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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 M2/kg. The

combustible content of the fuel was aJ so 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.

A computer simulated model for the combustion process

occurring in the reactor was developed. This model was tested

against the experimental results obtained from the test runs on the

reactor. The model was found to be sensitive to changes in the



terminal velocity of the particles, the particle size distribution,

and the amount of gas bypassing the reaction zone.

The comparison between the predicted and experimental results

showed that the model tended to overpredict the amount of combustion

taking place in the reactor, although the predicted temperature pro-

files compared favorably with the experimental observations.
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NOTATION

A Area (M2)
C Specific Heat Capacity (J/Kg K)
Cl 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)
LF Change of Flowrate of Solids Due to Combustion in the Initial

Heat Balance (Kg)
h Heat Transfer Coefficient (W/M2K)
LH Heat of Reaction for the Combustion of Carbon with Air

Yielding Carbon Dioxide only: C + 02 = CO2 (J/Mole)
Thermal Conductivity (W/M k)

kchem, kdiff' kov

Kd
L
M
N
Pr
Qrad'

r
R
It
Re
Sc
SC
T
V
W
XA

CdRes2

The Length Travelled in the Reaction Section
Mass (Kg)
Number of Particles
Prandl Numb er

The Rate of Heat TransferQconv
Convection from the Walls

The Radius of a Particle (M)
The Universal Gas Constant (J/Mole K)
Resistance to Reaction (s M2/Mole)
Reynolds Number
Schmidt Number
Stoichiometric Coefficients in a Chemical Equation
Temperature (k)
Velocity (M/s)
Weight Fraction in Size Distribution
Overall Conversion of Carbon

Reaction Rate Coefficients for the Chemical,
Mass Transfer and Overall Process Steps
(Mole/M2/s)

of the Model (M)

by Radiation and
of Reactor

Y02, CO2Y, YN2

Greek Symbols

a'

w / m)

Mole Fractions of Oxygen, Carbon Dioxide,
and Nitrogen in the Combustion Gas

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



The Surface Sphericity
The Effectiveness Factor for the Reaction of Porous Carbon
Density (Kg/M3)
The Form Sphericity
The Steffan-Boltzman Constant (W/M2K4)
Volume Fraction of Reactor Split

Subscripts

P Particle
g Gas
c Carbon
w Wall
R Reactor
s Particle Surface
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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.
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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.
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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.
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Figure 1. The experimental facility at Fairplay.
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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



6

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 az 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 Froes sling equation (13).

It becomes apparent that the reaction rates predicted by the
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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 (Re < 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
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work, that the correlations used here, were taken.

Finally, the evaluation of heat transfer coefficients used in

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.
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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



Viewport Air
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Upper Radial Air
-

Woodchar Feed

Tangential Air
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Preheat Air

Figure 3.1 Schematic Diagram of Flows

to and from the Charburner
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Figure 3.2. 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. Another 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
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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.
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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. However, 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 reactor

walls is small. This is because diatomic gases of symmetrical

composition such as 02, 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 to 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
h = .71. (2 + 0. 6 Be 1/2Pr

)

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.

1
h cc where 1/2 < n < 1

do

For small particles (low Re ) 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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C + 0 CO
(s) 2 (g) 2 (g)

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

C(s) + 1/2 02(g) - CO
(g)

+1/2 02 CO2(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 T
1

to rise to a temperature T2

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

tf =

2p C d
P P

12

loge
- T1)

(Tg - T2)
3.1

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
g

is given by:

3
Cd V

2
g

d -
p 4 (pp-plgqi 3.2

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 size 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 B1 (see listing of program in Appendix 0).

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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Fig 3.4 The Processes Occuring in the Initial Heat Balance
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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 residence time of the solids in the reaction
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Fig 3.5 The "Gas Stream and Reactor Split
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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 occurs at the top of the

reactor.

The split of gas flows and reactor volume is carried out by the

subroutine Gasp lit (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:

= w. ( F ow' /F )i c c

while for the particle size just entrained we have

3. 3



Where P Fc

reduction of

F o - A F
c c) Fc

is the carbon lost in the initial heat balance due to

the large solids to size j

3.3.4. Surface Average Mean Particle Size
(Sub-Section 4)
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3.4

Later in the description of the model it becomes necessary to

integrate a certain system of ordinary differential equations. Each

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 calculated 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 dp is given by
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3. 5

The evaluation of (71 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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section and illustrates the technique used for the integration.

ciL

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

dM Tr d
2

_k 'L
dt ov 02

Since we are interested in a length dependence equation 3.6

may be written as

dM Tr d
2

_k
dt ov' 02 4) V

Where V is the net upward particle velocity Equation 3.7
P

may be equivalently expressed in terms of conversion.

3.6

3. 7



Since 1 - X = M /M °
A p p

we have

Or

2

o
dX

A
dM TT d

1

Mp dL - --a - kov
2

P--q)
dL YO V

dXA kovy02 Tr
1

-
dL M c V

dX
A

k
ov

yo
2 (1-X

A)dL V (Op d
P P P
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3. 8

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 d and tempera-

ture T is given by

where

dM

dL (MP Cp Tp dL)
+ GRAD + QCONV

GRAD
= 6 EAp (T

w

4-
T 4)/V

QCONV = hpAp (Tg- Tp )/Vp

The term (M C T ) on the L. H. S. of equation 3. 9 containsP P P

3. 9
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3 length dependent quantities. However for the sake of simplicity

we may assume that the specific heat of the carbon (C ) is effectively

constant over the incremental length. Thus the L. H. S. of equation

3. 9 may be written as

dL "VL
T ) - ci

P p p C

dM

P P dL Tri 4- T C P__
P P dL

Using the above relationship in equation 3 .9 and rearranging

terms we may write

MVP
p C dT

PP P P E(T
w

4
T 4) + h (T -T )

6 dL P g P

+ kovy02 (CpTp - PH)

From equations 3.8 and 3.10 it can be seen that we must have

3.10

a relationship between the particle diameter d 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.

d
P

= d
P

° p
_13

c)(1-X.A.( 1/3

3.11

Equation 3.11 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 restate d

that both particles and gas are assumed to move in plug flow througn

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:

dF
o A

dL c dL
SC.

1
SC.

)i = products j = reactants

where SC. is the stoichiometric coefficient of species i.

3.12



It was previously stated that the only reaction considered to be

taking place was

C(s) + 02
(g)

CO2
(g)
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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
= 0.

dL
3.13

Material Balance on Oxygen and Carbon Dioxide. Again it is

more convenient to express this relationship algebraically rather

than differentially. Thus we may write

and

yo
2

= 0.21 - 7A Fc° /Fg

YCO, = AF ci/Fc g

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

written in the following form

dL
M.C. T E (T

w

+h
p

N.Trd2
1 Pi + Tr dR h

g(
Tw-T

g)V Pi

N.Trd 2
j Pi dXA

Vp
(T

g
-T

PJ

) dL AHFc° 3.14
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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

dT

dL M.C.T M.G. --g + T C. M.dLg dL g
3.15

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

dT N.Tr d
2

M.G.
7.1 pi

o- E (T Tr dR h g(Tw- T g)

i

dL w - T )

N1 Tr

L V +

i pi

N.ir d p -
2

+ hp 2
j

V
- T ) - dXA pHF o

pJ L c
3.16

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 (1. e. temperature in this

case) changes by a large amount very quickly, as compared with the

other variables (conversion and mole fractions, 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 previously used by

Kayihan (28) for a similar problem. This method uses the analytical

solution of a 1st order differential equation as an approximation to

the solution for a small step length. Then, the variables 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 1st order differential equation of the form:

dxT -dt + x = F where F is a constant
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we may write x = xo (F - xo) (1-e t- /T)

If an incremental stepwise integration is used with step size dt then

we have the following recursive relationship.

X
N+1

= X
N

+ (F-XN) (1-e-dt/ )
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 next 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 products

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 analysis 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 on 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 calculating 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 results.

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



Table 4.1. Adiabatic flame temperature for carbon combustion.

THE ADIAPAIIC FLAKE TEMPERATURE FOR 111E comousrlow or CAkPON

CONVERSION OF CARBON .100.00 I

XS AIR 80.0000 85.0000 90.0000 95.0000 100.0000

ASH FR

0.0000 1632.46 1401.28 1571.60 1543.17 1516.04

.0500 1628.15 1597.23 1567.71 1539.49 1512.56

.1000 1623.48 1592.72 1563.46 1535.44 1509.67

.1500 1618.24 1587.79 1558.74 1530.98 1504.37

.2000 1612.43 1582.29 1553.44 1525.95 1499.59

.2500 1605.89 1576.06 1547.58 1520.29 1494.20

.3000 1598.58 1569.06 1540.89 1513.96 1418.13

.3500 1590.17 1561.07 7533.31 1506.70 1481.23

.4000 1580.58 1551.94 1524.55 1498.35 1473.29

.4500 1569.42 1541.30 1514.43 1488.70 1464.00

CONVERSION Or CARBON ' 95.00

I XS AIR 80.0000 85.0000 90.0000 95.0000 100.0000

ASH FR

0.0000 1570.77 1540.94 1512.56 1485.38 1459.44

.0500 1566.73 1537.10 1508.88 1481.90 1456.12

.1000

.1500

1562.21 1532.95 1504.81 1478.06 1452.43

1557.28 1528.13 1500.32 1423.76 1448.34

.2000 1551.73 1522.89 1495.34 1469.04 1443.82

.2500

.3000

1545.56 1517.02 1489.74 1463.64 1438.74

1538.55 1510.33 1483.41 1457.62 1432.93

.3500

.4000
1530.67 1502.76 1476.19 1450.72 1426.39

.4500

1571.49 1494.09 1467.09 1442.94 1418.02

1510.90 1483.99 1458.24 1433.65 1410.05

CONVERSION OF CARBON 90.00

I XS AIR 80.0000 85.0000 90.0000 95.0000 100.0000

ASH FR

0.0000 1508.67 1480.24 1453.11 1427.22 1402.47

.0500 1504.83 1476.67 1449.63 1423.95 1399.31

.1000

.1500

1500.58 1472.56 1445.85 1420.27 1395.83

1495.91 1468.10 1441.59 1416.22 7391.99

2000 1490.67 1463.12 1436.87 1411.71 1310.69

2500 1484.81 1457.57 1431.53 1406.68 1382.86

.3000 1478.17 1451.24 1425.56 1400.97 1377.42

.3500

.4000

1470.64 1444.09 1418.71 1394.43 1371.19

.4500

1461.98 1435.83 1410.88 1386.96 1364.03

1451.97 1426.29 1401.75 1378.25 1355.73

105.0000

1490.05

1406.73

1483.04

1478.94

1474.38

1469.24

1463.43

1456.79

1449.22

1440.35

105.0000

1434.59

1431.42

1427.89

1424.00

1419.70

1414.82

1409.32

1403.04

1395.78

1397.43

105.0000

1378.82

7375.81

1372.49

1308.80

1364.70

1360.09

1354.85

1349.93

1342.09

1334.15

110.0000

1445.20

1461.98

1458.45
1454.51

1450.15.

1445.27

1439.72

1433.39

1426.09

1417.62

110.0000

1410.83

1407.77

1404.44

1400.71

1396.56
1391.89

1386.65

1380.63

1373.73

1365.69

110.0000

1356.09

1353.24

1350.07

7346.55

1342.60

1338.19

1333.21

1327.56

1327.02

1313.40

115.0000

1441.33

1438.27

1434.90
1431.11

1426.96

1422.24

1416.95

1410.88

1403.93

1395.78

115.0000

1388.00

1385.09

1381.88
1378.35

1374.35

1369.89

1364.86

1359.10

1352.51

1344.78

175.0000

1334.36

1331.61

1329.60

1375.22

1321.49

1317.23

1312.46

1307.01

1300.70

1293.47

120.0000

1418.40

1415.50

1412.28
1408.65
1404.65

1400.14

1395.05

1389.24

1382.55

1374.82

120.0000

1366.11

1363.30

1340.24

1356.87

1353.03

1348.78

1343.95

1338.45

1332.12

1324.71

120.0000

1313.50

1310.85

1307.95

1304.73

1301.15

1297.11

1292.54

1287.35

1281.33

1274.33

125.0000
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,1383.23

1378.92

1374.04

1368.49

1362.06
1354.59

125.0000

1345.09

1342.40

1339.49

1336.22
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1312.46
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1369.63
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1359.48
1353.01
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1342.29

1335.13
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1324.96

1322.37

1119.52

1316.35

1312.99

1308.93

1304.52

1299.44

1293.58

1206.78
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1274.23

1271.79

1269.14

1266.10
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1259.13

1254.93

1250.15

1244.60

138.17

135.0000

1354.95

1352.36
1347.50

1346.34

1342.81

1338.82

1334.30

13.79.17

1323.25

1316.15

135.0000

1305.46

1302.97

1300.27

1297.26

1293.94

1290.15

12115.40

7207.02

1275.42

1268.89

135.0000

1255.65

1253.37

1250.93
7247.98

1244.81

1241.23

1237.10

1212.57

122.'.20

1221.10
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Table 4. 2. Gas composition for adiabatic flame calculations.

THE ABLE/VOLUME FRACTIONS OF OXYGEN
THE REACTION CARBONiS1 OXYGEN(G)

AND CARBON DIOXIBE
=CARBON GTOXIDE10i

FOR THE COmBuSTION

IS ASSumE0 TO TAKE
IF CARBON

PLACE.

XS AIR 80.00 90.00 100.00 110.00 120.00 130.00 140.00 150.00

CONVERSION 100.01

N F 0X1GEN .0933 .0995 .1050 .1100 .1145 .1187 .1225 .1260
N F CO2 .1167 .1105 .1050 .1000 .0955 .0913 .2875 .0240
CONVERSION 98.00

A F OXYGEN. .0957 .1012 .1071 .1120 .1165 .1205 .1242 .1277
A F CO2 .1143 .1083 .1029 .0980 .0935 .0895 .0057 .0823
CONVERSION 96.00
A F OxYGEN .0980 .1039 .1092 .1140 .1184 .1223 .1260 .1294
N F CO2 .1120 .1061 .1008 .0960 .0916 .0877 .0340 .0606
CONVERSION 94.00

N F OxrCEN .1003 .1061 .1113 .1160 .1203 .1242 .1272 .1310
A F CO2 .1077 .1039 .0987 .0940 .0897 .0858 .0823 .0:90
CONVERSION 72.00

N F OXYGEN. .1027 .1003 .1134 .1180 .1222 .1260 , .1295 .132?
A F CO2 .1073 .1017 .0966 .0920 .0828 .0940 .0905 .0273
CONVERSION 70.00

A F OXYGEN. .1050 .1105 .1155 .1200 .1241 .1278 .1312 .1344
A F CO2 .1050 .0995 .0945 .0900 .0859 .0822 .0738 .0756
CONVERSION 83.00
A F OXYGEN. .1073 .1127 .1176 .1220 .1260 .1297 .1330 .1361
A F C32 .1027 .0973 .0924 .0860 .0840 .0803 .0770 .0239
CONVERSION 36.00
11 F OXYGEN. .1092 .1149 .1197 .1240 .1279 .1315 .134? .1378
N F CO2 .1003 .0951 .0903 .0660 .0821 .0265 .0753 .0722
CONVERSION 84.00
A F OXYGEN. .1120 .1172 .1218 .1260 .1298 .1333 .1365 .1394
A F CO2 .0760 .0928 .0882 .0840 .0802 .0762 .0735 .0706
CONVERSION 82.00
N F OXYGEN. .1143 .1194 .1239 .1280 .1317 .1351 .1333 .1411
4 F CO2 .0952 .0906 .0861 .0820 .0783 .0744 .0717 .0687
CONVERSION 80.00
A F 0005EN .1167 .1216 .1260 .1300 .1336 .1370 .1430 .1428
A F CO: .0933 .0884 .0840 .0800 .0764 .0730 .370o .0672



45

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 results are 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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A comparison between the experimental and
predicted results for both indirect and direct
calculation of solids flow rate, for Run CP3.



1800.00

53

1500.00 -

2

J

UJ
ce 1200.00

1
.cr

a.
I
F
U)

900.00

THE GAS TEMPERATURE PROFILE WITHIN THE REACTOR

(THE CURVES ARE THE PROFILES PREDICTED

BY THE MODELTHE POINTS ARE THE EXPERIMENTAL OBSERVATIONS)

INCIAECT

DIRECT

TEST RUN CP4

600.00

300.00
0.00

Figure 4.8.

.50 1.00 1.50 2.00 2.50 3.00

DISTANCE MOVED. IN REACTION SECTION CM)

A comparison between the experimental and
predicted results for both indirect and direct
calculation of solids flow rate, for Run CP4.



1900.00

1500.00

1200.00

900.00

600.00

54

THE GAS TEMPERATURE PROFILE WITHIN THE REACTOR

(THE CURVES ARE THE PROFILES PREDICTED

BY THE MODEL-THE POINTS ARE THE EXPERIMENTAL OBSERVATIONS)

300.00
0.00

Figure 4. 9.

INDIRECT

ODIECT

TEST RUN CS

.50 1.00 1.50 2.00 2.50 3.00

DISTANCE MOVED IN REACTION SECTION CM)
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calculation of solids flow rate, for Run CP9.
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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 with 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
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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
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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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Figure 4.12. A comparison between predictions using different
terminal velocity correlations. The results are
for the indirect calculation of solids flow rate for
run P2 (the results are for 1.2 and 0.8 times the
correlation used for terminal velocity).
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Figure 4.13. A comparison between predictions using different
terminal velocity correlations. The results are
for the direct calculation of solids flow rate for
Run P4 (the results are for 2.0 and 4.5 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- 3.36.

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

predicted 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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Figure 4. 14. Comparison of experimental and predicted profiles,
using a terminal velocity 1. 5 times greater than
the original correlation, for run P1 (direct calcula-
tion of solids flow rate).
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Figure 4.15. Comparison of experimental and predicted profiles,
using a terminal velocity 1.5 times greater than
the original correlation, for run P2 (direct calcula-
tion of solids flow rate).
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Figure 4.16. Comparison of experimental and predicted profiles
using a terminal velocity 1.5 times greater than theoriginal correlation, for run P3 (direct calculation
of solids flow rate).
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Figure 4. 17. Comparison of experimental and predicted profiles,
using a terminal velocity 1. 5 times greater than the
original correlation, for run P4 (direct calculation of
solids flow rate).
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Figure 4. 18. Comparison of experimental and predicted profiles,
using a terminal velocity 1.5 times greater than the
original correlation, for run CP1 (direct calculation
of solids flow rate).



67

5
-J
w

1800.00

1500.00

1200.00

900.00

500.00

THE GAS TEMPERATURE PROFILE WITHIN THE REACTOR

(THE CURVES ARE THE PROFILES PREDICTED

BY THE MODEL-THE POINTS ARE THE EXPERIMENTAL OBSERVATIONS)

TVEL=1.5

A

TEST RUN CP2

300.00
0.00 .50 1.00 1.50 2.00

A

2.50 3.00

DISTANCE MOVED IN REACTION SECTION CM)

Figure 4. 19. Comparison of experimental and predicted profiles,
using a terminal velocity 1. 5 times greater than the
original correlation, for run CP2 (direct calculation
of solids flow rate).
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Figure 4. 20. Comparison of experimental and predicted profiles,
using a terminal velocity 1. 5 times greater than the
original correlation, for run CP3 (direct calculation
of solids flow rate).
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Figure 4. 21. Comparison of experimental and predicted profiles,
using a terminal velocity 1. 5 times greater than the
original correlation, for run CP4 (direct calculation
of solids flow rate).
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Figure 4.22. Comparison of experimental and predicted profiles,
using a terminal velocity 1.5 times greater than the
original correlation, for run C9 (direct calculation
of solids flow rate).
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Figure 4. 23. Comparison of experimental and predicted profiles,
using a terminal velocity 1. 5 times greater than the
original correlation, for run C10 (direct calculation
of solids flow rate).
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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 using 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 ( p) less than the reactor volume parameter (y)

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 3.37- J.4 3). 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

streams (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 p 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
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Figure 4.24. Comparison of experimental and predicted profiles,
using different values of the gas (Beta) and reactor
volume (Gamma) split parameters, for test run CP1
(direct calculation of solids flow rate).
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Figure 4. 25. 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).
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Figure 4. 26. 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).
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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 travelled 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 3.43. 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 3.44. 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



82

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 carbon 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 through the

particle, leaving an ash layer behind. Whenever an ash layer is

formed, the resistance it offers 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
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Table 4.3.

Run number

Comparison of the predicted and experimental
conversion of wood char feed stock

Predicted value Actual value

P1 1.0 0.951

1.0

1.0

P2 1.0 0.940

0.9997

1.0

P3 1.0

1.0

0.9696 0.946

1.0

1.0

1.0

P4 0.9407 0.868

0.9650

0.9993

1.0

Mean 0.992 0.926
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Table 4.3. (Continued)

Run number Predicted value Actual value

CP1 1.0 .957

1.0

1.0

1.0

1.0

CP2 0.9999 . 931

0.9957

1.0

1.0

CP3 1.0 . 960

0.9987

0.9690

0.9798

CP4 0.9994 . 941

0.9265

0.9041

Mean 0.986 . 947
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Table 4.3. (Continued)

C9 1.0

O. 9903

0. 9675

0. 9843

0. 898

C10 1.0 O. 952

1.0

0. 9703

0. 9828

Mean 0. 987 O. 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 escape to the atmosphere through the cyclone

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



90

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

feed stream.

Run number Wt of inorganic solids % Loss
Inlet

(kg)

Outlet

(kg)

P1 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

Cl 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

C6 0.905 .550 39.2

C7 0.886 .961 -8.0

C8 2.070 .696 66.4

C9 4.205 1.004 76.1

C10 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.

trend.

Apart from this the profiles show a similar
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5. CONCLUSIONS

The important findings of the present study may be summarized

as follows:

(a) The single most important factor in evaluating the validity of

the combustion model is the overall material balance on the

reactor system.

(b) The model of combustion presented in this work tends to under-

estimate the temperature in the lower 1/3 of the reactor.

(c) The combustion model tends to overpredict the final conversion

of wood char leaving the reactor.

(d) 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.

(e) 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.

(f) 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.
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(g) The temperature profile and final conversion of char are

significantly effected by assuming that a layer of ash builds

up around the particle.

(h) 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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APPENDIX A

SIZE DISTRIBUTIONS OF WOOD CHAR AND ASH PRODUCT



100

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-b)

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 10-6)

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 P1 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 P1 area

Screen Size
(M x 10-6)

Weight Collected

(Kg x 10-3)

% of Total

3327 0.70 4.48
2000 3.45 22.04
1000 11.50 73.48

15.65 100.00
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The results above are now used to convert the 26.81 x 10-3 kg

collected on the 1000 micron screen lathe original analysis to the

3 equivalent weights.

Screen Size Equivalent Weight % of Total

(NI x 10-6) (Kg x 10 3)

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 P1 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. 1-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 Pl-P4.

Run number P1

Screen size
(M x 10-6)

P2 P3 P4

Cumulative weight fractions

3327 1.0000 1.0000 1.0000 1.0000
2000 .9700 .9402 .9743 .9442
1000 .8223 .7009 .7722 .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

Screen see
(M x 10- )

CP2 CP3 CP4

Cu.mu/ative weight fractions

3327 1.0000 1.0000 1.0000 1.0000
2000 .9820 .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 wood char feed-
stock used in runs C1 -C10.

Run number Cl C2 C3 C5 C6

Screen size
(M x 10-6) 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 C10

3327 1.0000 1.0000 1.0000 1.0000
2000 .9141 .9318 .9236 .9459
1000 .5916 .6274 .6183 .7070

500 .1577 .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 Pi-p4.

Runs number P1

Screen size
(M x 10-6)

P2 P3 P4

Cumulative weight fraction

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°6)

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 Cl C2 C3 C5 C6

Screen size Cumulative weight fraction
(Mx 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 0.2994 0.0392 0.3139 0.2941

Run number C7 C8 C9 C10

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 Pl-P4.

Run number
Mean particle

size
(M x 10-6)

P1 P2 P3

Weight fraction

P4

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
Mean particle

size
(M x 10-6)

CP1 CP2 CP3

Weight fraction

CP4

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.
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Table A. 9. The mean particle sizes and corresponding weight
fractions for the carbon char from runs C1 -C10.

Run number
Mean particle

size
(M x 10-6)

Cl C2 C3

Weight fraction

C5 C6

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. 1. 1. 1. 1.

Run number C7 C8 C9- C10

4013 .0859 .0682 .0764 .0541
2004 .3225 .3044 .3053 .2389
1500 .4339 .4373 .3958 .3954
750.0 .1212 .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. 1. 1.
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Table A. 10. The mean particle size and corresponding weight
fractions for the product ash from runs Pl-P4.

Run number P2 P3 P4

Mean particle
size

(M x 10-6)
Weight fraction

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

(M x 10-6)
Weight fraction

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 Cl-C10.

Run number
Mean particle

size
(M x 10-6)

Cl C2 C3 C5

Weight fraction

C6

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 C10

1500 0. 0. .0008 .0033
750 .0001 .0005 .0047 .0012
375 .0112 .0129 .0156 .0052
187.5 .1111 .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 5 Run 6 Run 7 Run 8

ture
(Mx 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-

ture
(Mx 10-6)

Run 1 Run 2 Run 3 Run 4

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 per cent for a given
mean particle size.

Mean particle size
(M x 10-6)

Change ix:. cumulative weight %

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 of 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
(Mx 10-6)

% Change in cumulative weight
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 DISTRIBUTION.

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
size

(M x 10-6)

Original cumula-
tive weight

fraction

a% Transformed
cum. wt. fr.

Wt fr

4013 1.0 0 1. .0100
2664 .9700 +2 .9900 .0367
1500 .8223 +13 .9533 .3532
750 .330r +27 .6001 .2787
375 .114 +21 .3214 .1529
187.5 .0485 +12 .1685 .0568
94.0 .0217 +9 .1117 .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 Pl-P4.

Run number P1 P2 P3 P4

Mean particle
size

(M x 10-6)

Weight fraction

4013 .0100 .0398 .0057 .0358
2664 .0367 .1293 .0921 .1830
1500 .3532 .3171 .3410 .3573

750 .2787 .2370 .2942 .1931
375 .1529 .1254 .1272 .1011
187.5 .0568 .0476 .0411 .0333
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 CP2 CP3 CP4

Mean particle
size

(M x 10-6)

Weight fraction

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. Equivalent particle size distributions at the reactor
inlet for char samples from runs C1 -C10.

Run number
Mean particle

size
(M x 10-6

Cl C2 C3 C5

Weight fractions

C6

4013 0. 0. 0. 0.067 .0147
2664 0. 0. .0247 .0686 .0883
1500 .1397 .2052 .1811 .3446 .3470
750 .2729 .2540 .2586 .2729 .2712
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 C9 C10

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 on in 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

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 PROPER TIES 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 KRAFT 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:

Apparent Density - Weight of a Particle
Volume of the Particle

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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Apparent Density - Weight of Sample
Volume Occupied x (1 - BED VOIDAGE)

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. 1 and Table B. 1 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
(M x 10-6)

Apparent density
(kg/M3)

1290 402.8 478.3
4,1

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

where A = -428.1 kg/M3

B = -277.8 kg/M4

= A + B log10
p

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

however it was used to extrapolate to 300011.
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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 8.2. The "B"

point or knee of the curve for the 446 micron sample was estimated

as:

kg-N2

"B" point = .115kg- char

Now 1 kg of nitrogen has 6.023 x 1026/28 molecules and 1 nitrogen

molecule covers a surface area of 16.2 square angstrom.

6.023 x 1026 x 16.2 x 10-20
. . 1 kg of nitrogen has a S. A. -

28

= 3.4847 x 106 m2

At the "B" point we have a monolayer 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 M2 /kg-char

= .40074 x 105 M
2/kg-char



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

Run 1

.27 0.37 1.07 2.40 6.80 13.06
Pressure of nitrogen

(N /M2) x 103

Mean particle size Wt. of nitrogen/wt. of sample

(M x 10-6) (kg-N2/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 81.4 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/M2) 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-N2/kg-char) x 10-4

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. q 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



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

Run 3

0.80 0.13 0.27 0.40 1.07 3.87 9.33 20.00

Pressure of nitrogen
(N /M2) x 103

Mean particle size Wt. of nitrogen/wt. of sample
(M x 10-6) (kg-N2/kg-char) x 10-3

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/M2 ) x 10 3 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-N2/kg-char) x 10-3

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

Run 1
Mean partic.e size

(M x 10 )

'B' Point Surface area
(kg-N2/kg-char) x 10-3 (M2/kg-char) x 105

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

(M x 10-6)
'B' Point Surface area

(kg-N2/kg-char) x 10-3 (M2/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 final analysis. See text.
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Table B. 5. 'B' Points and internal surface areas for runs 3 -1- 4.
Run 3
Mean partcle size

(M x 10° )

'B' Point
(kg-N2/kg-char) x

Surface area
10-3 (M2/kg-char) x 105

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 particle size

(M x 10-6)
'B' Point Surface area

(kg-N2/kg-char) x 10-3 (M2/kg-char) x 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
4 M2S.A. = A + B logio Dp where A = 69.8666 x 10

B = 9.4250 x 104 .4



152

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.

Run #
Wood char Ash product

% incombustible content % incombustible content

Ave. Ave.
P1 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
CPI 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 17.6 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
C8 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
C10 8.1 30.9 19.5 95.4 95.0 95.2
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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.



Table B. 7. The moisture content analysis for wood char feed
stock.

Run # % Loss in weight Average

P1 4.1600 4.8940 4.5270

P4 5.3877 5.8360 5.6119

CP1 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

C10 4.9512 4.6570 4.8041

C12 4.7002 4.1936 4.4469

155

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
(kg) M3 kg/M3

1 2.4806 .02047 121.20

2 2.5373 II 123.97

3 2.6933 II 131.59

4. 2.3814 II 116.35

5 2.4806 II 121.20

6 2.7201 II 132.90

7 2.3991 II 117.22

8 2.8563 11 139.56

9 2.2111 II 108.03

10 2.3866 II 116.60

1228.62

122.86 kg/m3

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-

t Tolled 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
setting

Volumetric
flow rate

(M3 /s) x 10°

Potentiometer
setting

Volumetric
flow rate

(M3/s) x 106

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 = B

1
x (pot setting) -I- Bo

where B1 = 17.62 x 106 M3/s
,

B o =-19. 39 x 10 6
M

3/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 1 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 Pankhurst and

Ower (31). The results are presented in Table C. 3 and in Figures

C. 8-C. 11.
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Table C.2. Calibration results for the view port orifice flowmeter
(computer generated).

4***444.$44.,***44.44444.4.******4.44,4****44.4444.4,44.3,444**44444******4

TABLE OF CALCULATED FLOURATES FOR THE VIEU PORT ORIFICE FLOUMETER
i4444-144.0444.001,1,44,344,444. 44444 *141431441.4X4444444********444.4**1**

UPSTREAM PRESSURE = .1083E+06 tH/1121

PRESSURE DIFFERENCE (N/M21= 0.0 1245.0 2490.0 3735.0 4980.0 6225.0

INLET AIR TEMPERATURE=290.0 (K) 0.00000 .01715 .02417 .02749 .03392 .03773
INLET AIR TEMPERATURE=300.0 tK) 0.00000 .01687 .02376 .02979 .03335 .03714
INLET AIR TEAPERATURE=310.0 (K) 0.00000 .01659 .02338 .02852 .03281 .03654
INLET AIR TEMPERATURE=320.0 (X) 0.00000 .01633 .02301 .02807 .03229 .03596
INLET AIR TEMPERATURE=330.0 (K) 0.00000 .01608 .02266 .02764 .03130 .03541

UPSTREAM PRESSURE = .1153E+06 (N/M2)

PRESSURE DIFFERENCE 01/M21= 0.0 1245.0 2490.0 3735.0 4980.0 6225.0

INLET AIR TEMPERATURE=290.0 (K) 0.00000 .01770 .02495 .03045 .03503 .03902
INLET AIR TEMPERATURE=300.0 (0) 0.00000 .01741 .02453 .02993 .03444 .03837
INLET AIR TEMPEPATURE=310.0 (01 0.00000 .01712 .02413 .02945 .03383 .33774
INLET AIR TEMPERATURE=320.0 (f) 0.00000 .01685 .02375 .02898 .03335 .03715
INLET AIR TEMPERATURE=330.0 (K) 0.00000 .01660 .02339 .02854 .03284 .03658

UPSTREAM PRESSURE = .1223E+06 (N/M2)

PRESSURE DIFFERENCE (N/M2)= 0.0 1245.0 2490.0 3735.0 4980.0 6225.0

INLET AIR TEMPERATURE=290.0 (K) 0.00000 .01824 .02570 .03133 .03611 .04023
INLET AIR TEMPERATURE=300.0 (K) 0.00000 .01793 .02527 .03085 .03550 .03956
INLET AIR TEMPERATURE=310.0 (0) 0.00000 .01764 .02486 .03035 .03492 .03891
INLET AIR TEMPERATURE=320.0 (0) 0.00000 .01736 .02447 .02987 .03437 .03330
INLET AIR TEMPERATURE=330.0 (f) 0.00000 .01710 .02410 .02941 .03385 .03771

UPSTREAM PRESSURE = .1293E+06 (N/M2)

PRESSURE DIFFERENCE (N /M2)= 0.0 1245.0 2490.0 3735.0 4780.0 6225.0

INLET AIR TEMPERATURE=290.0 (K) 0.00000 .01876 .02644 .03223 .03715 .04140
INLET AIR TEAPERATURE=300.0 (K) 0.00000 .01844 .02600 .03174 .03653 .04071

INLET AIR TEMPERATURE=310.0 (K) 0.00000 .01314 .02557 .03122 .03593 .04005
INLET AIR TEMPERATURE =320.3 (K) 0.00000 .01785 .02517 .03073 .03537 .05942
INLET AIR TEMPERATURE=330.0 (0) 0.00000 .01758 .02479 .03026 .03483 .0:301
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Table C. 3. Calibration results for the main air and preheat air
Venturi flowmeter (computer gene ratedl.

114.441.4454441644444444,444..4111.4*****444*****************4.441.4****4**44*****444
TABLE OF CALCULATED FLOURATE3 FOR THE MAIN AIR AND PREHEAT AIR VENTURI FLOUMETERS

U444.4134444,44431,*44-Wf444.4.4444cl1444,41

UPSTREAM PRESSURE = .1082E+06 N/M2

444 433,444,s4,3141.44tt444.14

PRESSURE DIFFERENCE 04/1121= .0 2988.0 5976.0 9964.0 11952.0 14940.0

INLET AIR TEMPERATURE =290.0 (K) .00000 .09097 .12650 .15227 .17273 .18960
INLET AIR TEMPERATURE =300.0 (K) .00000 .08944 .12437 .14971 .16992 .18041
INLET AIR TEMPERATURE =310.0 (K) .00000 .03799 .12234 .14727 .16705 .18337
INLET AIR TEMPERATURE =320.0 (K) .00040 .08659 .12041 .14494 .16441 .18048
INLET AIR TEMPERATURE =330.0 00 .00000 .08527 .11857 .14273 .16190 .17772

UPSTREAM PRESSURE = .1151E+06 N/M2

PRESSURE DIFFERENCE (N/02). .0 2983.0 5970.0 8964.0 11952.0 14940.0

INLET AIR TEMPERATURE =290.0 (K) .00000 .09391 .13073 .15754 .17991 .19664
INLET AIR TEMPERATURE =3O0.0' (X) .00000 .09233 .12953 .15439 .175490 .19333
INLET AIR TEMPERATURE =310.0 (K) .00000 .09083 .12644 .15237 .12303 .19018
INLET AIR TEMPERATURE =320.0 tit) .00000 .08939 .12444 .14996 .17030 .18717
INLET AIR TEMPERATURE =330.0 (t) .00000 .08803 .12254 .14767 .16770 .18431

UPSTREAM PRESSURE = .1220E+06 N/M2

PRESSURE DIFFERENCE (N /M21= .0 2988.0 5976.0 8964.0 11952.0 14940.0

INLET AIR TEMPERATURE =290.0 IX) .00000 .09677 .13484 .16264 .18489 .20343
INLET AIR TEMPERATURE =300.0 (K) .00000 .09514 .13256 .15790 .18179 .20000
INLET AIR TEMPERATURE =3(0.0 (K) .00000 .09359 .13040 .15730 .17832 .19675
INLET AIR TEMPERATURE =320.0 (K) .00000 .09211 .12835 .15482 .17600 .19364
INLET AIR TEMPERATURE =330.0 (K) .00000 .09070 .12638 .15245 .17330 .19063

UPSTREAM PRESSURE = .1289E+06 N/M2

PRESSURE DIFFERENCE (N/M2)= .0 2988.0 5976.0 3964.0 11952.0 14940.0

INLET AIR TEMPERATURE =290.0 (K) .00000 .09955 .13382 .16759 .19069 .21001
INLET AIR TEMPERATURE =300.0 (K) .00000 .09787 .13648 .16477 .18748 .20647
INLET AIR TEMPERATURE =310.0 (X) .00000 .09627 .13425 .16208 .18442 .20311
INLET AIR TEiIPERATURE =320.0 (X) .00000 .09425 .13214 .15952 .18151 .19990
INLET AIR TEMPERATURE =330.0 (K) .00000 .09331 .13011 .15708 .171374 .19684
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VIEW PORT ORIFICE METER CALIBRATION CURVES
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Figure C.7. Orifice Meter Calibration Curves.
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THE CALIBRATION CURVES FOR THE MAIN AIR
AND PREHEAT AIR VENTURI FLOWMETERS
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Figure C.8. Calibration Curves for Main Air Venturi Flowmeter.
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Figure C.9. Calibration Curves for Main Air Venturi Flowmeter.



.25

.20

.15 -

.10-

.05

0.00

THE CALIBRATION CURVES FOR THE MAIN AIR
AND PREHEAT AIR VENTURI FLOWMETERS

MET AIR
TEMP (K)

230
300

310

320
330

0.00 5000.00

UPSTREAM AIR PRESSURE =I 1.220E+05 N/MZ

10000.00 15000.00

PRESSURE DIFFERENCE ACROSS VENTURI (N/M2)

173

Figure C. 10. Calibration Curves for Main Air Venturi Flowmeter.
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Figure C. 11. Calibration Curves for Main Air Venturi Flowmeter.
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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 90o 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/M2) flow rate difference flow rate

Upstream pressure (std. M3 /s) (std. M3/s)
(N/M2) 1.085 x 105 1.220 x 105

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
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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 (P1 -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. 1. 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 vi rtually 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).



TANGENTIAL MODE

Base of the
Reaction Chamber

RADIAL MODE

Figure D. I. 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 informa-

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.

Run number P1
Plug Flow Series (P)

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 Oz vol) 17. 50* 18.00* 11.67 12.21

Ave. cyclone CO2 (% 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 02 (% vol) 16.20 11.80 12.40

Ave. top CO2 (% 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 O22 vol)
11.00

Ave. mid CO2 (% vol)
6.60

Ave. mid CO (% vol)
0.30

No. of readings taken - 1

Ave. bottom 02 (70 vol) 16.00 17.50 6.90

Ave bottom CO, (% vol) 3.10 2.20 11.30



Table D.1. (Continued)
Plug Flow Series (P)

Run number P1 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
Weight of ash collected (Kg) 0.5070 0.8460 0.8910

30.0
1.1080

*High values caused by the rupture of the seal on the vaccuum pump,used for sampling.



Table D.2. The results for the CP series of test runs.

Run number CPI
Cyclone Plug Series (CP)

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 02 (%vol) 12.00 12.60 12.40 12.70
Ave. cyclone CO2 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 02 vol) - 13.05
Ave. top CO2 (% 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. CO2 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. 02 (% vol) 16.10 14.30 15.50



Table D.2. (Continued)

Run number CP1
Cyclone Plug Series (CP)

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



Table D.3. The results for the C series of test runs.

Run number Cl
Cyclone Series (C)

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 07 (% vol) - 13.50 12.20
Ave. cyclone CO2 (% vol) - - 5.30 6.80
Ave. cyclone CO (% vol) - 0.50 0.00
No. of readings taken - 1 1

Ave. top 07 (% vol) 7.50 10.17 8.00 11.45
Ave. top CO2 (oh 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. 02 (% vol)
Ave. mid. CO2 (% vol) -
Ave. mid. CO (% vol)
No. of readings taken -
Ave. bot. 02 (% vol) 8.08 12.00 0.77 14.40
Ave. bot. CO2 (% vol) 10.33 6.47 16.00 4.80



Table D. 3. (Continued)

Run number Cl
Cyclone Series (C)

C2 C3 C4

Ave. Bot. CO2 (% vol)
No. of readings taken
Time of runs (mins)
Weight of ash collected (Kg)

Run number

0.45
3

15.0
0.6623

C5

0.80
3

20.0
1.1155

C6

1.27
3

20.0
0.4689

C7

0.03
2

20.0
0.3875

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) * * * *

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. a 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 0 (% vol) 14.00 13.40 14.17 15.07

Ave. cyclone C14112 (% 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 02 CA vol) 13.40 12.20 12.75 12.70

Ave. top CO2 (% 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



Table D.3. (Continued)

Run number Cb
Cyclone Series (C

C6 C7 C8

Ave. mid 02 (% vol)
Ave. mid CO2 vol)

6.45
14.25

Ave. mid CO (% vol) 0.10
No. of readings taken 2

Ave. bot. 02 (% vol) 16.10 16.10 16.20
Ave. bot. CO2 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 C10

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 02 (% vol) 13.70 11.17
Ave. cylcone CO2 (% vol) 6.00 6.60



Table D.3. (Continued)

Run number
Cyclone Series (C)

C9 C10

Ave. cyclone CO (% vol)
No. of readings taken
Ave. top 09 (% vol)
Ave. top Cb2 (% vol)
Ave. top CO (7c vol)
No. of readings taken

0.04
3

12.05
6.90
0.03
2

0.06
3

11.80
7.00
0.00
1

Ave. mid 09 (% vol)
Ave. mid C102 (% vol)
Ave. Mid CO (% vol) -
No. of readings taken - -

Ave. bot. 07 (% vol) 17.50 15.40
Ave. bot. CO2 (% 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



Table D.4. The results for the P-series of runs (SI units).

Run number P1 P2 P3 P4

Flow rate of solids (kg/s) x 10-3 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

1.4500
0 0

Flow rate of view port air (mole/s) 0.6152
Flow rate of preheat air (mole/s) 0 0

0.8869 0.7349
0

Average top temperature (K) 1163 1264 1233
1240

1212

Average min temperature (K) 1319 1316 1291

Average bottom temperature (K) 1222 13251251 1341

18.00 11.67
Average cyclone gas analysis

17.50% volume of oxygen 12.21
% volume of carbon dioxide 2.63 1.90 6.43 5.63
% volume of carbon monoxide 0.22 0.15

0.411.80

0.43

12.40

0.81
Average top gas analysis
% volume of oxygen 16.20 11

% volume of carbon dioxide 3.85 7, 060 6.70
% volume of carbon monoxide 0.14
Average mid gas analysis
% volume of oxygen

0.14

-

% 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 0.4700 0.49500.2817 0.6156



Table D. 5. The results for the CP-series of runs (SI units).

CP1 CP2 CP3 CP4

Flow rate of solids (kg/s) x 10-3
Flow rate of main air (mole/s)
Flow rate of tangential air (mole/s)
Flow rate of view port air (mole/s)
Flow rate of preheat air (mole/s)

Average top temperature (K)
Average mid temperature (K)
Average bottom temperature (K)
Average cyclone gas analysis

5.1153
3.7349
3.2094
1.3272
0

1201
1297
1292

6.0554
5.3115
3.6405
1.3017
0

1222
1316
1278

6.9954
6.4324
4.2153
1.1107
0

1240
1326
1274

7.9355
6.8050
5.7482
1.3105

12270
1291
1186

% 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

16.10 14.30 15.50% volume of oxygen
% 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 10-3 0.2606 0.4244 0.5656 0.6111



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 Q. 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 10-3 0.7359 0.9299 0.3908 0.3229



Table D. 6. (Continued)

C5 C6 C7 C8

Flow rate of solids (kg/s) x 10-3
Flow rate of main air (mole/s)
Flow rate of tangential air (mole/s)
Flow rate of view port air (mole/s)

4.7393
3. 5505

6.0554
4.4716

*
*

7.9355
5,2970

*

6.9954
5.3878

*

-
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

-3Collection rate of ash (kg/s) x 10 0.2083 0.3221 O. 5594 0.4111



Table D. 6. (Continued)

C9 C10

Flow rate of solids (kg/s) x 10-3 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
To 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

To 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
To 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 10-3 0.6211 0.6672

*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:

Solids flow -
(kg/s)

(0.21 - Yocyc) x F x 12
2

13 x (1-a')
D.1
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This formula (D. 1) assumes that negligible carbon monoxide is pro-

duced in the combustion process. This is 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 Cl-C8 the view

port air was not monitored. For runs P1 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.

Run number Solids flow rate (Kg/s) x 10-3
Direct calculation Indirect calculation

Percentage
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

CP4 7.9355 11.0808 +28.39

C9 9.8156 11.2383 +12.66

C10 7.9355 11.5565 +31.33

E 220.5
'970 27.56



198

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 "drift" 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 rune (rY12%) this

represents an error of about 4.2%. Hence it would seem that the

oxygen analysis equipment was fairly reliable. The other_ equipment
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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:

Trd
2V2

p 24
Fd

84i (Re + C1)
s

and at the same time the net force on the particle due gravity is

F
g

= M
P

(PP -P) g

E.1

E.2

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

Tr dp Vt
2

p 24
84i

(Re + C1) = M (p -p) g
P P

E. 3



Trnow Mp = 6 dp3 ep and substituting in E. 3 we get

Vt =
s 24(Re + C

1
)

4
dp(pp-p)
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E. 4

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.

where 24Kd - Re + Cl

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. 1 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. 1 was used in the computer program

to estimate the terminal velocities of the particles



Table E. 1. The correlations for C
1

for the various ranges of Reynolds Number.

Res

0.1

0.1 -5.5

Flow regime Wake Free orientation Inertial drag coefficient-

Viscous

Transition I

5.5-200 Transition II

200-500 Transition III

500-300 Transition IV

3-200 x 103 Inertial I

2 x 105 Inertial II

Irrotational
All orientations are stable
when there are three or more
perpendicular axes of sym-
metry

Stable in position of
Fixed vortices maximum drag

Periodic dis-
charge of
vorticity

Increasing
disorder
Fully turbulent

Boundary layer
becomes turbu-
lent.
Wakes of
rounded
bodies
narrow

Unpredictable discs and
plates tend to wobble, while
fuller blunt bodies tend to
rotate

Rotation about axis of least
inertia, frequently coupled
with spiral translation

Inertial drag is negligible

For angular bodies assume
C

1
= 2.25

C =2.25 (5.5 0. 34f
1 Re

For non-stagnant fluid as-
sume C1 = 2.53-0.283 e2.3'10

when this gives the greater
value of C1
C1 = 2.53 - 0.283 e2.34)
for LP <0.8

C
1

= 2.53 - 0,283 e24

Coefficients for rounded
bodies decrease as the
wake narrows

0
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Figure E. I. The Terminal Velocity of Non-spherical Particles
(Form Sphericity = 0.63 Surface Sphericity = 0.40).
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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.

O
Figure F. 1. Behavior in S. S. M.

Particle
shrinks
with
time

If the original diameter of the particle was d and the diameter after
Po

combustion was d then the conversion for the single ?article is given

by

XA = 1 - p d
3 /p d 3

Po Po 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 + 02 CO2

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 k is defined by:
ov

Rate of Reaction of Carbon -Surface Area -kov ov °2

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

1 1 1
+kov R kchem diff

R ov
= Ttchem diff

F.1

F. 2

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-1/2 term is also included. The expression for the reaction rate

is given by

= 7. x 103 x P x exp(-44000/RTs)/NrTs m
2
ol es F. 4Kchem

M S



The diffusion coefficient is taken from an equation due to Rariz and

Marshall (23) and is given below.

/2 /3 mes
k (2+0.6 Re Sc

1 ) x P/RT ol
diff d g M2S
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F.5

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

T total = T film only 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 = 1 - (1-X A) 2/3 t = 1 - (1-XA
)1/3

p d p d
P Po P Po

T - r
4 kdiffYo2 2 kchem 02

t= 1 - (1-XA)1/2 = 1 - (1-X
A

)1/3

3/2
d p d

Po P Po
T (const) T

yo 2 kchemyo
2 2
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THE VARIATION OF REACTION RATE

COEFFICIENT WITH TEMPERATURE

FOR THE REACTION: C+02=CO2

AIR PARTICLE
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SURFACE TEMPERATURE (K)

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:

rkchem = kchem +
3

kchem Sint p F.7

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 , namely E, 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 E 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 E has quite a complicated form, which for spherical

particles is most easily expressed as:

E
3 11 11

6 `tanh(6)

where 6 = 2 R S /
2 chem int Deff

From equation F. 7 it becomes obvious that the chemical reaction

term will be very dependent upon the particle size and the 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. S. M.

The important point to be noted from the introductioniof 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
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THE VARIATION OF REACTION RATE COEFFICIENT WITH TEMPERATURE

FOR THE REACTION CTO2=CO2

THE INTERNAL SURFACE AREA =4000 M2/MOLE ANO DENSITY =40G KG/M
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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

e = 4. 0 x 104 mole/M3)
p

(A) If the particle is non-porous then we have from Table F. 1

Ppd
P Po 4.0 x 104 x 10 3

T - 2k 2x.1 x 0.06chemYo2

55.6 mins

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

T -
Pp d
P Po 4.0 x 104x 10-3 31.3 secs

4 x .1 x 3.24 kdiffy02
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APPENDIX G

COMPU TER PROGRAMS



219

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

Initial Heat Balance

AUXILIARY
PROGRAM

HEATB1

11,

RFALSE

New Size Distribution DISTNEW

Surface Average
Particle Size

1

Gas and Reactor Split

SAVEDP

Integrate Differentia

GASPLIT

Equations

V

Mix Bypass and Reactor
Streams

HPARTG S

HEATB2

Figure G.1 : INFORMATION FLOW DIAGRAM
FOR THE COMBUSTION PROGRAM



List of Input Parameters for the Main Program

FUDV -

LAB -

DP -

WFR -

D2 -

-
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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 correlation (20).

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.

Vector of particle sizes used to describe the particle

size distribution

Vector of weight fractions for the particle sizes stored

in DP.

The inside diameter of the reactor

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.

FVLEWG - 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 program

(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

HYO2 - On input - oxygen mole fraction in hot gas

On output - oxygen mole fraction in exit gas

HYN2 - On input - nitrogen mole fraction in hot gas

on output - nitrogen mole fraction in exit gas

HYCO2 - On input - carbon dioxide mole fraction in hot gas



223

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

CYN2 - Nitrogen mole fraction in cold gas

CYCO2 - 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 volume split parameter

Fl - 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.



224

SUBROU TINE DISTNEW

The particle size distribution entering the reaction section of

the model is evaluated. The combustion in the initial heat balance

(HEATB1) 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.

SU MN - 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 HEATB1) 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 HEATB1

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

- Index of the substance under consideration where:

I = 1 oxygen

L = 2 nitrogen

I = 3 water vapour

I = 4 carbon dioxide

I = 5 carbon (graphite)

A(I)

B(I)

C(I)

These are the coefficients required to evaluate the

the specific heats. The values used here are taken

from Smith and Van Ness (29).

FUNCTION CPHEAT

This function calculates the enthalpy change of a substance due

to a change in temperature.

T1 -

T2 -

Final temperature

Initial temperature

Index of substance (see (SPECIF))

A(I), 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 HYP TANN

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.

L+1 -

Is the index of the largest particle size in the distribution

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.

DP1 - The equivalent spherical diameter of the particle.



FUNCTION TERVEL

This function evaluates the terminal velocity of a particle in

air at a given temperature.

LAB -

DPM -

T -
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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.

VOLDPF - Form sphericity

SPHERIF - The reciprocal of the surface sphericity.

VISC - 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 0.01 is assumed.

T1 - Gas temperature.

T2 - Reactor wall temperature.

FUNCTION HEAT TC

This function evaluates the heat transfer coefficient for a par-

ticle travelling in a gas.
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T1 -

T2 -

V -

DP1 -

The correlation used is the Ranz and Marshal equation (23).

Particle temperature

Gas temperature

The relative velocity of the particle and gas.

The size of the particle.

SUBROUTINE HPAR TGS

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.

FCC - Flow rate of solids initially entering the reactor

section

F - Initial flow rate of gas entering the reactor section
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F4)1 - Flow rate of solids entering the reactor.

XABAR - Overall conversion of carbon in the reactor.



Table C. 1. The main program for the combustion simulation.

C

C

C

C

PROGRAM THES(INPUT,OUTPUT,TAPE6.0UTFUT,TAFE9,TAPES)
DIMENSION FVIEUG(3),XPOI1 4TS(101),YPOINTS1101),11(2)

DIMENSION ZPOINISt101),TP(10),RLENOTH(1).DFART111.AAPART(10)
DIMENSION APOINTS(101),BPOINTS(101),CPOINTS(101)
EXTERNAL HEATB1

COMMON/DAD/LAB
COMMON/BROTH/FUDV
COMMON/HTCOEF/A(5),B(5),C(5)

COMMON/HEATER/OCONVEC.GRADIAT
COmMON/PLUO/RNUMPAR.FO1,FC2,RSCI,RSC2
COMMON/DISTN/SUM1,902,JNI,JN2,Y02,YCO2,OP1
COMMON/PARTCLUDP(10),UFR(10)
COMMON/REACTOR/01,D2,RHT1

COMMON/RINFO/DPP1,FGASM,FCAR.ALPHAJO,TOAS.TSOL.DPBAR,FRUATER
DATA1DP(I),I=1,91/22.5E-06.54.E-06,94.E-06,

* 1138.E-06,375.E-06,750.E-06,1500.E-06.266S.E-06,4013.E-06/
DATA (UFR(11,I=1,9) /.0329,.0576,.0629,.0539,.1233..2,51,.2554.

* .1289,.0341/
DATA (FVIEU0(1),1=1,31/3.071E-04,3.071E-04.6.142E-04/
DATA DI,D2,RHT1/0.1524,0.762,0.508/
DATA (A(1).1=1,5)/7.16.6.83,7.30,10.57,4.03/
DATA (B(I),1=1,5)/1.E-03,.?E-03,2.46E-03,2.1E-03.
* 1.14E-03/

DATA 1C(1),1=1,51/-.4E+05,-.12E+05,0.0,-2.06E+05,

-2.04E+05/
DATA FRUATER,FO,ALPHA,TOAS,TSOL,FCASM/0.0477,7.9355E-03
4 ,0.773.305.2,285..5.8347E-03/
DATA (RLENOTH(1),1=1,3) /0.4999,1.4999,2,4999/

DATA FUDV,LAB/1.5.3/

FCAR=FO*ALPHA/12.

CHINORO=1.-FRUATER-ALPHA
URITE(6,35)FO,TSOL.ALPHA,FRVATER,CHINORO.FOASM,TGAS,

(FVIEUG(I),I=1,3)
35 FORMAT(//////2X0THE REULTS FOR THE SIMULATED COMBUSTION MODEL,

$ $ TEST RUN C10*,
4 //2X,*THE INLET CONDITIONS FOR AIR AND UODDCHAR*,//2X,

0 *FLOURATE OF SOLIDS =g,E12.4,s KO/S4,/2X,*TE1IPERATURE OF SOLIDS,
4.4, F6,1,* 0,/2X000MBUSTIBLE CONTENT = 4,F6.4./2X, .

4 *MOISTURE CONTENT =*,X,F6.4./2X,4INORCANIC CONTENT =4,X.

4 F6.4, //2X, *MAIN AIR FLOURATE =4,X,E12.4.0 KMOLE/S*./2.X.

4 *TEMPERATURE OF AIR =4,2X,F6.1,4 1(4,/2X,

g =AIR FOR VIEU PORT 1 ==,E12.4,0 KMOLE/S*,/2X,

4 *AIR FOR VIEU PORT 2 =4.E12.4,* KMOLE/S*./2X.

4 *AIR FOR VIEU PORT 3g4=4,E12.4.$ KMOLE/S*,//)

URITE(6,36) (DP(I),I=1,9)
. 36 FORMAT(2X,*THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEEDg,

//2X0MEAN DIAMETER 1M) 0,9E11.4)

DO 39 1=1,9

39 LP(1)=DP(1)40.6
URITE(6.38) (DP(I),I=1,9),(UFR(I),I=1.9)

38 FORMAT(2X.4SPHERICAL DIAMETER (M)$.9E11.4,/2X.
ouEIGHT FRACTION 1,9F11.4,//)

BETA=1.0
GAMMA=1.0
CALL OASPLIT(BETA,GAMMA,FG1,F62.RSC1,RSC2)
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X1=290.

FI=HEATBI(XII

X2=XI

20 X2 X2 +530.

F2=HEATBI(X2)

TS=FI$F2
IF(X2.01.1500.) GOTO 40
IF(TS.LT.0.0) GOTO 30

GOTO 20

40 URITE(6,451
45 FORMAT(2X.kTHE INITIAL HEAT BALANCE DOES*.

* SNOT HAVE A SOLUTIONk.m/)
STOP

30 NITER=50
ERR:0.001 .

CALL RFALSE(X1.X2.XAPP,NITER,ERR,HEATE11)
ORITE(6,10) XAPP

10 FORmATT2X.4THE TEMPERATURE OF THE REACTANTS LEAVING 4,

* THE INITIAL MIXING ZONE 13 k.F6.1,4 (104,/11

C

C

C THE NEXT SECTION OF THE MAIN PROGRAM CALCULATES

C THE NEU SIZE DISTRIBUTION AND EVALUATES THE

C SURFACE AVERAGE PARTICLE DIAMETER.

C

CALL DISTNEW(SUMI,DPI,JNI,A2,SUM2)
JNEW=JNI+1
DPBAR=SAVEDP(JNEU.JN2)
WRITE(6,15) DPBAR

IS FORMAT(2X,$THE CALCULATED SURFACE AVERAGE PARTICLE *,

4 $DIAmETER IS $,E14.4.* (A)*,/)

C

C

C THIS PART OF THE PROGRAM EVALUATES THE

C GASFLOW RATES IN THE REACTION ZONE AND THE

C BYPASS ZONE OF THE REACTOR.

URITE(6,55) FOI.RSCI,F02.RSC:
5: FORMAT(2X,*GAS FLOW INTO REACTION LONE =*,F10.-4,* KNOLE/S*,/2X,

$ $CSA OF REACTION ZONE =$,F10.4,* M2$,/2X,

4 *GAS FLOW INTO BYPASS ZONE .I,F10.4,* KNOLE/S*./2X.

* CSA OF BYPASS ZONE =$,F10.4,*

C

C

C THE GASFLOU HAS NOU BEEN SPLIT AND THE

C PLUG FLOW REACTION EQUATIONS MUST NOW BE SOLVED

C THE EQUATIONS ARE STORED IN THE SUBROUTINE HPARTGS

C AND ARE INTEGRATED IN A STEPWISE PROCEDURE WITHIN

C THE SUBROUTINE

C

C

C

URITE(6,44)
44 FORMAT(73,0THE RESULTS FOR THE PLUG FLOW SECTION*.//)

WRITE(6,43)

43 FORmATTx1ox,4LENGTH1.57,*TEMPERATORE*,EX,CONvERSION4,5X,
* +01 F 02 4,6X,011 F CO2 4.4X.km F NO 1,1)

YNI=Y02

YNZ=YCO2
TSI=XAPP

M=I
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C

C

Qi

XAPART(I).0.0

IF(UFR(I).EO.0.0) XAPART(I)=0.9q9999
TP(I)=TSOL

I1OP(I).0.100.E-06) TF(I)zXAFP
IF(DF(I).EO.DP11 TP(I).XAPP

61 DEART(I).DhI1

4PTS=300

DL=3.)/FLOAT(NPTS)
RL.XPOINTS(11=0.
FC0z(F0-SUMI-SUM2)*ALPNA/12.
YPOINTS(1)z4APP

ZPOINTS(1)zY02
APOINTS(1)=1.-FC0/FCAR
SPOINTS(1) .4YCO2

C?0INTS(1)=YN2z0.29

FOO=FG1

F01:F0

DO 62 14=1,100

DO 71 KL=1,2
CALL HPARTG3(TP,DPART.XAPART,XAPP,Y02,0CO2,DL,RL.FC3,
FOO.F01.XABAR)

TEST=A8SMAPP-YPOINTS(K)1/DL)
IF(TEST.LT.200.)

INTE5f.LT.1)0.)
IF(TEST.GT.S00.)
IF(TEST.GT.1000.) DL -.004

IF(RL.GE.RLENGTHOW GOTO 65
GOTO 63

65 ZI.FC04(1.-XABAR)

Z2r4VIEUG(M)

YN2-0.79

CALL HEATB2(71.FO0.Y02.M2X02.XAPP,22,
0.21,0.79.0.0,23,TGAS,24,Z5)
FG0:24

XAPP.iS

IF(M.E0.3) 0010 66
GOTO 67

66 CALL HEATB2(21.FGO.Y02.YN2.YCO2.XAPP,FG2,
YM),0.79,142.0.0,TS1.7.4,7.5)

FG0.24

XAPP.ZS

67 M=A+1

63 CONTINUE

71 CONTINUE
XFOINTS(01)41
YPOINTS(101).XAPP

ZPOINTS(K+11-4002

APOINTS(K+11=XADAR
BPOINTS(K +1)=00O2

CPOINTS(K+11.492
62 CONTINUE

URITE(9.73) CAPOINTS(I).2POINTS(I),I=1,101)
URITE(8,73) (XPOINTS(I1,YPOINTS(I),I.1,101)

73 FORMAT(2X,2E14.4)
URITE(6,83)(XPOINTS(D,YPOINT5(I),APOINTS(I),
ZPOINTS(1),I.POINTStIl.CFOINTS(I1,I=1.101.10)

83 FORMAT(2)1,6F14.4)

URITE(6,911)

931 FORMAT( / / / / / / / //)

STOP
cNn
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Table G. Z . Program containing subroutines for the combustion model.

SUBROUTINE HEATB2(HS,HO,HY02,HTN2,HTCO2,TH,C0
,CT02,CYN2,CTCO2,0,TC,NTOT,TF)

COMMON/RINFO/OPP1,FGASM,FCAR,ALPHA,FO,TGAS,TSOL,DPBAR,FRUATER

C

C THIS SUBROUTINE SOLVES THE GENERAL HEAT AND MASS BALANCE

C FOR HOT GAS (HG) AND SOLIDS (HS) ENTERING WITH COLD GAS (CO).

C THE EXIT TEMPERATURE (TF) IS COMPUTED AS ARE THE RESULTING

C MOLE FRACTIONS OF COMPONENT GASES.

C AN EXTRA HEAT INPUT 0 CAN ALSO BE ADDED TO THE HEAT BALANCE

C THIS CAN TAKE ACCOUNT OF THE HEAT GAINED HT RADIATION AND

C CONVECTION FROM THE REACTOR WALL.

C

IF(CO.E0.0.) GOTO 401
BOTO 402

401 TFTH
HTOT113
RETURN

402 I.0
TF10.
XTC
XBTH

400 TF(XA-FXB)/2.
IsI+1

IF(I.P.30) GOTO 410
DELH1OGOHY02*CPMEAT(TF,TH,1)+HYN2*CPHEAT(TF,TH,2)+
HyCO2 CPHEAT(TF,TH,4))+HS*CPHEAT(TF,TH,D)+F04(1.-ALPHA-FRYATER)

CPHEAT(TF,TH,3)/12.+ FO*FRWATERCPHEAT(TF,TH,3)/18.
DELH2 CGCTO2*CPHEAT(TF,TC,1)+CYN2*CPHEAT(TF,TC,2)
CYCO2*CPHEAT(TF,TC,4))41
BELHOUTDELH1.DELH2

C

TESTBS((TF-TFI) /TF)
IF(TEST.I.T.0.001) GOTO 420

IF(DELHOUT.LT.0.0) XTF
IF(DELHOUT.GT.0.0)
TFITF
GOTO 400

410 YRITE(6,430) TF

430 FORMAT(2X,*THE NUMBER OF ITERATIONS FOR HEATB2 HAS ,
EXCEEDED THE MAXIMUM ,//2X,*THE BEST APPROXIMATION s,
TO THE EXIT TEMPERATURE IS ,F10.2, (K),//,//)

420 HY02(NG*HY02+CG*C102)/(HG+CG)
NTOTG+CO
HYN2(HGHIN2+CGCYN2)/HTOT
HTCO2(HTCO2HG+CTCO20CG)/HTOT
RETURN

END

C
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C

C

C

C

SUBROUTINE GASPLIT(BETA,OANMA,F1,F2,RSI,R52)
COMMON/RINFO/DPPI,FGASM,FCAR,ALPHA,FO,TGAS,TSOL,DPBAR,FRVATER
COMMON/REACTOR/D1,32,RNTI

C

C THIS SUBROUTINE EVALUATES THE SEPARATE GAS FLOURATES

C AND CROSS SECTIONAL AREAS FOR THE BYPASS AND REACTION

C SECTIONS OF THE MAIN REACTOR

C

FI.BETWOASM
F2(1.-BETA)OGASM
PIx3.1415,
RSIGAMMA*PI4021.12/4.
RB2(1.-GAMMA)aPI*D244,2/4.

RETURN

END

C

C

C

C

C

C

SUBROUTINE DISTNEV(SUM,DPR,J,L,GUNN)

COMMON/PARTCLE/DP(10),UFRI10)
COMMON/RINFO/OPPI,FGASM,FCAR,ALPHA,FO,TGAS,TSOL,DPBAR,FRUATER

C

C THIS SUBROUTINE CALCULATES THE NEU VEIGNT FRACTIONS
C 'AFTER THE INITIAL HEAT BALANCE AND STORES THEM IN
C UFR(I).

C SUM2LOSS IN YEIGHT DUE TO PARTICLE SHRINKAGE

C JINDEX OF THE LARGEST PARTICLE SIZE NOT AFFECTED
C BY THE ENTRAINMENT REACTION
C

ADD0.
JNIGNJ+1
IFIJNIGN.GE.101 SOTO 640

DO 600 1.111IGN,9

600 ADDF04UFR(I)+ADD
640 FJ8ADD-SUM

FTOT40-SUM.-SUMN
UFR(.14.1)FJ/FTOT

DP(J41)0PR
NPL+1
DO 610 INP,J

610 UFR(I)40410R(I)/FTOT
IFCLAT.11 GOTO 650
DO 620 1.14

620 YFR(I)0.0
650 CONTINUE

JPJNIGN41
IFIJP.OE.10/ RETURN
DO 630 IJP,9

630 YFR(I)0.0
C

RETURN

END

C



C

C

C

SUBROUTINE RFALSE(XI,X2,XAPP,N,ER,FM)
C

C THIS SUBROUTINE EVALUATES THE ROOT OF A
C FUNCTION (FM) UHICH IS )(NOUN TO LIE BETWEEN

C XI AND X2 AND STORES THE ROOT IN XAPP.
C ER IS AN ERROR CRITERION A ROOT IS FOUND
C SO THAT THE ABSOLUTE ERROR IS LESS THAN ER.

C N IS THE MAXIMUM FUNCTION EVALATIONS ALLOWED.
C

C

C

C

C

C

TEST*(FN(XI)FN(X2))
IF(TEST.GT.0.0) GOTO 800

XN1=X1

810 1.1+1

IF(I.GE.M) OM 820
XAPP*(X24X1)/2.

TEST=ABS( (XAPP-XN1)/XAPP)
XMI*XAPP

IF(TEST.LT.ER) 0010 830
A=FNIXAPP1N(X1)
BON(XAPPION(X2)
IF(A.GT.0.0) X1=XAPP

IF(B.GT.0.0) X2=XAPP

GOTO 810

820 tIRITE(6,840)

840 FORMAT(2XTHE NUMBER OF ITERATIONS HAS EXCEEDED THE ,
'ALLOWABLE MAXIMUM,/2X,THE BEST APROXIMATION TO THE,
ROOT IS GIVEN BY XAPP,//)
GOTO 890

BOO URITE(6,850)

830 FORMAT(2X,THE TY0 STARTING VALUES GIVE THE SAME SIGN ,
//)

STOP

830 CONTINUE

890 RETURN
END

FUNCTION NEATB1(TEMP)
DIMENSION DEN(10)
CONNON/REACTOR/D1,02,RHT1
COMMON/PLUG/RNUMPAR,F01,FG2,RSCI,RSC2
COMMON/DISTN/SUMI,SUM2,JN1,J112,Y02,YCO2,DPI

CONMON/RINFO/DPPI,FGASM,FCAR,ALPHA,FO,TGAS,TSOL,DPBAR,FRWATER
COMMON/PARTCLE/DP(10),UFR(101
COMMON/DAD/LAB
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C THIS FUNCTION EVALUATES THE ERROR IN THE FIRST
C HEAT BALANCE ON THE REACTOR.THIS TAKES ACCOUNT
C OF THE PARTICLES WHICH ARE NOT ENTRAINED DUE TO
C THEIR LARGE SIZE.
C

C

C

C

C

C

C

C

C

C

PI23.1*I59

OASVELFGI*8.2102E-02*TEMP/RSCI

DPIDPTERVULAB,GASVEL,TEMP)

DO 760 121,9

760 TF(1)1)(1).0.0.1E-04) JN22I
COUNT0.
IF (JN2.LT.1) GOTO 766
DO 765 II,JN2

765 COUNTCOUNT+FOWR(I)
SU$2COUNT
3URNTCOUNT*ALPHA/12.
GOTO 762

766 SUN2BURNT0.
767 CONTINUE

N0
DO 700 J10
VELSTERVEL(LAB,DP(J),TEMP)
IF(VELS.GT.GASVEL) GOTO 710

700 MJ
710 IFIN.E0.4)00TO 730

DENDPI*PDENSE(DPI)
SUM0.
DO 705 IL1,9

705 DEN(IL)2PDENSE(DP(IL))
DO 720 X2J,9

PNUM 6.*HFR( K)*F0/(DEN002PI*(DPIK)*.63)423)

SUP2SUM*PI*PNUN*(DEN(X)*(DP(X)*.63)**3-
DENDPIODPI*0.63)**3)/6.

720 CONTINUE

SUNISUN
JN1.1-.1

CARLOSI2SUM*ALPHA/12.+BURNT
GOTO 750

730 CARLOST2BURNT
JNI9
SUN120.

750 HEAT1CARLOST*ENTHAL(TOAS)

HEAT2 CARLOST*(1.-FRUATER) *CPMEAT(TGAS,TSOL,5)
TN220.79

Y0220.21-CARLOST/FGASN
TCO2CARLOST/FGASN
VLATENT2256.I

INTEMP.LT.373.0) ULATENT24.

HEAT3 FOASNOIN2*CPHEAT(TENP,TGAS,2)4
* T02*CPHEAT( TENP,TGAS,1)+TCO2*CPHEAT(TEAP,TSAS,4))

40*FRVATER*(VLATENT+CPHEAT(TEMP,TSOL,3))/18.

HEAT*(F0*(1.-ALPHA-FRVATER)/I2.)*CPHEAT(TENP,TGAS,5)

HEATBINEATIsHEAT2+HEAT3.HEAT*
RETURN
END
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C

FUNCTION SPECIF(T,I)

COMMON/HTCOEF/A(5)0(5),C(5)
C

C THIS FUNCTION EVALUATES THE SPECIFIC HEAT FOR
C SUBSTANCE I AT A TEMPERATURE OF I (K)

C WHERE 11 OXYGEN
C 122 NITROGEN
C 13 WATER VAPOUR
C I'4 CARBON DIOXIDE
C 125 CARBON (GRAPHITE)
C

SPECIF4.182(A(1)41(I)2T+C(I)/(TT))
RETURN
END

C

C

C

C

C

C

FUNCTION CPHEAT(TI,T2,I)

COMMON/HTCOEF/A(3),B(5),C(5)
C

C THIS FUNCTION CALCULATES THE ENTHALPY CHANGE
C OF A SUBSTANCE (I) DUE TO A GHANGE'IN TEMPERATURE
C FROM T2 TO TI
C

C

C

C

C

C

C

CPHEAT 4.1112(A(I)(TI-T2)+B(I)*(112-.72,02)/2.
-C(/)*(1./TI-1./T2))
RETURN

END

FUNCTION ENTHAL(T)

COMMON/HTCOEF/A(3),B(5),C(S)
C
C THIS FUNCTION EVALUATES THE STANDARD HEAT
C OF REACTION AT A TEMPERATURE T (H)

C FOR THE REACTION C+02CO2
C

TAUT /29B.

DELA24(4)-A(I)-4(5)
DELBB(4).-1(1)-8(3)

DELCC(4)-C(I)-C(5)

ENTHAL4.182(-44051.+298.DELAI(TAU...1.)+29804.22DELB
*(TAU222-1.)/2.+DELC2(1.-I./TAU)/298.)
RETURN
END

C

C
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C

FUNCTION RKOV(T,TVEL,DP1)

COMMON/RINFO/DPPI,FOASM,FCAR,ALPHA,FO,TGAS,TSOL,DPBAR,FRUATER
C

C THIS FUNCTION EVALUATES THE OVERALL REACTION

C COEFFICIENT FOR THE REACTION C402=CO2

C THE DIFFUSION COEFFICIENT IS A CORRELATION

C FROM RANT/ i MARSHALL .

C THE SURFACE REACTION COEFFICIENT IS FROM A

C PAPER BY PARKER HOTTEL .THE TERM USED

C ALSO INCLUDES A TERM ACCOUNTING FOR DIFFUSION

C INTO THE PARTICLE (IE THIELE MODULUS)

C

C

C

C

C

C

C

C

VOLOPF=0.63

SPHERIF=2.5
DIFF=7.381E-10*/**1.71
RHOGAS=353.22/T

VISC=18.E-07*T0*1.51(120.5+T)
R=8.2102E-02
P=I.

RHO=PDENSE(DP1)
SAINT=PSAREA(DP1)

DEFF=9.5E-06*(1.-RH0/2268.)**2
REIDPI*SORTISPHERIF)*TVEL*RHOGAS/VISC

SCOISC/(RHOGAS*DIFF)

RDIFF=DIFF*(2.+0.4*RE**.S*SC**(1./30) *P/
* (R*T*DP1)

RCN=7.9583E+06*P*EXP(-(44000./(1.986*/)))/SORT(T)

PHI=DPI*VOLOPF*SORT(RCH*SAINT/DEFF)/2.
IF(PHI.LT.0.1) GOTO 201

NTAN.HYPTANWHI1
ENETA=3.*(1./NTAN-1./PNI)/PNI
GOTO 202

201 ENETA=1.0
202 RCHEM=DP1*VOLOPF*RCN*SAINT*ENETA*RNO*ALPHA/72.+RCN

RK01.10./(1./RCHEM+1./RDIFF)

RETURN

END
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C

C

FUNCTION HYPTANN(X11)
C

C THIS FUNCTION EVALUATES THE HYPERBOLIC TANGENT OF X11
C

HYPTANN2(EXP(X11)-EXP(-(X11)))/(EXP(X11)+EXP(-(X11)))
RETURN
END

C

C

C

C

C

C

FUNCTION SAVEDP(I,L)

CONMON/PARTCLEIDP(10),WFR(10)
C

C THIS FUNCTION EVALUATES THE SURFACE AVERAGE PARTICLE
C DIAMETER FOR A DISTRIBUTION OF PARTICLES HAVING I-L
C SEPARATE VEIGHT FRACTIONS (DENSITY IS NOT ASSUMED
C TO BE CONSTANT)
C

VRITE(6,105) (DP(N),X21,9),(OFR(X),011,9)
105 FORMAT(2X,*THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE*,

* //2X0MEAN DIAMETER (M) *,9(12.4,/2X0VEISHT FRACTION 4.,
* 9F12.4,/i)

SUN0.0
COUNT20.0
MN2L+1

IF(LDT.9) 129
C

DO 100 J2NN,I

RHO2PDENSE(DP(J))

COUNT2COUNT+OR(J)/RHO
100 SUM2SUM+LIFR(J)/(RHO+DP(J))

SAVEDP=COUNT/SUN
RETURN
END

C
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C

C

FUNCTION TERVEL(LAB,DPI,T)

COMMON/BROTH/FM
C

C THIS FUNCTION EVALUATES THE TERMINAL VELOCITY

C OF A PARTICLE (ASSUMED TO SE A DISC UITH A

C DIAMETER:THICKNESS RATIO OF 6:1) IN AIR AT

C A TEMPERATURE OF T (K)

C THE CORRELATION IS FROM BECKER (19S9)

C

IF(LALLT.2) GOTO 99)
SPHERIF=2.5

VOLDPF=0.63

G=9.81

RHOGAS=333.22/1
VISC=18.E-07T,:$1.5/(120.5+T)
RHO=PDEMSE(DPI)

RE=0.I

920 CD=24./RE.2.25*(5.5/RE)*0.2150
VI=FUDV*14.0DP1*(RHO-RHOGAS)/(3.RHOGASCD+SPHERIF))*40.5
REI=DPIsSORT(SPHERIF)HOGASVI/VISC
TEST=ABSUREI-RE)/REI)
RE=REI

IF(TESTAT.0.001) GOTO 930
GOTO 920

930 IF(RE.LT.49.0) GOTO 990
940 CD=24./RE+1.4031

VI*FUDV(4.*G40P1*(RHO-RN0GAS)/(3.4040GASCD*SPHERIF)) 40.5
REI=DPI$SORT(SPHERIF)RHOGASV1/VISC
TEST=ADS((REI-RE)/REI)
RE=REI

'F(TE51..0.0.001) GOTO 990
60TO 940

990 TERVEL=VI
RETURN

991 TERVEL=0.

RETURN

END
r
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C

C

C

FUNCTION OPTERVULAB.VEL,T)
COMMON/BROTH/FUN

C

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

FUDD,(1./FUN)*2
IFCLAB.LT.2) GOTO $01

G=9.81

SPHERIF=2.5

VOLDPF=0.63

RHOGAS=353.22/T
VISC=18.E-07=T411.5/(120.5+1)
RHO=400.

RE=0.1

503 CD=24./RE42.251(5.5/RE)==0.2150
DP1=FUDDI(VE0=2=3.1RHOGAS$CBASPHERIF)/(A.4*(RHO-.RHO6AS))
RHO=PDENSE(DP1)
REI=DP1=SORT(SPHERIF)=VEL=RHOGAS/VISC
TEST=ABS(CRE1-RE)/REI)
RE=RE1

IFITEST.LT.0.001) GOTO 506
GOTO 503

506 IF(REAT.44.) GOTO 500
502 CD=24./RE+1.4051

DP1=FUDOs(VE04,213.*RHOGAS CDISPHERIF)/(4.06.(RHO-RHOOAS))
RHOsPOENSE(DP1)
REI=OP1sSORT(SPHERIF)*VEORHOGASMISC
TEST=ABS(IREI-REHRE1)--
RE=REI

IF(TEST.LT.0.001) GOTO 500
GOTO 507

500 DPTERVL=DP1

RETURN
501 DPTERVL=5.E-03

RETURN

END

C

C

C

C

C

C

FUNCTION PDENSE(DP1)
C

C THIS FUNCTION EVALUATES THE DENSITY OF A U000CHAR
C PARTICLE OF DIAMETER DPI
C

PDENSE=-428.1-277.8*ALOG10(DP1)
IF(PDENSE.LT.50.) PDENSE=50.
IF(PDENSE.GT.2000.) PDENSE=2000.
RETURN

END



C

C

C

C

FUNCTION PSAREA(DP1)

C

C THIS'FUNCTION EVALUATES THE INTERNAL SURFACE AREA

C FOR A VOODCHAR PARTICLE OF DIAMETER DP)

C

PSAREA 8.384E+060.131E+06*ALOO10(DPI)
IF(PSAREA.LT.10.0) PSAREA2I0.0

RETURN

END

C

C

C

C

C

C

C

C

FUNCTION THCOND(T)

C

C THIS FUNCTION EVALUATES THE THERMAL CONDUCTIVITY OF AIR AT

C A TEMPERATURE OF T KELVIN

C

THCOND2(1.754.0.0052T)411.E-05

RETURN

END

C

C

C

C

C

C

FUNCTION HICOGAS(TI,T2)
COMMON/PLUG/RNumPAR,FG1,F02,RSCI,RSC2

C

C THIS FUNCTION EVALUATES THE HEAT TRANSFER COEFFICIENT

C FROM THE REACTOR VALLS (T2) TO THE GAS (Ti). THE COLBURN

C ANALOGY IS USED AND THE GS IS ASSUMED TO BE IN TURBULENT FLOU.

C (C.F. P I39 VELTY-VICKS-VILSON) (UNITS - KY/m2 )()

C

TM2(TI +T2)/2.

CP2(0.77 SPECIF(TM,2)+0.21SPECIF(TM,1))
CF21.E-02
PR20.611

HICOGAS PR2 (-42./3.))*F012CPCF/(2.2RSCI)
RETURN

END

C
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C

C
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FUNCTION HEATIC(T1,72,V,DPI)
C

C THIS FUNCTION EVALUATES THE HEAT TRANSFER COEFFICIENT
C FROM A PARTICLE OF DIAMETER DPI (71) TO A GAS (12),
C UHILST TRAVELLING AT A VELOCITY V

.

C THE CORRELATION USED IS THE RANZ-MARSHALL EQUATION
C

C

C

C

C

C

C

TholT1 .T2)/2.

VOLDPF*0.63

SPHERIF*2.3

RHOGAS*353.22/TH

VISC=19.E..07*TM*41.5/(120.5+TM)
RE OPI*SORTISPHERIF/*VoRNOGAS/VISC
TH*THCONDITMI
PR*0.6B

RTH=TH*(2.+0.6*RE**.S*PR0*(1./3.))/(DPI*VOLDPF)
HEATTC*RtH

RETURN
END

SUBROUTINE HPARIGS(TP,DPART,XAPART,TG,T028,TCO2GPL,RL,
FC0,FG0,F01,XABAR)

DIMENSION TP(10),DPART(10),XAPART(10),DEN0(10),RNUM0(10),D(10),
* FP1(10),PVEL1101,TAUP1(10)

COMMON/PARTCLE/DP(10),01(10)
COMMON/PLUG/RNUMPAR,FGI,FG2,RSCI,RSC2
COMMON/DAD/LAB

COMMON/HEATER/QCONVEC,DRADIAT

COMMON/RINFO/DPPI,FGASA,FCAR,ALPHA,FO,TGAS,TSOL,DPIAR,FRUATER
C

C THIS SUBROUTINE CLCULATES THE CHANGE IN TEMPERATURE,CONVERSION,
C PARTICLE SIZE,GAS TEMPERATURE AND GAS MOLE FRACTIONS IN A LENGTH
C INCREMENT UP THE REACTOR FOR THE PARTICLE SIZE DISTRIBUTION.
C

C

VOLDPF*0.43
RORL*DL
DR*0.762

PI=3.14159

SIGMA*5.472E-11
ETA=0.9

TU=I000.

VGAS*FGO*22.414*IG/(273.*RSC1)
IF(RL.GT.DL) GOTO 301

QRADIAT4CONVEC*0.0
CPU*SPECIt(1000.,3)
DELOENTHAL(I000.)

CPGAS*(0.210SPECIF(1000.0)+0.79*SPECIF(1000.,2))
HGASICOGAS(1000.,TY)
CP=SPECIF(1000.,5)
DO 302 J*1,9

DENO(J)*PDENSE(DP(J))/12.
302 RNUMOUI*FC0*UFR(.1) =6./(ALPHODENO(J)*PI*OP(1)**3)
301 CONTINUE



C

C

C

C

DO 303 J81,9

PVEL1J)4VGAS-TERVEL(LAB,DPART(J),TG)
INPVEL(.1).0.0.01) PVEL1J)=0.01
VELOC=VGAS-PVEL1J)
R1( 4RX0V(IP1J),VELOC,DPAR1(J))

NP=NEATTC1T6,TP(J),PVEL(J),DPARTIJ))
4=HP+SIGMAsETA4( TU4TP( J))41TU442.04P(J)**2)-RX*T020CP

8404TPGIGNA4ETA41TV.TP( J)14( TU.,124TP(J)442)4TU-RK4Y0204DELN

C=PVEL(J)0DENGE( DPART(J)),PCPsOPART(J)*VOLDPF/72.
FP1(.1)411/4

TAUP1(J)4C/A

D(J)4PVEL(J)tPDENSE( DPART(J))*DPART(J)*VOLDPF/(72.4RX4f02O)
IF1TP(J).GE.TG) GOTO 303

GRADIAT4ORADIAT+RNUM01.001+0PART(J)4424SIGNA4ETA4(TU444
-TP(J)444)401./PVEL1J)

303 CONTINUE

SUN4SUM24SUNI4SUNM4SUN4SUMM8.0
DO 304 J41,9

IF(TP(J).GE.TO) GOTO 323

GUNMER=NEATTC1TO,TP(J),PVEL(.1),DPART(J))4RNUMO(J)447
sOPART1J)402/PVEL1J)
SUM1=SUN145UNNER
SUM24SUM2+SUMAERITP1J1

323 SUN4SUN4WFR(J)4(1.-XAPART1J))/D(J)
SUNN=SUMOUFR(J)*XAPART1J)
IF1TP(J).0.1.0) GOTO 304

511N4SUN4PI*RNUM0(.1)11DPART(.1)442/PVEL1J)

SUNOSLINA4FC0.1(1.-XAPART1J)101FR(J)0
304 CONTINUE

DX/UM:SUN
XADARIISUMN

GRADIAT=OPADIAT+GUN45I6HA*ETA4(TU 44-TO**4)4DL
GCONVEC4OCONVECOIGAS4PI4DR,OV-TG)401..

A14511M101GAS*PIDR4SIG1144ETA(TU4TG)(TU4*2+TO42)+SUN
0149UN2-DXABAROCO*DELlitNGASP14DR*T1J+SIGMA4ETA*TW4(TU4TO)*
(TU424TG442)4SUN

CI4PGO.CPGA5+SUNNsF01(1.-ALPHA-FRWATER)CP/12.
4RUATER*F014CP11/19.

F24111/A1

TAUG14C1/A1

TGC141G

TO476+(F2-TO)4(1.-EXP(-DL/TAUG1))
DO 305 J41,9

IF1TP1J).GE.TGC1) GOTO 306

TP1.1)4TP1J)4(FP1M-TP(J))*(1.-EYP(-DLYTAUP1(J)))
IF(TP(.1).GT.TG) TP(J)4TG
SOTO 312

306 TP1J/4TO

312 CONTINUE

IF(XAPART(J).GE.0.999999) GOTO 307
XAPART( J)4X4PART( J)4( 1.-XAPART(J))411.:EXP(-DL/D(J)))

IF(XAPART(J).GE.1.0) XAPAPT1J)40.999999
307 CONTINUE

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

DPART(J)40P(J)41DENO(J)4(1.-XAPARI(J))412./PDENSE(DPART1J)))
414(1./3.)
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IF(DPARTIJ).LE.I.E-10) DPARTIJ)=1.E-10
308 CONTINUE
305 CONTINUE

C

C

XABAR21.-(1.-XABAR) »FCO/FCAR

Y028.0.21-XABARoFCAR/FGO
YCO2G=0.21-1020
RETURN
END
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Table G. 3. Program to calculate the orifice flowrneter calibration

curves.

PROGRAM ORIFICE(OUTRULTAPE6 =0UTPUT,TARE10=01
DImENSION DELP(60).0(5,601,T(5)
DATA (T(I),I=1,5)/290.,300.,310.,320.,330./

C

QRITE16,1101

110 FORNAT(2X,65(" "))

WRITE16,100)

100 FORNAT(2X. gTAPLE OF CALCULATED FLDURATES FOR THE *,
g *VIEW PORT ORIFICE FLOWNETER0)
URITE(6,120)

120 FORMAT(2X.65( "*4)./11

C

DO 10 L=1,4
P1=1.0133E+05 + 7000.*FLOAT(L)

NPTS=5

DP=25.249./FLOAT(MPTS1
DO 20 I=1,5

N=NPTS+1

DO 30 J=1.N

DELP(J)=FLOAT(J-1)*DP

30 0(I,J)=(3.0051+1.4741*(P1-DELP(J))/P1)=2.3316E-02
g 4SORT(P1*DELP(J)/(T(I)*2.5231E+071)

20 CONTINUE

URITE(6.401 P1

40 FORMAT1/2X.*UPSTREAM PRESSURE = 0,E10.4,2X,gN/M2*,/)
URITE(6,501 (DELP(J),J=1,5)

50 FORNAT(2X,=PRESSURE DIFFERENCE (N/M2)==,4X,5F10.1,/)
DO 70 N=1,5

URITE(6.60) T(N),(0(N.J),J=1,5)
60 FORMATC2X,g1NLET AIR TEMPERATURE=.4,F5.10 (X)0,5F10.5/
70 CONTINUE
10 CONTINUE

WRITE(6,55)

55 FORMAT(///////2X)

STOP

END



Table 0.4. forogram to calcui,.Le the veuturl

curves.

i.

PROGRAM VENT( OUTRUT.TAPE6=0UTPUT,TAPE10.0)

DIMENSION DELP(60),0(5,60),T(5)
DIMENSION DELPCON(60).TF(5),000NV(5,60)
DATA (T11/,1.1,5)/290.,300.,310.,320.,37.10./

WRITE16,110)

110 FORMAT2X,31( "4')/

WRITE(6,100)

100 FORMAT(2X.i.TABLE OF CALCULATED FLOURATES FOR THE *,

1,MAIN AIR AND PREHEAT AIR VENTURI FLOUNETERSO
WRITE(6,120)

120 FORMATI2X.31("0)

DO 10 LI-1,4

R1.14.697+FLOAT(L)

P1CONVP1+1.0133E+05/14.697
015.5
DP60./FLOAT(NFT3)
DO 20 1.1.5

MNPTS+1
DO 30 J..10

DELP1J)1.E-20+FLOATIJ-110DP
DELPCON1.0.0ELP(J)+249.
DS.2.4414

FA1.
F.1.0342

C=0.984
P2=P1-.03613=DELP(J)

RP2/P1
SY1.R41.429
ST2.3.5

SY3=(1.4.4*.2857)/(1.-R)
BETA:0.50505050

S0(1.-aETA*=4)/(1.-EETA*=4*SY1)
YASORT(SY10SY2A0y3ily4)
TFII/.(T(I)-273.)=1.8+32.

GA0.0062457.7/(TF(I)+459.7)
G=GA*P1/14.697

U5.9834C#F4DS=FA*YA4SORT(DELP(J)*0)
ACFM=WM/0

0(I,J)ACFM529.01/114.697*(TNI)+459.)1
30 OCONVII,J)0(I,J)=4.7194E-04
20 CONTINUE

URITE(6.40) P1CONV
40 FORMAT( /2X,OPSTREAM PRESSURE .4..E10.4,2X.PN/M2*,/)

URITE16,50/ (DELPCONIJ1,J(,6)

50 FORMATI2X.PRESSURE DIFFERENCE (N /112)s,5X.OF10.1.//
DO 70 14.1,5

URITE(6,60) T(N)0000NV(N,J),J1,6).
60 FORMAT12X.*INLET AIR TEMPERATURE .*,F5'.1,* (11)=.6F10.51
?0 CONTINUE

10 CONTINUE
WRITE(6,55)

55 FORMAT( ///////2X)

STOP

END
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Table G.S. Program to plot terminal velocity bs. particle size.

C

PROGRAM RRATE(INPUT,OUTPUT.TAPE6=OUTPUT.TAPE10=0)

DIMENSION DIAm(3),VEL(3),RKOvk4,*,51)
DIMENSION LAFX(31.1.ABY(5),TITLE1(3),TITLE2(3),TITLE3(3)

,LADEL2(5),LABEL1(61
DATA (DIAM(I),I=1,3) /1.E-02.1.E-03,1.E-04/

DATA (VEL(1),I=1,3) /10..1..0.0/
DATA ILAEX(I),I=1,31/4 SURFACE TEMPERATURE (K) 4/

DATA(LADY(I),I=1,5) /40VERALL REACTION COEFFICIENTS (MOLE/S*M2)4/

DATA TITLE1111,1=1,3)/11THE VARIATION OF REACTION RATE4/

DATA (TITLE2(1),121,3)/4COEFFICIENT VITH TEMPERATURE 4/

DATA (TITLE31I1,1=1,3) /4FOR THE REACTION: C*02=CO2 4/

DATA (LABEL1(1),I=1,6)/4AIRMAVELOCIT14,41M,S;4.4PARTICLE4.
* 4DIAMETER4,4(M)4/

DATAILASEL2(I),I=1.3)/4 REACTION CONTROLLED 4/

RCONST=9.2102E-02

NPTS=50

TMAX=I500.

TMIN=1000.

DELTz(TmAX-TMIN)/FLOAT(NPTS)
DO 10 1=1,3

DO 20 J=I,3

DO 30 Lz1.51

T=TMIN+DELT*FLOAT(L-1)

P=1.

DIFF=7.381E-10*T4s1.27,

RHO=353.6/T

VISC=18.E-07*T*41.5/(120.:+T)
RE=DIAM(I)*VEL(.1).RHO/VIEC

SCzvISC/(RHO*DIFF)
RDIftzDIFF2.+0.6*PE**0.5*SC**0.3333)0f/(RCONST*T*DTAM(1))
RCHE07.9583E*064e0P1-144000./(1.9964T)11/5ORT(T)
RKOV(I.J,L)=1000./(1./RDIFF+1./RCREM)
RKOV(4,4,L)=1000.$RCHEM

30 CONTINUE

20 CONTINUE
10 CONTINUE

UIDTHz2.

HEIGHTz9.

ICODE=A

CALL PLOTYPE(ICODE)

CALL TKTYPE(4014)

CALL SIZE(WIDTH+2.,HEIGHT+2.)
CALL ERASE
XL0U2XORG=TNIN
XHIGH=TmAX+250.

YLOU2YORG.5.E-02
YHIGHz1000.

XTIC2100.
YTICzI.E-02

YMAX.IALOGIO(YHIGH)
YMIN=AL0010(YLOU)

XFACT=UIDTH/(XHIGH-XL0U)

YFACT=HEIGHT/(YmAx-YMIN)

CALL SCALE(XFACT,YFACT,1.5,1.5,XL0U,YNIN)
CALL AXISL(XL0U,XHIGH,XORG,YLOW,YHIGH.i0;G.XTIC.YTIC,

*

CALL PLOT(XL0140MAX.1.0)
CALL PLOT(XHIGH,(MAX,I,0)

CALL PLOT(XHIGH.YMIN,1,0)
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DO SO I=1,3
DO 60 J=1,3

CALL POINTS
DO 70 L=1,51

XP=TMIN,DELTiFLOAT1L-11
YP=ALOG10(RNOV(I,J,L1)
CALL PLOTtxP,YP,I,01

70 CALL VECTORS
60 CONTINUE

SO CONTINUE

CALL POINTS
DO 110 L=1,51

0=TKIN+DELTI,FLOATIL-1)
YP=ALOGIO(RROV(4.4.L))
CALL PLOT(XPOP,1,0)

110 CALL VECTORS

ICHAR=IGRINPI1X,i)

CALL SYNDOL01,Y,O.,0.15,30,LABX)
ICHAR=IGRINPT1X,1)

CALL SYNEOLX.Y,70.,0.15.50,LADY1
ICNAR=IORINFT(X,i)
CALL STMBOL1X,r,0.,0.12.30.TITLE1)
ICHAR=IORINPTCX,Y)

CALL SYMBCL(X.f,J.,0.12,30,TITLE2)
ICHAR=IOPINPT(X,Y)

CALL SYMDOLiX,Y,0.,0.12,30.TITLE3)
DO 80 I=1,6

ICHAR=IGRINPT(X,I)

SO CALL StN901.(X,Y.O.,0.10.8,LABEL1(I))

DO 90 1=1,3

ICHAR=IORINPT(X,Y>

CALL NUNBER(X,Y.30.10.6,DIAM(I))
DO 100 J=1,3

ICNAR=I3RINPT(X,Y)

CALL NUNDER(X,T.0.,0.10,4.VEL(J))
100 CONTINUE

90 CONTINUE

ICNAR=IGRINPT(X1,Y1)
CALL SiNBOL(Al,r1,O.,0.1.30,LABELZ)

CALL PLOTEND
STOP

END



Table G.6

C
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The computer proz-ram to evaluate trle terminal
velocity of various -3.ized carton -particles.

DIMENSION DP(60).ciEL(5,60),RH0(1),RE1(5,60)

DIMENSION LARX(3).LABfl4),LAB1(4),LAB2(4),LAB3(4),LADEL(7)
DATA (LABX11),I=1,3)/" PARTICLE DIAMETER ;M410446) "/

DATA (LARY(I),1.1,4)i" TERmINAL VELOCITY OF PARTICLE tm/S)"/
DATA 1LA61(1),1.1.4)/" THE TERMINAL VELOCITIES OF UOODCHAR "/

DATA (LAB2(1),1.1,4)/"PARTICLES (NON-SPHERICAL) IN AIR AT A "/
DATA (LAB3(I),1.1,41/"TEMPERATURE OF 1300 K. "/

DATA (LASEL(I),1.1,:')/"PARTICLE","DENSITT","(14G/113)
"SOO ","600 ","400 , "200 "/

NPTS.20

DO 10 I.1,NPTS

DP11).(I(100.-10.)/NPTS)FLOAT(1-1) +10.)41.E-06

DP(I+NPTS).(1( 1000.-100.)/NPTS)4FLOAT(I-1)4.100.) 1.E-06
10 DP(MPTS*NPTS+I).1((5000.-1000.)/MPTS)4FL0AT(I-1)01000.)0.E-06

DO :0 1.1,5

20 RHO(I)=200.+FLOAT(1-1).200.
C

C

DO 30 I.1,5
RE=0.

DO 40 J=1.60

RHO(!).-428.1 277.8*ALOGIO(DP(J))
TEMP.1300.

RHOGAS.29.4223./122.410TEMP)
G.9.81

RE.0.01

VISC.18.4TEMP*01.5/(1EmP4120.5)*I.E-07

199 CD=24./RE

VEL(I,J).(4.4G.DP(J)*(RHO(I)RHOGAS)/(3.4RHOGASQ.5i-CD))1.0.5
RE1( I.J).SORT(2.5)0P(J)RHOGAS4VEL(I,J)/VISC
TEST=AES( (RE))I,J)-RE)/RE1(I,J) )

RE.RE1(1,J)

IF(TEST.LT.0.001) GOTO 350
GOTO 199

350 IF(RE1(1,J).LT.0.1) GOTO 60
90 CD.24./REI(I,J)4.2.25

VEL(I,J)=(4.4G4DP(J)4(RHO(I)RHOGAS)/(3.4RHOGAS*2.54CD))
* 4.0.5

RE.DP(J)*SORT(2.5).RHOGAS4VEL(1,J)/VISC
TESTONSUREREI(I,J))/RE)
RE1(I,J)=RE

IF(TEST.LT.0.001) GOTO 60
GOTO 90

70 IF 1RE.LT.5.5) COTO 60

80 CD=24./RE+2.254(5.5)440.2150
VEL(1,J).(4.4G+DR(J)4(RHO(1)RNOGAS)/
* (3..RHOGAS43.5CD))1,0.5

RE=DP(J)4SORT(2.5)*RHOGAGOEL(1.J)/VISC
TEST=ABS((REREI(I,j))/RE)
RE1(I,J).RE

IF(TEST.LT.0.001) GOTO 150
GOTO 80

150 IF(RE.LT,49.) GOTO 60
180 CD=.24/RE+1.4051

VEL(I,J)=(4..G.DP(J)*(RHO(I)RHOGAS)/
4 (3.4RNOGAS42.5.CD))440.5

RE.1P(J)4SORT(2.5)PRIOGAS.VEL(I,J)/VISC
TEST.AOSHRERE1(1,J))/RE)
REICI,J)=RE

INTESTAT.0.001) GOTO 60
GOTO 180

60 CONTINUE
40 CONTINUE
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UD=7.

HT=9.

1C=4

CALL PLOTYPE(IC)

CALL TKTYPE(4014)
CALL SI:E(WD2.,HT+2.)
CALL ERASE
XLOU=XCRG100.
XHIGH=10000.
YLOU=YORU=0.

YHIGH=10.

XTIC=10.

YTIC=2.

xMAX=ALOGIO(XHIGH)

XMIN=ALOG10(XLOU)
xFACT=0/(XMAX-XMIN)
YFACT=N1/(YHIGH-YORO)

CALL=SCALE(XFACT,ITACT,1.5,1.5.XMIN,YORG)
CALL AXISL1XL0U,XHIGH,XORG.1LOU,tHIGH,ORG,XTIC,YTIC,
* 0,0,1,1,1.,1.,0.1,2)

CALL PLOT1XMIN,YHIGH,1.0)
CALL PLOT(XMAX,THIGH,1,0)

CALL PLOT(XmAXLYLOU,1,0)

DO 100 1=1,4

CALL POINTS

DO 200 J=21,60
XP=ALOG10(0P1J)kl.E+06)

YP=VEL(I,J)

CALL PLOT(XP,YP,1,0)
200 CALL VECTORS
100 CONTINUE

CALL POINTS

DO 300 J=21,60,3
I=S

XP=ALOO10(DP(J)41.E+061
YP=VEL1I,J)

CALL PLOT(XP,YP,1,0)
300 CALL DASHES

ICHAR=IGRINPT(X,Y)

CALL SYMBOL(X,Y.O.,0.15,30,LAPX)
ICHAR=IGRINPT(X,Y)

CALL SYMBOL(X,Y,90.,0.15,40,LAPY)
ICHAR=IGRINPT(X,Y)

CALL SYMBOL(X,Y,0.,0.12.10,LAB1)
ICHAR=IGRINPT(X,Y)

CALL STMBOUX,Y,O.,0.12,40,LAB2)
ICHAR=IGRINPTIX,Y)

CALL SYNBOUX,Y,0.,0.12,40,LAB3)
DO 110 1=1,7

ICHAR=IGRINPT(X,Y)
CALL SYMPOL(X.f.0..0.1,8,LABEL(I))

110 CONTINUE

CALL PLOTEND
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. 1. 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 (top)
(Douglas Fir derivative)
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Figtire 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
x400 (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. Kayihan 2 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

'Associate Professor, Mechanical Engineering Dept ., OSU
2Assistant 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 I. 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 sumrr?arize, the wood

char may be described as a light (density in the range 200-800 kg/M3)

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 1.4. 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 so 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 I. 5 and I. 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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I. 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 to 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 too 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 I. 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 I. 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 I. 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 I. 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 packing 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

I. 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 I. 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.



285

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 ports 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 the

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 I. 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 and lower 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



MAI MO TOP CII1/1DbLAl ASSII1BLit3
..fo

.Off, OvIlnt ..1110111 yf fore., un,/
1.1 Fer roe. ant..)

- # WIiW Paved POPI. I4. . 1. .I4 WPM'

10

. .

bOrrall MINOR CAL 435Et19 Y
14111 1,01 Iftnat. 1 et 411, 010.11

- .1. ald it 41
Ida NOT

1 - II ....Ilan. ...Oat ton
I 441 ...

I - * 513. 00.71

TOP CONICAL ASSEMBLY
5107 51$01.1

roil Q..... It orro. 171/y1/1
1 .11..111411 PAS Tot 44444 wont. 'woes s
. - 44444 CAL 115%, PLAT 14- Pest 411 /1/

6. 001111 TO

BOY tOm CONICAL ASSEMBLY
.14 /

0

I -

- Arr.."

. "01010 A.) 1
to mg (..14,

44444

CtrAdm V.

L L
I -";

04 r IP ...I
- 4444ye 051 00,Iva") 7P t ...

44444 (11

-/

OREGON STATE UNIVERSITY11,

Figure 1.14. Details of the inlet air lines to the char burner



290

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. Gosmeyer 3 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 90o 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.

I. 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 I. 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

I. 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 1.20.

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 I.21).

This also allowed the formation of slag to be checked periodically

and proved a very useful addition.
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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 good

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

1. Char management circuit breaker - on
2. Fuel inlet air valve - on at inlet in use
3. Main air valves - as required
4. Burner auger - on
5. Air lock - on Check operation visually
6. Surge bin auger - on
7. Preheat system switch - off
8. Preheat combustion air - off
9. Burner auger - adjust feed rate to maintain desired tempera-

tures. Allow fuel bed to form then decrease feed rate.
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Table I. 1. (Continued)

Preheat restart (high combustion chamber temperatures)
1. Preheat system switch - on
2. Preheater combustion air - 5" to 7"
3. Gas regulator pressure - 5 to 7 psi
4. Stable combustion - light on, temperature rising
5. 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.

6. Main air - off
7. Bypass air - 1 to 2 psi back pressure
8. View port air - less than 5"
9. 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.

Shut down
1. Char feed system - off

a. Surge bin auger - off
b. Air lock - off
c. Burner auger - off

2. Gas system - off
a. Preheat system switch - off
b. Tank valve - off

3. Blower - off
4. Circuit breakers - off
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Table 1.2. Mechanical components.

Name: Air System

Roots Blower 350 gJ with 10 hp motor
Stoddard F64-4 silencer

Fuel System:

Relay Auger Motor, 1 hp,
Surge Bin Auger, 1.5 hp,

w/Sterling 142110C
Ohio 206
Winsmith 2Z947

1740 rpm, w/6:1 belt reduction
1750 rpm, DC-SCR
10:1

gear reduction

Rotary Air Lock, Newman, Valve type 150 cc
Chaindrive
1/2 hp motor 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 P1
using the direct method to calculate
the solids flowrate.

THE RESULTS FUR THE SIMULATED COMDUTION MODEL TEST RUN P1

THE INLET CONDITIONS FOR AIR AND UOODCHAR

FLOWRATE OF SOLIDS . .5115E-02 KG'S
TEMPERATURE OF SOLIDS= 285.0
COMHSTIDLE CONTENT = .7323

HOISTURE CONTENT = .0507
INORGANIC CONTENT = .2120

MAIN AIR ILOWRATE

TEMPERATURE OF AIR
AIR FOR VIEW PURI 1 =

AIP FOR VIEW PORT 2 =

AIR FUR VIEW PORT 3+4=

.4033E-02 KhOLE/S
313.6 it

.1538E-03 ltdOLE/S

.1538E-03 KNOLE/S

.3076E-03 EMOLE/S

THE INLET SIZE 8ISTRIBUTIO0 FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .7400E-04 .1880E-03 .3750E-03 .7500E-03 .1500E-02 ,4013[-02
SPHERICAL DIAMETER IN) .1350E-04 .324(A-04 .5640C-04 .1123E-03 .2250E-03 .4500E-03 .9000E-03 .V59?E-02
WEIGHT FRACTIGN .0235 .0450 .0432 .0568 .1529 .2787 .3532 .(:!;67 .,0100

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 717.2 (E)

IHE SIZE DISTRIBUITON LEAVING THE INITIAL HTXINE;

MEAN DIAIIETER (A) .1350E-04 .3240E-04
WEIGHT FRACTION .0400 .0767

.5640E-04 .117!3E-OF,

.0736
.2250E-07j .4116E-03

.2605 .4524
.9000E-03 .1`jc..'9E -02

0.0000 0 0 0.00,)0



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1292E-03 (111

GAS FLOW INTO REACTION ZONE = .0040 KMOLE/S
CSA OF REACTION ZONE .4560 M2
GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S
CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 M F N2

0 217.2461 .4131 .1778 .0322 .7900
.1195 788.5182 .4396' .1757 .0343 .7900
.7395 262.7139 .5077 .1704 .0396 .7900
.3595 1098.4542 .7457 .1519 .0581 .7900
.4795 1194.1278 .8571 .1432 .0668 .7900
.5995 1212.6105 .9107 .1414 .0684 .7900
.7195 1242.8525 .9471 .1389 .0711 .2900

2.6835 1194.0889 1.0000 .1424 .06/6 . 7 Y 00

5.0835 1121.0887 1.0000 .1424 .0676 .7900
7.4835 1168.9547 1.0000 .1424 .0476 .7950
9.8835 1157.6302

..... ....

1.0000
.

.1424 .0676 .7900



Table J.2, Computer results for Test Run P1
using the indirect method to calcu-
late the solids flowrate.

THE RESULTS FOR THE SIMULATED CO6BUSTION MODEL TEST RUN P1

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .6525E-02 KG/S
TEMPERATURE OF SOLIDS= 285.0
COMBUSTIBLE CONTENT = .7373

mOISTURE CONTENT = .050?
INORGANIC CONTENT = .2120

MAIN AIR FLOWRATE =

TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FOR VIEW FORT 2 =

AIR FOR VIEW PORT 3+4=

.4033E-02. EMOLE/S

313.6 K

.153E1E-03 EMOLE/S

.1538E-03 KHOLE/S

.3076E-03 EMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (0) .2250E-04 .5400E-04 .9400E-04 .1380E-03 .3750E-03 .7500E-03 .1500E-02 .2L,5E-02 .4013-Ci2
SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .15'iYE-02 .24;MH,".)2
WEIGHT FRACTION .0235 .0450 .0432 .0568 .1529 .2787 .3532 .0367 .0400

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 763.1 (K)

coTHE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (0) .1350E-04 .3240E-04 .5640E-04 .1128[-03 .2250E-03 .4411E-03 .9000E-0'3 159-02
WEIGHT FRACTION .0369 .0707 .0679 .2402 .4951 0.O0,0 6_660



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1399E-03 (M)

GAS FLOW INTO REACTION ZONE
CSA OF REACTION ZONE
GAS FLOW INTO BYPASS ZONE
CSA OF BYPASS ZONE

.0040 KNOLE/S

.4560 M2

0 KMOLE/S
0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPEROUIRE CONVERSION ii F 02 i9 F CO2 M F

O 763.1445 .3634 .1739 .0361 .7900
.1197 995.8933 .5332 .1570 .0530 . / '!' 00

.2397 1257.7047 .7606 .1344 .0756 .75'00

.3597 1333.5003 .8326 .1772 .0020 .7./00

.4797 1383.1552 .8813 .1224 .0226 .7900

.5977 1383.5546 .9170 .1222 .0328 .7700
1.0817 1439.1912 .9756 .1166 .0934 ;2900
2.4917 1413.6593 1.0000 .1176 .0924 T:q:,;,i
3.8997 1336.4200 1.0000 .1238 .0862 79v0
5.3997 1322.3218 1.0000 .1738 .0862 : 7r;00
6.8797 1308.7977 1.0000

....,
.1238 .C/862 .7 ?4)0



Table J. 3. Computer results for Test Run P2
using the direct method to calculate
the solids flowrate.

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN P2

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .6807E-02 HG /S

TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .7093

MOISTURE CONTENT = .0507

INORGANIC CONTENT = .2400

MAIN AIR FLOWRATE
TEMPERATURE OF AIR
AIR FUR VIEW PORT 1 -

AIR FUR VIEW PORT 2 =

AIR FOR VIEW PORT 3 +4=

. 50%7E-02 RMOLE/S

305.2 R

.3625E-03 KMULE /S

. 3625E-03 KMOLE/S

. 7250E-03 KHOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M)

SPHERICAL DIAMETER (M)
WEIGHT FRACTION

.2250E-04

.1350E-04

.0215

.5400E-04

.3240E-04

.0403

.9400E-04

.5640E-04

.0420

.1E580E-03

.1128E-03

.0476

.3750E-03

.2250E-03

.1254

.7500E-03

.4500E-03

.2320

.1500E-02

.9000E-03

.3171

.2605E-02

.1599E-02

.1293

.4013E 02

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 716.3 (0

-
THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE 0

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .5026E-03 .1'.J9 9E-02 .240917-07
WEIGHT FRACTION .0368 .0689 .0719 .0814 .2145 .4055 .1210 0.0000 0.0000



TH CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1441E-03 .N)

GAS FLOW INTO REACTION ZONE = .0051 KNOLE/S
CSA OF REACTION ZONE .4560 N2
GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S
CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION h F 02 H F CO2 H F N2

0 '216.2695 .4155 .1771 .0329 .7900
.1185 751.8458 .4236 .1764 .0336 ,7900
.2385 786.3502 .4396 .1752 .0348 .7900
.3565 833.3220 .4753 .1723 .0377 .7900
.4785 927.2442 .5664 .1651 .0449 .7900
.5985 1024.4897 .7191 .1568 .0532 .7900
.7185 1110.7578 .8204 .1493 .0607 .7900
.6385 1149.1477 .8664 .1459 .0641 ,7900
.9585 1177.5093 .9008 .1434 .0666 .7 900

2.5745 1116.0580 1.0000 .1483 .0617 .7900
4.9745 1109.0652 1.0000 .1483 .0617 .7900



Table J.4. Computer results for Test Run F2
using the indirect method to calcu-
late the solids flowrate.

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN P2

THE INLET CONDITIONS FOR AIR AND UOODCHAR

FLOURATE OE SOLIDS = .8684E-02 kB/S
TEMPERATURE OF SOLIDS= 285.0 V
COMBUSTIBLE CONTENT = .7093

MOISTURE CONTENT =

INORGANIC CONTENT = .2400

MAIN AIR FLOURATE
TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1

AIR FUR VIEW PORT 2 =

AIR FOR VIEW PORT 344=

.5027E-02 ;MOLL'S
305.2 K

.3625E-03 KMOLE/S

.3625E-03 KMOLE/S

.7250E-03 ['HOLE/'s.)

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M)

SPHERICAL DIAMETER (6)
WEIGHT FRACTION

.2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7500E-03 .1500E-02

.1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03

.0215 .0403 .0420 .0476 .1254 .2370 .3171

THE TEIIFERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 794.4 ;;;)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (6)

OFIGOT FRA,AION
.1350E-04

.0354

.3240E-04

.0663

.5640E-04 .1128E-03
.0691 .0783 .'064

.2665E-02

.1599E-02

.4:A3E-t,2

.210'oE

.0396

.4500E-03 j;.15.0L-6:3 2406E-02
.3901 .1343 0.0000 0.0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1501E-03 (N)

GAS FLOW INTO REACTION ZONE = .0051 KNOLE/S
CSA OF REACTION ZONE .4560 h2
GAS FLOW INTO BYPASS ZONE = 0 rtiouis
CSA OF BYPASS ZONE = 0 M2.

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEOPERATURE CONVERSION N F 02 N F CO2 N F N2

0 794.3945 .3924 .1703 .039"? .7900
.1195 891.7975 .4670 .1628 .0472 .7900
.2395 1147.4868 .678? .1414 .0686 .7900
.3595 1239.8575 .7627 .1329 .0771 .7900
.4795 1291.0842 .8111 .1200 .0820 .7'900

.5995 1271.5159 .8186 .1299 .0801 .7900

.7195 1300.9971 .2787 .1271 .0629 .7900
1.2495 1365.1695 .945? .1208 .0892 .7900
2.5535 1246.0061 .9995 .1314 .0786 .7900
4.0075 1237.4208 1.0000 .1314 .0786 .7900
5.5075 1228.4290 1.0000 .1314 .0786 .7900 w

.---

w



Table J.5. Computer results for Test Run P3
using the direct method to calculate
the solids flowrate.

THE RESULTS FUR THE SIMULATED COMBUSTION MODEL TEST RUN P3

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .6055E-02 KG/S ---
TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .8233
MOISTURE CONTENT = .0507

INORGANIC CONTENT = .1260

MAIN AIR FLOWRATE =

TEMPERATURE OF AIR
AIR FOR VIEW FORT > -

AIR FOR VIEW PORT 2 -

AIR FOR VIEW FORT 3+4=

.4821E-02 KMOLE/S

299.6 K

.2217E-03 KMOLE/S

.2217E-03 KMOLE/S

.4435E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M)

SPHERICAL DIAMETER
WEIGHT FRACTION .

(M)

.2250E-04

.1350E-04

.0210

.5400E-04

.3240E-04

.0410

.9400E-04

.5640E-04

.0367

.1880E-F3

.1128E-03

.0411

.3750E-03

.2250E-03

.1272

.7500E-03

.4500E-03

.2942

.1500E-02

.9000E-03

.3410

.26.5t11-02

.1599E-F2

.0921

.21nE-02

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 703.6 (K) LP.>

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (p) .1350E-04 .5240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-05 .1758E-03 .J599E-02 ,.2-10a-02
WEIGHT FRACTION .0336 .0657 .0588 .0652 .2037 .4712 .1012 00000 0,0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1553E-03 (M)

GAS FLOW INTO REACTION ZONE = .0049 KMOLE/S
CSA OF REACTION ZONE .4560 M2
GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S
CSA OF BYPASS ZONE = 0 h2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 If F N2

0 703.5742 .3756 .1780 .07320 .7900
.1197 747.8420 .3947 .1772 .0328 .7900
.2397 792.5817 .4078 .1752 .0348 .-7';'00
.359? 874.1145 .4752 .1695 .0405 .2900
.4797 1085.6305 .6771 .1523 .0527 .7900
.5997 1149.2683 .7797 .1464 .0636 .7900
.7192 1199.0921 .8340 .1420 .0680 .790G
.8397 1236.4133 .8753 .1326 .0714 .7900
.9597 1264.3470 .9067 .1360 .0740 .7'/00

2.7237 1233.8309 1.0000 .13719 .0721 .2900
5.123? 1218.6524 1.0000 .1379 .0721 .7900



Table J.6. Computer results for Test Run P3
using the indirect method to calcu-
late the solids flowrate.

THE RESULTS FOR THE SIMULAILO LUMBUSIION muuLL Ihbl F.UN FJ

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS .7724E-02 KG/S
TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .8233

MOISTURE CONTENT = .0507

INORGANIC CONTENT = .1260

MAIN AIR FLOWRATE = .4871E-02 KMOLE/S
TEMPERATURE OF AIR = 299.6 K

AIR FOR VIEW PORT 1 = .2217E-03 KMOLE/S
AIR FOR VIEU PORT 2 = .2217E-03 KMOLE/S
AIR FOR VIEU PORT 3+4= .4434E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .51400E-04 .9400E-04 .1.860E-03 .3750E-03 .2500E-03 .1500E-02 .2665E-02 .4013E-62
SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .F599E-02 .29o3E-02
WEIGHT FRACTION .0210 .0410 .0367 .0411 .1272 .2942 .3410 0921 .00S7

THE fEgLSATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 760.7 (K)

LJJ
1-

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE 0,

MEAN DIAMETER (H) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .5200E-03 .1599E-02 ."2-06E-02

WEIGHT FkACTION .0325 .0635 .0569 .0637 .1971 .4559 .1304 0.0000 ;_)A000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1605E-03 :N)

GAS FLOW INTO REACTION ZONE = .0049 KMOLE/S
CSA OF REACTION ZONE .4560 112
GAS FLOW INTO BYPASS ZONE = 0 KMBLE/S
CSA OF BYPASS ZONE 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TE6PERATURE CONVERSION M F 02 F CO2 N F N2

0 i 7130.7222 .3547 .1714 .0386 .7900.2117 1052.1068 .5620 .1489 .0611 .7900.3317 1237.5318 .7127 .1328 .0775 .7900.4817 1309.2676 .7743 .1258 .0842 .700.5717 1319.3924 .8188 .1248 .0052 .7900.6917 1357.7997 .8544 .1211 .0889 ./?06.8117 138/.6894 .8828 .1181 .0919 .77001.2017 1447.7004 .9418 .1120 .0980 7900 (..),2.5417 1376.0092 1.0000 .1180 .0920 .2900 --1
4.0417 1360.7554 1.0000 .1133 .0920 ;79005.5417 1346.0823 1.0000 .1130 .0920 .7900



rabic J. 7. Computer results for Test Run P4
using the direct method to calculate
the solids flowrate.

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN P4

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .7935E-02 KG /S --
TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .7323

MOISTURE CONTENT = .0507

INORGANIC CONTENT .2170

MAIN AIR FLOWRATE
TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

.7400E-02 KMOLE/S

305.2 K

.1837E-03 KMOLE/S

.1837E-03 KMOLE/S

.3675E-03 KMOLE /S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .2500E-03 .1500E-02 .265E-02 .4013C-02

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .r29YE-(2 .2408E4:2

WEIGHT FRACTION .0200 .0400 .0364 .0333 .1011 .1931 .3573 .1c {30 .0358

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE. IS 698.7 (K)
W

ot)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .53-23E-0.3 .1Y79E-02 .24k0sC-02

WEIGHT FRACTION .0384 .0767 .0698 .0639 .1939 .3703 .1871 0.0000 0.0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIA4ETER IS .1450E-03 (d1

GAS FLOW INTO REACTION ZONE = .0074 KNOLE/S

CSA OF REACTION ZONE .4560 t12

GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S

CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION N F 02 N F CO2 N F N2

0 698.6914 .4786 .1787 .0313 .7900

1.2837 933.6895 .6544 .1682 .0418 .7900
1.4037 1006.2987 .7694 .1609 .0491 .7900

1.523; 1043.2263 .8417 .1575 .0525 .7900

2.0397 1118.9018 .9387 .1515 .0585 .7900

4.2797 1122.4935 1.0000 .1505 .0595 .7900

6.6797 1113.8719 1.0000 .1505 .0595 .7900

9.0797 1105.8568 1.0000 .1505 .0595 .79!)0

11.4797 1098.4056 1.0000 .1505 .0595 .7900

13.8797 1091.4786 1.0000 .1505 .0595 .7900

16.2797 1085.0390 1.0000 .1505 .0595 .7900



Table J. 8. Computer results for Test Run P4
using the indirect method to calcu-
late the solids flowrate.

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN P4

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .1276E-01 KG/S

TEMPERATURE OF SOLIDS= 285.0 K

COMBUSTIBLE CONTENT = .7323

MOISTURE CONTENT = .0507

INORGAIC CONTENT = .2170

MAIN AIR FLOWRATE =

TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

.7400E-02 KMOLE/3

305.2 K

.1837E-03 KMOLE/S

.1837E-03 KMOLE/S

.3675E-03 ENGLE'S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1830E-03 .3750E-03 .7500E-03 .1500E-02 .2665E-02 .461R-02

SPHERICAL DIAMETER (N) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1599E-02 .'40A-(2

WEIGHT FRACTION .0200 .0400 .0364 .0333 .1011 .1931 .3573 .1W30

THE TENFERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 743.6 (l()

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .A500E-03 .7484E-03 A599E-02 .240@E-02

WEIGHT FRACTION .0300 .0601 .0547 .0500 .1519 .2901 .3631 0.0000 0.00n



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1885E-03 (M)

GAS FLOW INTO REACTION ZONE =

CSA OF REACTION ZONE

GAS FLOW INTO BYPASS ZONE =

CSA OF BYPASS ZONE

.0074 KNOLE/S

.4560 M2

0 RMOLEIS
0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 M F H2

0 743.6133 .3344 .1748 .0352 .7900
.2277 868.3226 .4081 .1670 .0430 .7900
.3657 1027.5314 .5364 .1535 .0565 .7900
.5457 1171.t,359 .6700 .1412 .0688 .7900
.8097 1254.5893 .7467 .1333 .0767 .7900

1.4397 1361.4258 .8474 .1230 .0870 .79'00
3.3997 1391.2211 .9649 .1176 .0924 .7900
5.7997 1394.9195 .9973 .1145 .0955 .7900
8.1997 1370.8694 1.0000 .1142 .0950 .7900

10.5997 1345.6369 1.0000 .1142 .0958 .7900
u.)12.9997 1322.0373 1.0000 .1142 .0958 .7900 N



Table 3.9. Computer results for Test Run CP1
using the direct method to calculate
the solids flowrate.

THE RESULTS FUR THE SIMULATED COMBUSTION MODEL TEST RUN CP1

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .5115E-02 KG/S
TWERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .8122
MOISTURE CONTENT = .0488
INORGANIC CONTENT = .1390

MAIN AIR FLOWRATE .

TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2
AIR FOR VIEW PORT 3+4-

.3735E-02 KMOLE/S
313.6 K

.3318E-03 KMOLE/S

.3318E-03 KMOLE/S

.6636E-03 KOLE/5

THE INLET SIZE DISTRIBUTION FUR THE SOLIDS FEED

MEAN DIAMETER (M)

SPHERICAL DIAMETER
WEIGHT FRACTION

(0)

.2250E-04

.1350E-04

.0379

.5400E-04

.3240E-04

.0569

.9400E-04

.5640E-04

.0605

.188OE-03

.1128E-03

.0704

.3750E-03

.2250E-03

.1630

.7500E-03

.4500E-03

.2935

.1500E-02

.9000E-03

.2810

.2,A5E-02

.1599E-02

.0363

.40L6E-02

.240'6E-02

.1:)006

THE TEMPERATURE OF ThE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 737.8 (it) LA,

THE SIZE DISTRIBUTION LEAVING THE INITIAL NIXING ZONE

hEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4017E-03 .9000E-46 .ft99E-02 .24WE-02
WEIGHT FRACTION .0597 .0896 .0953 .1109 .2568 .3877 0.0000 0.0000 0.0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1056E-03 (M)

GAS FLOW INTO REACTION ZONE = .0037 KMOLE/S
CSA OF REACTION ZONE .4560 M2
GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S
CSA OF BYPASS ZONE = 0 62

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 M F N2

0 737.753? .3652 .1761 .0339 ./900
.1557 912.4536 .4789 .1656 .0444 .7900
.2757 1266.8975 .7889 .1369 .0731 .7900
.491? 1387.7453 .9053 .1260 .0840 .?900

1.303? 1397.7759 .9975 .1251 .0849 .7900
3.7037 1192.1136 1.0000 .1416 .0684 .790
6.1037 1181.1847 1.0000 .1416 .0634 .7900
3.5037 1170.8637 1.0000 .1416 .0684 .7900

10.9037 1161.1194 1.0000 .1416 .0689 .7900
13.3037 111.9216 1.0000 .1416 .0684 .7'30:d

15.703/ 1143.2414 1.0000 .1416 .0684 .79.)0 tNi

LA)



Table J. 10. Computer results for Test Run CPI
using the indirect method to calcu-
late the solids flowrate.

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN CP1

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .6525E-02 KG/S

TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE. CUNTENT = .8122

MOISTURE CONTENT = .0488

INOUANIC CONiENT . .1390

MAIN AIR FLOW RATE

TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2
AIR FUR VIEW PORT 3+4=

.3735E-02 KMOLE/S
313.6 K

.3313E-03 KMOLE/S

.3318E-03 KMOLE/S

.6636E-03 KNOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-G4 .5400E-04 .9400E-04 .1830E-03 .3750E-03 .7500E-03 .1500E-02 .,2665E-2 .401R

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .199E-02

WEIGHT FRACTION .0379 .0569 .0605 .0704 .1630 .2935 .2810 A:36a .0;)00

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS '285.6 (K)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAi4 DIAMETER (6) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4263E-0.3 .9000E-03 .1599E-02 08E-02

HEIGHT FRACTION .0558 .0838 .0891 .1037 .2401 .4274 0.0000 0.0000 0.(J0,)0



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1132E-03 (h)

GAS FLOW INTO REACTION ZONE = .0037 KMOLE/S
CSA OF REACTION ZONE .4560 M2
GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S
CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION h F 02 h F CO2 H F 02

0 -78';.6055 .3212 .1720 .0:480 .7;'10

.1197 1322.5778 .6744 .1303 .6797 .7",00

.2397 1456.9475 .7833 .1177, .0927 .7900

.3597 1520.9443 .3404 .1106 ...)Cfl ..,'Yo0

.4797 156?.6384 .8833 .1056 .1044 ..Y.',.+

.5997 1512.0499 .9159 . .1105 .0995 .7900
1.0817 1567,3300 .9714 .1045 .1051, .,,,,,0

2.4457 1499.3212 1.0000 .1096 .1004 .2900
3.8997 1319.1607 1.0000 .1236 .0872 .70,00
5.3997 1337.0243 1.0000 .1228 ..,5072 ..7'()0

6.6991 132.2668 1.o000 .12_8 .08 72 .'960 w
N
lll



Table 3.11. Computer results for Test Run CP2
using the direct method to calculate
the solids flowrate.

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN CP2

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .6055E-02 KG /5

TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .8442

MOISTURE CONTENT = .0488
INORGANIC CONTENT = .1020

MAIN AIR FLOWRATE

TEMPERATURE OF AIR

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

.5311E-02 KNOLE/S
308.0 K

.3254E-03 KNOLL'S

.3254E-03 KMOLE/S

.6508E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE. SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7:J00E-03 .1500E-01 .':L6;-J11-02 .4013L-,.;2
SPHERICAL DIAMETER (H) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1599E-02 .24034.-')2
WEIGHT FRACTION .0271 .0442 .0399 .0541 .1623 .2580 .3288 .6054

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 664.5 (K)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (6) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .4846E-03 .1599E-02 .240E-02
WEIGHT FRACTION .0417 .0681 .0614 .0833 .2499 .3973 .0982 0.0000 0 .0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1399E-03 (M)

GAS FLOW INTO REACTION ZONE = .0053 KMOLE/S
CSA OF REACTION ZONE .4560 112
GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S
CSA OF BYPASS ZONE 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION h F 02 H F CO2 M F H2

0 664.5117 .3507 .1819 .0281 .7900.4157 774.6954 .3698 .1803 .0297 .7900.6917 828.279? .4283 .1776 .0324 .7900.8717 980.1830 .5869 .1656 .0444 .79071.0337 1154.2219 .7772 .1513 .0587 .79001.2977 1241.3123 .8803 .1435 .0665 .79002.5317 1199.6516 .9947 .1459 .0641 .79004.9317 1171.0987 1.0000 .1456 .0644 .79007.3317 1177.1768 1.0000 .1456 .0644 .79009.731? 1167.9907 1.0000 .1456 .0644 .7900
LN)12.1317 1157.4965 1.0000 .1456 .0644 .7900
-..1
Iv



Table J. 12. Computer results for Test Run CP2
using the indirect method to calculate
the solids flowrate.

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN CP2

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .7724E-02 EG/S

TEMPERATURE OF SOLIDS. 285.0 V

COMBUSTIBLE CONTENT = .8442

MOISTURE CONTENT = .0488

INORGANIC CONTENT . .1070

MAIN AIR FLOWRATE
TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

.5311E-02 EMOLE/S

308.0 N
.3254E-03 EMOLE/S
.3254E-03 KMOLE/S
.6508E- -03 KMOLE/S

THE INLET JIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (h) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7Ii00E-03 .1500E-02 .2665E-02 .10f3E-02

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1599E-02 .240'6E-02

WEIGHT FRACTION .0271 .0442 .0399 .0541 .1623 .2580 .3288 .0802 .0054

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 732.9 (L)

Lk)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

GO

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .5344E-0) .1591E-02

WEIGHT FRACTION .0405 .0661 .0596 .0809 .2426 .3856 .1247 0.0000 0.0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1443E-03 (M)

GAS FLOW INTO REACTION ZONE = .0053 KMOLE/S
CSA OF REACTION ZONE .4560 M2

GAS FLOW INTO BYPASS ZONE = 0 ITMOLE/S
CSA OF BYPASS ZONE = 0 H2

THE RESULTS FOB; THE PLUG FLOW SECTIoN

LENGTH TEMPERATURE CONVERSION M F 02 0 F CO2 M F 02

0 732.8711 .3310 .1761 .0.:339 .7900
.1185 774.7224 .3469 .1745 .0355 .7900
.2385 841.5548 .3882 .1703 .0397 .7900
.3585 1073.3032 .5677 .1519 .0531 .7900
.4785 1240.8436 .7126 .1371 .0729 .7900
.5985 1257.6548 .7739 .1354 .0746 .7900
.7185 1303.5060 .3181 .1311 .0737 .7900
.8335 1340.0026 .8538 .1277 .0823 .7900
.9585 1363.5644 .8824 .1249 .0851 .7700

1.6585 1385.6151 .9549 .1230 .00/0 .2900
2.9925 1320.3021 .9999 .1278 .0322 .7900



Table J.13. Computer results for Test Run CP3
using the direct method to calculate
the solids flowrate.

INC RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN CP3

THE INLET CONDITIONS FOR AIR AND WODDCHAR

FLOWRATE OF SOLIDS = .6945E-02 I;G/S -4

TEMPERATURE OF SOLIDt= 285.0

COMBUSTIBLE CONTENT = .8392

MOISTURE CONTENT = .0488

INORGANIC CONTENT = .1115

MAIN AIR FLOWRATE =

TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

.6432E-02 KNOLE/S

310.8 K

.2777E-03 KNOLE/S

.2777E-03 I;MOLE/S

.5553E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7500E-03 .1300E-02 .2665E-02 .4013kH-

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .159E-02 .240'A-02
WEIGHT FRACTION .0214 .0438 .0431 .0445 .0923 .1681 .3493 .2200 .0125

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE 724.1 (K)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (Ai

WEIGHT FRACTION
.1350E-04 .3240E-04

.0376 .0769

.5640E-04 .1128E-03 .2250E-03
.0756 .0781 .1707

.4500E-03

.2950

.6321E-03 .15i9E-02
.2662 0.0000

,24010._

0.0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1478E-03 A)

GAS FLOW INTO REACTION ZONE = .0064 KMOLE/S

CSA OF REACTION ZONE .4560 M2

GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S

CSA OF BYPASS ZONE 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 h F N2

0 224.0820 .4301 .17/3 .0-32" ,7'',

.2755 791.5800 .4644 .1/4/ .033 .79"0

.5335 861.2426 .5481 .1700 .0400 ,7`01

.7435 1003.5807 .7063 .1505 .0515 1' ' 0

.9595 1115.3792 .8328 .1492 .0608 .79(0

2.0995 1195.8075 .1663 .1423 .0677 .7900

4.4595 1150.7631 1.0000 .1451 .0649 ./C ft'

6.8595 1140.7819 1.0000 .1451 .0649

9.2595 1131.4576 1.0000 .1451 .0649 750;)

11.6595 1122.7478 1.0000 .1451 .0649 .",0
14.059'J 1114.6126 1.0000 .14;1 .0549 .r "Jig



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 CP3

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOURATE OF SOLIDS = .8923E-02 KG'S

TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .8397

MOISTURE CONTENT = .0488

INORGANIC CONTENT .1115

MAIN AIR FLOURATE =

TEMPERATURE OF AIR

AIR FOR VIEW PORT 1 =

AIR FOR VIEW FORT 2 =

AIR FOR VIEW PORT 3+4=

.6432E-02 KMOLE/S

310.8 K

.2:777E-03 KMOLE/S

.2777E-03 KMOLE/S

.5553E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1080E-03 .3750E-03 .7500E-03 .1500E-02 .2665E-02 .4013E

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1)28E-03 .2250E-03 .4500E-03 .9000E-03 .1599E-02 .240A-0

WEIGHT FRACTION .0214 .0438 .0431 .0445 .0973 .1681 .3493 .2200 .01n

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 285.6 ki()

C.0

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (H) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .6861E-03 .1599E-02 _240A-02

WEIGHT FRACTION .0352 .0720 .0709 .0732 .1600 .2765 .3121 0.0000 0.0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1589E-03 (M)

GAS FLOW INTO REACTION ZONE = .0064 KKOLE /S

CSA OF REACTION ZONE .4560 N2

GAS FLOW INTO BYPASS ZONE = 0 KMOLE!S

CSA OF BYPASS ZONE 0 112

THE RESULTS FOR THE PLUG FLOU SECTION

LENGTH TEMPERATURE CONVERSION K F 02 M F CO2 M F N2

0 785.6055 .3921 .1719 .0:031 :7900

.1197 877.4238 .4645 .1649 .0451 .7900

.2397 1053.9685 .6124 .1506 .0594 ,7900

.3597 1172.8987 .7198 .1401 .0699 .7900

.4797 1222.0468 .7656 .1357 .0743 .7900

.5997 1221.7314 .7978 .1358 .0742 .7900

.7197 1249.1440 .8253 .1332 .076B .7900

1.7197 1318.8/71 .9320 .1267 .0833 .7900

3.9997 1293.0118 .9979 .1274 .0826 .7900

6.3997 1275.7422 1.0000 .1272 .0828 .7900

8.7997 1257.6391 1.0000 .1272 .0328 .7900



Table J. 15. Computer results for Test Run CP4
using the direct method to calculate
the solids flowrate.

THE EFALTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN CP4

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOURATE OF SOLIDS = .7935E-02 KG/S

TEMPERATURE OF SOLIDS= 285.0 1-(

COMBUSTIBLE CONTENT = .7752

MOISTURE CONTENT = .0488

INORGANIC CONTENT = .1760

MAIN AIR FLOWRATE
TEMPERATURE OF AIR

AIR FUR VIEW FORT 1

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

.6805E-02 KMOLE/S

302.4 H
.2777E-03 KMOLE /S

.2777E-03 EMOLE/S.

.5553E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-Ci ..3?50E-03 .?500E-03 .1500E-02 .265F-02 .401A-02

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 ,1599E-02

WEIGHT FRACTION .0310 .0650 .0657 .0612 .1357 .2926 .2855 0060

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 5?2.7 (K) +P-

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-0-3 .400E-03 .5244E-0) 159A-02 .240E-02

WEIGHT FRACTION .0431 .0903 .09)3 .0850 .1885 .4064 .0947 0.00(i0 0.0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1262E-03 (M/

GAS FLOW INTO REACTION ZONE = .0068 KNOLL'S
CSA OF REACTION ZONE .4560 M2

GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S
CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 N i= CB2 1 F N2

0 572.2140 .2801 .1889 .0211 .7900
1.293? 774.9858 .2944 .188? .0213 .790(0

1.809? 906.6774 .4310 .1300 .0300 .7900
1.9417 1074.8192 .6331 .1655 .0441 .790
2.151? 1184.8317 .767? .1565 .0535 ../.0
2.6557 1216.8278 .6844 .1527 .i-)573 .1900
4.6957 1287.7286 .9987 .1453 .0642 .7900
7.0957 1269.4314 .9994 .1453 .0647 .7900
9.4957 1251.8267 .9994 .1453 .064? .790
11.8957 1235.2822 .9994 .1453 .0647 .7900
14.2957 1219.8036 .9794 .1453 .r54-.)



Table J. 16. Computer results for Test Run CP4
using the indirect method to calculate
the solids flowrate.

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN CP4

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .1012E-01 EG/S

TEMPERATURE OF SOLIDS= 295.0 E

COMBUSTIBLE CONTENT = .7752

MOISTURE CONTENT = .0486

INORGANIC CONTENT = .1760

MAIN AIR FLOWRATE
TEMPERATURE OF AIR

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FUR VIEW PORT 3+4=

.6805E-02 EMOLE/S

302.4 K

.3276E-03 KAOLE/S

.3276E-03 KMOLE/S

.6553E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1890E-03 .3750E-03 .7500E-03 .1500E-02 .2665E-02 .4013E-62

SPHERICAL DIAMETER (N) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1599E-02 .2408E-02

WEIGHT FRACTION .0310 .0650 .065? .0612 .1357 .2926 .2855 .0567 .0060

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 621.5 (K)



THE SIZE DISTRIBUTION LEAVING THE. INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .5705E03 .1599E-02 .2403E-02
WEIGHT FRACTION .0420 .0381 .0891 .0830 .1839 .3966 .1165 0.0000 0 (,000

THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1297E-03 (M)

GAS FLOW INTO REACTION ZONE = .0068 KKOLE/S
CSA OF REACTION ZONE .4560 M2
GAS FLOW INTO BYPASS ZONE . 0 KMOLE/S
CSA OF BYPASS ZONE 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 M F N2

0 621.5430 .2623 .1848 .0252 .7900
1.147? 923.8780 .3880 .1744 .0356 .7900
1.267; 1177.3176 .6130 .1533 .0567 .7900
1.387; 1251.3473 .6914 .1466 .0634 .7900
1.5077 1258.5793 .7374 .1454 .0646 .7900
1.6272 1271.4747 .7729 .1423 .067? .7900 w

w
1.7477 1319.5002 .8035 .1396 .0704 .7900 ,..]

2.4117 1407.6471 .8988 .1312 .0738 .7900
4.5357 1395.0318 .9965 .1297 .0803 .7900
6.9357 1372.8703 .9994 .1295 .030'J .7900
9.3357 1349.4656 .9794 .1275 .0805 .7900



Table J.17. Computer results for Test Run C9
using the direct method to calculate
the solids flowrate

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN C9

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWkATC OF SOLIDS = .9816E-02 KG/S

TEMFERATUFE OF SOLIDS= 285.0 K
CUmpOSTIBLE CONTENT = .2143

MOISTURE CONTENT = .0177

INORGANIC CONTENT = .2330

MAIN AIR FLOWRATE .

TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

. 6701E-02 KMOLE/S

302.4 K

.3819E-03 KMOLE/S

. 3819E-03 KMULE/3

.7633E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 ;3750E-03 .7500E-03 .1500E-02 .2665E-02 .4013E-02
SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1599E-02 .2:0U-02
WEIGHT FRACTION .0237 .0432 .0424 .0428 .1184 .2220 .2558 .1Y53 ,0561

00
THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 718.2 K)

THE SIZE DISTRIBUTION LEAVING THE INITIAL NIXING ZONE

(ILAN filhATER (h) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-07 .6522E-03 .15-i9c.-62

WEIGHT FRACTION .0383 .0699 .0686 .0692 .1915 .3591 0.0000 0.Q0,;;,



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1512E-03 (M)

GAS FLOW INTO REACTION ZONE = .0067 KMOLE/S

CSA OF REACTION ZONE .4560 M2

GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S

CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION H F 02 H F CO2 H F N2

0 718.2227 .3818 .1767 .0333 .2900

.3937 806.2837 .4195 .1734 .0366 .7900

.657? 872.6757 .4957 .1691 .0409 .7900

.8317 1015.7110 .6394 .1573 .0522 ..100

1.0057 1140.2700 .7675 .146,' .0633 . /Q00
w
w

1.353? 1223.4921 .8529 .1396 .0704 .7900 D

3.0177 1204.6339 .9843 .1401 .00? r7 90

5.412, 1204.0231 1.0000 .1390 .0710 .7900

7.8177 1191.2081 1.0000 .13;0 .0716 .-9W'

10.217/ 11,9.1935 1.0000 .1390 .0210 .,7900

12.61-7 1167.9303 1.0000 .1390 .0710 .7900



Table J. 18. Computer results for Test Run C9
using the indirect method to calcu-
late the solids flowrate.

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN C9

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .1124E-01 KG/S
TEMPERATURE OF SOLIDS= 285.0 K
COOUSTIBLE CONTENT = .7143

MOISTURE CONTENT = .0477

INORGANIC CONTENT = .2380

MAIN AIR FLOWRATE
TEMPERATURE OF AIR
AIR FOR VIEW PORT 1 .7.-

AIR FOR VIEW PORT 2
AIR FOR VIEW FORT 3+4=

. 6701E-02 KMOLE/S

302.4 K
.3819E-03 KMOLE /S

. 3819E-03 KMOLE/S

. 7638E-03 KNOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7500E-03 .1500E-02 .2665E-02 .4013E-02
SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 A599E-02 .2408E-02
WEIGHT FRACTION .0237 .0432 .0424 .0428 .1184 .2220 .2558 A953 .0564

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 753.4 110 tr.)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (A) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .60541 03 .1',99E-02 .2408E-0?
WEIGHT FRACTION .0373 .0679 .0666 .0673 .1861 .3489 .2259 0.0000 0.0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1562E-03 (N)

GAS FLOW INTO REACTION ZONE = .0067 KNOLE /S
CSA OF REACTION ZONE .4560 M2
GAS FLOW INTO BYPASS ZONE = 0 KNOLE/S
CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 M F N2

0 753.3789 .3638 .1732 .0363 . ?900

.2275 848.0062 .4224 .1678 .0422 .2700

.3835 1013.7718 .5567 .1544 .0556 .7900

.5395 1145.7674 .7065 .1433 .0667 .7900

.8035 1233.3502 .7925 .1352 .0748 .7900 .JJ

4.>1.4335 1334.8702 .8933 .1256 .0844 .7700
,---

3.5235 1281.3885 .9923 .1293 .0807 .7900
5.9235 1270.7859 1.0000 .1287 .0813 .7900
8.3235 1254.2082 1.0000 .1287 .0813 .2900
10,1235 1238.6038 1.0000 .1287 .0813 .7900
13.1235 1223.9221 1.0000 .1287 .0813 .7900



Table J.19, Computer results for Test Run C10
using the direct method to calculate
the solids flowrate.

THE RESULTS FUR THE SIMULATED COMBUSTION MODEL TEST RUN CIO

1HE INLET CONDITIONS FOR AIR AND WOODCHAR

FTOWRATE OF SOLIDS = .7935E-02 KG/S
TEMPERATURE OF SOLIDS= 285.0 K
COMPUSTIBLE CONTENT = .7573
MOISTURE CONTENT = .0477
INORGANIC CONTENT = .1950

MAIN AIR FLOWRAIE

TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1

AIR FOR VIEW FORT 2 =

AIR FOR VIEW PORT 3+4:-

.5835E-02 KMOLE/S
305.2 l<

.3071E-03 KMOLE/S

.3071E-03 EMOLE/S

.6142E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (h) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3;750E-03 .7500E-03 .1500E-02 .2665E-02 .,101 AL-02
SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1599E-02 .2408E-02
WEIGHT FRACTION .0327 .0576 .0629 .0539 .1233 .2510 .2554 .128/ .0341

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 600.1 (5)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04
WEIGHT FRACTION .0504 .0383

.5640E-04 .1128E-03

.0964 .0826

.225A.-0:3

.1070

.4500E-03 ,,53y8E-E1

.3848 .1063 :),OrrOii



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1210E-03 (M)

GAS FLOW INTO REACTION ZONE . .0058 EMOLE/S

CSA OF REACTION ZONE .4560 M2

GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S

CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION d F 02 M F CO2 M F 02

0 680.1367 .347, .1802 .0298 .7900

.2567 744.4387 .3536 .1796 .0304 .7900

.5327 ;92.3981 .3682 .1783 .0317 7900

.7847 905.3168 .4840 .1705 .0395 .7900

.9107 1118.8327 .6988 .1530 .0570 .7900

1.1327 1226.2:44 .8137 .1437 .0663 ,7960

1.6427 12/9.0107 .9174 .1388 .671 .,,900

3.7627 1255.6850 1.0000 .1391 .0709 .7900

6.162; 1237.3465 1.0060 .1391 .0709 .7900

8.5627 1224.0443 1.0000 .1391 .0709 .,900

10.9627 1209.7143 1.0000 .1391 .0709 .7900



Table J.20. Computer results for Test Run C10
using the indirect method to calculate
the solids flowrate.

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN CIO

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOURATE OF SOLIDS = .1012E-01 KO'S

TEMPERATURE OF SOLIDS= 285.0
COMBUSTIBLE CONTENT = .7573

MOISTURE CONTENT = .0477

INORGANIC CONTENT . .1950

MAIN AIR FLOWRATE
TEMPERATURE OF AIR

AIR FOR VIEW PURl 1 =

AIR FOR VIEW PORT 2 =

AIR FUR VIEW PORT 3+4=

.5835E-02 KNOLL'S
305.2 K

.3071E-03 KhOLEiS

.3071E-03 KMOLE/S

.6142E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (h) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7500E-03 .1S00E-02 .2665L-0 .4013E-02

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 ,1599L-02

WEIGHT FRACTION .0329 .0576 .0629 .0539 .1233 .2510 .2554 .1289

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 748.5 (K)

THE SIZE DISTRIBUIIGN LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-O3 .2250E-03 .4500E-03 .5946E-01 .1579E-02 .2405L-2
WEIGHT FRACTION .0438 .0855 .0734 .1830 .3725 .1368 0.0000 u.(022



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1256E-03

GAS FLOU INTO REACTION ZONE = .0058 KHOLE/S
CSA OF REACTION ZONE .4560 H2
GAS FLOU INTO BYPASS ZONE = 0 KUOLE /S
CSA OF BYPASS ZONE 0 c12

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 N F CO2 H F N2

0 748.4961 .3263 .1743 .0352 .7900
.3377 899.4329 .4221 .1638 .0462 .7900
.459? 1215.0777 .6605 .1327 .0723 .7900
.5797 1255.0936' .7320 .1339 .0761 .7900
.6997 1303.7429 .72W .1293 .0607 .7900
.8197 1339.5991 .8095 .1258 .0842 .7900
.939? 1369.3996 .8382 .1228 .0872 .7900

1.3477 1436.0823 .8989 .1165 .OS 35 .7900
3.2157 1380.3303 .9970 .1198 .0902 .7900
5.6752 1359.4464 1.0000 .1196 .0904 .7900
8.0757 1336.867? 1.0000 .1196 .0904 .7900



Table J. 21. Computer results for Test Run P3 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 SIMULATED COMBUSTION MODEL TEST RUN P3

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOURATE OF SOLIDS = .6055E-02 KG/S
TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .8233

MOISTURE CONTENT = .0507

INORGANIC CONTENT = .1260

MAIN AIR FLOURATE

TEMPERATURE OF AIR

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

.4871E-02 KMOLE/S
299.6 K

.2217E-03 KMOLEIS

. 2217E-03 KMOLE/S

. 4434E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

1 V 7

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1860E-03 .3750E-03 .7500E-03 .1500E-02 .266SE-02 .4013E-02
SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1599E-02 .240H-02
WEIGHT FRACTION .0210 .0410 .0367 .0411 .1272 .2942 .3410 .0921 .000 ?

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 605.1 (K) La

rn

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (N) .1350E-04 .3240E -C4 .5640E-04 .1128E-03 .2250E-03 .4036E-03 .9000E 03 .1597E-02 .2106E-02
WEIGHT FRACTION .0400 .0781 .0699 .0783 .2423 .4914 0.0000 0.0000 0.00n



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1317E-03 (M)

GAS FLOW INTO REACTION ZONE = .0049 l(MOLE/S

CSA OF REACTION ZONE .4560 M2
GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S
CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 M F N2

0 805.1367 .4751 .1695 .0405 .7900
.1197 1025.1578 .6768 .1523 .0577 .7900
.287? 1204.8254 .0548 .1371 .0729 .7900
.5277 1243.5519 .9376 .1335 .0765 .,900

2.287? 1257.9545 1.0000 .1318 .0782 .7900
4.6877 1178.4726 1.0000 .1379 .0721 .7900
7.0877 1166.7261 1.0000 .1379 .0721 .7900
9.4877 1155.7510 1.0000 .1379 .0721 .7900
11.8877 1145.4970 1.0000 .1379 .0721 .7906
14.2877 1135.9170 1.0000 .13;9 .0721 .7900
16.6877 1126.9670 1.0000 .1379 .0721 .7900



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 RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN P3

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOORATE OF SOLIDS = .7724E-02 KG /S

TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .8233

MOISTURE CONTENT = .0507

INORGANIC CONTENT = .1260

MAIN AIR FLOWRATE -

TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FOR VIEW FORT 2 =

AIR FOR VIEW PORT 3+4=

.4871E-02 [(MOLE'S

299.6 1;

.2217E-03 KMOLE/S

.2217E-03 EMOLE/S

.4435E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7500E-0 .1500E-02 .2665E 02 AO13E-02

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 AtI9YE-02

WEIGHT FRACTION .0210 .0410 .0367 .0411 .1272 .2942 .3410 .0921 .005-/

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 701.6 (K)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (h) .1350E-04 .3240E-04

WEIGHT FRACTION .0297 .0580

.5640E-04 .1 128E -03 .2250E-03

.0519 .0581 .1800

.4500E-03 .6440E-0]

.4162 .2060 ).i)(190



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1763E-03 (11)

GAS FLOW INTO REACTION ZONE = .0049 KMOLE/S
CSA OF REACTION ZONE .4560 M2
GAS FLOW INTO BYPASS ZONE = 0 KNOLL'S
CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 ii F i12

0 701.6211 .2932 .1781 .0319 .7900
.3391 825.4709 .3404 .1730 .0370 .7900
.4597 1005.3745 .4707 .1588 . .0512 .7900
.5797 1178.3343 .6368 .1437 .0663 .7900
.6997 1251.9469 .7017 .1370 .0730 .7900
.8197 1304.6602 .7497 .1320 .0780 .7900
.9397 1346.8819 .7890 .1279 .0821 .7900

1.0597 1380.2674 .8210 .1246 .0854 .7900
1.5757 1415.9255 .8954 .1207 .0893 .7900
3.4957 1416.8471 .9954 .1184 .0916 .7900
5.8957 1395.3849 1.0000 .1180 .0920 .7900



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).

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN P3

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOURATE OF SOLIDS = . ? ?24E --02 KG/S

TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .8233

MOISTURE CONTENT = .050?

INORGANIC CONTENT = .1260

MAIN AIR FLOWRATE

TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FUR VIEW FORT 2 =

AIR FOR VIEW PORT 3+4=

. 4821E-02 KMOLE/S

299.6 K

. 2217E-03 KMOLE/S

. 2217E-03 KMOLEIS

.4435E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 . ?500E -03 .1500E-02 .26T-02 .4013E-02
SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1!S99E-02 .24011E-02
WEIGHT FRACTION .0210 .0410 .036? .0411 .1222 .2942 .3410 .0921 .605?

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 838.3 (K)

C71

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE 0

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1126E-03 .2250E-03 ,:4427E-03 .9000E-03 .11,-;')9E-0.2

WEIGHT FRACTION .0350 .0683 .0612 .0685 .2120 .5550 0.0000 0k)0,) .) 60;) in)



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1496E-03 (N)

GAS FLOW INTO REACTION ZONE = .0049 KMOLE/S
CSA OF REACTION ZONE .4560 M2
GAS FLOW INTO BYPASS ZONE = 0 KMOLEIS
CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 F N2

0 818.3398 .4001 .1665 .0435 .7900
.1197 1225.8333 .6918 .1347 .0753 .2900
.2397 1325.1747 .7765 .1255 .0845 .7900
.3597 1383.0680 .8280 .1199 .0901 .7900
.4797 1426.1518 .8674 .1156 .0944 .7900
.5997 1415.9032 .8986 .1165 .0935 .7900

1.0477 1479.6418 .9565 .1105 .0995 .7900
3.2877 1378.1119 1.0000 .1180 .0920 .7900
5.6877 1353.4349 1.0000 .1180 .0920 .7900
8.0877 1330.3389 1.0000 .1180 .0920 .7900
10.4877 1308.7301 1.0000 .1180 .0920 .7900



Table J. 24. Computer results for Test Run P4 using the
direct method to calculate the solids floi.vrate
and a terminal velocity 2.0 times greater than
the original correlation by Becker (20).

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN P4

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOURATE OF SOLIDS = .7935E-02 KG/S

TEMPERATURE OF SOLIDS= 285.0 K

COMBUSTIBLE CONTENT = .2323

MOISTURE CONTENT = .0502

INORGANIC CONTENT = .2120

MAIN AIR FLOWRATE
TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1

AIR FOR VIEW FORT 2 =

AIR FOR VIEW PORT 3+4=

.7400E-02 KMOLE/S
305.2 K

.1837E-03 KMOLE/S

.1837E-03 KMOLE/S

.3675E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .18E10E-03 .3750E-03 .2500E-03 .1500E-02 .2665E-02 .4017.iE-02

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .199E-02 ;240'aF-02

WEIGHT FRACTION .0200 .0400 .0364 .0333 .1011 .1931 .3573 .1230 .035b

THE TEMPERATURE OF THE REACTANTS LEAVING 1HE INITIAL MIXING ZONE IS 846.2 (K) U.)
01

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .3218E-03 .9000E- .2408E -02

WEIGHT FRACTION .0605 .1209 .1100 .1007 .3056 .3022 0.0000 0..000o 4rLiiv.J0



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .9145E-04 (M)

GAS FLOW INTO REACTION ZONE = .0074 1J1OLE/S
CSA OF REACTION ZONE .4560 M2
GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S
CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 N F N2

0 846.1523 .6692 .1662 .0438 .7900
.1357 923.0472 .7587 .1603 .0497 .7900
.2677 1011.2841 .8681 .1532 .0568 .7900
.4157 1073.9207 .9505 .1478 .0622 .7900

1.1837 1096.2278 1.0000 .1461 .0639 .7900
1.9E137 1077.8306 1.0000 .1477 .0623 .7900
2.7517 1043.8310 1.0000 .1505 .0595 .7900
3.5517 1042.7778 1.0000 .1505 .0595 .7900
4.3517 1041.7499 1.0000 .1505 .0595 .7500
5.1517 1040.7468 1.0000 .1505 .0595 .7900
5.9517 1039.7677 1.0000 .1505 .0595 .7900



Table J. 25. Computer results for Test Run P1 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 SINOLATED COMBUSTION MUOEL. TEST RUN Fl

THE INLET CONDITIONS FOR AIR AND WOODCHAR

ILOWRATE OF SOLIDS = ,5115E-02 KG/S
TEMPERATURE OF SOLIDS= 255.0 K
COMDUSTIDIE CONTENT = .7373

60ISTOFE CONTENT = .0507

INLIROT-INIC CONTENT = .2120

MAIN AIR FLOURATE

TEMPERATURE OF AIR

.4033E-02 KNOLUS
313.6 K

AIR FOR VIEW PUNT 1 = .1538E-03 KNOLE/S

AIR FOR VIEW FORT 2 .1538E-03 EMOLE/S

AIR FOR VIEW PORT 3+4= .3076E-03 TIOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1830E-03 .3750E-0 .7500E-03 .1500E-02 .2665E-V .4017,E-0'

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1123E-03 .2250E-03 .;1500E-03 .9000E-03 1'2,9Fr-07.!

WEIGHT FRACTION .0235 .0450 .0432 .0568 .1529 ,27'87 .3532

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 863.7 (K)

Ui

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-01 .1128E-03 .2250E-03 95 'E-0-3 .900--3
WEIGHT FRACTION .0552 .1058 .1015 .1335 .3591 .2446 0.(,;20,



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .9407E-04 (H)

GAS FLOW INTO REACTION ZONE = .0040 KMOLE/S

CSA OF REACTION ZONE .4560 M2

GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S
CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION H F 02 H F CO2 H F N2

0 863.7305 .524A .1652 .0+40 -7900

.0637 1063.3305 J70 .1495 .0605 .7900

.1797 1187.0517 .9113 .1390 .0710 .7900

.3357 1241.5890 .9740 .1341 .0759 .2900

1.0077 1235.3122 1.0000 .1349 .07-.)1 .7900

1.775? 1200.3239 1.0000 .1376 .0721 ,.79

2.5757 1142.9702 1.0000 .1424 .0676 .7900

3.3397 1139.8472 1.0000 .1424 .0676 .7904

4.1397 1136.6499 1.0000 .1424 .0676 .7900

4.9397 1133.5255 1.0000 .1424 .0676 .7900

5.7397 1130.4/23 1.0000 .1424 .0676 .7200



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).

THE RESULTS FOR THE SIMULATED COMOUSTION MODEL TEST RUN P2

THE INLET CONDITIONS FOR AIR AND WOODCHAR

rLOURATE OF SOLIDS = .680E-02 EG/S
TEMPERATURE OF suns. 285.0 K
COMBUSTIBLE CONTENT = .7093

MOISTURE CONTENT . .0507

INORGANIC CONTENT . .2400

MAIN AIR FLOWRAlE

TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2

AIR FOR VIEW PORT 3+4=

. 5022E-02 KMOLE/S

305.2 K

.3625E-03 KMOLE/S

.3625E-03 rmoLus

. 7250E-03 rmoLus

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (6) .2250E-04 .5400E-04 .9400E-04 *.1830E-03 .3750E-03 .7300E-03 .1500E-02 .2665[-02
SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .159:21::-(,2 19'ci[ -02
WEIGHT FRACTION .0215 .0403 .0420 .0476 .1254 .2370 .317) I93 ,J.:7396

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 354.7 (K) U.>

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5540E-04 .1128E-03 .225A-03 .":29E-03
WEIGHT FRACTION .0507 .0949 .0990 .1121 .2954 .3478 0.N;60



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS ;1048E-03 .N)

GAS FLOW INTO REACTION ZONE .0051 KMOLE/S

CSA OF REACTION ZONE .4550 M2

GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S

CSA OF BYPASS Z0i4E = 0 h2

THE RESULTS FUR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 t1 F CO2 ti F N2

0 d64.7070 .5756 .1644 .0156 .7900

.0937 1021.9316 .7332 .1519 .058 .290o

.1757 1148.2322 .8671 .1413 .0637 ,.7900

.3312 1209.9549 .9368 .1357 .0743 .7900

.7797 1208.9362 .9958 .1363 .0770 .7900

1.797 1157.2318 1.0000 .140s .0694 .790.)

2.3431 1153.7725 1.0000 .1406 .0694 .7900

3.1437 1066.6589 1.0000 .1483 .0617 .7900

3.9437 1065.2893 1.0000 .1483 .061? ,7900

4.'437 1063.9477 1.0000 .1433 .11612 .7900

5.543' 1062.6338 1.0000 .1423 .0617 .7900



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 SIMULATED COMBUSTION MODEL TEST RUN P3

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .6055E-02 KG /S
TEMPERATURE OF SOLIDS= 285.0
COMBUSTIBLE CONTENT = .13233

MOISTURE CONTENT = .050?
INORGANIC CONTENT = .1260

MAIN AIR FLOWRATE -

TEMPERATURE OF AIR =

AIR FOR VIEW FORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW FORT 3+4=

.4871E-02 KMOLE/S

299.6 K

.2217E-03 KHCILE /S

.2217E-03 KMOLE/S

.4434E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1890E-03 .3250E-03 :2500E-03 .1500E-02 .2665E-02 4013E-02SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1599E-02 .24(ME-02WEIGHT FRACTION .0210 .0410 .0367 .0411 .1272 .2942 .3410 .0921 .00'57

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 888.1 (K)
UI

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (N) .1350E-04 .3240E-04 .5640E-04 .112E1E-03 .2250E-03 .3504E-03 .9000E-03 .11,99E-02 .2406E-02WEIGHT FRACTION .0476 .0929 .0832 .0931 .2382 .3950 0.0000 0.000 0.000D



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1114E-03 (M)

GAS FLOW INTO REACTION ZONE
CSi OF REACTION ZONE

GAS FLOG INTO BYPASS ZONE =

CSA OF BYPASS ZONE

.0049 KAOLE/S

.4560 M2

0 KAOLE/S

0 H2

THE RESULTS FOR THE PLUG FLOG! SECTION

LENGTH TEMPERATURE CONVERSION A F 02 M F CO2 H F f12

0 888.1445 .5,587 .1624 .0476 .7900
.1257 1181.3423 .8338 .138? .0711 .7900
.3717 1288.0318 .9422 .1296 .0804 .7900

1.7617 1261.3730 1.0000 .1318 .0782 .7900

4.0157 1181.2973 1.0000 .1379' .0721 .7900

6.4157 1169.4354 1.0000 .1379 .0721 .7900

8.8157 1158.3414 1.0000 .1379 .0721 .7900
11.2157 1147.9673 1.0000 .1379 .0721 .7900

13.6157 1138.2679 1.0000 .1379 .0711 .7900

16.0157 1129.2002 1.0000 .1379 .0721 .7900
18.4157 1120.7240 1.0000 .1379 .0721 .2900



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 MODEL TEST RUN P4

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .7935E-02 KG/S
TEMPERATURE OF SOLIDS= 285.(i K

COMBUSTILLE CONTENT = .2323

MOISTURE CONTENT = .0507

INORGANIC CONTENT .2120

MAIN AIR FLOWRATE =

TUPERATURE OF AIR =

AIR FOR VIEW PORT 1 -

AIR FOR VIEW FORT 2

AIR FOR VIEW FORT 3+4=

.7400E-02 KMOLE/S

305.2 K

.1837E-03 KMOLE/S

.1837E-03 KMOLE/S

.3675E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3250E-03 .2500E-03 .1500E-02 .2665E-02 .4013E-02
SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E --03 .9000E-03 .15957E-02 .24013E-02

WEIGHT FRACTION .0200 .0400 .0364 .0333 .1011 .1931 .3573 .1830 .0.358

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 757.3 (R)

cr,

0
THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (H) .1350E-04 .3240E-04 .5640E-01 .1128E-03 .2250E-03 .4259E-03 .9000E-0, .1599E-02 .2408E-02
WEIGHT FRACTION .0446 .0393 .0812 .0743 .2256 .4849 0.0000 0.0000 0.0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1244E-03 (M)

GAS FLO4 INTO REACTION ZONE = .0074 KMOLE/S
CSA OF REACTION ZONE .4560 M2

GAS FLOW IN10 BYPASS ZONE = 0 KMOLE/S
CSA OF 3YPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLU' SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 14 F N2

0 757.2852 .5519 .1739 .0361 .7900
.1817 818.3642 .5998 .170? .0393 .79.00

.3817 882.0592 .6692 .1662 .0438 .7900

.5697 961.3484 .7840 .1599 .0501 .7900

.7517 1049.1002 .3970 .1526 .0574 .7900
1.5017 1104.4794 .9893 .1483 .0617 .7900
3.1017 1075.1896 1.0000 .1505 .0595 .7900
4.7017 1071.6197 1.0000 .1505 .0595 .7900
6.3017 1068.2191 1.0000 .1505 .0595 .7900
7.9017 1064.9800 1.0000 .1505 .0595 .7900
9.5017 1061.8947 1.0000 .1505 .0595 .7900



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 correlation by Becker (20).

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN CH

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOURATE OF SOLIDS = .5115E-02 KG/S

TEMPERATURE OF SOLIDS= 285.0 I(
COMBUSTIBLE CONTENT = .8122

MOISTURE CONTENT = .0488

INORGANIC CONTENT = .1390

MAIN AIR FLOWRATE =

TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FUR VIEW PORT 3+4=

.3735E-02 KNOLE/S

313.6 K

.3318E-03 KMOLE/S

.3318E-03 141.10LE/S

.6636E-03 KNOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER M.

SPHERICAL DIAMETER

WEIGHT FRACTION

(M)

.2250E-04

.1350E-04

.0379

.5400E-04

.3240E-04

.0569

.9400E-04

.5640E-04

.0605

.1880E-03

.1128E-03

.0704

.3750E-03

.2250E-03

.1630

.7500E-073

.4500E-03

.2935

.1500E-0

.9000E-03

.2510

.15'y9E-02 .240-02

THE TENFERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03

WEIGHT FRACTION .0776 .1165 .1239 .1442

896.0 (K)

.2250E-03
.3338

.2899E-U
.2040

.9000E-D2;

0.0006 0.000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .9027E-04 (H)

GAS FLOW INTO REACTION ZONE = .003? KMOLE/S

CSA OF REACTION ZONE = .4560 112

GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S

CSA OF BYPASS ZONE = 0 112

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 11 F CO2 11 F 112

0 995.9570 .5117 .1626 .04.74 .2900

.0797 12/1.3281 .8239 .1336 .0764 .7.7.0

.1797 1364.2794 .9113 .1255 .0945 :7900

.331? 1420.0684 .9679 .1263 .089' ..YOQ

.843? 1372.3693 1.0000 .1249 6851 .7w06

1.6077 1293.4045 1.0000 .1313 .078. .7900

2.4077 1286.929? 1.0000 .1313 .0787 .'900

3.1717 1168.3862 1.0:00 .1416 .0684 .7400

3.9717 1165.1034 1.0000 .1416 .0694 2960

4.7717 1161.8939 1.0000 .1416 .0684 .1 coo

5.5717 11:-'9.7267 1.0(,00 .1416 .0684 .:',.0,)



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).

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN CP2

THE INLE1 CONDITIONS FOR AIR AND WOODCHAR

FLOWPATE OF SOLIDS = .6055E-02 KG/S

TEMPERATURE OF SOLIDS.: 285.0 K

COMBUSTIBLE CONTENT = .8442

MOISTURE CONTENT = .0488

INORGANIC CONTENT = .1070

MAIN AIR FLOWPATE
TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1

AIR FUR VIEW PORT 2
AIR FOR VIEW PORT 3+4=

.5311E-02 KhOLE/S

308.0 K

.3254E-03 KMOLE/S

.3254E-03 KMOLE/S

.6508E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7500E-03 .1500E-02 .4012,E-02

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1123E-03 .2250E-03 .4500E-03 .9000E-3 .15')9E-02

WEIGHT FRACTION .0271 .0442 .0399 .0541 .1623 .3288 .00!.:J4

THE TEhrFRATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 825.6 (K)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING :ZONE

MEAN DIAMETER (M) .1350E-04

WEIGHT FRACTION .0562

.3240E-04 .5640E-04

.0917 .0228

.1128E-03

.1122

.2250E-03 .3498E-03 .9OOOE0
.3367 .3204

.1S79E"..;2



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1039E-03 (h1)

OAS FLOW INTO REACTION ZONE .0053 KMOLE/S
CSA OF REACTION ZONE .4560 M2
GAS FLOW INTO BYPASS ZONE = 0 XMOLE/S
CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 H F N2

0 925.6445 .5180 .1605 .0115 .7900
.087' 944.0449 .6332 .1592 .0508 .7900
.16 ?? 1113.1276 .8060 .1454 .0646 .7900
.283' 1194.6347 .8939 .1383 .0717 .7760

w
0-

.4437 1244.5156 .9473 .1340 .0760 .7900 ul

1.0197 1243.7663 .9993 .1345 .0755 .7900
1.7937 1192.5982 1.0000 .1386 .0714 ;7900
2.5932 1110.0428 1.0000 .1456 .0644 .790u
3.3837 1107.6992 1.0000 .1456 .0644 .)9,10
4.1837 1105.4052 1.0000 .1456 .0644 .-;-,00

4.9133; 1103.1600 1.0000 .1456 .On44 .790()



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 SIMULATED COMBUSTION MOVEL TEST RUN CP3

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOURA1E OF SOLIDS = .6995E-02 KG/S
TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .3397

AGIS1URF CONTENT = .0488

INORGANIC CONTENT - .1115

MAIN AIR FLOURATE =

TEMPERATURE OF AIR =

AIR FOR VIEW FORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

. 6432E-02 KMOLE/S

310.8 K
. 2777E-03 KMOLE/S

.2777E-03 KMOLE/S

.5553E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (h) .2250E-04 .5400E-04 .9400E-04 .1880E-83 :3750E-03 .2500E-03 .1500E-02 .2665E-0:'. .4013E-02
SPHERICAL DIAMETER (H) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-83 A599E-02
WEIGHT FRACTION .0214 .04,q .0431 .0445 .0973 .1681 .3493 :200 .0125

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03
WEIGHT FRACTION .0491 .1004 .0988 .1020

843.2 (K)

.2280E-03

.2231

.4182E-03

.4265

.9000L-u3

0.00C)
'15Y9[-0



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1111E-03 (M)

GAS FLOW INTO REACTION ZONE =

CSA OF REACTION ZONE
GAS FLOW INTO BYPASS ZONE
CSA OF BYPASS ZONE

.0064 KHOLE /S

.4560 H2

0 KMOLE/S

0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION H F 02 H F CO2 M F N2

0 843.222? .5639 .1671 .0429 .7900

.0877 958.1988 .6824 .1501 .0519 .7900

.1677 1074.6788 .3086 .1485 .0615 .7900

.2997 1147.3393 .8886 .1424 .0676 .7900

.6837 1131.5549 .9624 .1398 .07,52 .7900

1.4837 1207.9231 .9995 .1371 .0729 .7900

2.2517 1171.7738 1.0000 .1399 .0701 .7900

3.0157 1110.6313 1.0000 .1451 .0645 .7900

3.8157 1108.3187 1.0000 .1451 .0649 .7900

4.6157 1105.8631 1.0000 .1451 .0649 .7900

5.4157 1103.4630 1.0000 .1451 .0649 .7900



Table J. 32. Computer results for Test Run CP4 using the
direct method to calculate the solids flow rate
and a terminal velocity 1.5 times greater than
the original correlation by Becker (20).

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN CP3'

THE INLET LONDITIONS FOR AIR AND WOODCHAR

FLGWRATE OF SOLIDS - .7935E-02 1:G/S

TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .7752

MOISTURE CONTENT = .0480
INORGANIC CONTENT = .1,160

MAIN AIR FLOWRATE =

TEMPERATURE OF AIR
AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3=4=

. 6805E-02 minis
302.4 K

. 3276E-03 EMOLE/S

. 3276E-03 KHOLE /S

.6553E-03 1;MOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (H) .2250E-04 .5400E-04 .9400E-04 .1080E-03 .3/50E-03 .7500E-0:i . 15O0E-0 .26,:;A-02 .40i3-02
SPHERICAL DIAMETER (h) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1599E-02
WEIGHT FRACTION .0310 .0650 .0657 .0612 .1357 .2926 .2855 .056? A060

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 717.2 (K)

Ls)
O-
WTHE SIZE DISTRIBUTION LEAVING THE INITIAL. MIXING ZONE

MEAN DIAMETER (h) .1350E-04 .3240E-04 .5640E-04 .1120E-03 .2250E-03 .3?46E-U .9000-04 .15".../9EH,2
WEIGHT FRACTION .0552 .1157 .1169 .1089 .2415 .3608 0.0000 0.000.)

02



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .9731E-04 (M)

GAS FLOW INTO REACTION ZONE = .0068 KhOLE/S
CSA OF REACTION ZONE .4560 M2

GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S
CSA OF BYPASS ZONE = 0 h2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION H F 02 h F CO2 M F N2

0 717.2461 .4381 .1770 .0330 .7900

.1517 770.9718 .4538 .1758 .0342 .7900

.3117 814.4413 .4819 .1737 .0363 .7900

.4637 884.7585 .5466 .1688 .0412 .2900

.5737 957.2677 .6575 .1627 .0473 .7900

.6557 1075.5532 .7923 .1531 .0569 .7960

.7757 1150.3966 .8800 .1468 .0632 .7900
1.0957 1213.5899 .9511 .1416 .0684 .7900

1.8637 1210.0042 .9987 .1414 .0686 .2900

2.6637 1139.6873 .9994 .1469 .0631 .7900
3.4637 1136.5874 .9994 .1469 .0631 .7900



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 MODEL TEST RUN C9

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOURATE OF SOLIDS = .9816E-02 KG/S
TEMPERATURE OF SOLIDS= 285.0
COMBUSTIBLE CONTENT = .7143

MOISTURE CONTENT = .0477

INORGANIC CONTENT = .2380

MAIN AIR FLOWRATE

TEMPERATURE OF AIR =

AIR FOR VIEW FORT 1 -

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

.6701 E -02 KMOLE/S

302.4 K

.3819E-03 KMOLE/S

.3819E-03 KMOLE/S

.7638E-03 KMOLE /S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7500E-03 .1500E-02 .266!-A-02
SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1597E-02 .2403E-02
WEIGHT FRACTION .0237 .0432 .0424 .0428 .1184 .2220 .2558 .193 .0564

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 834.4 (K)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04
WEIGHT FRACTION .0470 .0857 .0841

.1128E-03 .22!JOE-03

.0349 .2348

.4286E-03 .9600E-03
.4635

.1599E-02

0.0000 0.0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1219E-03 (M)

GAS FLOW INTO REACTION ZONE = .0067 KMOLE/S

CSA OF REACTION ZONE .4560 M2

GAS FLOW IN10 BYPASS ZONE = 0 KNULE /S

CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 M F N2

0 834.4336 .4958 .1668 .0432 .7900

.0797 960.2293 .6106 .1568 .0532 .7900

.1597 1107.3703 .7521 .1444 .0656 .75'00

.2797 1190.2728 .8345 .1372 .0/28 .7900

.4397 1242.1146 .8890 .1325 .0775 .7900

.8877 1266.4596 .9612 .1307 .0793 .2900

1.687) 1247.6023 .9974 .1319 .0781 .7900

2.4877 1244.1907 1.0000 .1317 .0783 .7900

3.2517 1162.5341 1.0000 .1390 .0710 .790o

4.0517 1159.0527 1.0000 .1390 .0710 ./900

4.8517 1155.6457 1.0000 .1390 .0710 J200



Table J. 34. Computer results for Test Run C10 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 MODEL (EST RUN C10

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .7935E-02 I;G/S

TEMPERATURE OF SOLIDS= 285.0 I<

COMBUSTIBLE CONTENT . .7523

MOISTURE CONTENT = .0472

INORGANIC CONTENT .1950

MAIN AIR FLOWRATE
TEMPERATURE OF AIR =

AIR FOR VIEW FORT 1 -

AIR FOR VIEW PORT 2 .

AIR FOR VIEW PORT 3+4=

.5835E-02 KMOLE/S
305.2 N

. 3071E-03 KMOLE/S

.3071E-03 KHOLE/S

. 6142E-03 1MOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1830E-03 .32500-03 ..7500E-03 .1500E-02 .26.'.,5F-67!

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .22500-03 .4500E-03 .90000-03 ,1 02

WEIGHT FRACTION .0329 .0576 .0629 .0539 .1233 .2510 .2554

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 824.7 (K)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1126E-03 .2250E-0:3 .3)68E-03 0(111-1):1

WEIGHT FRACTION .0644 .1128 .1232 .1056 .2415 .524 1 0i00



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .9316E-04 (M)

GAS FLOW INTO REACTION ZONE = .0058 KHOLE/S
CSA OF REACTION ZONE .4560 M2
GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S
CSA OF BYPASS ZONE = 0 H2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 h F CO2 d F N2

0 824.6600 .409; .1630 A420 .7900
.08 ?? 948.9897 .6024 .1583 .0517 .7900
.16?? 1152.1079 .7963 .141? .0683 .7900
.2877 1231.8458 .8765 .1348 .0752 .7900
.44 ?? 1278.8944 .9268 .1305 .0795 .7900
.991? 1296.1370 .9904 .1292 .0808 .7900

1.7557 1256.7144 1.0000 .1323 .077;' .7900
2.555?

3.319?

1177.8090

1174.1201
1.0000

1.0000

.1391

.1391

.0709

.0709

.;"?'00

.7900

w
.-1

w
4.119? 1170.3385 1.0000 .1391 .070? .7900
4.9197 1166.6383 1.0000 .1391 .0709 .7900



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.g

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN CP1

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .5115E-02 KG/S

TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .0122

MOISTURE CONTENT = .0188

INORGANIC CONTENT .-.: .1390

MAIN AIR FLOWRATE

TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

. 3735E-02 KMOLE/S

313.6 K

.3318E-03 KNOLE/S

. 3318E-03 KMOLEJS

.6636E-03 KhOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1030E-03 .3750E-03 .7500E-03 .1500E-02 .2465E-02 .4015L-02
SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4f00E-03 .9000E-03 .1529F-02 .2408L-62
WEIGHT FRACTION .0379 .0569 .0605 .0704 .1630 .2955 .2010 .05611 A000

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 771.0 (K) 4.3

4=k

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1120E-03 .2250E-03 .3899E-O] .9000E-03 H59f.,,E-02 -02
WEIGHT FRACTION .0627 .0942 .1001 .1165 .2697 .356S 0.0000 0.06 00*)



THE CALLULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1003E-03 (M)

GAS FLOW INTO REACTION ZONE = .0030 KHOLE /S

BA OF REACTION ZONE .4104 H2

GAS FLOW INTO BYPASS ZONE = ..0007 KMOLE/S

CSA OF BYPASS ZONE .0456 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 H F CO2 N F 112

0 770.9570 .395; .1733 .0-167 .7900

.0797 937.4134 .4946 .1527 .0573 .7900

.1597 1325.6309 .7614 .1218 .0882 ./90,1

.2517 1422.2488 .8373 .1130 .0970 .7900

.3997 1496.4187 .9025 .1054 .1046 .7900

.5517 1438.9664 .9467 .1113 .09E17 .7900

1.1277 1490.2146 .9955 .1062 .1038 .7900

1.9277 1392.1117 1.0000 .1152 .0948 .7',V)

2.6917 1172.2578 1.0000 .1416 .0684 .7900 La
--.1

3.4917 1169.2550 1.0000 .1416 .0684 .)90 w
4.2917 1166.3044 1.0000 .1416 .0684 .7900



Table J. 36. Computer results for Test Run CP1 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 SIMULATED COMBUSTION MODEL TEST RUN CP1

THE 'ULU CONDITIONS FOR AIR AND UOODCHAR

FLOWRATE OF SOLIDS . .5115E-02 KG /S

TEMPERATURE OF SOLIDS= 285.0 K

COMBUSTIBLE CONTENT = .3122

MOISTURE CONTENT -; .0438

INORGANIC CONTENT . .1390

MAIN AIR FLOURATE
TEMPERATURE OF AIR =

AIR FOR VIEW FORT 1

AIR FOR VIEW PORT 2
AIR FOR VIEW PukT 3 +4=

.3735E-02 KMOLEYS
313.6 K

.3318E-03 KHOLE/S

.3318E-03 KMOLE/9

.6636E-03 KtIOLEIS

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7500E-03 .1500E-02 .2665E-02 .4013E-02

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .VJYYE-02 240t2E-02

WEIGHT FRACTION .0379 .0569 .0605 .0704 .1630 .2935 .2810 .0000

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 737.8 (K)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4017E-03 .9000E-03 .159?E-OY

WEIGHT FRACTION .0597 .0896 .0953 .1109 .2568 .381? 0.0000 ;-).00



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1056E-03 ill)

GAS FLOW INTO REACTION ZONE .0034 KMOLE/S

CSA OF REACTION ZONE .4104 M2

GAS FLOW INTO BYPASS ZONE .0004 KMOLE/S
CSA OF BYPASS ZONE = .0456 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 N F N2

0 7,3-7.7539 .3652 .1761 .0,339 .7Y00

.1037 844.6286 .4165 .1669 .0431 .7900

.1837 1139.4268 .6314 .1450 .0650 .7900

.2637 1308.6444 .7797 .1297 .080J .7900

.3837 1393.2666 .8560 .1218 .0802 .7900

.5357 1364.5619 .9127 .1244 .0656 .7900

.7917 1416.4942 .9604 .1200 .0900 ./900

1.5917 1362.7784 1.0000 .1240 .0.,,0 .790r,

2.3917 1354.2046 1.0000 .1240 .0660 .790'8

3.1557 1186.0322 1.0000 .1416 .0684 -'90;)

3.9S37 1182.4231 1.0000 .1416 .0684 .7900



Table J. 37. Computer results for Test Run CP2 using the
direct method to calculate the solids flow rate.
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 MODEL TEST RUM CC2

THE INLET CONDITIONS FOR AIR AND WOODCHAR 7 = 0-

FLOWRATE OF SOLIDS = .6055E-02 KG/S
TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .8442

MOISTURE CONTENT = .0488

INORGANIC CONTENT .1070

MAIN AIR FLOWRATE
TEMPERATURE OF AIR -

AIR FOR VIEW PORT 1 .

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

.5311E-02 KMOLE/S
308.0 N

.3254E-03 EMOLE/S

.3254E-03 KMOLE!S

.6508E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1830E-03 .3750E-03 7500E-0:3 .1500E-02 fi0i3E-02
SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .15'..)9E .2463E-02
WEIGHT FRACTION .0271 .0442 .0399 .0541 .1623 .2580 .3288 .0802 .0051

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE. IS 680.1 10

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 . 3240E -04 .5610E-04 .1128E-03 .2250E-03 .4478E-03 .5'000E-073 159E-02
WEIGHT FRACTION .0428 .0698 .0630 .0854 .2562 .4826 0.0000 (? 0000

cc



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1365E-03 U1

GAS FLOW INTO REACTION ZONE = .0042 K1IOLE /S

CSA OF REACTION ZONE .4104 M2

GAS FLOW INTO BYPASS ZONE = .0011 KMOLE/S

CSA OF BYPASS ZONE .0456 t12

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION H F 02 h F CO2 N F N2

0 680.1362 .3666 .1806 .0294 .7900

.1317 755.3378 .3762 .1'23 .0377 .7900

.2797 834.4211 .4181 .1681 .0419 .7900

.3637 958.2830 .5153 .1583 .0512 .7900

.4437 1175.1896 .6958 .1402 .0698 .7900

.5597 1210.5246 .7792 .1374 .0726 .7900

.7157 1277.7555 .8452 .1313 .0787 .7900

.8757 1325.8977 .8935 .1268 .08:32 .7900

1.3237 1386.8912 .7531 .1212 .0880 .7900

2.0877 1355.5351 .9963 .1234 .0866 ;7900

2.8517 1158.9104 1 .00u0 .14'56 .0644 .J A0



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 SIMULATED COMBUSTION MODEL TEST RUN CP3

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE DE SOLIDS = .6995E-02 KG/S
TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .3397

MOISTURE CONTENT = .0483

INORGANIC CONTENT .1115

MAIN AIR FLOWRATE
TEMPERATURE OF AIR =

AIR FOR VIEW FORT 1 -

AIR FOR VIEW FORT 2 =

AIR FOR VIEW PORT 3+4=

.6432E-02 KMOLE/S
310.8 N

.2777E-03 NMOLE/S

.2777E-03 KHOLE/S

.5553E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

'NEAR' DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .31130E-03 .7500E-03 .1500E-(2 .2665E-02 ,4013E-02
SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 ..17.E-02 ,2.103E-0?
WEIGHT FRACTION .0214 .0438 .0431 .0445 .0973 .1681 .3493 .22(0 ,012

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE. IS 749.5 (E)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

IIEAN DIAMETER (M)

()EIGHT FCTION
.1350E-04

.039'6

.3240E-04

.0810

.5640E-04 .1123E-03 .22'50E-03

.0323 .1799

.4300E-03

.3108

0580E-03 7

)



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1395E-03 (M)

GAS FLOW INTO REACTION ZONE .0051 RMOLE /S

CSA OF REACTION ZONE .4104 M2

GAS FLOW INTO BYPASS ZONE = .0013 KMOLEIS

CSA OF BYPASS ZONE .0456 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 H F N2

0 1149.4727 .4592 .1751 .0349 .7900

.1515 805.8356 .4902 .1634 .0466 .7900

.2955 888.7616 .5519 .1575 .0525 .7900

.3835 1002.3411 .6505 .1481 .061? .7900

.4715 1130.2633 .7618 .1375 .0725 .2900

.6155 1154.5401 .8227 .1358 .0742 .21'00

.7;55 1195.2131 .8634 .1321 .0779 .7900

1.2875 1260.7561 .9342 .1257 .0043 .7900

2.0875 1265.7416 .9822 .1257 .0841 .7900

2.8515 1126.9980 .9984 .1452 .:648 . ?900

1.('_'Ji'J 1 1 _1.5260 1.0006 .14:J1 .(1±1, ..-/y0



Table J. 39. Computer results for Test Run CY4 using the
direct method to calculate the solids flowrate.
The value of the gas split parameter was 0.7
The value of the reactor split parameter was 0. 9

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN CP4

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOURATE OF SOLIDS = .7935E-02 KG /S

TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .7752

MOISTURE CONTENT = .0488

INORGANIC CONTENT = .1760

MAIN AIR FLOWRATE

TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

.6805E-02 KMOLE/S

302.4 K

.3276E-03 KMOLE/S

. 3276E-03 KMOLE/S

. 6553E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7500E-03 .1500E-02 .2665E -02 .4013E-02

SPHERICAL DIAMETER (H) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1599E-02 .2408E-02
WEIGHT FRACTION .0310 .0650 .0657 .0612 .1357 .2926 .2855 .0567 .0060

(.A.)

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 586.4 (K)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .4804E-03 . 1599E -02 .2408F-02
WEIGHT FRACTION .0440 .0922 .0931 .0868 .1924 .4148 .0759 0.0000 0.0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1234E-03 00

GAS FLOW INTO REACTION ZONE = .0054 KMOLEJS

CSA OF REACTION ZONE .4104 M2

GAS FLOW INTO BYPASS ZONE = .0014 KMOLE/S

CSA OF BYPASS ZONE .0456 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 M F N2

0 586.3867 .2947 .1878 .0222 .7900

.2117 662.3502 .2948 .1822 .0278 .7900

.4517 717.7434 .2964 .1821 .0279 .7900

1.0037 803.0160 .3238 .1812 .0288 .7900

1.1877 907.5021 .4094 .1736 .0364 .7900

1.3077 1163.5449 .6468 .1526 .0574 .7900

1.4877 1269.1021 .7521 .1432 .0668 .7900

1.7197 1287.4295 .8240 .1407 .0693 .7900

2.5037 1181.4227 .9345 .1472 .062a .7900

3.7037 1219.0446 .9947 .1472 .0628 .7900

4.9037 1216.0996 .9994 .1469 .0631 .7900



Table T.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 SIMULATED COMBUSTION MODEL TEST RUN CP4

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .7935E-02 KG/S

TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .7752

MOISTURE CONTENT = .0488

INORGANIC CONTENT = .1760

MAIN AIR FLOWRATE =

TEMPERATURE OF AIR

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

. 6805E-02 KMOLE/S

302.4 K
.3276E-03 KMOLE/S

. 3276E-03 KMOLE/S

.6553E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7500E-03 .1500E-02 .2665E-02 .4013E-02

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1599E-02 .2408E-02

WEIGHT FRACTION .0310 .0650 .0657 .0612 .1357 .2926 .2855 .0567 .00L0

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 608.8 (K) Cc,
41-

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (h) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4435E-03 .9000E-03 .1599E-02 .2406E-02

WEIGHT FRACTION .0454 .0951 .0962 .0896 .1986 .4742 0.0000 0.0000 0.0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1194E-03 (M)

GAS FLOW INTO REACTION ZONE = .0048 KMOLE/S
CSA OF REACTION ZONE .4104 M2
GAS FLOW INTO BYPASS ZONE = .0020 KMOLE/S
CSA OF BYPASS ZONE .0456 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION h F 02 M F CO2 M F N2

0 608.8477 .3169 .1861 .0239 .7900
.1797 707.6796 .3179 .1758 .0342 .7900
.4117 780.6537 .3312 .1744 .0356 .7900
.6077 846.2324 .3867 .1711 .0389 .7900
.7397 1100.6616 .5865 .1509 .0591 .7900
.8917 1285.2675 .7478 .1347 .0753 .7900

1.0997 1364.2419 .8237 .1271 .0829 .7900
1.4037 1434.2412 .8880 .1206 .0894 .7900
2.5677 1174.0297 .9866 .1477 .0623 .7900
3.7317 1180.0321 .9994 .1469 .0631 .7900
4.9317 1175.4072 .9994 .1469 .0631 .7900



Table J.41. Computer results for Test Run C 9 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 FUR THE SIMULATED COMBUSTION MODEL TEST RuM

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .9816E-02 KG/S

TEMPERATURE OF SOLIDS= 285.0 K
COMBUSTIBLE CONTENT = .7143

MOISTURE CONTENT = .0477

INORGANIC CONTENT .2380

MAIN AIR FLOWRATE
TEMPERATURE OF AIR -

AIR FOR VIEW PORT i =

AIR FOR VIEW FORT 2 =

AIR FOR VIEW FORT 3+4=

. 6701E-02 KhOLE/S

302.4 K

. 3819E-03 KMOLE /S

. 3819E-03 KMOLE/S

.7638E --03 EMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7500E-07 .1500E-02 .2661,L-02

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .V.Y?E-02 ,.240a-fL.

WEIGHT FRACTION .0237 .0432 .0424 .0428 .1184 .2220 .2558

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 743.6 (I')

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .60731E-03 .159A -0-.2

HC1HT FUCTION .0399 ,028 .0714 .0721 .1994 .3739 .1705



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1446E-03 (1)

GAS FLOW INTO REACTION ZONE = .0054 KMOLE/S

CSA OF REACTION ZONE .4104 142

GAS FLOW INTO BYPASS ZONE = .0013 KMOLE/S

CSA OF BYPASS ZONE .0456 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION H F 02 H F CO2 N F N2

0 743.6133 .4063 .1746 .0354 .7900

.2517 826.4306 .4461 .1614 .0486 ./900

.3717 921.3437 .5139 .1540 .0560 .7900

.4517 1076.0407 .6311 .1412 .0688 .7900

.5517 1141.4767 .7249 .1363 .0737 .7900

.6997 1207.2102 .7842 .1302 .0798 .7900

.8597 1253.0727 .8220 .1259 .0841 .7900

1.0197 1288.9219 .8612 .1224 .08/6 .7900

1.7517 1312.1442 .9386 .1205 .0895 .7900

2.5517 1168.1269 .9807 .1404 .0696 .7900

3.3157 1170.4520 .99/1 .132 .0/08 JY00



Table J.42. Computer results for Test Run CIO 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 SIMULATED COMbUSTION MODEL TEST RUN CIO

c;

THE IOLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .7935E-02 KG/S

TEMPERAIIIRE OF SOLIDS= 235.0 K

COMBUSTIBLE CONTENT = .7573

MOISTURE CONTENT = .0477

INORGANIC CONTENT = .1950

MAIN AIR FLOWRATE =

TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

.5335E-02 KMOLE/S

305.2 K

.3071E-03 KMOLE/S

.3071E-03 KMOLE/S

.6142E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FUR THE SOLIDS FEED

MEAN DIAMETER (H) .2250E-04 .5400E-01 .9400E-04 .1880E-03 .3750E-03 .750;A-03 .1500E-02 .2665E-02 .,1(03E-02

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1599L-0z

WEIGHT FRACTION .0329 .0576 .0629 .0539 .1233 .25r0 .2554 .0341

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 695.8 ;K)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (6) .1350E-04 .3240E-04

WEIGHT FRACTION .0516 .0903

.5640E-04 .1123E-03

.0986 .0845

.2250E-03 .4500E-03

.1933 .3935

.496GE-03 .71(1!1F



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1181E-03 (H)

GAS FLOW INTO REACTION ZONE = .0047 KNOLEJS

CSA OF REACTION ZONE .4104 i12

GAS FLOW INTO BYPASS ZONE = .0012 KMOLE/S

CSA OF BYPASS ZONE .0456 112

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION N F A2 N F CO2 M F N2

0 695.7617 .3621 .1789 .0311 .7900

.1517 749.5878 .3678 .1205 .0395 .7900

.3117 815.2080 .3932 .1678 .0422 .7900

.4157 918.0834 .4653 .1601 .0499 .2900

.4957 1182.8909 .6657 .1386 .0714 .7900

.6077 1233.2034 .7512 .1344 .0756 .7900

.7597 1297.8633 .8117 .1233 .0817 .7900

.9197 1343.7254 .8562 .1238 .0862 .7900

1.2397 1403.5153 .9105 .1183 .0917 .7200

2.0037 1399.7455 .9775 .1178 .0922 .2900

2.762/ 1221.4010 .995 6 .1392 .070S .79iF;



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 FUR THE SIMULATED COMBUSTION MODEL TEST RUN CP4

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOURATE OF SOLIDS = .7935E-02 KG/S

TEMPERATURE OF SOLIDS= 285.0
COMBUSTIBLE CONTENT = .7752

MOISTURE CONTENT = .0488

INORGANIC CONTENT = .1760

MAIN AIR FLOWRATE -

TEMPERATURE OF AIR

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

. 6805E-02 KMOLE/S

302.4 X

. 3276E-03 KMOLE/S

. 3276E-03 KMOLE/S

. 6553E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (h) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7500E-03 .1500E-02 .2665E-02 .4013E-02

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1599E-02 .2408E-02

WEIGHT FRACTION .0310 .0650 .0657 .0612 .1357 .2926 .2855 .0060

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 572.7 (K) 1/4,)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .5244E-03 .1599E-02 .2408E-02

WEIGHT FRACTION .0431 .0903 .0913 .0850 .1885 .4064 .0947 0.0000 0.0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1262E-03 (M)

GAS FLOW INTO REACTION ZONE = .0068 KMOLE/S

CSA OF REACTION ZONE .4560 M2

GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S

CSA OF BYPASS ZONE 0 M2

THE RESULTS FOk THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 M F N2

0 572.7148 .2801 .1889 .0211 .7900

.2517 634.2742 .2801 .1889 .0211 .7900

.9557 723.2341 .2823 .1897 .0203 .7900

1.7557 829.5380 .3449 .1863 .0237 .7900

1.969? 935.7810 .4666 .1779 .0321 .7900

2.0917 1100.4003 .6640 .1644 .0456 .7900

2.2457 1172.9929 .7560 .1581 .0519 .7900

2.4057 1212.1367 .8075 .1545 .0555 .7900

2.9817 1220.5629 .9082 .1526 .0574 .7900

3.7817 1260.1794 .9713 .1406 .0614 .7900

4.5817 1273.5863 .9978 .1470 .0630 .7900



Table J.44. Computer results for Test Run CP4 using the direct
method to calculate the solids flow rate and half the
step length for integration.

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN CF4

THE INLET CONDITIONS FOR AIR AND UOODCHAR

FLOURATE OF SOLIDS = .7935E-02 KG/S

TEMPERATURE OF SOLIDS= 285.0 X
COMBUSTIBLE CONTENT = .7752

MOISTURE CONTENT = .0488

INORGANIC CONTENT = .1760

MAIN AIR FLOWRATE
TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

. 6805E-02 KMOLE/S

302.4 K

. 3276E-03 KMOLE/S

. 3276E-03 KMOLE/S

. 6553E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7500E-03 .1500E-02 .2665E-02 .4013E --02

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E -03 .2250E-03 .4500E-03 .9000E-03 .1599E-02 .2408E-02

WEIGHT FRACTION .0310 .0650 .0657 .0612 .1357 .2926 .2855 .056? .0060

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 572.7 (K)
CA.)

`.0
N.)

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .5244E-03 .1599E-02 .2408E-02

WEIGHT FRACTION .0431 .0903 .0913 .0850 .1885 .4064 .0947 0.0000 0.0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1262E-03 (M)

GAS FLOW INTO REACTION ZONE = .0068 KMOLE/S

CSA OF REACTION ZONE .4560 M2

GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S

CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 M F N2

0 572.7148 .2001 .1889 .0211 .7900

.1997 625.4591 .2801 .1889 .0211 .7900

.6637 687.2007 .2808 .1898 .0202 .7900

1.399? 783.5676 .3007 .1884 .0216 .7900

1.7597 836.4510 .3615 .1852 .0248 .7900

1.8817 889.0989 .4205 .1811 .0289 .7900

1.9777 974.5622 .5224 .1741 .0359 .7900

2.057? 1088.3022 .6622 .1645 .0455 .7900

2.169? 1148.4963 .7373 .1593 .0507 .7900

2.3037 1186.8452 .7872 .1559 .0541 .7900

2.5417 1166.9628 .8512 .1562 .0538 .7900



Table J.45. Computer results for Test Run P3 using the direct
method to calculate the solids flowrate and inclu-
ding an Ash Resistance term.

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN P3

THE INLET CONDITIONS FOR AIR AND UOODCHAR

FLOURATE OF SOLIDS = .6055E-02 KG/S

TEMPERATURE OF SOLIDS= 205.0 K
COMBUSTIBLE CONTENT = .8233

MOISTURE CONTENT = .0507

INORGANIC CONTENT = .1260

MAIN AIR FLOURATE =

TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

.4871E-02 KMOLE/S
299.6 K

.2217E-03 KMOLE/S

.2217E-03 KMOLE/S

.4434E-03 KMOLE/S

THE INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7500E-03 .1500E-02 ,2665F-02 .4i)13E-02

SPHERICAL DIAMETER (H) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1599k-02 .240K-02

WEIGHT FRACTION .0210 .0410 .0367 .0411 .1272 .2942 .3410 .0921

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 703.6 (K)

THE SHE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04

14116HT .0334

.3240E-04 .5640E-04

.0657 .058B

.1120E-03

.0658

.2250E-U
.2037

.4500E-03 .4750E-03
.4712

.15F.-02
0.;j060



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .1553E-03 (N)

GAS FLOW INTO REACTION ZONE = .0049 KMOLE/S

CSA OF REACTION ZONE .4560 M2

GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S

CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 M F N2

0 703.5742 .3756 .1700 .0320 .7900

.1357 775.0367 .3891 .1768 .0332 .7900

.2717 857.9446 .4405 .1724 .0376 .7900

.3917 951.1052 .5197 .1657 .0443 .7900

.5237 995,9035 .5910 .1618 .0482 .7900

.6837 1038.2275 .6305 .1586 .0514 .7900

1.4517 1119.3153 .7101 .1521 .0579 .7900

2.2517 1123.1784 .7505 .1513 .0587 .7900

3.0157 1087.9873 .7763 .1540 .0560 .7900

3.8157 1105.4530 .7966 .1525 .0575 .7900

4.6157 1117.9778 .8125 .1514 .0596 .7900



Table J.46. Computer results for Test Run P3 using the direct
method to calculate the solids flowrate and the
original. Size Distribution for the Wood Char

THE RESULTS FOR THE SIMULATED COMBUSTION MODEL TEST RUN P3

THE INLET CONDITIONS FOR AIR AND WOODCHAR

FLOWRATE OF SOLIDS = .6055E-02 KG/S

TEMPERATURE OF SOLIDS= 285.0 K

COMBUSTIBLE CONTENT = .8233

MOISTURE CONTENT = .0507

INORGANIC CONTENT = .1260

MAIN AIR FLOWRATE
TEMPERATURE OF AIR =

AIR FOR VIEW PORT 1 =

AIR FOR VIEW PORT 2 =

AIR FOR VIEW PORT 3+4=

.4871E-02 KMOLE/S
299.6 K

.2217E-03 KMOLE/S

.2217E-03 KMOLE/S

.4434E-03 KNOLE/S

THE. INLET SIZE DISTRIBUTION FOR THE SOLIDS FEED

MEAN DIAMETER (M) .2250E-04 .5400E-04 .9400E-04 .1880E-03 .3750E-03 .7500E-03 .1500E-02 .2665E-02 .4013E-02

SPHERICAL DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .9000E-03 .1599E-02 .2400E-02

WEIGHT FRACTION .0010 .0010 .0067 .0111 .0372 .2342 .4810 .2021 .0257

THE TEMPERATURE OF THE REACTANTS LEAVING THE INITIAL MIXING ZONE IS 872.5 (K) 0

THE SIZE DISTRIBUTION LEAVING THE INITIAL MIXING ZONE

MEAN DIAMETER (M) .1350E-04 .3240E-04 .5640E-04 .1128E-03 .2250E-03 .4500E-03 .5',7.02E-.03 .1592E-02 .240E-02

WEIGHS FRACTION .0022 .0022 .0142 .0243 .0S14 .5126 .7);Y26 0.0000 0.,0000



THE CALCULATED SURFACE AVERAGE PARTICLE DIAMETER IS .3891E-03 (M)

GAS FLOW INTO REACTION ZONE = .0049 KMOLE/S

CSA OF REACTION ZONE .4560 M2

GAS FLOW INTO BYPASS ZONE = 0 KMOLE/S

CSA OF BYPASS ZONE = 0 M2

THE RESULTS FOR THE PLUG FLOW SECTION

LENGTH TEMPERATURE CONVERSION M F 02 M F CO2 M F N2

0 072.5195 .5431 .1637 .0463 .7900

.091? 985.5094 .6530 .1543 .055? .7900

.2157 1071.9154 .7440 .1466 .0634 .7900

.3717 1144.8667 .8137 .1406 .0694 .7900

.5237 1153.6124 .8617 .1397 .0703 .7900

.6037 1171.2109 .8811 .1381 .0719 .7900

1.2957 1254.0819 .9694 .1309 .0791 .7900

2.0957 1239.2076 .999? .1319 .0701 .79400

2.8597 1169.7447 1.0000 .1379 .0721 .7900

3.6597 1165.9341 1.0000 .1329 .0721 .29,0

4.4597 1162.2090 1.0000 .1379 .0721 ..7906


