,1.,0.1,2)
CALL PLOT(XAIN,YHIGH,1,d)
CALL PLOT(XMAX,YHIGH,1,0)
CALL PLOT(XaAX,YLOU,!,0)

DO 100 21,4
CALL POINTS
10 200 J=21,40
XP=ALOGIOCHF(J) »1 (E+04)
YP=VEL(T, )
CALL PLOTCXP,TP.1,0)
200 CALL VECTORS
100 CONTIHUE
CALL FOINTS
00 300 J=21,60,3
1=5
YF=ALOGI OCDP(J) %1 LE+08)
YP=VEL (I, V)
CALL PLOT(XP,YP,1.0)
300 CALL DASHES
ICHAR=TGRINPT(X,Y)
CALL SYMBOL(X,Y,0..0.15,30,LARX)
ICHARSIGRINPTIX,Y)
CALL SYMBOL(X,Y,90.,9.15,40,LARY)
TCHAR=IGRINPT(X, )
© CALL SYABOLIX,Y,0.,0.12,40,LABI)
ICHAR=IGRINPT(X,Y)
CALL SYNBOL(X,Y,0.,0.12,40,LAB2)
ICHAR=IGRINPT(X,Y)
CALL SYNBOL(X,Y,0.,0.12,40,LABD)
B0 110 I=1,7
ICHAR=TGRINPT(X,Y)
CALL SYMBOL(X.7.0..0.1,8,LABEL(I))
110 CONTINUE
CALL FLOTEND
SToP
END
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APPENDIX H
PHOTOGRAPHS OF WOOD CHAR PARTICLES USING

AN ELECTRON SCAN MICROSCOPE
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Throughout this work the importance of the internal surface
area of the wood char, has been stressed.

In Appendix B the internal surface area was estimated by the
low temperature physi-adsorption of nitrogen. The results indi-
cated that for all the particles studied, the internal surface area was
very large.

The importance of this internal surface area becomes apparent
in the discussion of reaction rates given in Appendix F. This impor-
tance stems from the fact that the surface available for reaction in
a porous particle is several orders of magnitude greater than for a
non-porous particle. The increase in the surface reaction rate tends
to push the combustion reaction into the diffusion controlling regime.
Consequently the time required to burn a particle of given size and
at a given temperature, is greatly reduced.

The purpose of this appendix is to directly illustrate the vast
internal surface structure which may be present in a wood char
particle.

The results of a study on various sizes of wood char particle
using an electron-scan microscope are presented. The samples
used, were treated with a fine metal fibre which allowed the surface
structure to be seen more clearly.

The wood char used in the experimental test runs was, in gen-

eral, produced by pyrolysing Douglas Fir chips. However, during
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the course of operation it is conceivable that Ponderosa Pine and
Alder Bark derivative may be used as fuel. However, there was no
visual difference between the various types of wood char and this is

illustrated by the following photographs.
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Figure H.1l. Particle collected on a #6 Tyler standard screen.
The magnification is x30 (bottom) and x400 (top)
(Douglas fir derivative)
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Figure H. 2. Particles collected on a #20 Tyler standard screen.
The magnification is x30 (bottom) and x400 (tcp)
(Douglas Fir derivative)
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Figure H.3. Particles collected on a #80 Tyler standard screen.
The magnification is x50 (bottom) and x400 (top)
(Douglas Fir derivative)
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Figure H.4. Particles passing through a #325 Tyler standard
screen. The magnification is x100 (bottom) and
%400 (top) (Douglas Fir derivative)
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Figure H.5. 250 micron particles at a magnification of x30
(Alder Bark derivative)
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Figure H.6. A 250 micron particle at a magnification of x200.
(Alder Bark derivative)
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Figure H.7. Figure H.7. A 125 micron particle at x400 magnifi-
cation. (Ponderosa Pine derivative)
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APPENDIX I

DESCRIPTION OF CHAR BURNER
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The wood char burner used in the experimental part of this work is

illustrated in Figure I.1. The unit is situated, along with an experi-

mental wood-fired boiler, at the research facility at Fairplay, Oregon.

The char burner was built during the latter half of 1978 and comple-
tion was achieved by February 1979. The purpose of this unit was

to satisfy the need for a basic experimental setup to study the combus-
tion of wood char. The equipment was originally designed by D. Junge1
with the help of F. Ka.yiha,n2 and the author. The original design spe-
cifications were based on a maximum flow of char into the reactor of
6.3 x 10-3 kg/s (50 lb/hr). During operation however, it was found
that the maximum flow rate of char which could be successfully
handled was almost 60% greater than the design figure. In fact the

air flow rate was the limiting factor in the operation of the burner.

The experimental setup consists of a cylindrical refractory lined,
combustion chamber approximately 3 meters high and 0.75 meters
inside diameter. The refractory lining is 0.1523 meters (6 inches)
thick and covers the whole inside surface of the chamber. The shell
of the chamber is constructed from 6.35 mm (1/4 inch) stainless

steel.

The combustion products are led out of the top of the reactor and

into a cyclone via 0.2032 M (8 inches) diameter pipe. This piping

l Associate Professor, Mechanical Engineering Dept., OSU
2 pAgsistant Professor, Chemical Engineering Dept., OSU
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Figure 1.1, Photograph showing the main elements of the
char burner.
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along with the cyclone is again constructed from 6.35 mm stainless

steel.

The overall dimensions and plan of the reactor and cyclone are

illustrated in Figure 1.1 and in the drawings of figures I.2 and I. 3.

The method of introducing char and air into the system along with
the procedure used to preheat the reactor are discussed in some de-

tail, below.
I.1 The Char feed system

The wood char used as feed stock to the reactor was supplied by

Western Kraft Inc of Albany.

The char was collected in barrels (ranging from 20 to 80 gallons)
and stored at the Fairplay facility. A shed was constructed for the
storage of char and this provided adequate protection from the rain

and direct sunlight.

Some of the physical characteristics of the wood char were studied and
the results were presented in Appendix B. To summarize, the wood
char may be described as a light (density in the range 200-800 kg/MS)
fibrous material having a low shear strength e.g. the particles may
easily be crushed by hand. The combustible content of the char varied
from 50 to 90% by weight while the average moisture content was

around 5% by weight.
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When the wood char was used in its original dry condition few prob-
lems arose in its transportation. However, if the char was allowed
to get wet (i. e. saturated by rain) then transportation became a

problem.

The individual aspects of the char feed system are considered below
and where appropriate comments are made to possible trouble spots

and means of improvement.

The Relay Auger

It was mentioned previously that the wood char was stored in a shed
close to the cyclone. In general only one or, at most, two days supply
of char could be stored in the shed. This meant that a new load of
char was required every day. Assuming that char was available the

first part of the solids transportation system is the relay auger.

The purpose of the relay auger is to move solids from the storage
shed to a surge bin situationed on the upper level of the support plat-
form. The relay auger is illustrated in Figure 1.4, along with the

auger motor and surge bin.

The auger itself is 0.1020 m (4 inches) in diameter and is driven by
a 1 horsepower .1740 rpm motor which is mounted above the auger
and surge bin, at the top of the shaft. The motor and auger are

coupled together through a belt drive, with a 6:1 reduction ratio.
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Figure I.4. Photograph showing the relay auger, motor drive, and
supply bin.
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The relay auger represents the weak point of the solids transport
system. There are basically two contributing factors to this weak-

ness.

Firstly, due to the long distance spanned by the auger (approximately

7 meters) - the alignment of the auger shaft and casing is a problem.
The inexact alignment coupled with the length of span causes the relay
system to vibrate considerably. This vibration is a great problem
when the relay auger is empty. Since in this condition, the vibrations
become sSo intense that it can be operated for only a few seconds without
damage occurring. However, when the auger is full of wood char the
vibrations are greatly reduced as the char helps damp these out. Thus
once the relay auger has been charged with char it is good practice to
ensure the system remains in this condition and never runs dry. For
the reasons given above the relay auger was operated manually from
an extension switch situated in the storage shed. This allowed the
operator to check that the relay auger was only used when the supply
hopper, in the storage shed, was full.

The second problem with the relay auger concerned the motor
mounting at the top of the auger shaft. Since the motor was mounted
directly above the shaft with no extra support, the drive system was
very susceptible to vibration. Since the mounting consisted of a piece

of sheet metal attached directly to the auger case the vibrations in
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the auger quickly caused the bolts securing the motor to become
loose. It was also found that during the course of the experimental
runs one of these bolts had sheared nearly in two and that the screw

attaching the belt reduction to the shaft became loose several times.

It is felt that the problems encountered in this part of the transport
system are due to the inadequate mounting of the motor coupled with
the incorrect alignment of the auger. An improvement of either of
the above factors should greatly increase the reliability of this part

of the system.,

The surge bin

The surge bin is situated on the upper platform and is fed by the

relay auger previously described.

The main purpose of the bin is to even out any fluctuations in the flow

of wood char and essentially operates as a buffer tank.

To ensure that bridging of the wood char does not occur within the
supply bin an unlodading system was designed. This consists of five
horizontal augers situated at the bottom of the bin. These augers are
continually rotated by a 1.5 horsepower, 1750 rpm motor via three
different gear reductions. The surge bin unloading system is shown
in the drawings of Figure 1.5 and 1.6 and the mechanical mounting of
the bin is shown in Figure I.7. The base of the surge bin feeds the

horizontal auger which in turn feeds the rotary air-lock (see Figure
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I1.7). The operation of the positive feed system from the bottom of
the surge bin proved very reliable during the experimental work.
The only time when problems arose was when the view port at the
top of the surge bin was left open overnight. This allowed rain to
saturate the char in the bin and when the unit was next operated con-
siderable bridging occurred. This problem was alleviated by flushing
the remaining char, with water, out of the bottom of the bin and
through the sample port situated on the horizontal auger feeding the
air lock. Apart from this single incident, the supply bin was wholly

reliable throughout the period of operation.

The level of char in the surge bin was measured with two bindicators
(high and low level) situated on the sides of the bin (see Figure I. 8).
It was originally hoped to use these level indicators to automatically

control the relay auger.

Thus when the level of solids dropped below the low level indicator
the relay auger would be turned on, while if the level exceeded the top

indicator it would be turned off.

However, due to the reasons previously mentioned, it was necessary
to keep the relay auger fully charged with char. Since this would
require an operator to continually check the level of the hopper at the
base of the auger - it was decided toe abandon the original operating

procedure. Instead it was found to be more convenient to override
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the bottom bindicator signal with a manual one. An extension switch
was installed in the shed for this purpose. Thus the relay auger was
only operated when someone was around to check the level of solids
in the hopper. The only foreseeable problem with this method of
operation was the possibility of the surge bin running dry. However,
the lower bindicator was wired up to the alarm system. This meant
that when the solids level got toc low the operator had an instant

audible indication and could operate the relay auger accordingly.

Variable speed auger

The horizontal auger connecting the base of the surge bin with the
rotary airlock was controlled by the 1.5 horsepower motor, used to
operate the augers at the base of the surge bin. The speed of rota-
tion of this motor was in turn controlled by a potentiometer mounted
on the control panel (the control panel is shown in Figure 1.9 and the
potentiometer is the second from the bottom in the second column
from the left). Thus the rate at which solids are fed to the rotary
airlock, and hence the reactor, is directly controlled by the setting

on the potentiometer.

In Appendix C the calibration of this potentiometer, in relation to

the solids feed rate, is given.
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Figure 1.9. The control panel for the operation of the char burner.
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The rotary airlock and burner augers

The remaining part of the solids transport system is shown in the

drawing of Figure 1.8 and the photograph of Figure I.10.

The rotary airlock and burner augers are run by two separate
motors and operate at such a speed that any feed rate of char to the

airlock may be successfully handled.

Again this part of the transport system was fairly reliable. Although
towards the end of the runs, the bearings for the burner auger motor

had to be replaced, due to excessive wear.

The above discussion covers the major points of the solids transport
system. It is worth pointing out that in Figure I. 10 the horizontal
burner auger is connected to the upper feed port, while the lower
part is blocked off. This was not the usual situation however, and
for the majority of the experiments the lower feed port was used.

In Figure 1. 10 it can also be seen that there is a small air line con-
nected to each solids inlet port. This air line is used to prevent the
solids éacking in the burner auger and it is important to keep the air

line open, especially if the char is slightly damp.

The next section discusses the air feed system and the released in-

strumentation.
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Figure I.10. Photograph showing the rotary air lock, burner
auger, and the tangential air venturi flow meter.
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1.2. The Air Feed System

All the air supplied to the reaction chamber is produced by the Roots
Blower situated in the main storage building at Fairplay. The blower
is shown in Figure I.11 and again in the air flow diagram of Figure

.12,

A supply of air is required when the reactor is preheating as well as
when it is operating with a char feed. Thus the blower is operating

whenever the reactor is in use.

The amount of air entering the combustion chamber as well as the
position at which it enters, may be chosen by adjusting the valves

illustrated in Figures I. 12 and I.13.

Excluding the preheat air, there are three main sets of ports through

which the air may enter the combustion chamber.

Firstly, the air may be directed into the conical base of the reaction
chamber in a radial direction. This would be achieved by opening

the lowest valve in Figure 1.13. The four radial ports are positioned
symmetrically around the axis of the reaction chamber i.e. at 90°

to each other and the incoming air is subjected to considerable mixing
on entry. The mixing of inlet air will occur rapidly in this mode
since the four separate streams will be directed toward a common

point.
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Figure I.11. Roots blower (350 gj) with 10 H.P. motor and
Stoddard (F64-4) silencer.
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Figure I.13. The valves controlling the flow rate and direction
of air entering the reactor.
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The second set of p‘orts which may be used to direct the main air
are the two tangential inlets. Since the two incoming air streams
are parallel and offset from the center a turning moment about thé
center of the reactor is seen to occur. Thus the air travels in a
spiral towards the exit and the situation is similar to that occurring
in a cyclone. The tangential air valve is the second from the bottom

of Figure 1. 13.

The final mode of introducing the main air into the reactor is through
the upper radial ports. These are situated at the top of the conical
base section and have the same radial positions as the lower radial
ports. The main difference between the upper andlower radial ports
is that the air is introduced above the solids feed point in the upper
case and below it in the lower case. Another difference between the
above two modes is that the air entering via the lower radial ports’
has an upward velocity component to it which helps to entrain the
solids. This is not the case for the upper radial air since it is intro-
duced horizontally. The upper radial air is controlled by the third

valve from the bottom in Figure I.13. The different modes of intro-

ducing air into the reactor are shown in the diagram of Figure I. 14.

The only air flow which has not been mentioned so far is via the view-
ports. This air is required in order to stop the buildup of char and

ash in the view ports which would obscure part of the view into the
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reactor.

In the original design only the bottom three ports were supplied with
air. However, during operation it was found that the uppermost view
port (looking down from the top of the reactor) was getting clogged
with ash. Therefore an extension was added to this upper view port

which helped reduce the ash accumulation.
The instrumentation of the air flow

Since the amount of air flowing into the reactor is an important
parameter in the evaluation of the reactor's performance it was

decided to measure the air flow rate using various flow meters.

In the original design only the main air and preheat air flows were
measured using venturi flow meters. A photograph showing the
pressure tappings, the temperature meter and gage pressure meter
is given in Figure I, 15. Both these flow meters were calibrated by

C. Gosmeyer3 and the results are presented in Appendix C.

The view port air was not originally metered. However, approxi-
mately halfway through the series of test runs an orifice meter was
added to this line. The orifice along with the vena-contracta pressure
tappings and associated pressure gauge are shown in Figure I. 16.

This flow meter was calibrated from theory and the results are again

presented in Appendix C of this work.

3Graduate student, Chemical Engineering, OSU
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Figure I.15. Pressure difference, temperature and gauge pressure
measurements on the main air and preheat air streams.
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Figure I.16. Orifice flow meter and associated pressure taps for
the view port air line.
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Finally at the same time that the above orifice meter was added a
flow meter was also added to the tangential air line. This flow meter
was shown in Figure I.10. Unfortunately the only possible position
was directly following a 90° lead in the air line. Thus the calibration
of this meter could not be accurately calculated from theory. Thus,

it was calibrated in situ and the results are presented in Appendix C.
I.3. The Preheat System

Before the reactor may be used in its normal operating mode i.e.
using wood char and inlet air at atmospheric conditions, the reaction
chamber must be preheated. This preheating is necessary since at
atmospheric conditions the rate of combustion of wood char is virtu-
ally zero. Hence, satisfactory operation cannot be achieved by

simply introducing char and air into a cold reaction chamber.

The method of preheating the reactor uses propane gas as its source
of fuel. The preheating system was designed by G. Edgel Co.,
Portland. The main principle of operation is to ignite a mixture of
propane and air as it enters the reaction chamber. The photograph
of Figure I.17 shows the main propane line and the pilot line joining

the preheat air line.

The control system used in the preheating system is shown in Figure

I.18 and the information flow diagram is presented in Figure I.19,
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Figure I.17. The propane pilot line (right) and the main propane line
(left) joining the preheat air line.
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The procedure used in the preheating cycle, along with the procedure
for fuel changeover (propane to char), preheat restart and shutdown

is given in Table I.1 at the end of this Appendix.
1.4. Experimental Operation

During the course of a test run certain measurments are recorded

which allow the performance of the burner to be analyzed.

After the solids feed rate has been set the direction and flow rate
of combustion air is adjusted to give a satisfactory operating point.
This operating point must be such that the temperature within the
reaction chamber does not exceed 1370 K (approximately 2000°F) at

which point the ash produced by combustion starts to melt.

The temperature within the reactor is measured at three points,

with platinum resistance thermocouples. The readout for these
measuring instruments is via two analog displays situated in the
main storage building. The first display is situated by the control
panel (see Figure 1.9) and is used to read the middle and top thermo-
couple. A selector switch is provided to the left of the display and

is used to select the desired thermocouple reading. The second
display is used solely to read the temperature of the bottom thermo-
couple and it is situated above the preheat control system (see Figure

1. 18).
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Figure I.18. Photograph of the preheat control system.
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The three thermocouples are spread through the length of the reaction
chamber at a distance of approximately one meter apart. The first
one is approximately a half a meter above the lower solids feed port.
At every thermocouple location there is a gas sampling port close by.
The gas sampling equipment consists of a length of 6.34 mm stainless
steel tubing projecting into the reactor, with a 2 micron filter attached
to it. The tubing is bent away from the gas stream in order to mini-
mize the amount of ash and char sucked into the sampling system.
The bulk of any material entering the system is then stopped by the
2 micron filter. The thermocouple and gas sampler are illustrated

in Figure I, 20.

The gas sample is sucked through a system of 6.35 mm brass tubing
via a vaccuum pump and into the gas analysis equipment. Before the
gas reaches the analysis equipment it is fed through a refrigerator and

two filters in order to remove the water vapour present.

This method of gas sampling was not particularly reliable since it
did not take long for the 2 micron filters to become clogged and there
seemed to be a permanent error in the gas analysis results, which
may have been due to faulty equipment. Another problem, which may
have been due to the filters clogging, was the wear on the vaccuum

pump and the diaphragm had to be replaced on one occasion.

Finally, during the operation of the reactor a bed of unburnt char
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particles would build up at the base of the reactor. In order to con-
veniently remove this bed at the end of each day's operation a system
of two valves was added to the base of the reactor (see Figure L.21).
This also allowed the formation of slag to be checked periodically

and proved a very useful addition.
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The preheater control schematic diagram
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Figure 1.20. Thermocouple port (top) and gas sample port (bottom)
with the in line 2 micron filter,
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Figure I.21. Two valve system to remove unwanted build up from the
bottom of the reaction chamber,.
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Table I.1. Char burner run procedures.

Preheat
1. Gas tank valve - open
2. Gas pressure regulator - 1 to 2 psi
3. Pilot gas valve - open
4, Air valves

a. Blower circuit breaker - on

b. Blower - start

c. Air bypass -'set 1 to 2 psi

d. Main air (upper, tangential, radial) - closed

e. Preheater combustion air - set 1'' to 2"

f. View port air - set less than 5"

5. Gas system switch - on (five minute delay)

NOTE: Light off automatic. If stable ignition not achieved
adjust gas pressure and air flow. If system shut
down indicator comes on, reset system using red
button in panel.

Indicator lights

1. green - system activated
2. white - ignition activated
3. orange - pilot gas shut off open
preheat gas valve armed
4. white - combustion occurring
5. red - system shut down
6. Maintain desired temperature - stabilize @ 420 K, increase

60 K to 120 K per hour until 1150 K

a. Preheater combustion air - minimum to maintain gcod

flame

b. Gas regulator pressure - increase as necessary

c. Temperature controller - set

d. Preheat gas valve - on

e. Preheat gas bypass - as required to maintain tempera-

ture controller valve near mid range.

Fuel changeover

Char management circuit breaker - on

Fuel inlet air valve - on at inlet in use

Main air valves - as required

Burner auger - on

Air lock - on Check operation visually

Surge bin auger - on

Preheat system switch - off

Preheat combustion air - off

Burner auger - adjust feed rate to maintain desired tempera-~
tures. Allow fuel bed to form then decrease feed rate.

-

NoRNo RN BN NS I SN
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ZContinued)

Preheat restart (high combustion chamber temperatures)

1.

U W N

Nelie JBEN NN

Shut down

1.

w

Preheat system switch - on

Preheater combustion air - 5" to 7"

Gas regulator pressure - 5 to 7 psi

Stable combustion - light on, temperature rising

Char feed system - off

a. Surge bin auger - off

b. Air lock - off

c. Burner auger - off

NOTE: Do not turn off air to fuel feed port at any time

when burner auger is running.

Main air - off

Bypass air - 1 to 2 psi back pressure

View port air - less than 5"

Maintain desired temperature

a. Temperature controller - set

b. Preheat gas valve - on

c. Gas regulator pressure - as required

NOTE: Chamber temperature will tend to decrease with

time. Set pressure so controller gas valve is
initially fully closed, with preheat gas bypass
closed.

Char feed system - off

a. Surge bin auger - off

b. Air lock - off

¢. Burner auger - off

Gas system - off

a. Preheat system switch - off
b. Tank valve - off

Blower - off

Circuit breakers - off
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Table I.2. Mechanical components.
Names Air System

Roots Blower 350 gJ with 10 hp motor
Stoddard F64-4 silencer

Fuel System:

Relay Auger Motor, 1 hp, 1740 rpm, w/6:1 belt reduction
Surge Bin Auger, 1.5 hp, 1750 rpm, DC-SCR
w/Sterling 142110C 10:1 )
Ohio 206 gear reduction
Winsmith 272947

Rotary Air Lock, Newman, Valve type 150 cc
Chaindrive
1/2 hp motcr w/internal reduction to 30 rpm
Burner Auger, 1-1/2 hp, 1750 rpm, w/6.5:1 belt reduction
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APPENDIX J
COMPUTER GENERATED RESULTS FOR THE

COMBUSTION MODEL



Table J. 1.

Computer results for Test Run Pl
using the direct method to calculate
the solids flowrate.

THE RESULTS FOR THE SYHULATED COMEUSTION HODEL TEST RUN P

THE INLET CONDITIONS FOR AIR AND UDOLCHAR

FLOUREATE OF 50L1IDS =
TENFERATURE OF S0LI1D5=

COABUSTIBLE CURTENT
ACISTURE CONTERT
INBRGANIC CORTERT

HETH ALR FLOWRATE
TEAFERATURE OF ALK
ALR FOR VIEW PORT

ALE FOR VWIEW PORT 2

LA 1}

14

RIK FLE VIEW FURT 3+4

STISE-02 KE/G -
285.0 K

L7373

L0507

L2120

CA033E-02 KHOLE/S
313.46 K

LYI38E-03 KMOLE/S
L1538E-03 KAOLE/S
-3076E-03 KHIOLE/S

[ENN S | B 1

THE THLET SIZE BISTRIBUTION FOR THE SOLLDS FEED

MEAN DIAMETER (M)
SPHERICHL DIANETER
WeLloHT FRACTIOR

THE TERFERATURE OF THE REALTARTS

(M)

2250E-0
LA350E-D
L0235 L0450

l';J

4 L0400E-04
4 L3I4UE-G4

LEAVING THE

LPE00E-04  L1980E-03  LEPTOE-03 LTSO0E-03 L 1500E-07
L36400-04 L11EBE-03 L2250E-0F  L4500E-03  L9000E-03
L0432 L0508 L1529 L2787 L3532

INITIAL HIXING ZOME I8 17,0 «f)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZOwF

fEai DIAAETER (H)
WEIGHT FRACTION

L1350E-04 L3240E-0
L0400 0

CHEA0E-G4 SVETRE- SAGOE-0G LAVAAE-03 L2D00E-03
L0734 { L2alh a4 G.u000

9uL

e e
5 iy
PRl g% Y

L0000



THE
bAS
C54
GAS
C&a

THE

CALCULATED SURFACE AVERAGE FARTICLE BIANETER :

FLOY INTO REACTIOGN ZONE
OF REACTION ZONE

FLOW INTO BYPASS ZONE
[F BYFASS ZONE

wou onon

RESULTS FOR THE PLUG FLOW

LENGTH TEMFERATURE

0 7024410
L1195 788.5182
L2395 §48.7127
L3595 1098.4542
4795 1174.1278
L9995 12124105
195 1242, 8525

2.6835 11%4.08829
3.0835 1191.,0887
7 4835 1168.9547
7.8835

1157.4302

.0040 KHOLE/S
L4360 M2
0 KHOLE/S

0 H2

SECTICN

CONVERSION

A1

L4398

L5077
7457
L8371
107
L7471

1.0000

1.0000

1.6000

1.0000

-
i
"~

~d

BN
—_ L = e

*
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B~ = R L O SO G )

[N O B O I SN B o ]
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SAEZFIE-03 (D)
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L
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L0396
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L0584
L6
LUB7 S
L0676
L0676
L0478

HF N2

LS00
L 900
7500
22900
L7900
w00

I
SRGE

TN
=y g
Wi P00
LFTO0

LR

Log



Table J.2, Cormputer results for Test Run Pl
using the indirect method to calcu-
late the solids flowrate.

THE RESULTS FOR THE SIHULATED COMBUSTION HOUEL TEST RUN P
THE INLET COMBITIOGNS FOR AIR AND WODDCHAR

FLOWRATE OF SOLIDS = LO52GE-02 KG/S
TEWFERATURE OF SOLIBS= 285.0 K

CORBUSTIBLE COATENT = 7373
BULSTURE CONTERNT = L0807
THORGANIE CUNTERT =230

Al ATR FLOWRATE = CA033E-03 ROLE/S
TEAFERATURE OF AIR 317.6 K

AIR FOR VIEW FORT LA538E-03 KHOLE/S
AIE FOR VIEW FORT 2 L1338E-03 KiOLE/S
ATR FOR VIEMW FORT 3+4 L3076E-03 RHOLE/S

H o n n

THE THLET S5IZE DISTRIBUTION FOR THE SOLILS FEEQ

HEAN DIAHETER (i) L2Z50E-04 0 LUSODE-04 L9400E-04  L1BADE-03
SFHERICAL DIAHETER (M)  .1330E-04 .3240E-04 .5440E-G4 .112BE-D3
WELIGHT FRACTION L0235 L0450 L0437 L0548

THE TEMFERATURE OF THE REACTANTS LEAVIRG THE INITIAL MIXING ZOME 15

THE 5IZE DISTRIBUTION LEAVIRG THE INITIAL WIXIAG ZUNE

HEAH DTARETER 4#: LA350E-04 L3240E-04 CIS640E-G4 VIBE-0T3
VEIGHT FRaCTION L0387 L0707 L0679 L0852

.
— 3 ed

75OE-03
250E-03
529

A3 (R

W2250E-03

L2402

750
L A500E-03
1787

NE-03

LAGTTE-03

475

ASOOE-GE

LF00GE-03

0

LRDBUE -0

000G

W00

w
(@]
(oo}

Iy



THE

GAS
C5A
Gn3

LS4

THE

CALCULATED SURFACE AVEKABE FARTICLE DIAHETER IS L399E-03 (i)
FLGW THTO REACTION ZONE = L0040 KNOLE/S
OF REACTION ZOHE = 4560 K2
FLOW INTO EYFASS Z0MD = 0 KMOLE/S
OF BYF&SS ZOWE = 9 H2
KESULTS FOR THE PLUG FLOW SECTION
LENGTH TERFERATURE CONVERSION WF 02 i F 7
0 763.1445 3634 1739 L0361
1197 §95.8733 L5332 576 L0550
L2347 257.7047 L7604 1344 L0756
L3597 1333.5003 8324 272 L0871
L4797 1383.1552 L8813 L1224 0874
5597 13493.5546 9170 222 L0878
1.0817 14371912 9756 1168 0934
14917 14134593 1.0060 178 L0974
3.8997 1336.4200 1.00060 1238 L0847
5.3997 1332.3218 1.0000 1738 L0852
6.6957 1398.7977 1.0000 1238 L0547

HF D

60¢



Table J.3. Computer results for Test Run P2
‘ using the direct method to calculate
the solids flowrate,
THE RisSULTS FOR THE STHULATEU COMBUSTION MODEL TEST RUM F2
THE INLET COANDITIGNS FOR AIR AND WODHCHAR

FLOWRATE OF S0LILS = .6807E-Q2 RG/S -
TENFERATURE OF SOLIDG= 285.0 K

COHRUSTIELE CONTEWT = .7093
{01ISTURE CONTENT = ,0507
INORGANIC COWTERT =, 2400

AAIN ATR FLOWRATE

TEAFERATURE OF ALR
AIR rOK VIEW FORT |
AIR FOR VIEW FORT 2
AIR FOR VIEW PORT 3+4

i

SAOPPE-02 KHOLE /S
305.2 K

- 3020E-0U3 KHOLE/S
-3623E-03 KHOLE/S
L7250E-03 KAOLE/S

THE IRLET SIZE DISTRIBUTION FOR THE SOLILS FEED

JA0E-03  L7EO0E-03  A1S00E-02  L24450-02  L3013E-07
S0E-03  L4500E-03  L9000E-03  L18YVE-02  LIa0uUE- gy
54 L2370 L3171 AT LUATH

2250E-04  .5400E-04 .9400E-04 _1EBOE-03 .3
350E-04  .I240E-04 .D640E-04 L1128E-03 2
215 L0403 0420 L0474

HEAN BIARETER ()
SFHERICAL DIAWETER ()
WEIGHT FRACTION

r"?J"’

-
o ~—

THE TEAFcRATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 716.3 (i

w

THE ST1/E RISTRIBUTION LEAVING THE INITIAL MIXING ZONE ©

HEAN DIAHETER (#) LA350E-04 L32A0E-04 L9640E-04 H2BE-03 LAAG0E-0T L4N00E-03 LH026E-G3 LG9 FE-02 W 2408E-02
214

WEIGHT FRACTIOW .0368 L0489 L0719 L0814 L2145 L4035 210 G050 0.0600



THE

GAS
54
GAS
LSh

THE

CALCULATED' SUKFACE AYVERAGE PARTICLE UIAMETER

FLOW INTD REACTION ZONE
OF REACTION ZONE

FLOW INTO BYFASS ZONE
OF BYPASS ZONE

TR | N TN 1

RESULTS FOR THE FLUG FLOW

LENGTH TEHPERATURE
0 24,2695
1185 751.8458
L2385 786.3502
. 3365 £33.3220
4785 §E7.2942
L3985 1024.48%7
L7185 1110.7578
.8383 11491477
<7583 1177.50%3
2.374% 1114.0380
4.9745 1109.6452

=

GLE/S

3
&

r

.00
.49

o —

OLE/S

[T < O}

L= e ]
= X ==

SECTION

CONVERSION

SA155
L4236
L4374
L4753
L9664
L7191
.8204
L8644
L5008
1.0600
1.0000

HF a2

3~
~d

[ T S £

v e o . s
Cre =~y

S e Gad P e e

—
[y
o
==

L1473
L1457
L1434
1483
1483

JA431E-03 (H)

M F Co2

L0329
L0336
L0348
L0377
L0449
L0532
L0607
G641
NO-1.5)
0517
0617

W F N2

700
LTG0
AR
L2900
A

L7900

11¢



Table J.4. Computer results for Test Run B2
using the indirect method to calcu-
late the solids flowrate.

THE RESULTS FOR THE STIMULATEL COMBUSTION HOBEL TEST RUN FY
THE INLET CuNBITIONS FOR AIR ANB WODLCHAR

FLUWRATE OF 50L1D5 = .B8684k~02 KG/5
TEAFERATURE OF SO0LIBS= 285.0 K

CORBUSTIBLE CONTERT L0973
HOISTURE COHTENT D507
IRORGAHIC CONTENT 2 L2400

HAIN ALK FLOGMRATE =
TEAPERATURE OF AR
AIR FOR VIEW FORT 1
AIR FGR VIEW PORT 2 = .3
ALK FOE YIEW FORT 3+4= A2

FPE-02 KHOLE/S

Hou

2
3
SE-03 KHOLE/S
0£-03 KHILE/S

THE IHLET SIZE LISTRIBUTION FOR THE 2GLIGS FEED

HEal GIARETER (M) L2250E-04 LS400E-04 L9S400E-04  L1EBOE-03  LEPHEOE-03  LVOO0E-03  L1500E-07  LTASNE-07  L30013k-07
SPHLRTCAL DIANETER (i) J1350E-04 .3Z40E-04 .5440E-04 L112BE-03 .2750E-03 .4500E-03 .9000E-03 ADPIE-0T L 2AGLE 00
VETGHT FRACTION L0215 L0403 L0420 L0476 L1254 L2370 L3 L1293 3y

THE TEWFERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZOHE IS 794.4 1)

21¢

THE STZE DISTRIBUTION LEAYING THE THITIAL HIXING ZONE

HEAR GINHETER (i) L1330E-04 L3240E-04 LIH40E-04 LI Z2BE-03 CEADOE-DS ARDOE-D3 OGEYE- GG CHaERE -0 W 2AURE-02
UETWHT FRACTION L0354 L0863 L0651 L0783 L2064 L3901 L1343 G.G00G 0.0000



THE

GAG
CSA
GAS
C5A

THE

CALCULATED SURFACE AVERGGE PARTICLE DIARETER IS

IH

FLOW INTO REACTION ZOWE
OF REACTION ZGKE

FLOU INTO BYPALRS ZONE
OF BYFASS Z0OWE

H

h

RESULTS FOR THE FLUG FLOW

LENGTH TEMFERATURE

0 EERIERE
1195 891.7975
L2395 1147.4548
<3395 1239.457%
L4795 1291.9a42
L9535 1271.5159
7195 1300.7971

1.2495 1345.1895
2.353% 1244.0041
40075 1237.4208
5.507% 1228.4299

L0031 KHOLE/S

- 4550 #2

g RHOLE/S

0 "2 .

SECTION

COMVERE LGN

3P4
A0
L4787
I
LB
L6434
.8787
L7457
L7995
1.0000
1.G060

HF G2

L7003
.1628
BENE
L1329
L1280
L1299
A2
L1208
1314
1314
L1304

SS01E-03 (D

HoF CO2

L0397
L0472
L0485
077
L0830
L0801
L0629
.0872
L0784
0706

A
PRI,

noF

L7900
L7900
700

LIE0D

gle



Table J.5. Computer results for Test Run P3
using the direct method to calculate
the solids flowrate.

THe RESULTS FOR THE SIAULATED COWBUSTIGN MODEL TEST RUn F3

THE IWLET CONDITIONS FOR AIR ANT WDODRCHAR

FLOWRATE GF S0LIRS = LA055E-02 KGSS -—
TEAFERATURE OF SOLINS= 285.0 K
CORBUSTIRLE COMTENT = .8233

HOISTURE CONTENT = L0507

IHORGARIC CONTENT = 1249

~A4871E-02 KHOLE/S
299.6 K

L22VE-03 KMOLE/S
L2217E-03 RAOLE/S
LA433E-03 RHOLE/S

nATN ALR FLOWRATE
TEArERATURE OF ALK
ALK FOK VIEW FOGRT 1
41K FOR YItW FGRT 2
IR FOR VIEW FORY 3+4

i

[E2 1 )

THE THLET SIZE BISTRIRUTION FOR THE SOLIDS FEED

HEAN TTAMETER (M) LI2G0E-04 0 LDA00E-04 Ly400E-04  L1EBOE-DE LATHOE-03 LPRO0E-03 SABO0E-02 L EAsEE-02
SFRERIUAL DIAHETER (M) J1350E-04 .3240E-04 .S5840E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 . 15970F-i>
VETGHT FRACTION L0210 L0419 L3467 L0411 27 L2942 3810 LY

THE TEdFERATURE OF THE REACTANTS LEAVIAG THE INITIAL WIXING Z0HE IS5 7ud.é (K) it

NN
THE S5IZE DISTRIBUTION LEAVIWG THE INITIAL AIXING ZONE
HEAN DIAHETER (i) L1350E-04 L3240E-04 LSA40E--04 L1 12BE-03 L22E0E-03 CAGONE-(F LA7GRE-03 SAERFE-02 BME T T
HEIGHT FRACTIOH L0338 L0457 .0588 L0858 L2037 LA71E L1012 0., 0000 0.00400



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS

GAS FLOW INTO REACTION ZORE
L5A OF REACTION ZONE
GAS FLOW INTD BYFASS ZONE

CSA OF BYPASS Z0NE

LLI LI S ]

THE RESULTS FOR THE FLUG FLUMW

LENGTH TEHPERATURE
0 J03.5742
L1197 47,8420
L2357 792.8817
L3597 74,1145
L4797 1055.630%
L5997 1147.24583
ARy T1y9.090
L8397 1234.4133
L9597 1254.3470
2.7237 1233.8399
5.1237 1218.6524

L0049 KHOLE/S
4360 H2
0 KHOLE/S
O H2

SECTIOH

CONVERSION

«37254
L3847
L4578
CAFGE
LAE
P97
L8340
L8753
LP067
1.0060
1.00060

#F G2

1780
772
L1752
053

7

o L Ly

L1464
1420
L1336
L1340
L1379
37y

.1

n
on
ol

E-03 ()

HFCo

L0320
L0328
L0328
L0305
LOEST
LHE38
G580
L0714
L0740
072

UK

S1¢



Table J.6. Computer results for Test Run P3
using the indirect method to calcu-
late the solids flowrate.

FHE RESULTS FOR THE SIAULA LD CUNBUSTIUN HULBEL TBST RHUN FJ
THE INLET LOHDITIONS FOR AIR ARD WOODDICHAR

FLUMRATE OF 501105 = LJ72AE-G2 KG/S
TeHFERATURE OF SOLINS= 283.0 K

COABUSTIELE CONTENT = .8233
HOISTURE CONTENT = 0507
IRORGAALIC CORTENT = L1240

ARIN ATR FLOURATE

TEAFERATURE OF AIR
AIE FOK VIEW FORT 1
AIR FOR VIEW FORT 2
ALR FOR VIEW FORT 3+4

il

CABFIE-02 RHOLE/S
299.6 K

A27E-0F KHOLESS
22178-03 KHOLE/S
A434E-03 EHOLE/S

I I § S H

THE THLET S5IZE DISTRIBUTION FOR THE 50L1IRS FEED

MEAN DIAMETER (M) L2250E-04 J5400E-04 JY400E-04  L1OBOE-03
SFHERICAL DIARETER () L 13G0E-04 .3240E-04 .5640E-04 ,112BE-03
WEIGHT FRACTION L0210 L0410 L0367 ERD

THE TEdFERATURE OF THE REACTANTS LEAVING THE IWITIAL MIXIHG ZOWE I3

THE SIZE DISTRIBUTION LEAVING THE IHITIAL MIXIHG ZONE

HEAN DIARETER (M) 1350

E L3240E-04 CS640E-04 JI12BE-0T
WETGHT FRACTLGH .03

4
5 L0435 L0569 L0437

783.7 (H)

LE250E-03

L1971

SADOOE-03  LIRO0E-GE LTeaNE-02 0 L4G5E 0T
LA300E-03  L9000E-03  LiL¥YE-0T LZ400E-0
L2942 L3410 LOYI TNy

| g

91¢

SADIRE-DS LBZHOE-0F JAGYYE-GL L2007
L4559 L1404 L0000 1.0099



THE CALCULATED SURFACE AVERAGE FARTICLE DIAHETER IS JAE05E-GT ()

GAS FLOW INTO REACTION ZONE
C5h OF REACTIGH ZOWE
GAS FLOW INTD EYFASS 20MF

0049 KHOLE/S
<4500 HZ
0 KHOLE/S

H 1 u n

C5A OF HYPASS ZONE ¢ n2
THE RESULTS FOR THE FLUG FLOM SECTION
LENGTH TEAFERATURE CONVERSTON noF G2 o F CG2 oF K2
0 P 7227 W 3547 L7014 L0384 LA900
2117 1052.1048 L5629 . 1489 L0611 Y
L3317 1237.5318 L1227 3325 L0775
<4917 1309.2674 L7743 -1258 L0847 WSO
<2717 1319.3924 .g188 1243 08752 LT
L6917 1357.7997 -8544 AR .08d9 i
CBit7 1387.5894 .88:28 1181 L0919 P00
1.2817 1447.7004 7418 L1 L0980 T
2.5417 13746.0092 1.0000 11680 L0920
4.0497 1340.7554 10500 1185 L0520
3.5417 13456.0825 1.000¢ 1180 L0720

Lig



Table J.7.

Computer results for Test Run P4

using the direct method to calculate

the solids flowrate.

THE RESULTS FOR THE STHULATED COMBUSTION HODEL TEST RUH F4

THE INLET CORDITIONS FOR AIK AND WOODRCHAR

FLOWRATE OF SOLIIS = JJRISE-02 KB/ T

TEHFERATURE OF 50LIDS= 285.0 K
COMEUSTIBLE CONTENT = .7323
HOISTURE CONTENT = L0507
INORGANIC CONTENT = L2170

HATH ATR FLOURATE

TEHFERATURE OF AIR
AIK FOR VIEW FORT 1
A1R FOR VIEW FORT 2
AIR FOK VIEW FORT 3+4

7400E-02 KMOLE/S
305.2 K

LA837E-03 KWDLE/S
LABI7E-03 KHOLE/S
L3875E-03 KHOLE/S

|1 I SO | N i

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

HEAN DIAMETER (M) L2250E-04  LB400E-04 L9400E-04  L1GBOE-03
SPHERICAL DIAMETER (#) L1350E-04 .3240E-04 .5640£-04 .1128E-03
WEIGHT FRACTION L0200 L0409 L0344 L0333

THE TERFERATURE OF THE REACTANTS LEAVING THE INITIAL HIXIRG ZOANE IS

THE SIZE DISTRIBUTION LEAVING THE INITIAL HIXING ZONE

HEAN LDIAHETER (M) LAIH0E-04 L3240E-04 L9640E-04 LI1ZBE-03
WEIGHT FRACTION L0384 L0747 L0698 L0639

LI7G0E-03
L2250E-03
L1011

698.7 (K)

L3703 871

0,004

ISO0E-03 L 1500E-07 L 245E-02  L40130-02
AS00E-03  .9900E-03 G2 L7A0BE-C
1931 .3573 L0358
w
—
0]
JASO0E-03  LEAVEE-0F  LISFYE-0T L 140BE- 02

09,0005



THE

GAS
C5A
GRS
CSA

THE

CALCULATED SURFACE AVERAGE FARTICLE

H

FLOW INTO KREACTION ZONE
OF REACTION ZONE

FLOW INTO BYPASH ZOHE
OF BYPASS ZONE

nodon

RESULTS FUR THE FLUG FLOW
LENGTH TEHFERATURE

0 498.4914
1.2837 033.4839
1.403%7 1006.2987
1.5237 1043.2263
2.0397 1118.9018
4,2757 1122.4935
6.8797 1113.8719
9.0797 1105.8548
11.47%7 1098.4054
13.87%7 10791.4784
16,2797 1085.03%0

.00

74 KHOLE/S

LA960 2

SECTION

0 RHOLE/S
0 H2

COMVERSION

L4784
L6544
L7694
L5417
L7387
L0000
L0000
L3000
L6000
L0000
L0000

BIAHETER 15

HF 02

L1787
16482
L1409

L1375

o

510

—
wn

[ R e B o B )
) O oS T s Y ) N W]

—_— . — =t e
LT oW LnoCn N
[ty

[
&

L1450E-03 (H)

#fF LoO2

L0313
L0418
L0471
0525
L0585
0595
L0595
L0595
L05Y5
L0595

L0595

HOF W2

L7E00
L2700
PG
L7700
L7 P00
7500
700
]
iy
L7900
STFO0

61¢



Table J.8. Computer results for Test Run P4
using the indirect method to calcu-
late the solids flowrate.

THE KESULTS FOR THE SIKULATEL COMEUSTION HODEL TEST RUN FA4
THE IHLET COHLITIONS FOR AIR AND WOODRCHAR

FLOWRATE OF S0LILS = A278E-01 K/
TEMPERATURE OF 50L1KS= 285.0 K

COHBUSTIELE CONTENT = /7323
HOISTURE CONTENT = L0507
INGRGARIC CONTENT = 2170

dAIN ALK FLOWRATE

TEHFERATURE OF AIR
AIR FGR VIEW FORT |
AIR FOR VIEW FORT Z
AIR FOR VIEW FORT 3+4

il

LA00E-02 KHOLE/S
305.2 K

L837E-03 KHOLE/S
L1837E-03 KMOLE/S
L3675E~03 KHOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

HEAN DIANETER (M) 2050E-04 .5400E-04 L9400E-04 L1880E-03 .3750E-03  .7S00E-03 L 1500E-02 AR - O
SFHERICAL DIAMETER (M) 1350& 04 .3240E-04 .54640E-04 .i128E-03 .2250E-03  .4500E-03 .9000E-03 LrAOE- G2
WEIGHT FRACTION L0200 ,0400 L0364 L0333 101 L1931 . 3573 L3 EREE
THE TEHFERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZOAE IS 743.6 (K)
w
o

THE SIZE DISTRIBUTION LEAVING THE INITIAL HIXING ZOHE

HEAN DIAKRETER (M) L1350E-04 L3240E-04 L9640E-D4 A128E-0F L2250E-0F L 4500E-03 L 74B4E-03 NEPPE-GE
HEIGHT FRACTIOH L0300 L0601 L0947 L0500 151 L2501 L5631 4, 0000




THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS L18858-03 (i)

GAS FLOW INTO KEACTION ZONE 0074 KHOLE/S

C5A OF REACTION ZBNE = 4560 H2
GAS FLOW INTO BYFASS ZONRE = 0 KMOLE/S
CSA OF HYPASS ZONE = 0 H2

THE RESULTS FOR THE FLUG FLOW SECTION

LENGTH TEMFERATURE CONVERSION MF 02 MF (D2 HF N2
) 743.6133 L3344 L1748 0352 L7900

L2277 868.3224 L4081 1670 0430 L7900
L3657 1027.5314 9364 L1535 L0545 L7900
L2457 1171.5359 L6700 L1412 L0689 L2700
«B0Y7 1254.5893 7367 1333 787 A0
t.4397 1361.4258 L8474 L1230 L0870 W7 P00
3.39%7 1391.221 L9549 L1176 L0Y24 L]
5.7997 1394.9195 L9973 145 L0955 L2900
B.19%7 1370.86%4 1.0000 L1142 0554 W 750G
10.59%97 1345.634Y 1.6000 L1142 Y58 LAP00
12,9997 1322.0373 1.0000 142 0958 L7500

2%



Table J.9. Computer results for Test Run CP1
using the direct method to calculate
the solids flowrate.

THE RESULTS FOR THE SINULATED COMBUSTICN HOLEL TEST RUN CFi

fic INLET CONGITIONS FOR AIR AWD WODICHAR

FLOWRATE OF SOLINS =  .S1ISE-02 KG/S
TERFERATURE OF S0LIDBS= 285.0 K
COHRUSTIELE CONTENT = @127

HOISTURE CONTENT = .0484d
IHORGARIC CONTENT = .1390

HAIN AIR FLOWRATE = LA7IGE-02 EMOLE/S
TEHFERATURE OF AIR 313.6 K

ALR FOR YIEW FORT 1 L3318E~03 KHOLE/S
IR FOR VIEW FORT 2 «331BE-03 KHOLE/S
AIE FOR VIEW FORT 3+4= .6836E-03 KHOLE/S

[ FR 1

THE IRLET SIZE GISTRIBUTIDN FOR THE SOLINS FEED

HEAN DIAHETER (M) -2250E-04 LGAD0E-04  L9400E-04  L1BA0E-03  L37500-03  L7S00E-03  L1500E-0° LAGRSE-0T LAG R 4T

SFHERTCAL DIAMETER (M) .1350E-04 .3240E-04 ,5640E-04 .1128E-03 .22500-03 SA500E-03  (FO00E-03  L1599E-02 L 0404E- 00

WEIGHT FRACTION L0379 L0549 L0605 L0704 1439 L2535 L2810 KRR S000

THE TEWFERATURE OF The REACTANTS LEAVING THE IRITIAL HIXING ZONE 15 737.5 (K e
N

THE SIZE DISTRIBUTION LEAVING THE TWITIAL #IXING ZONE

HEAN LIARETER (#) LI350E-04 L 3240E-04 <3640E-04 S P23E-03 W2IGOE-03 LADTPE-03 « PRO0E-0S AGFIE- O R D (V)
YELGHT FRALTION L0597 L0890 L0953 L1109 L2048 . 3877 G.0000 0.49000 b.0u0



THE CALCULATED SURFACE AVERAGE PARTICLE BIANETER IS LJ096E-03 (M)

GAS FLOU INTO REACTION ZONE L0037 KMOLE/S

CS5A OF REACTION ZONE = L4560 H2
GAS FLOW INTO BYPASS ZOWNE = 0 KHOLE/S
CS5A OF BYFAS5 ZONWE = 0 W2

THE RESULTS FOR THE FLUG FLOW SECTION

LENGTH TEMFERATURE CONVERSION MF 02 nFE Ce2 HF HZ
0 A37.7539 W3653 L1741 0339 AR
1557 12,4536 L4789 1454 D444 W00
L2797 1264.8975 L7889 L1285 L0738 L0
L4917 1387.9453 7058 L1260 L0840 aTIY
1.3037 1397.775 9975 25 L0649 L A0
3.7037 1192.1136 1.0000 RN L0584 S0
6.1037 1161.1842 1.0000 416 L0634 7RO
3.5037 1170.8637 1.0000 L1414 0484 ALY
10.9¢37 1161.1194 1.0000 »1414 L0584 L SEOD
13.3037 Tl 710 1.0000 1418 LG4394 WO w
15.7037 1143.2414 1.0000 RN .0684 AR &



Table J.10. Computer results for Test Run CP1
using the indirect method to calcu-
late the solids flowrate.

THE KEGULTS FOR THE STHULATED COMRUSTION MODEL TEST RUN CF1
THE INLET CONDITIONS FOR AIR ANE WOODCHAR

FLOWRATE OF SOLIDS = LO52GE-02 KG/S
TEMFERATURE OF S0LTIDS= 285.0 K
CORBUSTIRLE DUNTENT = 8122
HOTSTURE CONTENT = .048d
IRUREHATC UONTERT = .1390

H&GIN ATR FLOURATE = LA 35E-03 KHOLE/SS
TEAFERATURE OF ALK Ji3.6 K

AIR FOR VIEW PORT 1 LA QE-0F EHOLESS
ALR FOR VIEW FORT 2 L3318E-03 KuOLE/S
IR FOR VIEW PORT 3+4 L6536E-073 RHOLE/S

0onn

1"

THE INLET 51ZE DISTRIBUTION FOR THE SOLIDS FEED

HERN TIANETER (#) L2250E-C4  L5400E-04 L9400E-G4  L1I80E-03
SFHERTCAL DIAWETER {(#) .1350E-04 L324CE-04 .5440E-04 .11Z2BE-03
HELIGHT FRACTION L0379 L0369 L0605 L0704

THE TEAFERATURE OF THE REACTANTS LEAVING THE INITIAL WIXING ZOnL 15

THE SIZE BISTRIBUTIOR LEAVING THE INITIAL MIXING ZONE

HeEnd DTARETER () L1350E-04 L3240E-04 LS6A0E-04 «1128E-03
WETIGHT FRACTIOW L0558 03138 L0891 L1037

L2250E-03 L4500E-93 LFO000E-03 L 1LYTFE-OY
Q

IPH0E-03  JPHBOOE-03  L1500E-92 L 2665002
21954

530 L2955 L2810 ZD736G

7836 (K

{44

LE2B0E-03 LA263E-03 LFOOGE-03 AEPPE -G SER0EE -
L2401 L4274 G.0000 4,009 0. G600



fHE CALCULATED SURFACE AVERAGE FARTICLE LRIAMETER 1A SII2E-0T (H)

"

GAS FLOW IRTO REACTION ZONE L0037 KMOLE/S
CSA OF RERCTIDN ZONE AGS50 H2
GAS FLOW INTD BYPASS ZIOWNE 0 KHOLE/S

CSA OF BYPASS ZOHE = 0 2

"

THE RESULTS FOR THE FLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSIAN Hr o2 hF CO2 M F H2
0 785.4055 21 720 L0584 Y

197 1322.5778 b4 L1383 G797 SATOD
L2357 1435.7475 .7833 LHES L7 W 7700
. 3597 1520.7443 . 0404 Lit0s L0594 LAE0D
4777 1367.6384 . 8633 A RORT L1044 LRGN
L5977 1512.04%9 LTSS L1105 L0995 AIOD
1.0817 1547.3300 L7714 1045 L10EG w0

2.4457 149%.3212 1.0000 L1058 <1004

38777 1347.1507 1.5000 L12%8 L0872

5.3397 1337.0243 1.0000 L1228 L

6.697/ 1325.25648 1.0000 1EZE

c?l¢



Table J.11. Computer results for Test Run CP2
using the direct method to calculate
the solids flowrate.

THE RESULTS FOR THE SINULATEL COHBUSTYON WODEL TEST RUN CP2
THE THLET CONRDITIONS FOR AIR AND WOOUCHAR

FLOWRATE GF SOLIDS =  ,4055E-02 K&/5
TEMFERATURE OF SDLIDS= 285.0 K

COMBUSTIELE CONTENT = 8442
HOISTURE CONTERNT = ,0488
INORGANIC CONTENT = .1070

HAIN AIR FLOWRATE
TENFERATURE OF AIR
A1k FOR VIEW FDRT 1
AIR FOR VIEW PORT 2
AIR FOR VIEW FORT 3+4

<3311E-02 KHOLE/S
308.0 K

2 3254E-03 KHOLE/S
«3254E-03 KMDLE/S
LA508E-03 KMOLE/S

| L2 LI § N 14

THE INLET SIZE DISTRIRUTION FOR THE S0LIDS FEED

HEAN DIAMETER (M) L2250E-04  .G400E-04  .9400E-04 .1BHOE-0O3  LITSOE-93  LPNOOE-04  JAS00E-03 Lo
SPHERICAL LIAHETER (M) .1350E-04 .3240E-04 .5440E-04 .1128E-03 .2250E-03 .4500E-03 LFOG0E-03 L1
WEIGHT FRACTION 02N L0442 L0399 . 0541 L1423 L2980 .3288 .0

THE TEHFERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZOHE IS 464.5 ()

THE SIZE DISTRTEUTION LEAVING THE INITIAL WIXING ZOHE

HEAN DIGHETER (#) L1350E-04 .3240E-04 L 9640E-04 -1 128E-03 L22508-03 LAG00E-03 L4845E-03
WEIGHT FRACTION L0417 L0681 0614 .0833 L2499 3973 0782

SADPYE-G2

G.0000

9¢e

LESRGE-0d

3.0000



THE

GAS
C54
GAS
C5A

THE

CALCULATEL SURFACE AVERAGE FARTICLE DTAHETER 15

FLOW INTO REACTION ZOHE
OF KEACTION Z0NE

FLOW INTO BYFASS ZONE
OF BYPAES ZONE

B o#H u on

RESULTS FOR THE FLUG FLOW

LENGTH TERFERATURE

0 664.5117
L4157 74,6954
b907 828.2797
L8717 ?280.1830

1.0337 tid4.221¢9
i.2907 1241.3123
2.5317 1199.6514
4.9317 1191.0787
7.3317 1179.1748
§.72317 1167.9907
12.1317 1157.49485

0053 KMOLE/S
L4560 N2
0 KHOLE/S
0 H2

SECTION

CONVERSTON

-3507
<3498
.4283
5849

~

~d

~J
(7200 3% ]

[=e)

89

9547
1.0000
1.6000
1.0000
1.0000

#F 02

L1819
L1803
774
L1454
L1513
L1435
1459
B ENT
454
L1454
1454

LP399E-03 ()

HF CO2

-0281
0297
0324
0444
1587
0665
L0841
0644
L0844
04644
L0444

HF N2

Y
«AY00
00
W7 500
L7900
R0
900
-7 700
P00
LAF00

«AF00

Lze



Table J.12. Computer results for Test Run Cp2
using the indirect method to calculate
the solids flowrate.

THE RESULTS FOK THE SIAULATED COHBUSTION HOUEL TEST RUN CF2
THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWKATE OF SOLIDG = L7724E-02 K6/5 RS
TENFERATURE GF GOLIDG= E85.0 K

COAKUGTIBLE CORTENT = .8442
NOTSTURE CUNTEWNT = .0484
INORGANIC CONTENT = L1070

HAIN AIR FLOURATE = L53T1E-02 KHOLE/S
TEMFERATURE OF AIR 308.0 K

ALR FOR YIEW FORT 1 LI254E-03 RHOLE/S
AIR FOR VIEW FORT 2 L3254E-03 KMOLE/S
A1k FOR VIEW PORT 3t4 L650BE-03 KMOLE/S

nonouou

THE INLET SIZE GISTRIEUTION FOR THE 50LI1S FEED

HEAK DIAMETER (H) J2250E-04  LH400E-04 L 9400E-04 J1830E-03  L3THOE-03 LPUGOE-O3 AE00E-02  L2ae5E-07 LAD1EE-OT
SPHERICAL DIAMETER (H) .1350E-04 J3DA0E-04  LG440E-04  L1128E-Q3 JIOEGE-03 L4G0GE-03 .9000E-03 A59YE-GR L eaGEE-O2
WEIGHT FRACTION L0327 L0442 L0397 BREE: L1423 L2589 .3288 L 0B0O2 L0054

THE TEAFERATURE OF THE REACTRNTS LEAVING THE INITIAL HIXIWG ZONE IS 32,9 U0

87¢

THE SIZE DISTRIRUTION LEAVIHG THE INITIAL WIXING ZORE

HEAN DIAHETER (i) LH350E-04 LIZ40E-04 L5640E-04 123804 L2D50E-03 L 4500E-03 LSASAE-0G L1EPYE-O La4afE-02
WETOGHT FRACTION L0405 L0461 L0574 L4807 L2424 L3854 247 0.0090 (000D



THE CALCULATED SURFACE AVERAGE FARTICLE DIAMETER IS CHA43E-03 (W)

GA5 FLOW INTO REACTION ZDNE L0053 KNDLE/S

CSA OF REACTION ZONE = <4560 H2
GAS FLOW INTD BYFASS ZORE = G KHOLE/S
CSA GF BYPASS ZOWE = ¢ H2

THE RESULTS FUR THE FLUG FLOW SECTIUN

LENGTH TEMPERATURE COHVERSION i F G2 A F 002 NP N
0 732,871 33149 L1741 L0537 A0
L1185 774.7224 L3469 L1745 L0355 L7900
. 2385 841.5548 3882 L1703 L0397 LA R00
L3585 1073.3932 L9477 L1519 L0nE L AF00
4785 1240.68436 Ny L3N L0729 W EE00
~9985 1257.6548 L7739 -1354 L0746 IR0
L2185 1303.5060 .8181 130 L0787 L A900
.8385% 1340.0025 .8538 277 L0823 W00
L9585 1348.5644 .8824 1249 L0851 T LAR00
1.4585 1385.6151 L7349 L1230 L0870 LA700
2.9925 1320.3021 Y999 L1278 L0827 W G0

67¢



Table J. 13.

Computer results for Test Run CP3

using the direct method to calculate

the solids flowrate.

THE RESUBLTS FOR THE STMULATED COMBUSTION HODEL TEST RUN CF3
THE IHLET CORDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = LFFEE-0F K6/ -
TEHFERATURE OF SGLIDG= 285.C K

CORDUSTIBLE CONTENT = ,d397
HOTSTURE CONTERWT = .0488
INOKGARIC CORTENT = 1115

Hain AIR FLOWRATE =
TEHAFERATURE OF AIR

LH432E-02 KROLE/S

on

ALR FOR VIEW FORT 1 .2?77E-03 KMOLE/S
ALR FOR VIEW FORT 2 = L2777E-DT KHOLE/S
ATR FOR VIEW FORT 3+4= L9593E-03 KMOLE/S

THE InLET SIZE DISTRIBUTIOGN FOR THE 50LYDEG FEED

KEAN DIABETER (M) 2200E-04  LG400E-04  L9400E-04 L 1B80E-D
SFHERICAL DIAHETER () .135DE-04 .3240E-04 .564CE-04 .112BE-0
WEIGHT FRACTION L0214 .0438 0431 L0445

THE TEMFERATURE OF THE REACTANTS LEAVING THE INITIAL WIXIHG ZOWE 15

THE SI7E DISTRIBUTIGN LEAVING THE INITIAL MIXING Z0NHE

AcAan DLARETER (i)
VEIGHT FRACTION

LA3G0E-04
L0375

.3240E-04 L6 40E-04
L0769 L0234

SIEBE-03
L0781

L3750E-03
L2250E-03
L0973

7244

(K}

LAGOE-03
L1707

4E00E-03
L2950

CLHITTE-GS

L2ho?

AA00E-03 L1500E-02 L260NE-02 L4015k
LAG00E-03 L 90008-03  ILYVE-DD L 0A08E -0
L1481 L3473 LEEHD L0129

AUYPE-0Z

0,0000

MR DRI

S A

0ge

03
0. G000



THE CALCULATED SURFACE AVERAGE FeRTICLE DIAMETER IS LAA7BE-03 (M)

GAD FLOW INTO KREACTION ZONE
C5& OF REACTION ZOHME

L0044 KMOLE/S
L4360 12

inoHoou

GAS FLOW INTO BYFASD ZOHE 0 KHOLE/S
£54 OF BYPASS ZORE = G n2
THE RESULTS FOR THE FLUG FLOW SECTION
LENGTH TEMFERATURE CONVERSION i F 02 " F CoZ HF H2
0 724.0820 4301 773 L0327
L2795 791.5800 L4644 747 L0353
R Ba1.2426 .5481 700 L0400
L7435 1003.5807 L7083 L1535 L0515
L9595 1115.3792 L8328 .1492 LauE
2.09%5 1195.8075 L7663 423 L0677
4.4595 1150.74831 1.0000 L1451 L0449
6.8595 1140.781% 1.0000 . 14518 L0649
?.2595 1131.457 1.0000 1451 L0549
11.63%5 1122.7478 1.0000 RE N L0649
14,0595 11146126 1.0690 v L0649

1ee



Table J.14. Computer results for Test Run CP3
' using the indirect method to calculate
the solids flowrate.

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN CF3

THE INLET CONDITIONS FOR AIR AND UOODCHAR

FLOWRATE OF SOLIDS = LB923E-02 KG/S
TEAFERATURE OF SOLIDS= 285.0 K
CONBUSTIBLE CONTENT = .83%7

HOL5TURE CONTENT = .0488
THORGARIC COHTENT = LHI1D

HaItt #IR FLOURATE
TEMPERATURE OF AIR
AIR FOR VIEW FORT 1
AIR FOR VIEW FORT 2
AIR FOR VYIEW FORT 3+4 .

LOA32E-02 KHOLE/S

i

L2PP7E-03 KHOLE/S
7P7E-03 KMOLE/S
533E-03 KHOLE/ZS

non unou

THE IWLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

HEAN DIARETER (H) LO250E-04  .SA00E-04  .9400E-04 .1BBOE-03 .3750E-03  LPS00E-03  LIS00E-02  LZAGGE-02 L40ISE-DE
CPHERICAL DIANETER (M) .1350E-04 .3240E-04 .5640E-04 L112BE-03 .2250E-03 .4500E-03 .90COE-03 .459YE-0X  .2406E-0L
WETGHT FRACTION 0214 .0438 L0431 L0445 L0973 . tad1 . 3493 L2200 Lot
THE TEMFERATURE DF THE REACTANTS LEAVING THE INITIAL WIXING ZONE IS 785.6 (K)
w
w
o

THE SIZE DISTRIBUTION LEAVING THE INITIAL HIXING ZOWE

bt

MEAN DIANETER (#) .1350E-04 L3240E-04 LHE40E-04 1128E-03 L20G0E-03 SAZIOE-0F LABATE-DS LGP0 L 2AUBE-D2
UEIGHT FRACTION L9352 072 L0709 L0732 1400 L2755 LM 0. 0000 0L 0000

P



THE
GAS
€54
GAS
C5A

THE

CALCULATED SURFACE AVERAGE PARTICLE DIARHETER IS LAGB9E-03 (M)
FLOW INTO REACTION ZONE = L0064 KHROLE/S

OF REACTION IGRE z L4540 M2

FLOW INTO BYPASS ZONE = 0 KHOLE/S

UF BYFASS IONE = ¢ M2

RESULTS FOR THE PLUG FLOYW SECTION

LENGTH TEWPERATURE CONVERDION HF 02 #F COZ
0 85,4055 L3921 LA7Y9 L0381
197 877.4234 L4645 L1449 L0451
L2377 1053.9685 L6124 L1504 L0594
. 3597 1172.8987 L7198 L1401 L0697
L4797 1222.64468 L7456 LA357 L0743
L5997 1221.7314 L7978 L1358 L0742
W397 1249.14490 LBE53 -1332 .076d
1.71%7 1318.8771 L9330 L1267 L0833
3.9%97 1293.0118 L9979 L1374 L0824
6.3997 1275.7422 1.0000 272 L0848
8.7997 1257.6371 1.0000 L1272 L4328

HF NE

LAY00
900
L2P00
L2700
L2700
AER0
LAT00
P00
L2E00
L7 P00
L2P00

gee



Table J.15. Computer results for Test Run CP4
using the direct method to calculate

the solids flowrate,

THE IHLET CONDITIOHS FOR AIR AND UGOUCHAR

FLOURATE OF SO0LIDS = FYISE-02 KG/S Y
TERFERATURE OF SGLIDRS= 285.0 K
COMBUSTIRLE CONTENT LA753

HOISTURE CONTEAT . 0488

IHORGAWIC CONTENT 1760

ot n

HAIN AIR FLOWRATE
TEWFERATURE OF AIR
ALk FOR VIEW FORT
#IRk FOR WIEW FORT 2
#1K FOR VIEW PORT 3+4

LHB05E-02 KROLE/S
302.4 K

L2777E-03 KHOLE/S
L2P7FE-03 KMOLE/S
L55953E-03 KHOLE/ZS

oonouou

THE INLET 5IZE DISTRIBUTION FOR THE SOLIDS FEER

fHEni DIAHETER (M) L2750E-04  J5400E-04  L9400E-04 L 1HBOE-OG
SFHERTCAL DIAKETER (M)  .1350E-04 .3240E-04 .SH40E-04 .1128E-03
WEIGHT FRACTIGN L0310 L0650 L0657 L0642

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS5

THE SIZE DISTRIBUTION LEAVING THE IHITIAL WIXIHG ZORE

HEAN DIAHETER (R) LA330E-04 L3240FE-04 LSedGE-04 < H12BE-03
WETGHT FRACTION L0431 L0703 0913 L0890

CATGUE-03
L2250E-03

PROANTH B UN

L1885

AHD0E-03
L4500E-03
L2526

LAGD0E-G3
L4064

COAAE-0
L0547

PR S

0. 0060

LEROE-02 L24A5E-07 0 AN BE-0Y
LFO00E-G3 L1HPPE-02 L24beE02
L2850 L0567 VL)

w

w

K

AOGT 02
D.00049



THE

GAS
Lon
GAS
CSA

THE

CALCULATED SURFACE AVERAGE PARTICLE

FLOW INTO REACTION ZOKE
OF REACTIOMN ZONE

FLOW INTO BYPASS ZONE
OF BYFASS ZONE

U nooon

RESULTS FOR THE FLUG FLOW
LENGTH TEHFER&TURE
0 72,7148
1.2937 774,9358
1.8097 706,677
1.9417 1074.8192
2.1517 1164.8317
2,4557 1216.8278
4.6957 1287.7785
7.0957 1269.4814
9.4957 1251.8267
11.8957 1235.285z2
14,2957 1219.8034

0068 KHOLE/S

L4560 W2

L]

0 H2

SECTION

CONVERSLON

L2401
L2944
4510
L5331
LAY
Lol44
L9987
L9994
L7994
L7594
L9774

DTANETER IS

KHOLE/S

MF 02

. 1889
.1887
L1809
L1659
L1565
L1927
1453
L1453
L1453
1453

L1453

LA2626-03 (M)

W G0z

ROaE
L0213
L0300
L0441
L0535
L0473
L0847
0647
L0647
L0647
L6447

nF N2

LU0

Y

RETN
G
. 5 ‘-.-‘0
Wi D

4]

S¢e



Table J.16. Computer results for Test Run CP4
using the indirect method to calculate
the solids flowratec.

THE KESULTS FOR THE SIMULATED COMEUSTION HODEL TEST RUN CFA

THE INLET CONDITIONS FGR AIR AND WOODCHAR

FLOWRATE OF SOLIDS =  .1012E-01 KB/3
TEWFERATURE OF SCLINS= 283.0 K

COMBUSTIRLE CONTENT = 3732

WOTSTURE CONTENT = 0488

INORGANIC CONTENT = 1740

HAIN AIR FLOWRATE = L6B0GE-02 KHOLE/S
TEMFERATURE OF ALR 302.4 K

AIR FOR VIEW PORT 1 L3276E-03 KHOLE/S
#IK FOR VIEW PORT 2 .3274E-03 KMOLE/S
AIK FUR VIEW FORT 3+4=  .6553E-03 KHOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

HEan DIARETER (M) JI750E-04  LSA00E-04  L7400E-04  L1880E-03  L3VSOE-O3 LPH00E-03
SFHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 LA128E-03 L2250E-03  L4500E-03
WEIGHT FRACTION L0310 L0650 L0657 L0612 L1397 L2726

THE TENFEKATUKE OF THE REACTANTS LEAVING THE INITIAL WIXING I0NE 15 621.3 (K)

LAG00E-02
L9000E-03

L=
2855

L2eE5E-0Y
LAEFE-02

L0567

LA01IE-G2
L2406E-02
L0060

9¢¢e



THE SIZE UISTRIBUTION LEAVING THE INITIAL HIXING ZONE

HEAN LIAMETER (M) LA3B0E-04  L324GE-04 L3640E-04  L112BE-03 L2H50E-03
WETGHT FRACTION 0420 L0881 L0891 L0839

THE CALCULATED SURFACE AVERAGE FARTICLE DIAMETER IS L1297E-03 (M)

GAG FLOW INTO REACTION Z0NE = L0068 KHOLE/S

€54 OF REACTION ZORE z <4560 H2

GAS FLOW INTO BYFASS ZONE = 0 K4GLE/S

EGA OF BYFASS ZONE = 0 N2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSTON it F 02 M F Co2
0 21,5430 L2623 . 1848 L0252
1.1477 723.8780 3880 1744 L0356
1.2877 1177.3176 26180 1533 L0547
1.3877 1251.3473 6914 LY 0634
1.5077 1258.5793 L7374 1454 0446
1.6277 1291.4747 2729 1423 0877
t.7477 1319.5002 8035 1396 L0704
2.4137 1407.64M .8988 L4312 L0768
4.5357 1395.03148 L9965 1297 L0803
6.9357 1372.8703 L7994 1295 080G
9.3357 134%.4654 9794 1295 L0803

L1839

L4500E-03

MF N2

L7900
L7900
L2900
«F900
7900
« 7 R00
L7900
7900
L2700
LSF00
900

3964

LOA0SE-03

A 145

AUFGE-2
2.0600

Lee

< H0BE-02

0.4004



Table J.17. Computer results for Test Run C9
using the direct method to calculate

the solids flowrate

THE KESULTS FOK THE SINULATED CONBUSTION MODEL TEST RUN C9
THE INLET CONBITIUGNS FOR AIR ANDY UOOLCHAR

FLOURATE OF SOLIDBS = LIBISE-02 KRGS -
TENFERATURE OF SOLINS= 285.0 K

"

CONBUSTIBLE CONTERT = L7143
HOISTURE CONTENT = 0477
INGRGANIC UONTENT = .23830

#AIN ATR FLOWRATE = EPOE-02 KHOLE/ZS
TEHFERATURE OF AIK 302.4 K

AIK FOK VIEW FORT 1 LIBITE-OF KWGLESS
AIR PR VIEW FORT 2 L3H19E-03 KHOLE/S
AR FOGR VIEW FORT 3+4: L7038E-03 RHOLE/S

THE I#LET SIZE DISTRIBUTION FOR THE LOLIDG FEERD

REAN TIARETER (H) L2250E-04  L5400E-04 LP4001-04  L18B0E-G3
SPHERICAL DIANETER <) L1330E-04  .32400-04 .GLA40E-04  L1128E-03
VEIGHT FRACTION L0237 L0432 L0424 L0428

THE TERFERATURE OF THE REACTANTS LEAVING THE INITIAL HIXING ZOWE IS

THe SIZE DISTRIBUTION LEAVING THE I#iTIAL oIXING ZOHE

HEHH DLARETER (W) A350E-04 L3240E-04 COAA0E-04 LI12BE-03
WETGHT FRACTION .(383 L0699 L0688 L0692

AUD0E-03 L1H00E-0T L DASTE-G2 L4005 3E-02

CA500E-03 L 9000E-03 ";N.J -0
1553

L2220 L2554

WALOUE-03 LAHIIE-D
L3u9d

RS T O]




[ oy ]

o
e TAg iy R 22
I IS s 5

[ani
e

THE

CALCULATED SURFACE AVERAGE PARTICLE DIAHETER IS

FLOW INTO REACTION ZONE
BF REACTION ZONE

FLUW IHTO BYFASS ZONE
UF BYFASS ZONE

3

14

RESULTS FOR THE FLUG FLOW

LENGTH

-

.
[=n I = S ¥

2 L fel —e e
.

[Z5 A )
a

.01
LA
L8177

4.6177

s B
VIS -

[ R ) G ]
PRI AR e N
RS TN BN |

2
s

"~
"

".';7'1‘

st

TENPERATURE

1140.7700
1223.4921
1204,6339
1204.0231
1191.,2089

1167.9303

L0067 KHULE/D
L4560 #2

SECTION

0 KHOLE/S
O #2

CONVERSTON

»3d18
L4193
L4957
L6374
L7675
L8529
LrE43
L0000
L0000
L0000
L5009

LAG12E-03 (#)

i F Oz MF CG2 i F N2
767 L0333 LA500
L7354 L0364 L7900
L1Em L0409 W00
L1573 L0527 LAENG
L1467 L0533 LA 900
1394 L0704 AP0
L1140 L0699 P00
L1390 L0710 2700
L1350 D710 L FE0N
L3590 LOFTG Wi PO

1354 L0710 P00

z



Table J.18.

Computer results for Test Run C9

using the indirect method to calcu-
late the solids flowrate.

THE RCSULTS FOR THE SIMULATED CONBUSTION HODEL TEST RUN C9

THE INLET CORDITIONS FOR AIR AND WOOUCHAR

FLOVKATE OF SOLIES = LA124E-01 KE/S
TEHPERATURE OF SOLIDS= 285.0 K
COABUSTIBLE CONTENT = .7143

HOTETURE CONTENT = .0477
THORGANIC CONTERT = ,2380

HATN AIR FLOWRATE = <O701E-02 KHOLE/S

TEMFERATURE BF AIR = 302.4 K
AIR FOR VIEW PORT 1 = L3B19E-03 KHOLE/S
AIR FOR VIEW FORT 2 = -3819E-03 KMOLE/S

AIR FOR VIEW FORT 3+4 L43BE-03 KHOLE/Y

THE INLET SIZE BISTRIBUTION FOR THE S0LIDS FEED

HEAN DIAMETER {(H) L2250E-04 0 LH400E-04 L9400E-04  L1080E-03
SFHERICAL DIAMETER {f) .1350E-04 ,3240E-04 .5640E-04 .1128E-03
WEIGHT FRACTION L0237 L0432 L0424 .0428

THE TEMFERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZORE IS

THE STZE DISTRIBUTION LEAVING THE INITIAL HIXING ZOHE

MEAN DIANETER (M)
WEIGHT FRACTIOH

L1350E-04
L0373

L3240E-04
0479

9640E-D4
0644

AV2BE-03
04673

3750E-03  L7H00E-03  LAS00E-02 L7EA5E-02  L4013E-07
22506-03  LAS00E-03  L9000E-03  LI599E-02 L G308E-47
84 2229 L 255 L1953 L0564
753.4 (K) S
j»]
L2250E-03 L4S00E-03  L6854E-03 L ABY9E-07 L Da0RE-H

1851 L3489 0.0000 0.0000



THE CALCULATED SURFACE AVERAGE PAKTICLE DIAMETER IS A562E-03 (M)

GAS FLOW INTD REACTION ZONE
CSA OF REARCTION ZONE
GAS FLOW INTO BYFASS ZONE

.0067 KHOLE/S
L4560 12
0 KMOLE/S

[ I T T B 1]

LSh UF BYFASS ZONE 0 M2
L )
THE KESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMFERATURE CONVERSION MF 02 BF Co2 iWE N2
0 53,3789 3438 L7237 0363 L7700
L2275 848.0062 .4224 1678 L0422 L7700
L3833 1013.7718 L0967 1544 055 L7700
L9395 1145.7674 L7065 1433 0667 990
L9035 1233.3502 7925 1352 L0748 200
1.433% 1334.8702 .8933 1256 L0844 .7 700
3.5235 1281.3885 L9923 1293 . 0807 700
9.9235 1279.7859 1.0000 1287 L0813 900
8.3235 1254.2082 - 10000 L1287 L0813 =900
16.723% 1238.6038 1.0000 L1287 0813 .7 FH)
13.1235 1223.921 1.0000 L1287 L0813 w700

17t



Table J.19. Computer results for Test Ruan Clo
using the direct method to calculate

the solids flowrate.

THE RESULTS FOR THE SIMULATED COMBUSTION KODEL TEST RUN ©10
THE INLET CONBITIONS FOR ALK AND WOODCHAR

FLOWRATE GF SGLIES = SYIGE-02 RE/S

TEAFERATURE OF SO0LIDS= 2685.0 K
CORWBUSTIBLE CORTENT =  .7573
HOISTURE CORTENT = L0477
INORGARIC COWTENT = 1950

Hald ATR FLOWRATE = .083
TENFERATURE OF AIR = 305.
AIR FOR VIEW FORT 1 = LIOPE-03 HADLE/S
3071E-03 KHOLEZS
6142E-03 KHOLESS

AR FOUR VIEW FORT 2 = .
ALK FOR VIEW FORT 3+4=

THE THLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

HEAN DIAMETER () L2250E-04 JGA00E-04 L DT400E-04 FBYOE-D3
SIPFHERICAL DIAHETER (M) .1350E-04 .3240E-04 .5640E-04 .1128BE-03
UETGHT FRALTION L0527 L0578 L5629 L0539

THE TEMPERATURE OF THE REACTANRTS LEAVING THE INITIAL MIXING ZONE 1S

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZOHE

HEAN DIAHETER (i) L13G0E-04 3240E-04 CTAAGE-14 A13GE-073
NELGHT FRACTIOw L0504 .0333 0964 L0824

L3750E-03
L2259E-03

L1233

00,1 (1)

CAAGGESG3

L1070

w7 O00OE-D3
L4500E-03
L2510

CAWOOE-03
. 3648

SMAGOOE-02  LTA8NE-02  Laniak-u

LPOQ0E-GF  1E99E-02 L Ua0RE- O

L2954 iy S

%%

w3y aE 03 SV CA30eE-0Y
L1063 D] o 600G




THE CALCULATED SURFACE AVERAGE FARTICLE DIAHETER IS SA210E-03 (1)

GAS FLOW THTO REACTION ZONE
C54 OF REACTION ZONE
Gr5 FLOW IATOD BYPASS ZOHE

L0058 KMOLE/S
L4560 M2
0 KAlLE/S

Hononou

{SA OF BYFASS Z0NE 0 #2
THE RESULTS FOR THE FLUG FLOW SECTION
LENGTH TEMFERATURE CONVERSTION A F a2 iMF (02 HF 2
9 aB0. 1367 3477 L1802 L0258
L2587 744.4387 L3538 L7768 L0304
L9327 792.3981 .3631 .1783 L0317
.7 847 905.3168 L4849 L1705 L0355
L9107 1113.8327 L4738 1530 L0570
1.1327 1226.8244 LB137 L1437 L0883
1.6427 1279.0167 L9174 . 1384 L0712
3.7627 1255.48%9 1.0000 L1391 L7009
bo1627 1237.3460 1.6000 L1391 SL0209
3.5627 224,0443 PG00 L1391 709
10.9827 1209.7143 1.0009 371 L0707

ere



Table J.20. Computer results for Tsest Run Cl0
using the indirect method to calculate
the solids flowrate,

THE RESULTS FOR THE SIMULATED COMEUSTION MOREL TEST RUN C1U
THE THLET CONDITIONS FOR AIR AHD WOODLCHAR

FLOWKATE OF SOLIDS = A012E-01 KBS
TEAFERATURE OF BOLILS= 285.0 K
COMBUSTIELE CORTERT = 7573

HOTSTURE CTONTERT = L0477
THORGANIC CONTENT = 17930

HAIN ALIR rLOWRATE = LH835E-02 RHOLE/S
TERFERATURE OF AIK 3059.2 K

AlR FOR VIEW FORT SOZ1E-08 KNOLE/S
ALK FOR VIEW FORT 2 L3071E-03 KHOLE/S
AIR FOR VIEW FOKT 3+4= LO1A2E-03 BADLE/S

i

[ I O )

THE INLET SIZE DISTRIBUTION FOR THE SCLIDS FEED

frEAn DIARETER (H) L2250E-04 0 L5400E-04 0 J9400E-04  13G0E-D3 L3FEGE-0D3 LTE00E-DF L IS00E-02
SPHERICAL LIAMETER (M) .1350E-04 .3Z40E-04 .5640E-04 .1128E-03 .2230E-¢3  .4300E-03 .9000E-03
UETIGHT FRACTTON L0329 L0576 L062Y L0539 1233 L2510 BT

THE TEAFERATURE OF THE REACTANTS LEAVING THE INITIAL NIXING ZOHE IS 748.0 (B

W
12N
12N

THE S1Z0 DISTRIBUTIGN LEAVING THE INITIAL NIXING ZOKE

HEAN DIARMETER (H) LA350E-04 L3240E-04 L G640E-04 SHI2BE-D3 L 2DNE-US LATDOE-03 COYREE-0] BRRSLAY T
UETIGHT FRACTION .0433 L0355 L0534 L0600 L1830 L3725 1368 f, 40 GO




THE

GAS
{54
GAS

C5A

THE

CALLULATED SURFACE AVERAGE FARTICLE DIAMETER IS
FLOW INTO REACTION ZONE
JF RERCTION ZOKE

FLOU IRTO BYPASS ZONE

L0058 KHGLE/S
L4580 H2
0 KHOLE/S

o

H nu

DF BYFASS Z0WE 0 n?
RESULTS FOR THE FLUG FLOW SECTION
LEHGTH TEMFERATURE CONVERSTON
0 748. 4951 3243
L3397 897.4319 A2
L4597 1215.07%7 L0605
L9757 1255.8934 LF320
L6977 1303.7429 LA2E7
L5197 1339.5791 LBOYS
L7352 1365.3794 .B3862
1.3477 1434,0823 L8787
3.2757 1330.3303 970
3.6757 1357.4464 10099
8.0757 1334.8477 1.0060

tF o062

L1743
L1038
L1327
.133%
L1293
L1258
L1228
L1145
.1158
L1194
L1178

CH2E6E-03 ()

WF Co?
L0357
L0447
L0723
L0741
LOBO7
L0847
L0872
L0735
L0902
L0904
L0904

#F N2

L7900
L7900
L7900
L7909
7500
L7900
L7900
7900
L2500
L7900

LH00

Sve



Table J. 21, Computer results for Test Run 3 using the
direct method to calulate the solids flowrate
and a terminal velocity 1.2 times greater than
the original correlation by Becker (20).

THE RESULTS FOR THE STHULATEL COMRUSTION MODEL TEST RUN F3
THE IKLET CONDITIONS FOR AIR AND WOOLCHAR

FLOURATE OF SOLIBS =  L6033E~02 KG6/5
TEMFERATURE OF EOLIDS= 285.0 K

CORBUSTIKLE CONTERT = .8233

HOISTURE CONTENT = L0507 R
INGRBANIE CONTENT = .1240 Ty Ve
NAIN AIR FLOWRATE = SATNME-02 KNMOLE/S

TEMFERATURE OF AIR 299.6 K

ALK FOR VIEW FORT 1
AIE FOR VIEW FORT 2
AlR FOR VIEW PORT 3+4

LA217E-03 KMOLE/S
L2217E-03 KHOLE/S
A434E-03 KHOLE/S

oo g

THE INLET SIZE DISTRIBUTION FCGR THE SOLIDS FEED

HEAH DIAHETER (M) L2250E-04  L5400E~04  L9400E-04  L1BBOE-03  L37H0E-03
SFHERICAL DIAHETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 _2250E-03
WEIGHT FRACTION L0210 L0410 0347 041 L1272

THE TEWTFERATUREE OF THE REACTANTS LEAVING THE INITIAL HIXING ZONE 15 805.1 (K)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZOHE

HEAN DIAHETER (i) L 1350E-04 L3240E-C4 LO6A0E-04  J1I28E-03 0 L2250E
WEIGHT FRACTION L0400 .0781 0699 L0783 .2

AON0E-D3
LAS00E-03

L2942

LA036E-03
L4714

AG00E-02
.9000E-03
L3410

LF000E -03
0.G000

ZHALE-OT LAU13E-02

JSPTE02
0.00GH0

AOPFE-0T LT05E-02

14 S ]
LG VN

9% e

LEA0GE-QD
. 0000



THE

Gas
£5a
hAS
C5A

THE

CALCULATED SURFACE AVERAGE PARTICLE HIAHETER 15 A317E-03 (M)

FLOW INTOD REACTIDN ZONE »0049 KNOLE/S

OF REACTION ZONE = L4560 H2
FLOW INTO BYFASS ZDNE = 0 KMDLE/S
OF BTFASS ZONE = 0 2

KESULTS FOR THE PLUG FLOW SECTION

LENGTH TERPERATURE CONVERSTON W F 02 HF co2
0 805.1367 . 4791 L1675 L0405

A1G7 1025.1578 L6768 L1523 L0577
L2877 1204.,8254 .8348 L3 2072
«9277 1243.3%19 9376 1335 L0745
2.2877 1257.9545 1.0G00 .1318 L0782
4.6877 1178.4725 1.0000 L1379 L0720
7.0877 1166.7261 1.0000 1379 L0721
9.4877 1155.72510 1.0000 21379 L0721
11.8877 11454970 1.0000 L1379 L0721
14,2827 1135.9170 1.0000 L1379 L9721
16,6877 1126.59670 1.0000 379 072

#F N2

P00
L7900
7200
LAE00
JF900
L7900
L7900
L7700
00
L7900
7200

L¥e



Table J. 22,

Computer results for Test Run P3 using the

indirect method to calculate the solids flowrate
and a terminal velocity 0.8 times greater than
the original correlation by Becker (20).

THE KESULTS FOR THE SIMULATED COMBUSTION MOREL TEST RUN F3

THE INLET CONDITIONS FOR AIR AND UOODCHAR

FLOWRATE OF SOLIDS =
TEAPERATURE OF SOL1IG=
COHBUSTIBLE CONTENT =
HOISTURE CORTERT
THGRGANIC CORTENT

it

HATH ALIR FLOURATE

TEXFERATURE OF AIR
AIK FOR VIEY FORT 1§
41K FOR VIEW FORET 2
4In FOR VIEM PORT 3+4=

i

24E-02 KG6/5

LA71E~02
299.4 K
2N7E-03
.2217E 03
LA435E-03

KHOLE/S

KROLE/S
KHMOLE /S
RROLE/S

THE IHLET SIZE DISTRIBUTIGN FOR THE SOLIDS FEED

HEAN DIAHETER (M)
SFRERICAL DIAMETER (M)
WeIGAT FRACTION

THE TEWFERATURE OF THE

L2250E-04  L54ME-04  (F400E-04 L 1880E-03 \""WE -03  L7500E-
LA350E-04 L3240E-04  L5640E-04  L1128E-03  L2200E-03 L 4500E-
L0210 L0410 L0357 L0411 L1272 L2942

FEACTANTS LEAVING THE INITIAL MIXING ZONE 1S 701.5 (K}

THE SIZE DISTRIGUTION LEAVING THE INITIAL HIXING ZONE

HEAH DIITAHETER (M)
UEIGHT FRACTION

LH3G0E-04

3240E-04 ]

LOuED

640E-04
L0519

L2EE-03 7 L205
. 0481

0E-03

L0297 L1890

o
(O]

03

LATD0E-D3
4182

PSO0E-07 CE-42 0 LA0TRE-02
LPO0GE-Q3 LIEYYE -G L a0dE 02
L3410 LG9 L7

w
=
[0¢]
HA40E - A IEFE-NT SAORE-D2
.7 uw ) Gauiio



THE CALCULATEL SURFACE AVERAGE FARTICLE DIAMETER 15 LA763E-03 (M)

GAS FLOW INTO REACTION ZOWE L0049 KHOLE/S

C5A UF HEACTION ZONE = L4560 H2
GAS FLOW INTD BYFASS ZONE = 0 KdOLE/S
CSh OF BYP4SS ZORE = O K2

THE RESULTS FOR THE FLUG FLOW SECTION

LENGTH TEMFERATURE CONVERSION W F 02 W F CO2 HEF N2
0 7016211 2932 178 0319 L7900
L3397 §25.4709 . 3404 1730 L0370 7900
L4597 1005.3745 L4707 . 1548 . L0512 SF00
L0797 1178.3343 L0368 1437 L0663 <1900
6797 1291.7449 L7017 L1370 L0730 900
8197 1304.6602 A7 L1320 0780 LEGD
L9397 1346.8819% 7870 L1279 L0821 Rl
1.0597 1360.2674 L8210 1244 L0854 S ALY
i.0757 1445.9255 8954 1207 L0893 iy
3.4957 1416.8471 L7954 1184 L0914 <7500
5.8957 1395.3349 1.4000 L1180 L0920 W7 900

347



Table J.23. Computer results for Test Run P3 using the
indirect method to calculate the solids flowrate
and a terminal velocity 1.2 times greater than
the original correlation by Becker (20).

. g ! ‘r7 [ }:\IH:,
THE REGULTS FOR THE SIHULATED COHLUSTION MODEL TEST KUN #3 T I e \
THE IMLET COWBITIONS FOR AIR AHD WORDCHAR
FLOURATE OF SGLIBS = S724E-02 KB/S
TENPERATURE OF S0LID5= 285.0 K
CONBUSTIBLE CONTERT = .8233
HOISTURE COWTENT = L0507
IHORGARIC CONTENT = .1240
HAIN ALIR FLOWRATE = LABTIE-02 KROLE/S
TEHPERATURE GF AIR = 299.6 K
AIR FOR VIEW PORT 1 = L22MTE-03 KNOLE/S
AIR FUR VIEW FORT 2 = L2217E-03 KDBLE/S
HIR FOR VIEW PORT 3+4= «4435E-03 KHOLE/ D
THE IRLET SIZE BISTRIBUTION FOR THE SCLIDS FEED
HEAN DIAHETER (M) L2250E-04  .5400E-04  .9400E-04 .1EBDE-03  .3730E--03  L7S00E-03  L1500E-02 Lel-02 0 L4901 300
SFRERICAL DUAMETER (M) .1350E-04 .3240E-04 L5840FE-04 .112BE-03 .2250E-03 .4500F-03 .900GE-03 - U L TGdE 02
WEIGHT FRACTION L0210 L0419 L0347 L0411 L1272 L2942 <3410

L0057
THE TEMFERATURE OF THE REACTANTS LEAVING THE TRITIAL MIXING ZOWE IS B838.3 (K)

THE STZE DISTRIEUTION LEAVING THE INITIAL HIXING ZONE

AEAd DIANETER (M) L1350E-04 .3240E-04 LO640E-04  L112BE-03 C22GOE-03 SA427E-03 L 9000E~03 AREFE-0T W DAGRL 0T
WEIGHT FRACTION L0350 L0483 0412 L0685 L2129 L5550 0.0000 U GO0 IRV




TiE CALCULATED SURFACE AVERABE FARTICLE BIAMETER IS «1495E-03 (H)

GAS FLOW INTO REACTION ZONE L0049 KHULE/S

CSA GF KREACTION ZORE = L4560 M2
GAS FLOW INTD EYFASS ZONE = G KHOLE/S
CSA OF BYPASS ZONE = 0 2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMFPERATURE CONVERSION HF D2 W F CO2 i F N2

] 838.3394 4001 156635 L0435 AR00
197 1225.8333 .6918 1347 753 L2760
L2397 1325.1747 S7E5 1255 .0845 900
L3597 1383.0480 .8230 199 L0901 00
L4797 1426.1518 L8674 1154 L0944 L7900
0997 1415.9032 .8984 L1165 0935 W00

1.0477 1477.4418 7065 105 0995 7900
3.2877 13781117 1.0000 1180 L0920 LAF00
G.08727 1353.4349 1.0000 L1180 L0920 L0
8.0847 1336.3389 1.0000 1184 L0920 .7 9050
10.4877 1308.7301 1.0000 1180 L0920 7900

1a¢



Table J. 24.

Computer results for Test Run P4 using the
direct method to calculate the solids flowrate
and a terminal velocity 2.0 times greater than
the original correlation by Becker (20).

THE RESULTS FOR THE SINULATED COMBUSTION HMODEL TEST RUM F4

THE THLET CONRITIONS FOR AIR AND WOGUCHAR

FLOURATE OF SOLIGS =
TEHFERATURE OF 50LIGS=

AIIGE-02 KRG/S

285.0 K

CONBUSTIBHLE CONTENT L3233

AOTSTURE CONTERNT L0507

INGRGANIC CONTERT = .27 .

Vv LU

HAIN AIR FLOWRATE = LA400E-02 KHOLE/S

TENFERATURE OF AIR = 305.2 K

AIR FOR YIEW FORT ¥ = ,1B3FE-03 KHOLE/S

AIR FOR VIEW FORT 2 = LYGI7E-03 BHOLE/S

HIR FOR VIEW PORT 3+4= L3675E-03 KHOLE/S

THE IHLEY SIZE DISTRIBUTION FOR THE SOLIDS FEED

HEAN DIAHETER (M) LI2S0E-04  LS400E-04  L9400E-04 L1BBOE-03  L37TOE-03  LPSO0E-03  LADO0E-0 L 2AGGE-0Y  L4013F-0d

SFHERTCAL LIAMETER (M) .13S0E-04  .3240E-04 .95440E-04 .112BE-03 L2230E-03 .4%00E-03 .F0006E-03  15¥9E-03  Lo308F-02

UWETGHT FREACTION L0200 L0400 L0364 L0333 RN L1930 L3573 L1830 BRVENES

THE TEAFERATURE OF THE REACTANTS LEAVING THE INITIAL WIXIANG ZONE IS 844.2 0O w
wm
o~

THE S1ZE BISTRIBUTION LEAVING THE INITIAL NIXING ZONE

HEAN DIARETER (i)
WEIGHT FRACTION

L1350E-04
L0405

L3240E-04
L1209

LO84DE -04
L1100

A2BE-03 0 L2250E-03
L1097 L3056

AuyFE-O

0.0000

L2408E-02

~G3 LGN 03
2 G000

§.0000



THE

GAS
C5h
LAS
L84

THE

CALCULATED SURFACE AVERAGE PARTICLE DIAMETER 15

FLOU INTO REACTION ZOME
UF REACTION ZONE

FLOW INTO BYPASS ZONE
OF BYFASS ZONE

6o on

[}]

RESULTS FOR THE PLUG FLOU

LERGTH TEHFERATURE
0 844.1523
1357 §23.0472
L2877 1011.2841
L4157 1073.9207
1.13837 1096.227
1.9837 1077.83064
2.7917 1043.8310
3.5517 1042.7778
4.3517 1041.74%9
1517 1040.7468
3.%517 1039.72677

L0074 KHOLE/S
L4560 N2
0 KHOLE/S
0 #2

SECTION

CONVERSION

L6497
L7587
LBam
L9505
1.0000
1.0000
1.0060
1.0060
1.0000
1.0069
1.0000

nF Dz

1642
L1503
L1532
L1478
BELE
L1477
L1505
1505
L1505
LAE05
L5035

HF CO2

L0473
049
058
062
L0563
062
059
.059
L0GY
L059

oo
059

LITASE-09 (M)

8
?
8

1

<
9

3

(=4
]
e
vt
r

J
[~y

)
L=

T

i F N2

7900
7900
P00
2200
LAT00
A 7700
L7900
L7990
900
£2900
ALY

¢a¢c



Table J.25. Computer results for Test Run Pl using the
direct method to calculate the solids flowrate
and a terminal velocity 1,5 times greater than
the original correlation by Becker (20).

THE KESULTS FORK THE SIMULATLED CORKUSTION HUBEL TEST RUN PI

THE IHLET LONDITIONS FOR AIR AND WOOUCHAR Tttt

FLOMEATE GF S0LIBS =

COMBUSTIRLE CORTERT

TEHFERATURE OF 50L1DS=

AOT1STHRE CORTENT
THUKGARNLID CONTERT

3]

HAIN AIR FLOMRATE
TENPERATURE OF AIR
ALK FOR VIEW FUKT |
AIR FOR VIEW FORT Z
ATR FOK VIEW PORT 3+4

n

n

(ST1SE-027 KG/S
185,91

i iy

PR s.’

.‘JJU!
L2120

SADF3E-GE RHOLE/S
313.8 K

IS3E-0F KHOLE/S
L1538E-03 RHOLE/S
L3076E-03 RHOLESS

THE IHLEY SIzE DISTRIBUTION FOR THE SOLIDG FEED

HEAN LIANETER (#)

29
SFHERICAL TDIANETER (W) .13
L0z

WELGRT FRACTLION

SOE-04  L5400E-04  L9400E-04  L1HBOE-03  LEPE0E-0T LVRADE-GE 0 J1RO0E-02
S0E-04  L3240E-04 L5A40E-04  LVI2BE-95 L2200E-03 0 L4000E-03 0 LYOGOE-03
39 L0450 L0432 PRNTY] L10ES LA7Y7 L3532

THE TEWFERATURE OF THE REACTANTS LEAVING THE INITIAL oIXInG ZOHE IS5 863.7 (X)

THE SIZE DISTRIEGTION LEAVIRG THE INITIAL HIXING ZONE

HEAN TIAHETER (i)
WEIGHT FRACTION

A 350E-04 L3240E-04 LIE40E-04 LA128E-03 L2250E-00 SEPSIE-DE LRODNE-03
L0052 L1053 L1015 L1335 L3394 2455 U.Luod

-3 A
w i

A0 TEE 2
R S HT Y
L0t

tae

IR )("’ )




THE
GAS
LGh
GAG
5k

THE

CALCULATER SURFACE AVERAGE PARTICLE DIARETER IS

FLOW INTO REACTIOM ZOWE
OF REACTION ZONE

FLOW IHTO EYFASS ZONE
OF EYFa55 ZONE

[T

RESULTS FOR THE FLUG FLUW

LENGTH TEHPERATURE

0 d463.7305
L0637 1063.3305
L1797 1187.0517
. 3357 1241.5899

1.0077 1235.3122
1.7757 1200, 3“39
2.58757 1142,%702
3.33%7 1139.8472
4.13597 1135.6459
4.9397 1133.3255
3.7397 1130.4723

L0040 KHOLE/S

L4560 W2

SECTION

CONVERSION

1
1
1
1
|
1
1

0 KMOLE/S

0 H2

744
|
AR
L7974
0000
L0000
L0009
L0000
L0000
L0000
0000

iF 02

L1452
L1495
L1399
L1341
L1349
L1374
L1424
i 424
L1424
L1424
1479

LIAOTE-G4 i)

F Ch2

L0444
L0605
L0710
L0755
U9
0""}
L0678
L0876
L0674
L0676
L0076

MF NZ

L7700
L7900
L7500
L2900
700
F00
P00
W7 RG0
L0
WAEOD
WP O00



Table J.26. Computer results for Test Run P2 using the
direct method to calculate the solids flowrate
and a terminal velocity 1.5 times greater than
the original correlation by Becker (20).

VHE RESLLYS FOR THE SIRULATED COMBUSTION MODEL TEST RUN P2

THE INLET CONDITIONS FOK AIR ARD WOODCHaR

T
(LUVRATE OF SOLIBS = LAB07E-02 KB/5
TEWFERATURE UF S0LIRS= 285.0 K
COARUSTIRLE COHTENT = 7093
MOISTURE CURTENT = .0E0Y
INORGANIC CONTVERT = 2400
fAIH AIF FLOWRATE = LO077E-G2 RHOLE/S
TERPERATURE OF AIR = 305.2 K
ALR FORK VIEW FORT 1 = LAETBE-03 RHOLE/S
ALk FOR VIEW PORT 2 = LIA25E-03 EMOLESS
AIR FGR VIEW FORT 3+4= LJ250E-03 KHOLE/S
THE IHLET SIZE DISTRIBUTION FOR THE S0LILS FEED
HEAN TIARETER () LZ250E-04 L5A00E-04  L9400E-04 c L1880E-03
SPHERICAL OIAHETER (M) .1350E-04  .3240E-04 ,5640E-04 .1128E-03%

UEIGHT FRACTION L0215 L0403 L0420 L0476

THE TEHFERATURE OF THE REACTSNTS LEAVING THE IHTTIAL MIXIMG ZOHE IS

THE SI7E BISTRIBUTION LEAVIHG THE INITIAL HIXING ZONE

nEAN GIABETER (i) L1AO0E-04 L3240E-04 L S040E-04 < HHEBE-03
UEIGHT FRALTION L0507 L0947 L0999 LN

L3IG0E-03
C2250E-03
L1254

R
PRSI AR N

294

LA DONE-03
LA500E-03
L2370

LODARE-O3
.3478

LS008~
LFOR0E-DT

L7

SR

L 00

S

w
1
(o




THE

GAS
£54
GAS
ChA

CALCULATEL SURFACUE AVERAGE PARTICLE DIAMETER IS

FLUW INTD REACTION ZONE
0F REACTION ZORE

FLOW INTD BYFASS ZOHE
OF BYPRSS Z0OWE

woouon

3]

ReSULTS FuUR THE FLUG FLOW
LENGTH TEMFERATURE
O dad.7070
L0337 1021.9314
757 1148.2322
L3317 1209.9549
LFER7 1208.9342
T2 1137.2318
2.3437 1153.7725
3.1437 1064.6589
3.7437 106%.2893
4.7437 1063.9477
5.5437 1062.6333

L0031 KHOLE/S
L4550 H2

SECTION

0 EMOLESS
0 W2

COMVERSTON

— —— . o e

L9758
7332
LBH71
L7368
L7958
L0000
L0000
000
L0000
L0000
L0000

i F

L1644
L1519
L1413

L1357

L1363
L1408
L1406
.1483
L1483
. 1483
1483

02

1048E-03 {H)

Mr Cod

L0454
L0581
L0687
L0743
L0757
L0494
L0474
L0817
L0617
L0017
L0817

i F w2

L7500
LU0
LER00
LA900
SI00
L7900
LAR0Y
Wi 2040
L2900
L7900

VY

LS



Table J. 27, Computer results for Test Run P3 using the
direct method to calculate the solids flowrate
and a terminal velocity 1,5 times greater than

the original correlation by Becker (20).

THE RESULTS FOR THE STMULATED COMBUSTIORN HODEL TEST RUN B3

THE INLET CONDITIONS FOR AIR AND WOODDCHAK

FLOWRATE OF SoLInS =
TEWFERATURE OF SOLIDS=
COHFUSTIBLE CUNTEWT =
HOISTURE CONTENT
INORGANIC COMTENT

it u

n

HAIN AIR FLODWRATE

TEAPERATURE OF AIR
AIR FOR VIEW FORT 1
AIK FOR VIEW FORT 2
AIR FOR VIEW FORT 3+4=

Houn o

JHE IRLET SIZE DISTRIBUTION FOR THE S0L1DS

HEAN DIAHETER (M)
SFHERICAL DIAWETER (#)
WEIGHT FRACTION

THE TEHPERATURE OF THE

THE SIZE DISTRIBUTION LEAVING THE INITIAL

HEAN DIAHETER (H)
HEIGHT FRACTION

L055E~-02 KG/S
283.0 K

L8233

L0307

1240

~4871E-02 KHOLE/S
299.6 K

LA217E-03 KHMOLE/S
L2217E-03 KHOLE/S
<4434E-03 KHOLE/S

FEER
2250E-04  .TA00E-04  .9400E-04 L 1880E-03 .3750E-03 . 7S00E-03 SADODE-02 [ 2AS5E-0D 401 3E-00
ISbOE -04 L3240E-04  .S5440E-04  1128E-03  .2250E-03 .4500E-03 SF000E-03  LIGYRE-DD L 2400E-02
L0210 L0410 L0347 L0411 12722 L2942 L3410 0P L0057
REACTANTS LERVING THE INITIAL HIXING ZONE IS 888.1 (K) w
g(}
HIXING ZONE
L1350E-04 L3240E-04 LS640E-04 A 12BE-03 2256E-D3 LIHGAE-03 CFODOE-03 ARE9E -2
D474 929 L0832 L0931 L2042 L3950 6.0000 O U0

g,

w24 0GE-02
2600



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS LTH4E-03 (W)

GAS FLOW INTO REACTION ZOHE
€5a OF KEACTION ZONE

.004% KHOLE/S
-4560 N2

GAS FLOW INTO BYPASS Z0RE = 0 KnOLE/S
C5a OF BYFAGS ZONE s 0 n2
THE RESULTS FOR THE PLUG FLOW SECTION
LENGTH TEMPERATURE CONVERSTON HF G2 ¥ F CO2 HF N2
0 838.1443 -aG87 1624 0476 L7900
L1257 1181.3423 .9338 .1338% 0711 7700
37 1288.0318 L9422 L1294 .0d04 LS00
1.7817 1261.3730 1.0000 1318 L078Y 900
4.0157 1181.2973 1.0000 3797 072 L2300
6.4157 11469.4354 1.0000 379 L7 L9900
B.B157 1158.3414 1.0000 1379 072 L7300
11.2157 1147.9673 1.0000 L1379 S0 900
13.6157 1138.2679 1.0000 L1379 07N P00
15.0157 1127.2902 1.0000 L1379 S22 L7700
18.4157 1120.7240 1.0000 1379 L0731 A900

65¢



Table J.28. Computer results for Test Run P4 using the
direct method to calculate the solids flowrate
and a terminal velocity 1.5 times greater than
the original correlation by Becker (20).

THE RESULTS FOR THE SIMULATED COMBUSTION HODEL TEST RUN P4
THE INLET CONDITIONS FOR AIR AND UOODCHAR

FLOWRATE OF SOLIDS = SSIIBE-02 KB/S
TENFERATURE OF S0LIDG= 285.0 K

COHEUSTIELE CONTENT = .7323
MOISTURE CONTERT = L0507 -
INORGANIC CONTENT = .217) V- U

LA400E-02 KROLE/S
303.2 K

LABI7E-03 KHOLE/S
LA837E-03 RMOLE/S
L3675E-03 KHOLE/S

B

HATH AIK FLOWRATE
TEAFERATURE OF AIR
#IR FOR VIEW FBRT |
AIR FOR VIEW FORT 2
ALE FOR VIEW FORT 3+4

[ B TR

THE TulET STZE DISTRIBUTION FuUR THE S0LIBS FEED

E-04 .5400E-04  .9400E-04 .18BDE-03

fAEAN DIAMETER (M) L2239
SFHERICAL DIAMETER (W) .1350£-04 .3240E-04 .5640E-04 _1128E-03
WEIGHT FRACTION L0200 L0409 L0364 L0333

THE TENFERATURE OF THE REACTANTS LEAVING THE INITIAL WIXING ZOHE IS

THE S1ZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

HEAH DIRHETER (i) J430E-04 L3240E-04 < 3S40E-04 L1128E-03
WETGHT FRACTIUN L0446 L0373 L0812 L0743

L37G0E-03
L2250E-03
L1010

29743 {K)

CAIGHE-03
2954

.l

SAOO0E-03
4500803
730

ADEPE-03
.4849

L 9000E-D3

0.0000

AE00E-02 JREABE-G2 L4
LP000E-03  L1GRE-02 2
L3573 L THSD IR

AOYEE-0d

0L GOUD

09¢

L240BE-02

D000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER 15 LA244E-03 (M)

GAS FLOW INTO REACTION ZGOWE .0074 KHOLE/S

CS5A OF REACTION ZOWE = <4560 H2
GAS FLOW INTO BYPASS ZONE = 0 RMOLE/S
C5A OF BYFASS ZOKE = 0 N2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMFERATURE CONVERSION #F Q2 M F Co2 M FE M2
Y 757.2852 aul? L1739 0361 900
L1817 818.3642 .9998 3707 0393 L7900
L3817 882.0592 L6692 L1462 .0438 00
L5697 761.3484 L7840 L1599 L0501 SO0
Sl 1049.1002 L3570 1326 03749 00
1.5017 1104.4794 «98793 L1483 L0417 00
31017 1075.1894 1.0000 L5058 L0595 500
4.7017 1071.56197 1.0000 505 L0595 LA900
6.3017 1068.2191 1.0000 L1508 L0595 LPY00
7.9017 1064.9800 1.0000 L1505 L0595 A200
Y0017 1061.8547 1.0006 505 LE9S L8000

Q



Table J.29. Computer results for Test Run CP1 using the
direct method to calculate the solids flowrate
and a terminal velocity 1.5 times greater than
the original oorrelation by Becker (20).

THE RESULTS FUR THE STIAULATED COMBUSTION HOBEL TEST RUN CFi
THE IWLET CORLITIONS FOR AIR AND WOORCHAR

FLGURATE OF SDLIES = LSIEOE-02 KG/5
TEAFERATURE OF SOLIDG= 2385.90 K

3=
COMBUSTIELE CONTERT = .8122
fOISTURE CORTENT = .0484
INUKGANIC CORTERT = L1390

HATH AIR FLOURATE .3735E-02 KHOLE/S
TERFERATURE OF AIR 313.6 K

AIR FOR VIEW FORT 1 «3318E-03 KHOLE/S
AIR FOR VIEW FORT 2 L331BE~-03 KMOLE/S
AR FOR YIEW FORT 3+4= WHEISE~03 KROLE/S

1§

H o H

THE IHLET 51ZE BISTRIBUTIOR FOR THE S50LIDS FEED

AEAN DIAHETER (i) L2250E-04 LGA00E-04 LFADDE-04 L1BBOE-U3
SFHERICAL DIAAETER (M) L1350E-04  .3240E-04 LUA40E-04  LVI12BE-03
VEIGHT FRACTION L0379 L0569 L0505 L0704

THE TEAFERATURE OF THE REACTAHTS LEAVIHG THE INITIAL HIXING Z0HE IS

THE SiZb BISTRIBUTION LEAVING THE INITIAL HIXING ZONE

REAN BIARETER (i) . TAS0E-04 L3240GE-04 L3640E-04 L1123E-03
UWEIGRT FRALTIOW L0774 <1185 L1237 L1442

896.0 (K)

2 2230E-03
L3338

LSEO0E-03 0 JIBO0E-0Y JEEELE -1
LAS00E-03 0 LR000E-03 Loy

L2755 L2810 N

COIBIYE-GE LPO00F -3 SIRTEE -0
L2040 00900 (TSI

W
[ep)
o




THE CALCULATED SURFACE AVERAGE PARTICLE
GAS FLOW INTO REACTION ZDRE = L0037 KHODLE/S
CSA OF REACTION ZOWE = LAG60 W2
GAS FLOW IAVO BYFASS ZONE = 0 KMOLE/S
CShn OF EYFASS Z0HE = 9 We
THE KESULTS FOR THE PLUG FLOW SECTIGH
LENGTH TERFERATURE COMVERSION
0 a4%95.9579 9112
L0797 1271.3281 L8238
757 1354.2794 L7113
L3317 1420.0684 A-YA
. 8437 1372.34873 1.0000
1.6077 2734045 1.0000
2.4077 12858.9297 1.0000
31717 1160.36482 1.0000
3.9717 1165.1034 1.0000
§.7917 1161.8839% 1.6000
S.0017 11%8.7267 1.6000

HIAHETER I3

HF

L6248
L1335

"o
I VAN

4 -

L1003
L1247
1313
1313
IR
L1415
L1314

1415

02

M F CG2

L0474
L0744
L0845
.0897
- 0851
LOBY
L0787
L0604
L0684
L0624
L0484

€9¢



Table J.30. Computer results for Test Run CP2 using the
direct method to calculate the solids flowrate
and a terminal velocity 1,5 times greater than
the original correlation by Becker (20).

3

THE RESULTS FOR THE SIHULATER COMBUSTION HODEL TEST RUN CF2
THE INLEI CONGITIONS FOR AIR AND WOOLCHAR

FLOURATE OF SOLIDS = LA039E-D2 KG/5
TEXFERATURE OF SOLIDS= 285.0 K

COMBUSTIRLE COHTENT = .5442
HOISTURE CORTERT = .04845 A
THORGAHIC CONTERT = 1079 s

HAIN ALK FLOWEATE

TEWFERATURE OF AIR
AlR FOR VIEW FORT 1
AIR FOR VIEW PORT 2
AIR FOR VIEW FORT 3+4

LS3UIE-0d KHOLE/S
308.0 K

S3IG4E-03 KMOLE/S
L3254E-03 KHOLE/S
L6508E-03 KWOLE/S

i

[T 1}

o

THE IWLET SIZE DISTRIBUTION FOR THE SOLIDS FEED
HEAN TIAHETER (M) E-04  .S400E-04  .7400E-04  L1BH0E-03

2250
SPHERICAL DIAHETER (M)  L1350E-04  L3C40E-04  ,5440E-04 .1123E-03
WEIGHT FRACTION L0371 0442 LU37Y L0541

THE TERFERATURE OF THE REACTANTS LEAVING THE INITIAL WIXING ZONE IS
THE SIZE DISTRIBUTION LEAVING THE IRITIAL WIXING ZOHE

HEAN TIAMETER (H) L1350E-04 SAA0E-G4 LO6A0E-04 AV1ZEHE-03
WEIGHT FRALTION L0562 07 L0328 122

LIFIOE-03 LFUO0E-GE J1E00E-03
L22T0E-03 JABO0E-0F L 7009E-03
L1623 L2580 . 3286

825.5 {K)

L2200E-03 L34Y8E-03 LFUDGE G

IREY L3204 Lunhg

w
o
N




THE CALCULATED SURFACE AVERAGE PAKTICLE DIAMEYER 15 LHO3FE-03 (M)

bAS FLOW INTD REACTION ZOWE
CSA OF REACTION ZONE

GAS FLOUW INTD BYPASS ZOMNE
€54 OF BYFASS ZORE

L0053 KNOLE/S
L4560 HZ
0 KHOLE/S
0 H2

[ B TR | S 1}

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION WF 02 HF CO2 M F N2
¢ 20,4445 .a180 L1695 L4150 900
L0877 544.0449 L6332 L1392 L0508 LFP00
677 1113.1276 L8040 L1454 L0844 PRSI
L2837 1194.6347 L8939 L1383 L0717 700
L4437 1244.5154 L9473 L1340 L0780 L2200
1.0197 1243.7663 < L9993 » 1345 075G .7 500
i.7837 1192.5982 1.0000 1386 ‘ L0714 L7900
25037 1110.0428 1.0000 RERT L0444 £ 70U
3.5837 1107.467%2 1.0000 L1454 L0644 W IP00
4.1837 1105.4052 1.0000 L1454 L0644 L A700
4.,9337 1103.16060 1.0000 L1458 L0044 LAR00

59¢



Table J.31. Computer results for Test Run CP3 using the
direct method to calculate the solids flowrate
and a terminal velocity 1.5 times greater than
the original correlation by Becker (20).

THE RESULTS FOR THE STIMULATED COMRUSTION MODEL TEST RUN CiF3

THE INLLT CONGITIONS FOR AIR AND WGODBCHAR

FLOWRATE OF SOLIDS = L69F5E-02 KG/S
TENFERATURE OF S0LIES= 285.0 H

LOMBUSTIRLE CONTENT = ,38397 SRV
HGISTUKE CONTENT = 04848 '
INDEGANIC CONTENT = 1115

HAIN AIR FLOWRATE = LH432E-02 KMOLE/S

TEMFERATUKE OF AIR = 310.8 K

AIR FOR VIEW FORT | = L A777E-Q3 KMOLE/S

&Ik FOR VIEW FORYT 2 = L2777E-03 KMOLE/S

AIR FOR YIEY FORT J+4= »3533E~-03 KHOLE/S

THE IMLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

HEAN DTAMETER (M) ~22G0E-04  LG400E-04  L9400E-04  ABBOE-U3 LAPDOF-03 LTH0OE-D3 L 15G0E-02
SFHEHICAL DIAMETER (M) L1350E-04 L3240E-04 .5640E-04 .1128E-03 .2250F-03  .4500E-03  .9000E-53 .

WEIGHT FRACTION L0214 0448 204351 L0445 G773 14881 . 3453

THE TEAFERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS §43.2 (K)

THE STZE DISTRIBUTION LEAVING THE INITIAL HIXING ZOKE

HEAN LIARETER (M) L1350E-04 L 3240E-04 ~9H40E-04 A12EE-03 L 2250E-03 »atedE-03
WEIGHT FRACTIUN L0471 1004 L0988 L1029 L2231 A26%5

LF000E-0]
0.9059

EETLARIR
1595807
NI
RETH

07
9,000




THE

GAS
Csa
GAS
£54

THE

CALCULATER SURFACE AVERAGE FARTICLE BIAMETER IS5

FLOW INTD KEACTION ZONE
OF REACTION ZONE

FLOW IRTO EYFASS ZOWE
GF BYFASS ZDNE

Hoon

L0044 KHOLE/S

<4550 W2

0 KHOLE/S

0 H2

KESULTS FOR THE PLUG FLOW SECTION

LENGTH TENFERATURE
0 843.2227
L0877 $58.1788
1677 1074.46768
L2997 1147.3373
6837 1181.3549
1.484%7 1207.9231
2.9517 1171.,7738
3.0157 1110.8313
3.9157 110d.3187
4.6157 1105.84631
54157 1103.4530

COMVERSION

9439
6824
L0086
L8884
9624
L9793
1.0000
1.0600
1.0000
1.0000
1.0000

HEOD

67
L1581
. 1485
L1424
L1398
1371
L1399
L1451
. 1451
1451
L1451

ATHE-03 ()

2 #HFCO2

L0429
L0017
L0610
674
LO702
L0729
L0701
L0645
U049
L0849
L0649

HF N2

L2900
L7090
L7700
LAF00
L7700
P00
LA900
RS
L2900
L2700
L2700

L9t



Table J.32. Computer results for Test Run CP4 using the
direct method to calculate the solids flowrate
and a terminal velocity 1.5 times greater than
the original correlation by Becker (20).

THE RESULTS FOR THE SIMULATED COWBUSTION MOLEL TEST RUN CP3 o
THE INLET CONDITIONS FOR AIR ANI' WOODCHAR
FLOWEATE GF S0LIBS = A9IGE-02 KG/S

TERFERATURE OF S0L1DBS= 2B%.0 K
COMBUSTIBLE CONTENT L7

= a3
MOTSTURE CONTENTY = L0489
THORGANIC CONTENT = 1760

HATH AIR FLOWRATE
TEWFERATURE OF AIR
ALK FOR DIEW PORT 1
AIR FOR VIEW PORT 2
AIR FGR VIEW FORT 3+3

L6BOSE-02 RMOLE/S
302.4 K ’
LI27SE-03 EHOLE/S
L3276E-D3 KHOLE/S
LA053E-03 KHOLE/S

i

i

[T LI 1]

THE IRLET SIZE DISTRIEUTION FOR THE SOLIDS FEED

HEAN DIAMETER (M) 2250E-04  LGA0CE-04 L9400E-04  LIBB0E-03  LAS0E-03 LTS00E-03  LAS00F-00 L DhsLE-07  La0i3n-or
SFHERICAL DIAMETER (M)  .1350E-04 .3240E-04 .5540E-04 L1VZ8E-03  .2250E-03  .4500E-03 .9000E-03 .1599F-07 R 02
VEIGHT FRACTION 0310 L0650 L0857 L0612 L1357 L2924 . 2835 W56V

THE TERFERATURE OF THE REACTANTS LEAVING THE INITIAL HIXING ZOWHE 15 717.7 (i)

THE SIZE DISTRIBUTION LEAVING THE INITIAL HIXING ZOHE

HEAN DIANETER (i) 1350E-04 L3240E-04 44004 SA128E-03 LR20E-03 W34 503 CFO00E-0 4 AUYRE2 I YRRV
WEIGHT FRALCTION L0552 157 L1187 L1089 L2415 L3404 0,0000 0L 0000 {




THE
GAS
C5A
GAS
C54

THE

CALCULATED SURFACE AVERAGE FARTICLE DIAMETER 1S

FLOW INTO REACTION Z0NME
OF REACTION ZGHE

FLOW INTO BYFASS 20RE
GF BYFASS ZONE

wonououn

FESULTS FOR THE FLUG FLOW

LENGTH TEMFERATURE
0 A172.2441
L5317 270.9718
L3117 814.4413
Ab37 884.7585
L5757 957.2477
L6557 1075.5532
LATET 1150.3944
1.0957 1213.589%
1.8837 1210.0042
2.6637 1139.4873
3.4637 1136.3874

L0068 KHOLE/S
LA550 M2
0 KMOLE/S
0 H2

SECTION

CONVERSION

. 4381
L4538
4819
L0446
LBU75
723
.8809
L7911
.5987
L7994
L7994

— .t —
O~ D~ > N Y
[ SR e B S ) B

[N » s

~d

—
wn
e

.1468
ERE.
L1414
L1459
A449

L7731E-04 {H)

NF N2

L7900
L7900
900
L7900
LP00
P00
L7900
L7000
L7950
L7900
L2000

69¢



Table J.33. Computer results for Test Run C9 using the
direct method to calculate the solids flowrate
and a terminal velocity 1.5 times greater than
the original correlation by Becker (20).

THE RESULTS FOR THE SIMULATED COMBUSTION WODEL TEST RUN C9
THE IRLET CONDITIONS FOR AIR AND WODLCHAR

FLOUWRATE OF 50LILS = ,9B14E-D2 RG/S
TENFERATURE OF SOLIDS= 285.0 R

COMBUSTIBLE CONTENT = .7143 s

KOISTURE CORTENT = .0477 Yo

INORGANIC CONTENT = .2380

HAIN AIR FLOWRATE = L4701E-02 KHOLE/S

TEHFERATURE OF AIR = 302.4 K

ATR FOR VIEW FORT t =  .3B19E-03 KHOLE/S

ALK FOR VIEY FORT 2 = .3819E-03 KMOLE/S

AIK FOR VIEW PORT 3+4=  .743BE-03 KNOLE/S

THE INLET S1ZE DISTRIBUTION FOR THE SOLYDS FEED

HEAN UIAMETER (M) 2250E-04  L5400E-04  L9400E-04 L1BBOE-03F .I7NOE-03
SFHERICAL DIAHETER (H) .1350E-04 .3240£-04 .5440E-04 .112BE-03 .2250E-03
WEIGHT FRACTION L0237 L0432 L0424 L6428 1184

THE TENPERATURE GF THE REACTANTS LEAVING THE INITIAL WIXING ZOWE 15 834.4 (K)

THE SIZE BISTRIKUTION LEAVING THE INITIAL HIXIHG ZONE

HEAN DIAHETER (M) . 1350E-04 L3240E-04 Lo040E-04 L1i28E-03 L2250E-03
WEIGHT FRACTION L0470 L0857 L0841 .08479 . 2348

LAGR0E-D3 L1EO0E-9T
CA500E-03 L9000E-03
L2230 2554

SAEBAHE-03 LIOODE-G

L4635 G4

w2o65E-02

£

SAUTAE-02

I 805802

VKT

w
~1
(o]

L 2AGEE-D 2
00000



GAS FLOW INT0 EYFASS ZONE
A UF BYPASS ZONE

5 FLOY INTO REACTION ZONE

CALCULATED SURFACE AVERAGE PARTICLE UIAMETER 15

nou

OF REALITION 7ONE

oo

- RESULTS FOR THE FLUG FLOUW

LERGTH TEHFERATURE
0 834.4336
L0797 960.2293
L1597 1107.3703
L2797 1190.2728
L4397 1242.1145
. 8677 1266.45%4
1.6877 1247.6023
2.4877 1244.1907
3.2517 1162.5341
4.0517 11539.0527
4.8517 1155. 8457

L0067 KHOLE/S

LAG60 M2

O KAOLE/S

0 M2

SECTION

CONVERSION

4958
L6106

ENFS

L8345
L8890
L9612
L9774
1.0000
1.0000
1.0000
1.0000

MF G2

L1648
L1848
L1444
L1372
L1325
L1307
RN
A317
L1350
L1390
1390

LA217E-03 (M)

HF Co2

L0432
L0532
L0656
L0728
L0775
L0793
L0781
L0783
L0710
L0710
L0710

HF N2

7990
L2500
L2500
L7900
LATDD
AE00
WP P00
AT
LU0
L A900
7000

al 7

Il



Table J.34. Computer results for Test Run Cl0 using the
' direct method to calculate the solids flowrate
and a terminal velocity 1.5 times greater than
the original correlation by Becker (20).

THE RESULTS FOR THE STMULATED CORBUSTION MODEL (EST RUN €10
THE IALET CONBITIONS FOR AIR AND WOOLCHAR

FLOUWRATE OF SOLIDS = TIINE-02 KBS
TEHFERATURE OF SO0LINS= 285.0 K

COMBUSTIBLE CONTENT = .7573

nGISTURE CONTENT = L0477

INHORGANIC COMTENT = 1930

HRIN AIR FLOWRATE = LOBRGE-00 KAOLE/S e

TEAFEKATURE OF AIR = 305.2 K Ve

ALR FUR VIEW FORT 1 = [ 3071E-03 RHOLE/S

AIR FOR VIEMW FORT 2 = L3071E-93 KHDLE/S

IR FOR VIEW FORT 3+4= LOT42E-03 HHOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SGLIBS FEED

HEAR BIANETER (M) L2250E-04 L0AD0E-04  L7AO0E-04 LHE3B0E-03 LEVL0E-03 L7LOOE-GS L O0GE G2
SPHERICAL DIAMETER (H) .1350E-04 .3240E-04 .5440BE-04 .112BE-03  .2250L-03 .4500E-03  L9000L-93
UETGHT FRACTION L0329 L0576 L0529 L0539 BB L2010 L2554

THE TEWFERATURE OF THE KEALTANTS LEAVING THE INITIAL WIXING ZOHE 15 §24.7 (R}

W
, =3
[aY]

THE SIZE RISTRIBUTION LEAYING THE INITIAL MIXING ZONE

MEAN DIANETER (M) L1350E-04 L3240GE-04 L36A0E-04 «H1Z2BE-03 LAEEOE-D L3A68E-03 CFRONE -GS WY YE 0
WETGHT FRACTION L0644 128 1232 L1056 L2A1G PN (oo il




THE CALCULATED SURFACE AVERAGE PARTICLE DIAHMETER 15 LI3EE-04 (M)

GAas FLOW INVO REACTION ZONE
£5a OF REACYION ZONE

Gas FLOW INTO BEYPASS ZDNE
C54 OF BYPASS ZOWE

L0058 KHOLE/S
<4560 Wi
0 KHOLE/S
0 H2

| ENS # S 3 B T

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERS LGN M 02 i F o2 I D
0 824.5680 . 407% L1680 L04zZ0 LATG0
L0677 948.9897 L0074 L1583 L0917 LAF00
L1477 1152107y L7763 L1417 L0683 LA R00
L2677 1231.8458 L8785 1348 L0753 . 2900
L4477 1278.8944 L9208 4395 L0795 L F00
L9917 1296.1370 L704 292 L0808 L7 P00
1.7557 1258.7144 1.0000 L1323 L0727 LA700
2.595%7 1477.8090 1.0000 L1391 L0709
3,31%7 1174.1201 13000 L1391 L0709
4.1197 1170.3385 1.0000 L1391 L0707
4.91%7 114646.3383 1.0000 1371 L0709

¢lLe



Figure J.35, Computer results for Test Run CP1 using the
direct method to calculate the solids flowrate.
The value of the gas split parameter was 0.8
The value of the reactor split parameter was 0.9

THE RESULTS FOR THE SIHULATED COMBUSTION HODEL TEST RUN CF1
THE THLET CONDITIONS FOR AIR AND WOODCHAKR

FLOWRATE OF SOLIRS = LSHIGE-02 KG/S
TEAFERATURE OF S0LTHS= 285.0 K

COMRUSTIHLE CONTENT L3122

AOISTURE CONTENT .04348

INGRGANIC CONTENT = _1390

HAIN AIR FLOWRATE = L3735E-02 KHOLE/S
TEXPERATURE OF AIR 313.6 R

A1R FOR BIEW PORT 1
AIR FOR VIEW FORT 2
AR FOUR VIEW PORT 3+4

L3318E-03 KHOLE/S
L3318E-03 KdOLE/S
L6638E-03 RAULE/S

Wonou

FHE IALET SIZE DISTRIBUTION FGR THE S0LIDS FEED

HEAN DIAMETER (M) 2250E-04  .S400E-04  LFA00E-04 L 1E30E-03
SFHERICAL DIANETER (H) 1350:*04 «3240E-04  0640E-04  L1128E-03
WEIGHT FRACTION L0379 L0555 L0605 0704

tHE TENFERATURE OF THE KREACTANTS LEAVIRG THE INIVIAL MIRING ZORE 15

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXIWG ZONE

MEAH DIAMETER (M) L1350E-04 L3240E-04 L 9640F-04 LH128E-03
WEIGHT FRACTION 0647 L0742 L1801 L1145

L3TS0E-03
.2:b0E~03
14

7710 (KD

WP OURE-DG

LAZ00E-03

L2935

L 3A2YE-03
P 3086

15000
LPG0GE-03
L2810

L FUDGE-03
G060

LRG0
gL Ehh

AT -0
4G EL
W00

P

Ple

Ly

P CROHT-02
0L D00



THE
GAS
Csa
GAS
CSA

THE

CALLULATED SURFACE AVERAGE

FLOW IATO REACTION ZONE
OF REACTIUN ZI0NE

FLOW INTO BYFASS ZONE
OF BYFASS ZONE

LTI SN I 1

RESULTS FOR THE FLUG FLOUW

LENGTH TEWFERATURE
0 770.9570
L0797 937.4134
L1597 1325.46309
L2317 1422.2438
L3997 14944187
L9917 14368.%7654
1.12727 1490.7144
1.9277 1392.4117
2.6917 1172.2578
3.4917 11692530
§.2917 1166.3044

FARTICLE DIAWETER IS

L0030 KHOLE/S
L4104 H2
L0007 KMOLE/S
L0456 2

SECTION

CONVERSION

3957
L4944
7614
L8373
L7025
L9447
L7955
1.0000
1.0000
1.0000
1.0000

HF o

~
D Ll
~d O

3 N
T

ol G —

.
A
i
1

= = b

o
113
L1062
L1152
A
BERY
414

8
0
3

~1003E-03 (M)

HF Loz

L0367
L0573
.0882
L0970
L1044
.0987
.103d
L0748
L0684
L0484
0ot

HF N2

L7900
7900
G0
L7900
7900
L7900

glLg



Table T, 36. Computer results for Test Run CPI using the

direct method to calculate the solids flowrate,
The value of the gas split parameter was 0.9
The value of the reactor split parameter was 0.9

THE RESULTS FOR THE STHULATED COMBUSTION BODEL TEST RUN CFI

THE INLET CONDITIONS FOR AIR AND WOODCHAR 771 =L,

FLOWRATE OF 50LIDBS =

TEMFERATURE OF SOLINS=

COMBUSTIRLE CONTENT
MOISTURE CONTENT
IHOKGAHIC COMNTENT

u

n

HAIH AIR FLOURATE
TEMFERATURE OF AIR
AIR FOR VIEW FORT i
AIR FOR VIEW PORT 2
ALR FOR VIEW FURT 3+4

1T

oo

JIMISE-D2 KRGS
285.0 K

8122

.0488

- 1390

L37IGNE-02 KNOLE/S
313.6 K

»3318E-03 KMOLE/S
L3318E-03 KHOLE/S
L6638E-03 KMOLE/S

THE I#LET SIZE DISTRIBUTION FOR THE SOLIDG FEED

HEAN DTARETER {(#)

SFHERICAL UIAMETER (H)

WEIGHT FRACTION

)

0 )3 w s d""x’[‘ 03
S0E-03  L4500E-03
30 L2935

L2250E-04  L5400E-04  LY400E-04  L1BA0E-03 L3V
AJE0E-04 L3240E-04  LU440E-04 L1128E-03 .2
.1

e
L0377 MIKT.Y L0605 L0704 6

THE TEMFERATURE OF THE REACTANTS LEAVING THE ITHITIAL WIXING ZONE (5 737.8 (K)

THE SIZE DISTRIBUTIGN LEAVING THE INITIAL RIXIRDG ZOWNE

nEAk DIARETER (i)
WEIGHT FRACTION

L1350E-04 L3240E-04 LOA40E-04 A128E-0F J22B0E-93 AN PE-DF

L0557 L0894 L0953 L1109 L2368 345

A500E-02
LFOD0E-03
L2810

LTOCDE-03
(IO

00

CgPTR-07

GuOaun

. qn:F 00 LA GE-0D
: v L ZA0BE-GD

Qle

Ny

CAnEE-o2

BL6000



THE

GAS
£5A
BG4S
L£Sa

THE

CALCULATED SURFACE AVERAGE

FLOW INTO REACTION ZONE
OF REACTION ZOWNE
FLOW INTO EYFARS ZORE

UF BYFASS ZOWHE

RESULTS FOR THE PLUG FLOW SECTION

LERGTH

0
1037
. 1837
L2437
. 3837

[y $-4]
IRV R R

L2917
L9717
L3917

L1557

L5557

Cd i P =

TEHFERATURE

737,

844

1334

11432

2539

L5288
1138,
1308.
1393,
1364,
1416,
1362,
L2844
1184,
A3

253
4444
2664
5619
4742
7784

0323

1]

[}

[T ]

FARTICLE DIAMETER IS5

L0034 KHOLE/S
LA104 62
L0004 KHOLE/S
L0436 W2

CONVENSION

3452

L4185
L5304
797
L8560
L9127
L9404
L0000
L0006
<0000
L0030

HF

L1761
L1669
L1450
4297
.1218
L1244
L1260
L1240
L1240
RN
418

U

S1036E-03 (M)

HF COz?

L0339
L0431
L0430
L0803
0842
L0854
L0900
L3BA0
Lol
L0684
L0684

foF o2

L7900
LS700
LPP00
A0
. 7900
WF0N
2900
wr DA
L7P00
Y
LFR00

Llg



Table J. 37, Computer results for Test Run CP2 using the
direct method to calculate the solids flowrate.
The value of the gas split parameter was 0.8
The value of the reactor split parameter was 0.9

THE RESULTS FOR THE STHULATED COHEUSTION MGBEL TEST EUW Ci2
THE INLET CORDITIONS FOR AIR ANIU WODLCHAR N Cw'@

FLOURATE OF SOLILS = LOGGE~02 KB/B
TEHFEFATURE GF SuLlBS= 283.0 K

COHEUSTIRLE CONTENT = .8442
AOISTURE CONTENT = .0488
INORGAHIL CONTENT = .1070

HAIN AIR FLOURATE = L33VEE-02 KHOLE/S
TENFERATURE OF AlK 308.0 K

AIR FOR VIEW FORT L3254E-03 EHOLE/S
AIR FOE VIEW FORT 2 «3354E-03 KMOLE/S
AIR FOR VIEW PORT 3+44=  ,4508E~03 WHULE/S

W

THE INLET SIZE DISTRIBUTION FOR THE S0L1D5 FEED

REAN DIARETER (#) CA2E0E-04 0 LB400E-D4 L9400E-D4 L 1HB0E-DT LIVSOE-03 LPHOOE-03 L 15001007

SPHERICAL LIANETER (H) .1350b-04 .3240E-04 .5640E-04 . 1I2BE-03  (2050F-03  .4500E-63  .9000E-03

WETGHT FRACTIOW L0271 0442 L0399 L0549 1623 L2589 . 3288

THE TEAPERATURE OF THE REACTANTS LEAVING THE INITIAL WIXIWG ZOME- IS 680.1 (k) e

THE GTZE DISTRIBUTION LEAVIHG THE INITIAL MIXING ZONE

HEAN DIAHETER ) L1350E-04 L3Z4DE-04 L3640E-04 AP2EE-05 L2250E-03 LARTIE-03 LFO0OE-03 AUFFE-0 S
WETGHT FRACTION .0424 SUO%E L0630 L0854 L2082 L4828 0.00G0 Gu0600




THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER
GAS FLOW INTD REACTION ZOHE = L0042 KHOLE/S
CS5A OF REACTION ZONE = L4104 H2
GAS FLOW INTO BYFASS ZONE = L0011 KAOLE/S
L54 OF EYFASS ZOHE = L0450 H2
THE RESULTS FOR THE PLUG FLOW SECTION
LENGTH TEHFERATURE COMNVERSTON
0 SB0.1367 L3064
307 7595.3378 L3762
L2797 B34.4211 L4181
L3537 758.2830 L5133
L4437 1175.1696 L6958
L9597 1210.5244 792
L7197 127272.755% L8452
L6797 1335.8977 L8935
1.3237 1356.891% L7551
2.0877 135%5.5351 L7943
2.8517 1158.9404 fodudd

is

HF 02

DR
72

a8
L1583
L1402
L1374
L1313
L1268
L1212
L1334

BRI T

L1365E-03 (#)

HF COZ

L0294
LO3EF
L0419
L0517
L0478
L0724
L0787
L0832
.0488
L0846

LSEAY

HF HZ

L7900
L7700
L7900
L4200
7900
LSPGO
£ 2700
Y
RN
A

6Le



Table J 38 Computer results for Test Run CP3 using the
direct method to calculate the solids flowrate.
The value of the gas split parameter was 0.8
The value of the reactor split parameter was 0.9

THE RESULTS FOR THE STHULATED COWBUSTION MODEL TEST RUN CP3

THE I#LET CONDITIONS FOR AIR AND UDODCHAR el ot

Chov
e

e

FLOURATE BF S0LIDS = LOF95E-02 KG/S
TEWFERATURE OF S0LTDS= 285.0 K
CONBUSTIBLE CONTENT = .8397

HOLSTURE CONTERT L0483
IHGRGANTIC CONTENT L1156

"

HAIN AIR FLOWRATE LH433E-02 KHOLE/S
TEMPERATURE GF AIR = 310.8 K

fIR FOR VIEW FORT § = CAFIIE-OF OKMOLE/S
Alk FORE VEEW FORT 2 = LATFTE-03 RHOLE/S
ALE FOK VIEW PORT 3+4= LOIn3E-03 RHOLE/S

1

THE INLET SIZE BISTRIBUTION FOR THE S0LIGS FEED

MWEAN TDIAHETER (M) L2250E-04  LE400E-04 L9400E-04  L19BOE-DF LUPHOE-03 LP500E-03 L 1S00E-42
SFHERTICAL UIAMETER () .1350E-04 .3240E-04 .5640E-04 .112BE-03  .2250E-03 .4500E-03 .5000E-0%
WEIGHT FRACTION L0214 .0433 L0431 L0445 L0973 1adl <3493

THE TEAPERATURE OF Tok REACTANTS LEAVING THE INITIAL RIXING ZONE I3 749.9 (K)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXIHG ZOHE

HEan BIAMETER (#) L1350E-04 .3240E-04 L3640E-04 A128E-
YETOHT FRaACTIGH LU3FS L0310 L0797 L0323




THE {ALCULATED SURFACE AVERAGE FARTICLE DIARETER i8S S395E-03 ()

GAS FLOW INTD REACTION ZONE L0051 KHOLE/S

U564 OF KREACTIGH ZONE = L4104 #2
GAS FLOW INTO BYFASS ZONE = L0013 KHOLE/S
CSA4 OF BYFASS ZONE = L0458 W2

THE RESULTS FOR THE FLUG FLOW SECTION

LENGTH TEHFERATURE COMVERS IO HF 02 HF COa2 nF N2
0 M 4707 L4592 AP0 L0349 L7F00
1515 805.8356 L4902 L1634 . L0446 7900
L2955 888.741¢6 Lout9 575 L0525 W00
. 3835 10G2.3411 L0505 L1451 L0619 L7F00
LAY 1130.2633 L7518 L1375 L0739 By
LH155 1154.5401 L8227 . 1358 L0742 LA700
2795 1952131 L8634 L1321 : L0777 L2900
1.28735 1265.9561 L9342 L1287 L0843 L0
2.087% 1245.7418 .7822 L1237 L0843 L7700
d.BUIS 1126.95c0 LEgad L1A52 L3648 AL
3,655 11506289 1Le000 L1451 L84 Y

voe

18¢



Table J. 39. Computer results for Test Run CP4 using the
direct method to calculate the solids flowrate.
The value of the gas split paramecter was 0.7
The value of the reactor split parameter was 0.9

THE KESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUMN CP4
THE INLET CONDITIONS FOR AIR AND UDODCHAR

FLOURATE OF SOLIDS =  .7935E-02 KG/S  ; L

TEMPERATURE OF SOLIDS= 285.0 K e
COMBUSTIBLE CONTENT = .7752
MOISTUKE CONTENT = ,0488
INOKGANIC CONTENT = .1740

HAIN AIR FLOURATE

TEHPERATURE OF AIR
AIR FOR VIEY FORT 1
AIR FOR VIEW PORT 2
AIR FOR VIEW PORT 3+4

.6809E-02 KHOLE/S
302.4 K

«3276E-03 KHOLE/S
.3276E-03 KMOLE/S
<6553E-03 KHOLE/S

i

iononon

THE INLET SIZE BISTRIRUTION FOR THE SOLIDS FEED

MEAN DIAMETER () J2250E-04 .S400E-04 .9400E-04 .1B80E-03  .3I7S0E-03 .7500E-03 .1S00E-02 .2645E-02 .4013E-02
SPHERICAL DIAHETER (M) .1350E-04 .3240E-04 .54640E-04 .112BE-03 .2250E-03 .4500E-03 .9000E-03 .159%E-02 .D240BE-02
WEIGHT FRACTION 0310 L0450 L0457 L0612 L1357 L2924 .2855 L0567 L0040
w
oo
o

THE TEHFERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 584.4 (K)

THE SIZE BISTRIBUTION LEAVING THE INITIAL HIXING ZONE

HEAN DIANETER (H) L1350E-04  .3240E-04  .564DE-D4 LA128E-03 L2230E-03  J4G00E-03 L4804E-03  L1599E-02 L 2408E-02
WEIGHT FRACTION 0440 L0922 093 .0848 1924 4148 L0759 0.0000 0.0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER 1§ L1234E-03 (H)

GAS FLOY INTO REACTION ZONE .0054 KHBLE/S

£5A OF REACTION ZONE = L4104 N2
GAS FLOW INTO BYPASS ZONE = .0014 KHOLE/S
CSA OF EYPASS ZONE = .0454 N2

THE RESULTS FOR THE FLUG FLOV SECTION

LENGTH TEHPERATURE CONVERSIDN HF 02 # F Co2 MF N2
0 584.3847 L2947 .1878 L0222 L7900
L2117 642.3502 .2948 .1822 027 .7900
4517 M7.7434 .2964 . 1821 0279 L7900
1.0037 803.0160 .3238 .1812 .0288 7900
1.1877 907.5021 .4094 1734 L0364 27900
1.3077 1163.5449 6448 1526 L0574 7900
1.4877 1269.1021 7521 .1432 L0648 L7900
1.721%7 12B7.4295 .B2490 1407 0693 7900
2.5037 1181.4227 L9345 L1472 L0628 -7900
3.7037 1219.0444 L9947 1472 .0628 7900
4.9037 1216.0994 7994 L1449 L0631 L7900

£ee



Table J.40. Computer results for Test Run CP4 using the
direct method to calculate the solids flowrate.
The value of the gas split parameter was 0.8
The value of the reactor split parameter was 0.9

THE RESULTS FOR THE SIKULATED COMBUSTION RODEL TEST RUM CF4

THE INLET CONDITIONS FOR AIR AND UOOBCHAR 7o

W i 4

FLOWRATE OF 50LIBS =  .7935E-02 KG6/S
TEMPERATURE OF SOLIDS= 285.0 K

COMBUSTIBLE CONTENT = .7752

MOISTURE CONTENT = .D488

INORGANIC CONTENT = .1760

HAIN AIR FLOWRATE = .4B0SE-02 KMOLE/S
TENPERATURE OF AIR 302.4 K

AIR FOR VIEW PORT 1
ATk FOR VIEW PORT 2
AIR FOR VIEW PORT 3+4

«3374E-03 KMOLE/S
.3276E-03 KHOLE/S
.4553E-03 KHOLE/S

H u nw

THE INLET SIZE BISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) L2250E-04 .5400E-04 .9400E-04 .1BBOE-03 .3750E-03 .7500E-03
SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5440E-04 .1128E-03 .2250E-03 .450CE-03
UWEIGHT FRACTION L0310 L0450 L0457 0612 1357 .2926

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL HIXING ZONE IS 608.8 (K)

THE S12E DISTRIBUTICN LEAVING THE INITIAL WIXING ZONE

MEAN DIANETER (H) J1350E-04  .3240E-04  .5440E-04  .1128E-03  .2250E-03 . 4435E-03
WEIGHT FRACTION L0454 L0951 L0942 .0898 .1986 L4742

A500E-02
.9000E-03
.2855

LF000E-03
0.0000

L26H65E-02
LA59%E-02

L0567

«4013E-02
L A408BE-02
D060

L599E-02 L 2408E-02
0.04060 0.0009



THE

CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS

GAS FLOY INTO REACTION ZONE
OF REACTION ZONE
GAS FLOW INTO BYPASS ZONE

CSA

CSA OF BYPASS ZOWE

THE

RESULTS FOR THE PLUG FLOY

LENGTH

0
797
L4117
6077
.7397
-8917

1.0997
1.4037
2.5477
3.7317
4.9317

TEMPERATURE

608.
707.
780.
Bds.
1100.
1285,
1344.
1434.
1174,
1180.

1175,

8477
6794
6537
2324
5614
2675
2419
2412
0297
0321
4072

.0048 KMOLE/S
A104 N2
0020 KMOLE/S
0456 H2

SECTION

CONVERSION

3169
L3179
3312
3867
<863
.7478
.8237
8880
L9844
L7994
L7994

HF 02

1861
1758
1744
A7
L1509
. 1347
JA2M
1206
1477
1449
1449

<HIF4E-03 (H)

HF Co2

L0239
.0342
-0356
.0389
0591
.0753
0829
L0894
-0623
L0631
L0431

M F N2

L7900
7900
L7900
<2900
7700
.7900
L7900
<7900
L7900
L7900
L7900

Sec



Table J, 41, Computer results for Test Run C9 using the
direct method to calculate the solids flowrate.
The value of the gas split parameter was 0.8
The value of the reactor split parameter was 0.9

THE KESULTS FOR THE STHULATED CUABUSTION ®ODEL TeST Run L7

THE THLET CONDITIONS FOR AIR AND WOOLCHAR 3 € i

FLOURATE OF SOLIES = L7816E-02 KG/S
TEXPERATURE OF 50LIDS= 2B5.0 K

COHEUSTIBLE COHTENT = .7143
HOISTURE CONTENT = L0477
INOKGANIC CONTENT = .2380

i

HAIN AIR FLOWRATE
TEMFERATURE OF AIR
ALK FOR VIEW FORT i
ALR FOR VIEW FORT 2
AIR FOR VIEW FORT 3+4

LA70TE-Q2 KHOLE/D
302.4 K

C38YPE-03 KBOLE/S
L3819E-03 KHOLE/S
743BE-08 KHOLE/S

ot on

THE INLET SIZE DISTRIBUTION FOR THE SOLILS FEED

MHEAN UTAMETER (M) L2250E-04 L5400E-04 L 9400E-04  J18BOE-03  L3PHOE-03 LFOLOQE-03 L 1500E-07

SPHFRICAL DIAMETER () .1350E-04 .3240E-04 ,5640E-04 L112ZBE-03 .2200E-03 .4LG0E-03 .9000E-03

HEIGHT FRACTION L0237 0432 L0424 L0428 1184 L2220 2550

THE TEMFERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 743.6 (k) é%
THE 512E DISTRIBUTION LEAVING THRE INITIAL MIXING ZOHE

HEAN UIAHETER (i) SAA50E-04 .3240E-04 SEADE-04 L 11ZBE-U3 LA250E-03 LABOOE-0S L 6031E-G3 SADITE LD Wi

YEIGHT FRACTION L0399 LN7:8 L0714 LB REXY L3739 4765

L




THE UALCULATED SURFACE AVERAGE PARTICLE DIAMETER I35 LHA46E-03 (M)

6AS FLOW IWTD REACTION ZONE L0054 KHOLE/S

4]

GSA OF REACTION ZOKE = A104 K2
GAS FLOW INTO RBYFASS ZONE = L0013 KHOLE/S
€5A OF HYPASS ZONE = L0456 H2

THE KESULTYS FOR THE FLUG FLOR SECTION

LENGTH TERPERATURE CONVERSION fr a2 HF CO2 HF N2
0 743.56133 L0463 L1746 L0354 L A900
L2517 824.4306 L4481 414 L0436 LAY
L3717 §31.34357 Lal139 1549 L0560 L7260
L4517 1076.0407 L3N L1412 L068H L7990
L8517 1141.4767 L7249 . 1343 P37 L7909
L6997 1207.2102 . 7842 L1302 L0798 LERGD
L8397 1253.0727 L8270 L1259 L0841 P00
1.0197 1288.7219 L8512 224 L6876 CFF00
1.7517 13172.1442 . 9380 L1205 L6895 Y]
2.5517 1168.1269 L7807 . 1404 LUETS AP0
3.34157 1178.4529 LA 372 L0 LY



Table J. 42, Computer results for Test Run Cl0 using the
direct method to calculate the solids {lowrate.
The value of the gas split parameter was 0.8
The value of the reactor split parameter was 0,9

THE RESULTS FOR THE SIMULATED COMBUSTION WOBEL TEST RUN Ui

w ot

THE [+iiET CONDITIONS FOR AIR AND WOOLCHAR

FLOWRATE OF SOLIDS = LFIIGE-02 RE/S
TEAFERATUKE OF SPLIDNS= 285.0 R

COMBUSTIELE COHTENT = .2573

HOISTURE CUNTENT = 04977

IHGRGANRIL CONTENT = .1930

HAIR ATR FLOWRATE = .Jd3 E-02 KMOLE/S
TEHFERATURE OF AIR = 303.2 X

AIR FOR VIEW FORT | .30:15 03 KuULE/S
AIR FOR VIEW FOKRT 2 L3071E-03 KMOLE/S
ATR FOR VIEYW FORT 3+4= LO1TA2E-03F KKOLE/S

15

1

THE TRLEYT SIZE BISTRIBUTION FUR THE SOLILS rELD

HEAN DUARETER (M) L2250E-04 L5400~ LFA0DE-04 J1BBOE-03 L3PSOE-03 LNOOE-03 L1G00E-00 P1AE-07
SFHERICAL DIAHETER (H) .1350€-04 .3240E- 04 LS640E-04  L1128E-03  .22500-03  L4500E-03  L9O00E-03 L 1LEYE E1e
WETGHT FRACTION L0327 L0574 L0629 L0929 L1233 L2514 L2054 L2ay

THE TENFERATURE OF THE REACTANTS LEAVING THRE INITIAL HIXING ZORE 1§ 695.8 (K)

THE SIZE LISTRIGUTION LEAVIRDG THE InITI&L aIXING Z0HE

HEAN LGIAKETER (H) L1AG0E-04 L3240E-04 L36408-04 LAPZEE~D3 LEENE-D) SAGRGE-D] LAFEBE-D3 RIS A
WEIGHT FRACTION L0518 L6903 L0985 L0845 L1533 L3538 LGgal 006045




THE CALCULATED SURFACE AVERAGE PARTICLE DIAHETER IS SIBTE-03 (H)

GAS FLOW INTD REACTION ZONE L0047 KHOLE/S

CSA OF REACTION ZONE = L4104 K2
GAS FLOW INTO BYFASS IOHE = L0012 KHOLE/S
Cha OF BYFASS ZONE = L0456 W2

THE RESULTS FOR THE PLUG FLOM SECTION

LENGTH TEMPERATURE CONVERSION MF 02 #F COZ i F N2
v 499.7617 wad21 1789 L3N LRG0
L1517 749.5378 L3678 L1705 L0390 LAP00
L7 815.2080 L3932 L1678 L0427 w7 09
LA157 ?18.0834 L4653 L1601 0897 4700
L4957 1182.6%09 L6457 1384 L0714 L9200
L6077 1233.2034 L7912 L1344 L0756 L7200
L7997 1277.8633 L8117 L1283 L0817 L2900
L9197 1343.7454 L8542 L1238 v L0842 LAROD
1.2397 1403.5133 LGS .1183 A W70
2.0037 1379.7455 L9725 L1478 O L7900
27874 1221.4010 AN L1372 L0708 LIS

68¢



Table J.43. Computer results for CP4 using the direct method
to calculate the solids flowrate and a reactor wall
temperature of 1100 K

THE RESULTS FOR THE SINULATED COMBUSTION MODEL TEST RUN CFA

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWKATE OF SOLIBS =  .7935E-02 K6/8
TERPERATURE OF SOLIDS= 285.0 K
CONBUSTIBLE CONTENT = 7732

NDISTURE CONTENT = .0488
INORGAHIC CONTENT = .1760

HAIN AIR FLOUWRATE
TEMPERATURE OF AIR
AIR FOR VIEW PORT 1
AIR FOR VIEY PORT 2
AIR FOR VIEYW PORT 3+4

L6805E~02 KMOLE/S
302.4 K

L3276E-03 KMOLE/S
L32746E-03 KHOLE/S
L4553E-03 KMOLE/S

43

H

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MHEAN DIAMETER (H) .2950E-04 .5A00E-04 .9400E-04 .1880E-03 .37H0E-03 JS00E-03  L1S00E-02  LZ24A6LE-02  L4013E-02
SFHERICAL DIANETER (M) .1350E-04 .3240E-04 .5640E-04 J1128E-03  .2250E-03  .4500E-03  .9000E-03 .1:59%9E-02 L2A08E-02
WEIGHT FRACTION 0310 L0450 L0557 L0612 43357 .2924 .2855 L0867 L0060

7

n

THE TEMFERATURE OF THE REACTANTS LEAVING THE INITIAL HIXING ZONE IS

o

.7 )

06¢

THE SIZE DISTRIRUTION LEAVING THE INITIAL HIXING ZONE

HEAN DIAMETER (M) J1350E-04  .3240E-04  .5640E-04  L11ZBE-03 L2U50E-03 LAS00E-03  LGZA4E-03  L1NYPE-0R L 2400E-02
WEIGHT FRACTION .0431 .0903 L0913 L0850 1885 L4064 L0947 (. 0000 0.0000



THE

GAS
£S5A
GAS
£sa

THE

CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS

FLOW INTD REACTION ZONE
0F REACTION ZORE
FLOW INTO BYPASS ZONE

OF BYPASS ZONE

RESULTS FOR THE PLUG FLOW

LENGTH

0
.2517
. 9557

1.7557
1.9697
2.0917
2.2457
2.4037
2.9817
3.7817
4.3817

TEMPERATURE

972,
634,
723.
.9380

935.
1100.

829

1172

7148
2742
2341

7810
4003

L9929
1212,
1220.
1240,
1273.

1367
3429
1794
5843

.00468 KNOLE/S
L4560 N2

SECTION

0 KHOLE/S
0 N2

CONVERSION

= 2801
.2801
.2823
. 3449
L4646
L6440
L7560
L8075
.9082
L9713
L7978

M F 02

.1889
.1889
1897
L1843

779

L1644
L1581
1545
.1526
1486
L1470

L1262E-03 (M)

W F CO2

L0201
L0211
.0203
.0237
L0321
0454
L0519

L0585

L0574
L0414
L0630

M F N2

.71900
L7900
L7900
L7900
L7900
7900
7900
L7900
L7990
L7900
L7700

16¢



Table J. 44. Computer results for Test Run CP4 using the direct
method to calculate the solids flowrate and half the
step length for integration.

THE RESULTS FOR THE SIMULATED COHBUSTION MODEL TEST RUN CF4
THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS =  .7935E-02 K6/S
TEXPERATURE OF SOLIDS= 285.0 K

COMBUSTIBLE CONTENT = 2752

MOISTURE CONTENT = .0484

INORGANIC CONTENT = .1740

HAIN AIR FLOWRATE = .4805E-02 KHOLE/S
TEHPERATURE OF AIR 302.4 K

AIR FOR VIEW PORT !
AIR FOR VIEW PORT 2

«3274E-03 KMOLE/S
.3276E-03 KHOLE/S

AIR FOR YIEW PORT 3+4 .4553E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

HEAN DIAMETER (M) JD250E-04  .5400E-04 .9400E-04 .1880E-03 .3790E-03 .7500E-03  L1G00E-02 L2HENE-02 L4013E-02
SPHERICAL DIANETER (N) .1350E-04 .3240E-04 .54640E-04 .1128E-03 .2200E-03 .4500E-03 C9000E-03  L1GYPE-02 L 240BE-D2
WEIGHT FRACTION 0310 L0450 04857 0612 1357 2926 . 2855 L0567 040

THE TEMPERATURE OF THE KEACTANTS LEAVING THE INITIAL MIXING ZONE IS 572.7 (K)

c6¢

THE SIZE DISTRIBUTION LEAVING YHE INITIAL MIXING ZONE

HEAN DIAMETER (H#) A1350E-04  .3240E-04 . 5640E-04 .1128E-03 L2250E-03 LAN00E-03  L5244E-03  J1GFYE-0D LZ40BE-OI
VEIGHT FRACTION 043 L0903 0913 L0850 . 1885 +4064 L0947 0.0060 0. 0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIARETER IS L1262E-03 (1)

GAS FLOW INTD REACTION ZONE 0068 KHOLE/S

CSA OF REACTION ZONE s L4360 H2
GAS FLOV INTO BYPASS ZONE = 0 KMOLE/S
CSA OF BYFASS ZONE = 0 N2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TENPERATURE CONVERSION #HF 02 W F CO2 HF K2
0 572.7148 2801 . 1889 L0211 L7900
L1997 $25.451 .2801 . 1889 021 L7500
.6637 687.2007 .2808 .1898 »0202 7900
1.3997 783.3676 3007 .1884 L0216 7900
1.7597 836.4510 3415 1852 .0248 7900
1.8817 889.0989 .4203 L1811 0289 7900
1.9777 774.5622 .9224 1741 . 0359 22900
2.0577 1088.3022 26622 . 1645 .0455 7700
2.1497 1148.4943 7373 1393 .0507 7900
2.3037 1186.6452 .7872 L1559 L0541 L7900
2.3417 1166.9628 .B512 L1562 .0538 L7900

£6¢



Table J.45. Computer results for Test Run P3 using the direct
method to calculate the solids flowrate and inclu-
ding an Ash Resistance tem.

THE RESULTS FOR THE SINULATED COMRUSTION MOREL TESY RUN F3

\ 2 \"f'\:v!

THE IRLET CONDITIONS FOR AIR AND UODDCHAR @t

FLOWKATE OF S0L1DS = LA0G5E-02 KE/S
TEAFERATURE OF SOLIDS= 283.0 K

COMBUSTIRLE CONTENT = .8233
HOISTURE CONTENT = L0507
INORGANTIL CONTENT = .1240

HATN AIR FLOURATE = LABPIE-02 RHOLE/S
TEHPERATURE OF AIR 299.6 K

ATR FOR VIEW FORT 1 LANTE-0F EHOLESS
ATR FOR YIEW PORT 2 L2217E-03 KHMOLE/S
ATR FOR YIEW FORT 3+4= LA434E-03 KHOLE/S

THE THLET STZE LISTRIRUTION FOR THE S0LIDS FEED

HEAN IIAMETER (M) L2250E-04  LS400E-04  L9A00E-04  1BBOE-03  LIVSOE-0F LPROOE-0TF LA500E-02 L 2ES5E-02 0 4D13E-02
SFHERICAL DIAMFTER (M) L1350E-04 ,3240FE-04 ,5440GE-04 . 112BE-03 .2250E-03  L450CE-03  .9000E-03 .159%1.-02 .U40udc-it
WETGHY FRACTION L0210 L0410 L0367 L0411 272 L2943 L3410 OS2 L0057

THE TEWPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZOHE I& 703.4 (K}

w
Ne}
N
THE GIZE TNISTRIBUTION LEAVING THE INITIAL HIXING ZORE
NEAN DTAHETER (#) L1350E-03 L3240E-04 LES40E-04 1ZRE-0F W 2250E~03 LARHOE-G3 LATSBEADS SARYBE-0T AR LTI 1
WETGHT FEACTION L0334 LOJET LONHE L0650 L2637 LA7EE Aot O,0000 L0080




THE

G485
£SA
&S5
{54

THE

CALCULATEG SURFACE AVERAGE FARTICLE DIAMETER IS

FLOW INTOD REACTION ZOWE
0F REACTION ZONE

FLOY INTO BYPASS ZORE
OF BYFASS ZONE

u

RESULTS FOR THE PLUG FLOW

LEHGTH TEHPERATURE
0 203.5742
L1357 775.0367
L2717 857.9444
3917 951.1052
L5237 995.9035
L6837 1038,2275
1.4517 11193153
2,207 1123.1784
3.0157 1087.9873
3.8157 1195.4530
4.46157 1117.8778

L0049 KHOLE/S
L4560 M2
0 KHOLE/S
0 H2

SECTION

CONVERSION

APTh
389
L4405
L5197
NTARY
L4309
VAR
L7505
L7763
L7946

L8125

HF 02

L1730
L1768
724
L1657
L1418
L1586
LA52
L1513
L1540

1505

e

L1514

o
wn
d

E-¢3 (i)

i F Co2

L3320
L0332
L0376
L0443
L0433
L0914
L0575
L0587
L0080
0575

LOLHe

i

F o2

P00
L7900
L7900
2900
L A90)
LAF00
2700
800
L7900
S7R0¢
W00



Table J.46. Computer results for Test Run P3 using the dircct
method to calculate the solids flowrate and the
original Size Distribution for the Wood Char

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN FP3
THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIRS =
TEAFERATURE OF SOLIE
COMEUSTIBLE CONTENT
HOISTURE CONTENT
INORGANIC CONTENT

LH055E-02 KG/§
285.0 K

.8233

007

L1240

t

HoB o

i

LAB71E-02 KHOLE/S
299.6 K

L2MTE-03 KHOLE/S
L22176-03 KWOLE/S
~A434E-03 KHOLE/S

HAIN AIR FLOWRATE
TERPERATURE OF AIR
AIR FOR VIEW FORT 1
CAIR FOK VIEW FORT 2
AIR FOR VIEW PORT 3+4

oo

THE INLET S1ZE DISTRIRUTION FOK THE SOLIDS FEED

KEAN DIAHETER (#) JOI50E-04  L5400E-04  .9400E-04  L1880E-03  .3VS0E-0F  LPGOOE-03  L1500E-02 LREASE-02 401 3E-07

SEHERICAL DIAMETER {(N) .1350E-04 .3240E-04 .5440E-04 .1128E-03 .2250E-03 LA500E-03 L9000E-03 L 15%9E-0Z  L244HE-O2

WEIGHT FRACTION L0010 .0010 0047 011 L0372 .2342 L4810 2024 L0257

THE TEHPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS B72.5 (K) 3
O

THE SIZE DISTRIBUTION LEAVING THE INITIAL HIXING ZORE

HEAN DIAMETER {(#} J1350E-04 L3240E-04 LHE40E-04 A128E-03 L 2000E-03 LATO0E-D3 CEHETIE-0 LHIUE-GE LAA0RE-07

UETGHT FRACTIGH L0022 L0022 L0147 L3243 L0814 L9128 L3ETS 0, 00400 0L 0000



THE

GAS
Lo4
GAS
CSA

THE

CALCULATED SURFACE AVERAGE PARTICLE DIAHETER IS

FLOW INTO REACTION ZONE
OF KEACTION ZONE

FLOW INTD RYPASS ZONE
OF BYPASS Z0NE

RESULTS FOR THE PLUG FLOW

LENGTH TEHFERATURE
i\ 872.5195
0917 285.5094
L2157 1072.9154
A7 1144.,8667
.5237 1153.6124
L4037 1171.2109
1.29%7 1254.081°9
2.0957 1239,2076
2.8597 11469.7447
3.8597 1165.9341
§.4597 1162.20990

L0049 KHOLE/S
4560 N2
0 KHOLE/S
0 H2

SECTION

CONVERSTON

+54314
L6530
L7449
B137
84817
.8811
L9694
L7997
1.0000
1.0000
1.06000

i F 02

1637
L1543
ELY.
L1404
1397
L1381
L1309
L1319
1379
379
1377

J3891E-03 (H)

HELO2

L0453
L0557

L0634
0694
0703
0719
L0791
7%
L0721
L0724
L7

HF 2

L7500
L2700
L2900
L2960
L7909
7900
L2700
W00
L7300
LAGO0

L AE0G

D
~3



