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Synopsis.

The minerals processing industry in South Africa produces significant tonnages of waste
material which are disposed of commonly in dedicated waste depositories. These
deposits pose a potential to pollute the environment if Jeachate is generated within the
deposit and released to the surroundings. Leachate generation is generally investigated
using laboratory columnar experiments which attempt to mimic the physical and chemical
processes which occur in the deposit. These experiments, termed lysimeter experiments,
.are time consuming in that they typically last for at least a few months and can last for
up to three years. Lysimeter experiments are also costly to conduct. Because of
restrictions such as these, relatively few deposits have been characterised to determine
the leachate which they generate and thus the risk which they pose to the environment.

There is an urgent need to be able to estimate the environmental risks associated with
existing waste deposits. The first step towards assessing this risk would be an ability to
predict leachate generation within a specific deposit. Such an ability could be used to
identify which of the existing deposits produce significant leachate and thus pose a
potential hazard to the environment. Equally, if leachate generation from new deposits
could be estimated as a function of waste material and characteristics of the waste
deposit, this information could be used to improve the engineering design of waste
deposits. '

The work presented in this thesis involved identifying suitable modelling strategies which
could be used to determine leachate generation within waste deposits which contain
waste material typical of that produced by the minerals processing industry. Two
modelling  strategies have been investigated. The first modelling strategy involved a
macroscopic model in which all effects such as intrinsic chemical kinetics, intra-particle
diffusion, external mass transfer and hydrodynamic considerations are lumped into a
single parameter. The result of this approach is an effective reaction rate for the release
of hazardous constituents from a volume element of the waste deposit. The effective
reaction rate is determined by fitting the model to experimental data based on lysimeter
tests. The main advantage of this model is that it eliminates the need for a detailed
understanding of the individual factors which contribute to leachate generation. This
model was investigated both for its inherent simplicity and for use in cases where
insufficient information with respect to the intrinsic chemical reaction rates, intra-particle
diffusion, external mass transfer or hydrodynamic aspects exist. The main disadvantage
of this model is that it has a limited predictive ability in that the individual significance
of any one factor which contributes to leachate generation cannot be determined. For
this reason a second, more detailed model, termed the heterogenous columnar model,
has also been investigated.



The heterogenous columnar model describes the release of hazardous constituents at the
single particle level and relates this information to the overall leachate generation within
the deposit. This is achieved by calculating the release of hazardous constituents from
the size distribution of particles to the bulk fluid between these particles. The release
of hazardous constituents from individual particles is determined by making use of a
particle-scale chemical reaction model. This particle-scale model is sufficiently detailed
to be able to determine the relative contribution to the overall release of hazardous
constituents from the particles of intrinsic chemical kinetics of the reactions to the effects
of diffusion of the fluid reagent into each particle. The heterogenous columnar model
can also be used to determine whether the effective rate of release of hazardous
constituents from the particles (which include intrinsic kinetic and diffusional
contributions) or the flow of fluid reagent through the deposit limits the release of
hazardous constituents from the deposit. This information can be used to determine the
main factors which affect the release of hazardous constituents from waste deposits ahd

can thus be used to improve the design of waste deposits.

Probably the most important attribute “of the heterogenous columnar model is that
methods have been investigated to determine the model parameters from a simple

continuously stirred tank reactor (CSTR) type experiment.

The ability of the heterogenous columnar model to predict leaching behaviour has been
investigated using data on precious metal leaching found in the literature. The results
are encouraging in that the model can accurately predict the leaching behaviour of
precious metals. A preliminary investigation into determining suitable particle-scale
model parameters for a sample of waste from a CSTR experiment has been conducted.
This too has yielded encouraging results. However, the application of using the
heterogenous columnar model using these parameters to describe leachafe generation
within waste deposits or lysimeter éxperiments still needs to be demonstrated. Once the
heterogenous columnar model has been verified against data pertaining to leachate
generation from a waste deposit it may start to provide the minerals processing industry
with the information which it so desperately requires in order to dispose of wastes in a

manner which minimises the impact on the environment.
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Chapter 1. Introduction.

Increasing environmental awareness is challenging both the chemical and minerals
processing industries to examine the type and quantity of the waste which they produce,
and to critically assess the methods used to dispose of this waste. Presently new
technologies are being developed to minimise the overall waste produced. Since the
total eradication of wastes is not feasible from both thermodynamic and economic
perspectives, industry is still faced with the problem of safely disposing of chemical and
mineral wastes in such a manner as to ensure their minimal impact on the environment.

One industry in particular which is being forced to assess the impacts of its wastes on the
environment is the minerals processing industry. This industry produces high tonnages
of waste streams which include slimes, slags, bag house dusts and leached ores. Slimes
consist of solid particles suspended in fluid from the extraction process, while slags, dusts
and the leached ores are all granular solid waste particles. All these solid particles
contain leachable components in addition to significant quantities of inert material.

These wastes are presently disposed of in various ways. In each case attempts are made
to minimise the impact on the environment by containing the waste and any leachate
generated within the site of disposal. Slimes are usually disposed of in slimes dams or
tailings impoundments. These structures are designed to allow the process fluid to drain
from the solid particles and to be returned to the process. The solid particles
accumulate in the dams or tailings impoundments until the useful capacity of these
structures have been exhausted. Once this stage has been reached, the remaining process
fluid is allowed to drain and the dams and tailings impoundments resemble deposits of
very fine granular material on closure. There is a possibility for leachate to be generated
even after closure when rain water periodically percolates through the system. For this
reason these structures not only need to be maintained during their useful lifespan but
also for extended periods of time after their closure.

Granular solid wastes in turn are usually disposed of in dedicated waste deposits. These
deposits are engineered entities which may or may not have clay or polymer liners to
prevent any leachate which may be generated from penetrating the environment. In
granular deposits leachate may be generated from rain or ground water which penetrates
and percolates through the system. In cases where significant leachate is generated,
leachate collection sumps and treatment processes are provided. As in the case with
slimes dams and tailings impoundments, these deposits need to be maintained well after
they have been filled to capacity with waste. Both slimes dams and dedicated deposits
have hazards associated with them. The most obvious hazard is their potential to pollute
the environment if they are not sufficiently maintained, especially for the extended
periods of time after they have been filled with waste. Further, the liners used in these
systems are not perfect and may deteriorate with time, allowing potentially harmful
leachate to enter the environment.

A more attractive option which eliminates the need for liners, leachate collection sumps



and treatment systems is where the waste is physically or chemically pretreated in such
a manner to either totally eliminate leachate generation, or to reduce it to release rates
which the natural environment can assimilate. Although deposits containing stabilised
wastes have the advantages of not requiring maintenance and eliminate the possibility
of liner failure, their long term stability needs to be assessed. In this respect, the stability
of deposits over at least a few decades needs to determined as well as the stability of
deposits over much greater time periods. These time periods are consistent with the

time scales being considered in Life Cycle Assessment of waste disposal strategies [Clift
1995]. ’

Since leachate generation and subsequent transport through granular waste deposits
represents a significant environmental hazard, an ability to predict these phenomena
would be most useful. In the case of slimes dams and dedicated waste deposits, such an
ability would enable process engineers to calculate the leachate which would require
treating and which would penetrate the environment in the case of a liner failure. This
information could then be used to assess the potential environmental hazards of such
waste disposal strategies and would form part of a rigorous risk assessment of landfill
practice. Since upstream processes directly affect the properties of the waste which
needs to be disposed of, an ability to predict the leachate generation as a function of the
waste properties would enable process engineers to investigate upstream processing
strategies which would produce wastes which limit the production of leachate. This
would enable the processing system to be optimised to limit the impact of its waste on
the environment. Further, an ability to predict the leachate generation from deposits
which contain stabilised wastes could be used to determine the effectiveness of the
stabilisation procedures. In summary, an ability to predict leachate generation and
subsequent transport through granular waste deposits would start to provide the minerals
processing industry with the tools which it requires in order to determine the most
appropriate disposal strategy for its wastes.

In order to predict leachate generation and transport through granular waste deposits, the major
physical and chemical processes involved need to be identified. In this work it has been assumed that
the leachate is generated by the reaction of a fluid reagent with the granular solid waste particles.
These particles usually contain several potentially hazardous and leachable constituents in addition to
other components which exhibit buffering capacity within an inert matrix. Here buffering capacity
refers to any component which will provide a neutralising capacity to acid which flows through the
system. As an example, many wastes contain an alkali silicate matrix which behaves as a buffering
component. Particle characteristics which affect the release of hazardous constituents include
particle size, shape and hazardous constituent location. Because of the nature of waste streams, these

characteristics vary significantly both between the types of wastes as well as between individual
waste particles.

Fluid reagent flow characteristics also play an important role in both the release and
subsequent transport of hazardous constituents. The flow patterns are important because
they determine the extent to which the fluid is in contact with the individual waste
particles. In this work it has been assumed that once hazardous constituents have been
released they are transported by the bulk convection of the fluid reagent. Thus the fluid
flow patterns significantly affect the mobility of the hazardous constituents. Other
physical processes which affect this mobility include adsorption and desorption reactions
of the released hazardous constituents onto the surfaces of the solid waste particles.

2



Closely associated with fluid flow characteristics is the degree of saturation within the
deposit. This is an important consideration because it determines the amount of fluid -
reagent available for reaction as well as the available wetted surface area of the particles.
The influence of the degree of fluid saturation is particularly important in the analysis
of South African waste deposits which are rarely saturated with fluid. This is in stark
contrast to most North American and European deposits which are usually saturated.

The work presented in this thesis is a start towards determining suitable strategies for
the prediction of leachate generation and its subsequent transport through waste deposits
which contain granular wastes typical of those produced by the minerals processing
industry.

1.1 Statement of the Objectives.

The objectives of the thesis can be summarised as follows:

- To derive physical models which describe the generation and subsequent'
transportation of leachate within waste bodies which contain solid granular
material with several leachable constituents.

- To represent these models mathematically and to propose .suitable
strategies for their solution.

- To code these models into suitable computer routines using the
appropriate solution strategies.

- To 'identify suitable experimental techniques to quantify any model
parameters which are required. _

- To explore methods to verify the models against experimental data which
is typically in the form of laboratory column experiments.

1.2 Research Methodology.

The literature has been reviewed critically to determine the state of the art with respect
to leachate generation and mobility within granular waste deposits. As will be shown in
the literature review, none of the existing modelling strategies include a sufficient level
of complexity required to either predict the leachate generation or to yield sufficient
information about the system which could be used to engineer improved disposal
practices. Noting similarities between the leaching of hazardous constituents from waste
particles and precious metal heap leaching operations, the modelling strategies used for
precious metal heap leaching have also been investigated. As will be shown in the
literature review, these too do not contain sufficient detail to adequately model leachate



generation when dealing with waste particles as opposed to mineral ores. Despite this,
it seemed feasible that these modelling strategies could be extended to include the
required complexities and this forms the major part of this work.

A second area of existing modelling strategies which has value in attempting to address
the complexities associated with leachate generation and mobility in waste bodies is the
design of trickle bed reactors. These models too have been reviewed and included in the
present development.

The research methodology adopted in this work was to identify or develop models which
are sufficiently detailed to predict leachate generation and mobility within granular waste
deposits and yet not too complex to preclude implementation. Factors which often limit
the usefulness of models include large computational loads, a large number of
parameters which need to be determined or when required inputs to the model cannot
be determined experimentally. An example of a model input which would be difficult
to determine experimentally would be if the model required a full speciation of the
components within the waste particles.

The first model investigated was a macroscopic model in which the effects of chemical
kinetics, fluid flow characteristics, wetting efficiency and fluid saturation were ‘lumped’
together into a single parameter. The macroscopic, lumped parameter model describes
the leachate concentrations within a granular waste deposit as well as the leachate
concentration emanating from the base of a deposit as a function of time. The main
reason for investigating this model was its inherent simplicity and its ability to
characterise granular deposits as reacting entities. The main disadvantages of this model
stem from the lumped parameter used in the model. Because this parameter lumps
together the effects of chemical kinetics, fluid flow characteristics, wetting efficiency and
fluid saturation on the release of hazardous constituents, it is not possible to isolate the
individual contributions of any of these factors. This limits the use of this model for
waste deposit design because the main characteristics of a deposit which can be altered
include the chemical kinetics and hydrodynamic aspects. Without a knowledge "of which
particular aspect is dominant in causing contaminant release it is impossible to engineer
better deposits- other than on a trial and error basis. The lumped parameter is specific
to a particular situation and must be determined from an appropriate laboratory column
experiment. This is a severe limitation in that a column experiment, usually referred to
as a lysimeter experiment, is required for each different waste and fluid flow scenario
envisaged. The disadvantages of lysimeter experiments are the costs involved with such
experiments and the long duration of the experiments which typically last for at least a
few months and can continue up to two or three years. Because of these limitations it
was decided to investigate a model which would be capable of isolating the chemical and
hydrodynamic effects on the release of hazardous constituents and which, if possible,
obviated the need for lysimeter experiments to determine the model parameters.

This leads to the second model investigated. This model, termed the heterogenous
columnar model, also describes the leachate concentrations within a waste deposit as well
as the concentration of the leachate emanating from the base of the deposit as a function
of time. The main difference is that this model is neither a macroscopic nor a lumped
parameter model. Instead, this model calculates the leachate generated as a function of
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the individual particles present in the waste deposit as well as the fluid flow
characteristics, wetting efficiency and fluid saturation. The other main advantage of this
model is that the required model parameters can be determined from appropriate CSTR
type experiments on small samples of the waste material. The time savings incurred by
using CSTR type experiments over lysimeter experiments are significant.

The limitations of the heterogenous columnar model as it is presented in this thesis include
the fact that only perfect plug flow of fluid through the deposit has been considered,
interphase mass transfer limitations or resistances between the bulk fluid reagent and particle
surfaces have been neglected, and, adsorption and desorption of released hazardous
components has not been considered. It is important to note that more complex flow
scenarios, interphase mass transfer and adsorption and desorption reactions can be included
into the present model. The model has been specifically coded in a modular manner to allow
the incorporation of these aspects.

1.3 Thesis Layout.

The thesis commences with a review of relevant considerations when modelling leachate
generation and mobility in granular waste deposits. In this section, more detailed
information on particulate and hydrodynamic characteristics of the waste and waste
deposit is presented. This is followed by a critical review of modelling strategies with
respect to the release of hazardous constituents from granular waste deposits. This
review covers existing leachate generation modelling strategies, heap leaching modelling
strategies and trickle bed reactor design strategies.

Chapter 3 presents the model development for the macroscopic, lumped parameter
model. This chapter includes the derivation of the equations required for this model,
an investigation into an appropriate solution strategy and details with respect to
computer routines which have been written to implement the solution strategy. Also
included in this chapter are details of how to fit the model to lysimeter data. The
limitations of the macroscopic, lumped parameter model indicated that a more complete,
particle scale model would be required to determine sufficient detail about the system
in order to facilitate active engineering of the deposit to limit the release of hazardous
constituents from granular waste deposits.

The more complete model, which determines the release of hazardous constituents from
individual waste particles and relates this information to the overall waste deposit
performance, is developed in Chapters 4 to 6. Chapter 4 is a summary of Dixon’s [1992]
chemical reaction model which describes the progression of reactions within an individual
waste particle. As will be shown, this model has limited applicability on its own. Waste
deposits consist of a size distribution of particles and a finite amount of fluid reagent.
The performance of this system, rather than that of a single particle, is the desired end
product. For this reason the chemical reaction model of Dixon [1992] was extended to
form a suitable CSTR model in Chapter 5 and a heterogenous columnar type model in
Chapter 6. A CSTR type model has been included due to the fact that the model



parameters required in the heterogenous columnar model can be determined from a
CSTR type experiment. The heterogenous, columnar model has been verified against
experimental data presented in a paper by Roman er al. [1974]. The details of this
verification have also been included in Chapter 6.

The final chapter presents a summary of the conclusions and recommendations which
can be made from this work. ‘



Chapter 2. Relevant Considerations when Modelling
Leachate Generation and Mobility.

This chapter discusses important aspects of leachate generation and mobility within
granular waste deposits. As discussed briefly in the introduction, both the physical
composition of the waste particles and the fluid flow characteristics within the waste
deposit affect the manner in which hazardous constituents are released from the waste.
The first section of this chapter considers these particulate and hydrodynamic
considerations which are important in modelling leachate generation. In this section,
information from the literature on trickle bed reactor design has been used to help
understand the complex flow patterns of fluid within granular waste deposits.

The existing leachate generation and mobility models which can be found in the
literature have been reviewed. This section critically assesses which of these models have
any potential to predict leachate generation within deposits which contain granular
wastes typical of those produced by the minerals processing industry.

As alluded to in the introduction, heap leaching processes, designed to extract precious’
metals from ores, share similarities to leachate generation within waste deposits. In both
cases the leachate is generated from the reaction of a fluid reagent with solid particles.
Both processes have a similar dependence on the solid reactant location within the ore
or waste particles and the fluid flow characteristics. The major difference between the
two processes is that the generation of leachate is desired in the case of heap leaching
and undesired in the leaching of hazardous constituents. This leads to significant
differences between the systems. The fluid reagent used in heap leaching for example
is usually chosen in such a manner as to selectively extract one desired component from
the ore matrix. This is in contrast to the leaching of hazardous constituents where
several contaminants are leached simultaneously by fluid percolating through the deposit.
Further, heap leaching processes are designed to optimise the wetted area of the
particles. When waste deposits are designed, if any consideration is given to particle
wetting, it would be to limit the surface area of the particles in contact with the fluid
percolating through the deposit. Despite these differences between the two systems, the
models for heap leaching of precious metals are a good starting point for developing
suitable models to predict leachate generation within waste deposits. For this reason the
general strategy behind these models is presented.

The final section of this chapter deals with modelling leachate generation and rnobility'
within unsaturated deposits.

2.1 Particulate and Hydrodynamic Considerations.
2.1.1 Particulate Considerations.

Granular solid wastes produced by the minerals processing industry vary considerably
from one waste stream to the next in terms of the number and type of reactive
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components present within the particles. Even within a single waste stream, the spatial
distribution of the components may vary between the different sized particles. These
differences need to be investigated to determine their significance in the modelling of
leachate generation.

Number and type of reactive components present within the waste particles.

The most desirable form of waste is a waste in which the constituent particles are totally
inert to fluid reagent percolating through the deposit. In this case there would be no
reactive components and leachate could not be generated. Although wastes of this
nature are the goal of pretreatment and stabilisation processes, they are seldom achieved
in reality. The simplest waste type which is capable of producing leachate is the waste
which contains a single reactive component. Such wastes are very uncommon. Far more
probable however are wastes which contain two or more reactive components which
display significant leaching ‘potential.

The reactive components in waste particles can either be hazardous constituents or other
components, termed buffering components, which merely consume fluid reagent but do
not release any hazardous constituents. Typical hazardous constituents in minerals
processing wastes are heavy metals while the buffering capacity is usually due to fluxing
agents.

It is difficult to provide a general description of the relative amounts of leachable
hazardous constituents, buffering and inert material within waste particles. Leached ores
or tailings residues, for example, contain a relatively high fraction of inert material with
trace amounts of leachable hazardous constituents and buffering material. This is in
contrast to a slag waste stream which has a high buffering material content in addition
to leachable hazardous constituents and inert material.

Although there may be several potentially leachable hazardous constituents within waste
particles, usually only a few occur in sufficient quantities or are sufficiently reactive to
be of concern. -For example, although wastes from the minerals processing industry often
contain several heavy metals, usually only one or two of these are in significant
concentrations to pose a hazard if leached out of the waste.

Hazardous Constituent location within waste particles.

Hazardous constituents present in waste particles may either be distributed
homogenously throughout the particle or be concentrated onto its external surface.
These differences in hazardous constituent location are both waste specific and particle
size specific and are usually a result of the conditions under which the waste was
produced. As an example of hazardous constituent location as a function of waste type,
compare the hazardous constituent location in a slag waste stream and an electric arc
furnace dust. The hazardous constituents present in a slag waste stream would be
expected to be distributed reasonably homogenously throughout the particle. This differs
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markedly from an electric arc furnace dust which usually exhibits surface concentrations
of heavy metals much higher than the bulk concentrations within the particles [Driesinger
et al. 1990].

Turning to the case of hazardous constituent location as a function of particle size, work
conducted at the University of Cape Town on specific ferro-alloy waste products
indicated that different sized particles exhibit different surface hazardous constituent
concentrations [von Blottnitz 1994].

2.1.2 Hydrodynamic Considerations.

Hydrodynamic aspects are concerned with the transport of fluid through waste deposits
and the manner in which the fluid and solid waste are contacted. Hydrodynamic aspects,
for granular waste deposits as well as for solidified monolithic structures, have been
investigated in order to determine their significance on the modelling of leachate
generation. Monolithic structures are obtained when granular wastes are mixed with
suitable binding agents, cement being one example, in order to physically bind the
particles together. Even although the particles are physically bound together, monolithic
structure exhibit a continuous pore structure through which fluid can enter the structure.
Although monolithic structures are not directly within the brief of this work, the fluid
flow patterns associated with these structures can be considered as a limiting case for
granular waste deposits which contain very fine, densely packed material.

Fluid flow patterns within granular waste deposits.

Fluid flow patterns through granular waste deposits range from near perfect plug flow
to highly irregular flow patterns involving a few preferential flow paths for the fluid
reagent. Knowledge of the flow patterns is important because it is related directly to the
solid-liquid contacting efficiency.

Trickle bed reactors, common within the process engineering community, are packed bed
reactors through which one or more fluid is allowed to flow. These reactors exhibit a
wide variety of fluid flow regimes which range from strictly trickle flow,in which a single
liquid flows downward through the reactor under the influence of gravity, to pulse and
foaming flow, caused by high flowrates of gases and liquids through these reactors. Since
the physical situation in a trickle bed reactor operating in trickling flow regime is
comparable to fluid percolation through granular waste deposits, a knowledge of the flow
patterns in these reactors can be used to understand the fluid flow patterns in granular
waste deposits.

A review of the literature on trickle bed reactors shows that, traditionally, with respect
to hydrodynamic considerations, only two quantities, the liquid holdup and wetting
-efficiency, have been measured and correlated [Columbo et al. 1976; Schwartz et al. 1976;
Mills and Dudukovic 1981; Ramachandran e al. 1986; Gianetto and Specchia 1992].
Although these two quantities are useful to describe the overall bulk effects of the
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hydrodynamic interactions, they offer little insight into the flow patterns.

Until fairly recently, relatively little was understood about the flow patterns in trickling
flow trickle bed reactors due to the difficulties involved with determining these patterns.
A novel use for computer assisted tomography (CAT scans) has eliminated most of these
difficulties and enabled Lutran er al. [1991] to investigate the flow patterns in a packed
bed of equi-sized glass spheres. At the particle level, they identified two distinct types
of fluid flow which they termed ‘film’and ‘rivulet’ flows. Film flow represents the case
where the fluid tends to cover most of the particle surface area, while rivulet flow
describes the case where the flow of fluid over a particle is restricted to a narrow band.
They also identified pendular structures and liquid pockets at the microscopic level.
Pendular structures reside at the contact points between spheres while liquid pockets fill
the pore space between spheres. At the macroscopic level Lutran ez al. [1991] identified
fluid filaments. A filament was defined to be a stream of fluid flowing down the packed
bed. In effect, a filament could be considered as a string of connected liquid pockets.
These definitions are graphically depicted in Figure 2-1 (taken from Lutran et al. [1991]).

Figure 2-1. Film, rivulet and filament flow patterns as described by Lutran et al.
[1991].

~

Liquid Film Rivulet

Pendular
Structures

Nonwuetted Zones Liquid
Pocket

Lutran er al. [1991] investigated -the effect of liquid flow rate, the influence of surface
conditioning, the influence of particle size, the influence of inlet configurations and the
effect of flow history on the flow patterns. A typical result from their work is shown in
Figure 2-2 (taken from Lutran et al. [1991]). CAT scans (a) through (t) represent
successive vertical planes from the front to the back of a square column packed with
equi-sized glass spheres. Filament flow can clearly be seen in these figures as the darker
regions moving from the top to the bottom of the column. The experimental conditions
under which these CAT scans were taken can be summarised as follows: 3mm glass
spheres were used, distilled water was evenly supplied through a uniform inlet distributor
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at a rate of 3.163//m’? s and the particles were initially dry.

Figure 2-2. CAT scans used to investigate the flow patterns in a square column packed
with equi-sized glass spheres. (Taken from Lutran er al. [1991].)

Although Lutran er al. [1991] do not discuss correlating their findings, it is very unlikely
that any correlation would employ the particle Reynolds number as a parameter. The
main reason for this is due to the fact that pore size and differences in local porosity
seem to play an important role in the flow patterns which are established. As an
example, Lutran ef al. [1991] have shown that for a constant flowrate, film flow is more
prevalent in packed beds containing larger particles (émm spheres) compared to packed
beds containing small particles (3mm spheres) in which filament flow is observed. They
attribute this to the fact that packed beds which contain larger particles will have larger
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pores between the particles. They suggest that at the fluid flow rate investigated
(3.1631/m? s), there was insufficient fluid to fill any of the pores between the 6mm
spheres and thus establish filament flow. As the fluid flowrate was increased, more
filaments were established which supports this hypothesis.

By a similar argument, any regions which exhibit a local decrease in porosity would
favour the formation of filaments. Filament formation would also be aided in these
areas by the increased number of solid-solid contact points which allows fluid to more
easily distribute to these areas due to the lower surface tension forces on the fluid
surface [Zimmerman and Ng 1986]. Wastes which contain a size distribution of particles
or non-uniformly shaped particles usually exhibit localised regions of decreased porosity.
This implies that these deposits would favour filament flow. It is important to note that
channelling of fluid, where the fluid flows through deposits in preferential flow paths, is
also probably a result of regions of decreased porosity. Channelling results in fluid short
circuiting sections of the deposits. Although this is a highly irregular flow pattern which
is extremely difficult to model, it is a very desirable flow pattern for fluid in waste
deposits because it reduces the number of particles with which the fluid comes into
contact as it percolates through -the system.

Fluid redistribution on the other hand is accomplished by capillary and viscous forces.
Capillary forces are inversely proportional to the pore size [Ng and Chu 1987]. Thus the
capillary pressure is higher in deposits which contain small particles because the pores
are relatively small in these deposits. Capillary forces also result in higher void space
liquid holdup [Ng and Chu 1987]. This implies that deposits containing smaller particles
will contain proportionately more fluid in their pore spaces compared to deposits
containing larger particles.

Using the information discussed above, the following heuristics of fluid flow patterns in
granular waste deposits are suggested. These are intended to give an idea of the most
likely fluid flow patterns under different conditions.

The most likely fluid flow patterns in deposits which contain relatively large particles,
such as leached ore particles, would be that of film flow. In this case the fluid would
most likely tend to cover the surfaces of the particles as it progressed from one particle
to the next. As the standard deviation for the size distribution of the particles increases,
so too will the likelihood for filament formation and eventual channelling increase.
Deposits of this nature are also most likely to exhibit a very low degree of fluid
saturation. This implies that the external fluid holdup, that is the holdup of fluid in the
pore spaces, would be very low.

As the average particle size decreases, the degree of saturation will increase due to
capillary effects. Likely flow patterns include film flow with associated filament flows.

In the case where the deposit contains very fine particles, such as are encountered in
slimes dam and tailings impoundment residues, the most likely flow patterns would be
filament flow,and the deposit would most probably be almost totally saturated. The size
distribution of particles is unlikely to affect the flow characteristics due to the high
capillary forces which would be present. In all probability, the flow patterns in such

12



‘depos.its could be described by plug flow models.

Fluid flow patterns within solidified structures.

Cote and Birdle [1987] have discussed the likely flow scenarios which can be associated
with solidified monolithic structures. In summary they considered the situation shown

in Figure 2-3 where the monolithic structure is surrounded by materials of different
permeabilities.

Figure 2-3. Layout of a waste form in a landfill. (Taken from Cote and Birdle [1987].)
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The first case they investigated is when the monolithic structure isin contact with a finite
volume of static groundwater. This corresponds to the case when the hydraulic

conductivity of the materials (1) and (2) are much smaller than the monolithic structure

or material (3). Physically this situation represents the case where a pool of water exists
on top of the waste deposit. In this situation, the water penetrates the solidified

structure by diffusion.

The second situation addressed was when groundwater flows around the monolithic
structure. This is the most common scenario because monolithic structures typically have
hydraulic conductivities which are several orders of magnitude lower than that of the
surrounding ground. Because groundwater will follow the path of least resistance, very
little, if any, will flow through the structure. Even although there may be no convective

flux through the structure, there is still the possibility of a lateral diffusive flux into the
structure.

The last case considered is when the groundwater flowsthrough the monolithic structure.
This typically occurs when the monolithic structure fails and the hydraulic conductivity
increases to a point that it is comparable to that of the surrounding materials. In many
respects this situation can be compared to a granular deposit where the fragments of the
original structure represent the ‘particles’ in the deposit.
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2.2 Review of Existing Leachate Generation and Mobility Models.

Literature models which address leachate generation and mobility can be divided into
four classes. The first two classes deal with predicting the breakthrough curves from
granular waste deposits. The breakthrough curves are the curves which are formed by
plotting the dissolved hazardous constituent concentrations which emanate from the base
of the deposit as a function of time. The third class applies to modelling hazardous
constituent release from solidified monolithic structures. The last group is concerned
with hazardous constituent migration away from waste deposits.

All of the literature models are summarised in Table 2-1 which highlights their respective
areas of application, advantages and disadvantages.

2.2.1 Empirical Models. -

Purely empirical models fit experimental results obtained from lysimeter studies to an
exponentially decaying function of time. These models [Demetracopoulos ez al. 1986]
were the only models up until the mid 1980’s to describe hazardous constituent release
from waste deposits. The mathematical form of the model can be summarised as:

C=cC, e ko (2-1)

where C, hazardous constituent concentration in the leachate at the time of initial
breakthrough (t=0),

t time, and,
[} an empirical constant.

Work carried out at the University of Cape Town [Petersen 1994] has shown that the
fitting of lysimeter data to such a function often leads to a poor correlation. Even if the
correlation was excellent, such a model could not be used to scale up to full scale deposit
proportions because no size dimensions appear in the model. Thus in order to
determine the breakthrough curve for leachate from granular deposits, where the fluid
flow can often be approximated by one dimensional flow,a lysimeter of identical height
to the envisaged deposit would be required. The only use of such a model would be the
extrapolation of data to predict the release of hazardous constituents in the future.
Because of the poor correlation and limited predictive ability of this model it is
concluded that is has little applicability to modelling the release of hazardous
constituents from hazardous waste deposits.
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2.2.2 Models which make use of the Continuity Equation.

The second group of models makes use of the fluid continuity equation to describe the
contaminant migration through the system. Demetracopoulos et al. [1986] have used
such an approach to model leachate generation from domestic waste landfills. . They
considered the refuse material as a homogenous, partially saturated porous medium.
Although domestic waste landfills often contain laminates, which preclude any attempts
to approximate the fluid flow as one dimensional, Demetracopoulos et al. [1986] limited
their study to cases in which the fluid flow can be approximated as one dimensional.
Because of these assumptions, the refuse and flow characteristics are comparable to
those found in granular waste deposits.

Demetracopoulos et al. [1986] make use of a hydraulic flow equation to predict the flow
of fluid through the system. Demetracopoulos et al [1984] describe the derivation of this
equation which was then solved numerically by Korfiatis et al [1984]. These equations
can be summarised as:

90 , 9K(B) _ 3 r/qay 904 _
§+——az s {D(8) aZ] 0 (2-2)

q=K(8) -D(8) —39 (2-3)
-0Z

where 6 mo3istu3re content, or the fraction of the control volume occupied by liquid
(m*/m°);
K(@) hydraulic conductivity of the medium, (m/s);
q volumetric flux per unit bulk area (superficial velocity), (m/s);
D(6) capillary diffusivity coefficient, defined by equation (2-4) below, (m?/s);
t time, (s); and;
z space coordinate, measured vertically downward (m).

=-x(9) 2¥ -
D(8) =-K(8) = (2-4)

where ¥ tension suction head which is defined as the negative capillary pressure |
potential [Shaw 1994].

The tension suction head versus moisture content relationship which was used can be
summarised as: ‘
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i‘l{=_b¢sege(—b-1) (2-5)

do
where s indicates saturation ‘conditions; and,
b fitted empirical constant.

The release of hazardous waste constituents from a granular waste deposit was modelled
using a continuity equation. The resulting equation can be summarised as:

9(8c) ,9(g0) [6 E(6) 1+ R (2-6)

ot 0z
where C  fluid phase concentration of the hazardous constituents (kg/m3),
E(0) longitudinal dispersion coefficient (m?/s);
q volumetric flux per unit bulk area (superficial velocity) (m/s); and;
R source or sink term (kg/m’s).

By assuming that the source or sink term R, which corresponds to the rate of release of
hazardous constituents, is controlled by the mass transfer between the solid and liquid
phases, an equation which describes the generation and transport of non-biodegradable

hazardous constituents was obtained and can be summarised as:

9(6C) ,9(gC) _ 9 oc 1S _ _
at | oz dz [0 E(©) az]”’ k S, (Cse=C) (2-7)
where k’ rate coefficient for mass transfer (1/s);
S local solid mass fraction of hazardous constituent available for transfer
(kg/m®);
So local solid mass fraction of hazardous constituent available for transfer at

time t=0 (kg/m’); and;
C, maximum possible hazardous constituent concentration in the fluid phase
(kg/m?). :

Models of this nature are not limited to the case where mass transfer effects control the
rate of release of hazardous constituents. By using appropriate expressions for the
source or sink term, R, the model can be adapted to describe the situation where
chemical kinetic or intra-particle diffusion resistances are rate limiting. In each case, a
parameter is being used to quantify the rate limiting mechanism in the release of
hazardous constituents.
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Demetracopoulos et al. [1986] extended the model to incorporate biological activity. This
resulted in two coupled partial differential equations, one which describes the growth
and transport of the microorganism population and one which describes the release and
transport of hazardous constituents.

The merit of such a model is that it offers a relatively simple method by which to study
the release of hazardous constituents from waste deposits.

The disadvantage of this model is that there is no way of predicting the parameters used
to describe the rates of release of hazardous constituents. These parameters need to be
determined from appropriate lysimeter experiments.

2.2.3 Models Suitable for Predicting Leachate Generation from Solidified Monolithic
Structures. )

Batchelor [1990], Bishop [1990] and Cheng and Bishop [1990] all have developed models
which are suitable to predict leachate generation from solidified monolithic structures. -
From CSTR leach tests on fragments of solidified structures, these investigators found
the release of hazardous constituents to be dominated by diffusion internal to the
solidified structure. The model considers the monolith as a single entity and determines
the rate of release of hazardous constituents using semi-infinite-media diffusion theory.
The following form of equation is almost always used in this approach: _

za
AO

n v De 0.5 0.'5
—=2 —_— t
S ( 7 ) ta

(2-8)

hazardous constituent loss during leaching period n (kg);

initial amount of the hazardous constituent present in the specimen
(kg);

volume of the specimen (m’®);

surface area of the specimen (m?); |

cumulative time to the end of leaching period n (s); and;
effective diffusivity (m%/s). .

where

w< PP

—

n

D

[

Equation (2-8) is based on the following semi-infinite-media equation:

C(X, t)=C, erf(—% ) (2-9)
2,/1D, )
where C hazardous constituent concentration at position X,
X distance from the outer surface of the monolith, and,
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t time.

A limitation with respect to the use of equation (2-9) which is not mentioned by any of
the investigators is that the following condition. must hold before this equation can be
applied to finite systems [Welty, Wicks and Wilson, 1984]:

v
25/D,t

e

> 2 (2-10)

One reason for this omission may be because the assumption of a constant mid-plane
hazardous constituent concentration can be considered to be a worst case scenario. This
implies that the models would tend to predict a greater loss of hazardous constituents
than would occur in finite systems. Another reason for this omission could be because
the authors did not consider evaluating their models at times sufficiently large to violate
this condition. '

In general, the leach type models are suitable to extrapolate data in time as well as to
predict the release of hazardous constituents from various sized monolithic structures.

The limitation of these models is that they cannot be used to extrapolate the results. to
different hazardous constituent and buffer concentrations within the solidified matrix.
The reason for this is that the effective diffusivity is a fitted parameter which is affected
by the concentrations of the hazardous constituents, buffer and inert species within the
solidified waste [Cheng and Bishop 1990].

Cote and Birdle [1987] have made use of this class of models to investigate several long
term leaching scenarios for solidified waste forms. In particular they investigated the
effects on the release and mobilisation of hazardous constituents of the hydraulic regime
of the groundwater, chemical characteristics of the groundwater, hydraulic conductivity
of the solidified structure and chemical speciation of the hazardous constituents within
the waste matrix. Figure 2-4 is-a summary of the results of their work. This figure can
be used to estimate the release rates of hazardous constituents from monolithic
structures. As an example, consider the release of hazardous constituents from a
fractured monolithic structure. Such a situation would resemble a granular waste deposit
and fluid would most likely percolate through the fractured structured as discussed in
section 2.1.2. Typical release rates of soluble hazardous constituents in such a situation
are shown in region (F) in Figure 2-4. This region indicates that very high leaching rates
would be observed (=10 000 mmol m™ day’) and that the leaching processes would
cease within the first few months due to depletion of the hazardous -constituents.
Insoluble hazardous constituents could be released by active leaching and typical release
rates are shown by region (H) in Figure 2-4. Notice that the leaching rates for insoluble
constituents (=1 mmol m? day™) is much lower than for soluble components as expected.
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Figure 2-4. Inference of leaching rates following different leaching scenarios. (Taken
from Cote and Birdle [1987].)
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2.2.4 Models Describing Contaminant Migration away from Deposits.

The last group of models includes work on contaminant migration away from hazardous
waste deposits. These models uncouple the hydrodynamic analysis from the chemical
reaction aspects, assuming that no interaction occurs. The hydrodynamic part, which is
a groundwater flow problem, is modelled using a Darcy law approach which incorporates
a bulk hydraulic conductivity. A bulk hydraulic conductivity is an average measure of the
distance which fluid would move through a porous medium per unit time. This quantity
is a function of both the fluid type and fluid saturation within the porous medium [Shaw
1994]. Saturated hydraulic conductivities are usually determined experimentally.
Hydraulic conductivities under unsaturated conditions can also be determined
experimentally but are much more difficult to determine than saturated hydraulic
conductivities [Fourie 1995]. An alternative approach to determine unsaturated hydraulic
conductivities is to use appropriate models, presented in groundwater flow texts, which
use the saturated hydraulic conductivity as a parameter [Freeze and Cherry 1979]. It is
important to note that bulk hydraulic conductivities are quantities which are used to
describe the macroscopic flow rates of fluids in porous media. As such, no information
with respect to localised flows within the medium can be determined. In cases where
this level of detail is required or in cases where local variations in hydraulic
conductivities preclude the use of a bulk hydraulic conductivity, the full tensorial form
of the hydraulic conductivity would need to be evaluated. Knox er al. [1993] present
information with respect to the full tensorial definition of hydraulic conductivities.

The chemical reactions are modelled either by adsorption/desorption isotherms, which
are based on experimental results [Rowe and Booker 1990, 1985a,1985b; Dance and
Reardon 1983; Maslia er al. 1992; Sudicky er al. 1983] or by totally predictive
thermodynamic analyses [Vogt 1991].

One of the assumptions used in these models is the value assigned to the leachate
concentration at the base of the deposit. This is estimated by determining the volume of fluid
within the granular deposit and assuming that all of the hazardous components are released
into this fluid subject to adsorption and desorption equilibria. Once this leachate
concentration has been estimated, the subsequent transport of the leachate through the
underlying ground is modelled. Since these models do not address leachate generation
aspects they could only be used as suitable mobility models within granular waste deposits. If
this strategy could be used as a mobility model it would have the advantage of including the
effects of adsorption and desorption on leachate mobility.

Before these models could be used to describe leachate mobility in granular waste
deposits, the adsorption/desorption isotherms of the hazardous constituents onto the
granular particles would need to be determined. The determination of these isotherms
for granular waste particles will be significantly more complex than for inert ground
samples. This is due to the fact that it is difficult to determine an adsorption/desorption

isotherm for a material which is itself releasing the same components. Methods to

deconvolute the effects of leachate generation from adsorption and desorption processes
would need to be determined.
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It is unlikely that thermodynamic analyses could assist to predict the chemical reactions
taking place because of the complex chemical compositions of waste particles. In most
cases it 1s impossible, due to physical and financial constraints, to determine the initial
hazardous constituent and buffering material speciation required for thermodynamic
analyses.

Although this group of models has limited applicability for the objectives as defined, it
will be useful when a complete environmental impact assessment of a hazardous waste
deposit is required. Once the release of hazardous constituents -from a deposit has been
calculated, this information can be used as the input data for the migration models. The
subsequent migration through the environment, and thus the health risks and
environmental impact, could then be determined.

2.3 Summary of the Strategy Adopted in Precious Metal Heap I.eaching
Models.

The general strategy used [Roman er al. 1974] in the analysis of heap leaching is to
divide the heap conceptually into columnar sections. Each column is then considered
as a simple one dimensional, non-catalytic reactor. The progression of the reactions in
the individual particles is followed using a suitable chemical reaction model. These
reaction models require the concentration of the fluid in contact with the particles. Thus
by calculating the fluid concentration in contact with the particles and the progression
of the reactions as a function of time, the dissolved hazardous component concentration
can be determined. These concentrations can then be used to calculate the breakthrough
curve. In order to calculate the fluid concentration in contact with the particles, the
columnar sections are further divided into a set of discs which are stacked on top of each
other as shown in Figure 2-5. The fluid concentration within each disc is assumed to be
constant and is calculated by a simple mass balance. This strategy is summarised in
Figure 2-6.

Figure 2-5. An ore heap conceptually divided into columnar sections and the columnar
sections divided into discs. (Figure taken from Roman er al. [1974].)

o
[}
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Figure 2-6. Summary of the strategy used to determine the breakthrough curve in heap
leaching operations.

Iterate in time.
a
Iterate in space.
e Calculate the concentration of fluid in contact with the
particles within the disc.
¢ Calculate the progression of the reaction within the particles
using a suitable chemical reaction model.
° Update the dissolved product concentration within each disc.
‘Calculate the breakthrough curve.
A 4
End.

Braun et al [1974], Roman et al. [1974] and Shafer [1979] have used this approach to
model heap leaching operations. 1In all of these cases very simple hydrodynamic
behaviour has been considered. This is evident in that all of the particles within each
disk were assumed to be totally wetted. For the application of heap leaching this is not
a bad assumption because totally wetted particles is the objective of heap design and
lixiviant spray patterns. Although it was not explicitly stated, these investigators have
also assumed that no significant preferential flowpaths or stagnant zones are present.

The chemical reaction model almost always used in this approach is a shrinking core
model. This implies that diffusion of fluid reagent into the individual particles is the
elementary rate controlling step. This can be a severe limitation because in some cases
the chemical reactions are sufficiently slow to result in a homogenous. reaction. In these
cases, the intrinsic kinetics of the chemical reactions become very important. The simple
shrinking core model as used by Roman et al. [1974] has a further limitation in that it
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only considers a single reaction taking place.

Dixon [1992] has developed a chemical reaction model which eliminates these
shortcomings. Dixon’s approach is similar to that of Demetracopoulos et al. [1986] in
that it makes use of the continuity equation to model chemical release. The main
difference is that Dixon applies the analysis to an individual particle while
Demetracopoulos applied it to a lysimeter as a single entity.

Dixon’s model includes information on the diffusivity of fluid reactant into the particles
and the intrinsic kinetics of the multiple reactions which take place. Although the
intrinsic kinetics are not explicitly obtained in Dixon’s model, the ratio of the diffusivity
over the intrinsic kinetics is determined. In many ways this corresponds to determining
the effective reaction kinetics, which include the effects of intra-particle diffusion, of the
waste particles. The model is developed in such a manner that once the effective
reaction kinetics of a particular sized particle have been determined, the technique can
be extended to other sized particles. Dixon’s model also makes provision for surface
solid reactant concentrations which differ from bulk solid concentrations within the
particles.

In summary Dixon’s chemical reaction model makes provision for the following:

- the diffusivity of the fluid reagent into the particles as well as the intrinsic
kinetics of the solid reactant within the particles,

- multiple competing reactions, and,

- surface solid reactant concentrations which differ from the bulk solid
concentrations within the particles. ' '

Dixon made use of this model to describe copper release from a heap leaching
operation. He made similar assumptions concerning the hydrodynamic interactions to
those of Roman er al. [1974]. Not withstanding the complications of preferential flow
paths, Dixon’s model has an excellent capacity to predict the release of hazardous
constituents from hazardous waste deposits which contain granular material.

Dixon’s model can also be used to model the release of hazardous constituents from a
monolithic structure. The ratio of the effective diffusivity of the fluid into the monolith
over the rates of the hazardous constituent release can be determined by conducting a
CSTR test on small fragments of the monolith. This information can then be used to
predict the release of hazardous constituents from the monolithic' structure. This is a
more sophisticated method to the one adopted by Batchelor [1990], Bishop [1986] and
Cheng and Bishop [1990], because it does not assume that diffusion is the controlling
resistance or make use of the semi-infinite-media assumption. This method also has a
greater predictive power in that it can also be used to investigate the effect of hazardous
constituent and buffer concentration on the rate of release of hazardous constituents
which the prior methods could not.
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2.4 Modelling the Release of Hazardous Constituents from Partially
Saturated Granular Waste Deposits.

No models exist in the literature which describe the release and subsequent transport
of hazardous constituents under unsaturated flow conditions.

Probably the most comprehensive attempt to include the effects of unsaturated
conditions on leachate generation are those of Demetracopoulos et al. [1986]. They
include these effects by using a hydrodynamic equation for unsaturated flow. These
equations, described previously in equations (2-2) to (2-5), are often referred to as
groundwater flow equations. Hydrodynamic equations or groundwater flow equations
yield information about the local levels of saturation as well as local fluid flows. In the
equations presented, which are already in one dimensional format, the saturation of fluid
and fluid flow within a waste deposit can be determined as a function of position within
the waste deposit and time. Although Demetracopoulos et al. [1986] determine the effect
of unsaturated conditions on fluid flow, they do not consider the effect of these
conditions on the mass transfer of hazardous constituents. Since they made use of mass
transfer to describe the rate of release of hazardous constituents in their model, the
influence of this factor should have been investigated. To circumvent the problem,
Demetracopoulos et al. define a distribution coefficient, which relates the hazardous
constituent concentration in the fluid to the hazardous constituent concentration in the
waste particles, specific to the situation being investigated. This distribution coefficient
needs to be determined experimentally for each situation. In effect, this coefficient
includes the average effects of the degree of saturation on hazardous constituent release.

The only other attempts to include the effects of the level of saturation on leachate
generation can be found in the heap leaching models which usually include a saturation
parameter [Roman et al. 1974]. The saturation parameter represents the average level
of saturation within the lysimeter. All of these models further assume that all of the
particles within the heap are totally wetted with fluid. Although this assumption is
probably valid for heap leaching, it will almost certainly not hold in unsaturated waste
deposits. The reason for this is that fluid which percolates through unsaturated waste
deposits usually does so in a fairly random manner. '

The level of particle wetting is important in the effective operation of trickle bed
reactors and several researchers have investigated means to determine a suitable wetting
factor [Columbo er al. 1976; Schwartz et al. 1976; Sicardi et al. 1980; Mills and
Dudukovic 1981; Ramachandran 1986]. A wetting factor is a simple factor which
describes the average fraction of the particle surface area covered by fluid. It is felt that
the inclusion of similar wetting factors into the heap leaching models when they are
applied to hazardous constituent leaching would be most beneficial.

Unsaturated flow through deposits drastically affects the flow patterns in deposits. As
previously discussed, the flow patterns in waste deposits are extremely complex. All the
hydrodynamic equations considered in the literature models are relatively simple one
dimensional, plug flow models. More suitable hydrodynamic models need to be
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developed for fluid flow in unsaturated deposits.

The first extension to plug flow models which would begin to incorporate irregular flow
behaviour is to include axial dispersion. Levenspiel [1972] describes the use of the ‘tanks
in series’ approach to include axial dispersion. In summary, in a ‘tanks in series’
approach to a plug flow reactor, the plug flow reactor is modelled as a series of
continuously stirred tank reactors. A mathematical analysis of the technique yields the
number of tanks required in order to approximate plug flow through the system.
Dispersion is included into the model by using fewer tanks than required because fewer
tanks tend to erode the plug flow nature by allowing greater degrees of mixing within the
system.

The ‘tanks in series’ model discussed above is a one parameter hydrodynamic model.
This means that one parameter is required to account for the non-uniform flow
characteristics. More complex, multi-parameter models exist which account for highly
irregular flow characteristics. These strategies consider the system to consist of several
regions which can be described by plug flow, dispersed plug flow and mixed flow models.
Zones which contain stagnant fluid can also be incorporated into these strategies.
Levenspiel [1972] discusses the implementation of these techniques.

An alternative approach to dealing with the effect of the complex flow patterns on
chemical reactions within trickle bed reactors has been investigated by Funk ez al. [1990];
Zimmerman ef al. [1987], and, Ng and Chu [1987]. These investigators model the fluid
flow at the particle level. To accomplish this they make use of a porous medium model
and a fluid distribution model. The porous medium model is used to describe the
geometric locations of the particles in the trickle bed reactor. To date, these
investigators have only investigated porous media which consist of equi-sized spheres.
Using Monte-Carlo techniques, a suitable representation of the geometric locations of
the spheres within the trickle bed reactor is obtained. The result of one such simulation

is shown in Figure 2-7 (taken from Zimmerman et al. [1987]).

The fluid distribution model is used to determine the fate of fluid which impinges on a
single particle in the assembly of particles. Ng [1986] has developed a wetting criterion
for particles. For a given flow of fluid onto a particle, this criterion determines whether
the fluid will totally cover the particle, which is comparable to film flow defined by
Lutran er al. [1991], or whether it will be confined to a specific part of the particle -
which is comparable to rivulet flow. This information is then used to determine the flow
paths of the fluid as it moves from one particle to the next. In.this manner the flow
patterns of fluid through the trickle bed can be determined. A typical result of such a
calculation strategy is also shown in Figure 2-7 (taken from Zimmerman et al. [1987]).
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Figure 2-7. An example of a two dimensional, porous medium model used to simulate
the geometrical characteristics of particles in a trickle bed reactor and a
typical flow pattern predicted by using the strategy of Zimmerman ez al.
[1987].
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The densely shaded spheres represent complete wetting of the entire particle surface. The spheres
with lighter shading over the entire circle are partially wetted. It indicates a liquid film covering
more than 50% of the sphere surface. All unshaded regions on the spheres represent dry areas.
Note that the arrows indicate the flow of an isolated liquid rivulet.

'Funk ez al. [1990] use this strategy to determine the fluid flow patterns and couple this
information to a chemical reaction model for reaction in a catalyst pellet. Catalytic
reactions are usually steady state reactions and as such are described by suitable ordinary
differential equations. The calculations pertaining to the chemical reactions are
simplified by making use of an appropriate steady state effectiveness factor. Using this
combined model Funk er al. predict overall performance of the trickle bed reactor.

It is very unlikely that such an approach will be able to be applied to leachate generation
in granular waste deposits in the near future because of the following limitations. As
pointed out earlier, the porous medium model in its present form can only accommodate
equi-sized spheres. Although there is no reason why the model cannot be extended to
include a size distribution of spheres, the calculation strategy to merely generate the
porous medium model will become far more complex. Further, the reactions which take
place in waste particles are non-catalytic in nature. Such reactions need to be described
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using partial differential equations. Since these reactions are not steady state in nature,
the calculation strategy cannot be simplified by the use of steady state effectiveness
factors. This means that the full partial differential equations describing the reactions
need to be solved. The computation involved in solving these equations is significant.
The computers which would be required to solve the porous media model, the fluid flow
path problem and a partial differential equation for each particle in the system makes
this approach unattractive. Before such a method is adopted, it is felt that simpler
models need to be investigated to determine whether they can be used to solve the
problem. Two such simpler models are investigated in the remainder of this thesis. The
first model is a macroscopic, lumped parameter model and the second model is a
heterogenous columnar model.
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Chapter 3. A Macroscopic, Lumped Parameter Model to
Describe Leachate Generation and Mobility

in Granular Waste Deposits.

In this work, the first model investigated, which is capable of predicting leachate
generation and mobility within granular waste deposits, is a macroscopic, lumped
parameter model. There were two main reasons for investigating a model of this nature.
The first reason is due to its inherent simplicity. The macroscopic model considers the
deposit as a single reacting entity. As such, it does not attempt to analyze the release
of hazardous constituents at the particle level. Instead, it makes use of an overall
expression which describes the rate of hazardous constituent release from a smail volume
element of the deposit. This expression includes the effects of chemical kinetics,
hydrodynamic aspects, diffusion and hazardous constituent location on the release of
contaminants. This is why the model is termed a lumped parameter model. In effect
it assumes that not enough is known about the intrinsic kinetics of the system or about
the complex hydrodynamics or even the hazardous constituent location to allow a more
rigorous analysis. In many respects, it is this simplicity which makes the model very
attractive. In any situation where these aspects cannot be determined or are uncertain,
the lumped parameter model can still be used.

The second reason for investigating the macroscopic, lumped parameter approach deals
with model accuracy. The lumped parameter model does not require any assumptions
with respect to particulate or hydrodynamic aspects. Instead, these effects are included
in the experimentally determined model parameter. In effect, the rate of release of
hazardous constituents from a waste deposit as a whole is being determined. This is in
contrast to more detailed models. More detailed models determine the rate of release
of hazardous constituents from the individual particles within a granular waste deposit
and then predict the deposit performance. Before the deposit performance can be
predicted however, assumptions with respect to fluid flow patterns, fluid saturation and
~ particle wetting need to be made. If any of these assumptions are in error then the
accuracy of the more detailed models will be effected. When insufficient information
about the deposit is available to make confident choices with respect to these aspects, -
the most reliable method may be to make use of the lumped parameter which does not
require this information. .

The macroscopic, lumped parameter model was derived by applying a one dimensional
fluid continuity equation to the deposit as a whole. The approach adopted is very similar
to the one followed by Dixon [1992], the only difference being that Dixon applied the
fluid continuity equation to a single particle rather than to an assembly of particles in the
form of a waste deposit. The model developed is also very similar to the model of
Demetracopoulos et al. [1986] which was discussed in the previous chapter. The main
differences between the model developed and that of Demetracopoulos et al. is that the
‘rate of hazardous constituent release’ term, R, used in the present model was assumed
to be described by chemical kinetics rather than by mass transfer considerations. The
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reason for this is that the effects of competing chemical reactions can be investigated
with this approach. Realizing that the effects of competing chemical reactions can
drastically alter the hazardous constituent release profiles, it was felt that it should be
incorporated into the model. The other main difference between the present model and
that of Demetracopoulos et al. is that the present model does not make use of
hydrodynamic flow equations which describe unsaturated flow. Rather, much simpler
‘plug flow’ hydrodynamic equations were used. It was realised that the more complete
hydrodynamic equations could always be included at a later stage and it seemed more
effective to first investigate the potential of the model usmg the simpler hydrodynamic
equations.

The remainder of this chapter presents the model derivation. It also discusses an
appropriate solution strategy. This is followed by a section which indicates how a time
dependent fluid percolation velocity can be incorporated into the solution strategy. The
solution strategies have been coded into suitable computer routines and the details of
these routines are discussed. Typical results obtained from the model are presented.
Some discussion which indicates how the model can be fitted to expenmental results is
offered, and the limitations of the model are summarised.

3.1 Development of the Equations.

Figure 3-1, a schematic of a lysimeter which is thought to be representative of a real
waste deposit, forms the basis of the macroscopic, lumped parameter model. It is
assumed that the fluid reagent, A, percolates through the lysimeter and reacts with the
solid reactants, B,, according to the following stoichiometric equation:

a :
A+ X b,B; -~ dissolved products

i=1

On a mass basis the stoichiometric coefficient, b,, would represent the mass of solid
reactant, B,, required to react with a unit mass of fluid reagent. This is very often more
convenient to use than a conventional molar basis since mass concentrations are more
easily determined experimentally, and the ‘b’ terms then represent an aggregated
elemental behaviour rather than a species balance.

30



Figure 3-1. Schematic of a lysimeter which forms the basis for the macroscopic,
lumped parameter model.
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The continuity equation for the fluid reactant can be obtained from a statement of
conservation of mass. This equation in operator format is: '

V. NA + eCoJ.C'.Ol% Sat%% - Z IAi =0 (3_1)
where N, fluid flux through the deposit, including a bulk convective
contribution and a diffusive contribution;
€col deposit porosity;
Colg g, deposit saturation; and,
T defined as the rate of production of fluid reagent A by reaction with
species 1.

The summation is required to account for the production of fluid reagent A by all the
participating reactions. '

The equation derived by allowing the rate of production of a solid reactant, B;, to be
described by a kinetic expression which is of variable order with respect to the solid
reactant and first order with respect to the fluid reagent is:

Cp 4
:La,~ L =-kp;Cpi'Ca (3-2)

AL dt

Iy =b
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where Cp;  mass or moles of the solid reactant per unit volume of solid,
C,  mass or moles of the fluid reagent per unit volume of fluid,
$g variable reaction order; and;
kg  reaction rate constant.
The reaction rate constant has units, depending on the reaction order term &g, such that
‘the units on the right hand side of the equation are rendered to be mass or moles of
solid reactant per unit time per unit volume of solid.

In this analysis, the fluid flux through the column has been assumed to dominated by a
convective flux due to the fact that the convective flux usually masks the effects of a
diffusive flux. An expression for the convective flux is:

N,=uC, (3-3)
where u represents the superficial fluid velocity.

Substitution of equations (3-2) and (3-3) into equation (3-1) yields (expressed in one
dimensional cylindrical coordinates with axial dependence only):

¢ 1o
ocC ac du & k;;Csi C
eColC'O'Z% Sat_é_f= _u_a;A A a —igl(l_GCol) ___&—B_;l_-é (3-4)
where t time; and;
z axial position within the deposit.

By assuming that the fluid is incompressible and that the relative void space saturation
in the deposit remains constant, which implies that saturation is not a function of fluid
velocity through the deposit, the second term on the right hand side of the above
equation can be shown to be zero due to the fact that the divergence of the ﬂu1d velocity
is zero. Thus the equation simplifies to: '

) 4’51 .
ac ac n k,.Cg;
CoLts.acGCol“‘a‘til = —ua_; —iz=:1 (1-€g;) —Bl‘b‘f_ (3-5)

The initial and boundary conditions which apply are:
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Cu(z,0)=0 . (3-6)

Cy(2,0) =Cy (3-7)
CA (0 ’ t) =CAInlatconc. (3_8)

Note that in equation (3-8) the boimdary condition imposed is that the inlet
concentration of the fluid reagent to the deposit is constant. It is simple to incorporate
the boundary condition which considers the inlet concentration of fluid reagent as a
function of time into the model - as long as this function is prescribed. Only the use of
a constant boundary condition has been demonstrated in the model development since
it is very unlikely for the concentration of fluid reactant entering the column to change
dramatically with time.

.2 Expressing the Equations in Dimensionless Form.

It is desirable to express model equations in a dimensionless format. When expressing
an equation in dimensionless format, "the original variables are grouped into
dimensionless parameters which are less numerous than the original number of variables
and which tend to have real physical significance. Reducing the number of variables is
advantageous in that it provides results of greater generality, thereby enabling the effects
of changing conditions within the deposit to be studied more easily. This is also helpful
when attempting to plan experimental work or correlate experimental results [Welty,
Wicks, Wilson 1976].

Equations (3-2) and (3-5) to (3-8) can be expressed in dimensionless form by defining
the following dimensionless parameters and dimensionless groups:

o Cp;
o= ——2 (3-9 ) Op;=—22 (3-10)

AInlethmc.

§= (3-11) /== (3-12)

Z
L

where
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= — ( 3-13 )
where L deposit length scale.

¢
(l'ecm) kBJ. B::
ecolco‘z% sat U bi

u
»
U’€c,;Coly a0

DG1= (3-14) DG2,=

i

(3-15)

DG3.= eCO.lCOl% Sat bi CAIJﬂacCanc. ( 3-16 )
* (1_66'01) CBio

u’ is a reference fluid velocity (percolation velocity) which has arbitrarily been set at 1m
per 24 hours. It is important to note that the definition of the reference fluid velocity
is totally arbitrary and only serves as a convement manner to non-dimensionalise the
results. Also note that:

u

u S ——— (3-17)
Percolation Co
e(.'o.l l%Sat

Following on, T is the equivalent of a reference space time for the column; DG1 is the
ratio of the fluid percolation velocity to the reference fluid percolation velocity; DG2 is
the ratio of the chemical reaction rate at z=0 to the rate of fluid reactant replenishment

and DG3 is a dimensionless stoichiometric ratio which indicates fluid reagent strength
relative to the solid reactant within the deposit. The rate of fluid reactant replenishment

is defined to be the rate at which the fluid in a given volume of the deposit is totally
replaced by new fluid due to the convective flux of fluid reactant through the lysimeter.

Equations (3-4) and (3-5) in dimensionless form and in cylindrical co-ordinates are
summarised as:

e -DG1 a"‘—ch;z a0y

31:/ 08 i=1

bt (3-18)

with
a(£,0)=0 (3-19)
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«(0,t) =1 (3-20)

do Bi $ps

7 =-DG21: DG31(!031 (3_21)

dt

with
05 (8,0)=1 (3-22)

Equations (3-18) and (3-21) represent the progression of reaction within the deposit.

3.3 Solution Strategy.

Equation (3-18) is a first order hyperbolic partial differential equation. Simple finite
difference methods and finite element numerical techniques must be used with care
when solving hyperbolic problems since the discontinuous nature of the solution gives
rise to difficulties when these techniques are used. The discontinuous nature of the
solution arises due to the fact that a sharp reaction front, corresponding to the fluid
reagent front, moves through the deposit. Although it may be possible in some cases to
obtain a stable method, it will invariably be very inaccurate. This implies that the
solution strategy may calculate a solution but that this solution' is incorrect. Note that’
solution strategies can also be accurate but not stable. This implies that although the
correct solution is being calculated, the strategy breaks down before the entire solution
is generated. Suitable solution strategies need to be both stable and accurate.

The method of characteristics is a suitable method of solution for first and second order
hyperbolic partial differential equations. This method converts the partial differential
equation into a set of simultaneous ordinary differential equations. = The ordinary
differential equations can then be solved using the standard numerical techniques of
finite differences or finite elements.

Recall equation (3-18):

. I
9% __pg1 9% 3 Daziaoﬁi‘ - (3-23)

ot/ 9E -1

Using the method of characteristicé, which is summarised in Appendix I, the following
set of ordinary differential equations is obtained:

Only two of these equations are independent. The two equations used in the solution
strategy are:
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=35 = (3-24)
1 DGI a o
DG2 a0’
i=1
a’_ 1 (3-25)
“dt DG
and
Il
4o _ 5 DGz, ao® (3-26)
dt/  i=1

Equation (3-25) represents the relationship between the time increment and the spatial
increment. This highlights the essence of the method of characteristics. By imposing this
restriction (of interdependence between two of the parameters) the partial differential
equation can be reduced to a simple ordinary differential equation.

A simple explicit finite difference numerical technique was found to be an adequate
method to solve equations (3-26) and (3-21). Equation (3-26) in numerical format is:

-y —A ! P51 _
o, =0;-At' (DG2a ;05™) (3-27)

Equation (3-21) in numerical format is:

= - / 3 ¢Bi _
6,,=0;,-At(DG2 DG3 «;0;") (3-28)

where j represents a time index.

3.4 Introduction of a Variable Fluid Velocity into the Solution Strategy.
At this point the velocity of the fluid .percolatir'lg through the column has been assumed
to be constant with respect to time. However, fluid velocity through granular waste
deposits does vary as a function of time due to various reasons of which periodic rainfall
is one example. This has been incorporated into the model in the following manner.

The dimensionless group, DGI, has been redefined as a function of dimensioniess time:
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DG1 = £n()) (3-29)

Thus equation (3-25) becomes:

de/ _ 1

= 3-30
d§  DG1 (1) ( :

Where before the time increment was constant, it now needs to be evaluated using
equation (3-30) before each iteration in time. In the case of a functional relationship for
the dimensionless group DGI being prescribed, equation (3-30) can be used to determine
the dimensionless time increment. However, it is more likely that the functional
relationship for the velocity will be prescribed in dimensional terms. (Either in terms
of a mathematical function or discretely.) In this case, the following equation, derived
from equation (3-30), can used to determine the dimensionless time increment:

28 (Enamty)

T (3-31)

where (t,,;-t)) is obtained from:

tn*l

fu(t) dt = €,,; Az

ty

=e.,; AE L (3-32)

where Az is the length of a spatial increment within the deposit; and;
L - is the total height of the deposit.

3.5 Suitable Computer Rouﬁnes for the Model.

Program Model4D1.PAS and Model4dD2.PAS are PASCAL codes which solve these
equations as a function of position and time. These codes make provision for the fluid
velocity to vary as a function of time. The output of the codes include graphs of
concentration versus position and time, with breakthrough curves as a function of time.
The breakthrough concentration of any dissolved species in Model4D1.PAS has been
calculated as the amount of that species exiting the column in the time increment over
the total original leachable amount of that species in the column. Model4D2.PAS
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normalises all the breakthrough concentrations of the dissolved species relative to the
total original amount of the first listed solid species in the program codes. This allows
comparison between the relative amounts of the different species which appear in the
leachate at the bottom of the column. As an example where such a comparison is useful,
consider a waste which contains one leachable hazardous constituent and a large excess
of buffering material. Although the fraction of the total buffering material released at
any one time may be low compared to the hazardous constituent, the dissolved
concentration of the buffer could be equal to, or much higher than that of the dissolved
hazardous constituent concentration due to the large initial excess of the buffer materal.

A copy of the codes as well as a solution algorithm can be found in Appendix II.

3.6 Verification of the Computer Routines.

The code was verified by subjecting it to a set of tests. In the first test no reaction was
assumed to take place. This represents the problem of fluid reactant progressing through
a deposit in plug flow. Excellent agreement was obtained between the calculated and
analytical fluid profile as a function of time and is shown in Figure 3-2. Figure 3-2
represents the fluid reagent profiles within the deposit at successive time steps, beginning
at the left hand side and progressing towards the right hand side of the graph.

Figure 3-2. Comparison of the predicted flow profile with the analytical profile for a
lysimeter in which no chemical reactions take place.
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The next test involved introducing a single reaction and determining its effect on the
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concentration profiles as the rate of reaction increased. The deposit would be expected
to react in a homogenous manner for a very slow reaction, proceed through a transitional
phase at intermediate reaction rates and finally react in a zone-wise manner for fast
reaction rates. A zone-wise reaction refers to the case where the reaction is restricted
to a narrow band within the deposit. This can be clearly seen in the horizontal rows of
graphs in Figure 3-5 where the reaction rate increases from left to right.

The code was also checked to ensure that it could calculate the profiles when more than
one reaction was occurring. Several other self-checking strategies were used to ensure
that the code was operating correctly. These included the following:

- The model was checked to ensure that chemical species were
interchangeable. This ensures that the order in which the chemical species
are defined in the computer routines is not important.  This is
demonstrated in Figure 3-3. In Figure 3-3, the profiles of the first solid
reactant are depicted by solid lines while the profiles of the second solid
reactant are depicted by dotted lines. (In Figure 3-3 these profiles never
touch the X-Axis. Unfortunately the fluid reactant profiles are also
depicted by solid lines but they can be identified as the curves which touch
the X-Axis.)

- The model was checked to ensure that the concentration profiles of two
solid species reacting at the same rate were co-incident. This is
demonstrated in Figure 3-4. In this figure the dotted lines cannot be
identified because they are co-incident with the solid lines.

- Kinetic aspects of the model were also checked by ensuring that the model
predicted the same profiles for a deposit with a single solid reactant
compared to a deposit which contained two solid reactants in equal
quantities to the solid reactant in the first lysimeter but which each reacted
at half the rate. : ' '
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Figure 3-3. Chemical species in the model are interchangeable.
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Figure 3-4. Profiles of hazardous constituents which react at the same rate are co-
incident.
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3.7 Results and Discussion.

3.7.1 General Behaviour.

In order to determine the general behaviour of the model and the sensitivity to the
model parameters, the following scenario was investigated:

Deposit of 0.5m in length;

Only one solid reactant present;

First order rate dependence in the solid reactant concentration;
- Constant fluid velocity set at 1m in 24 hours.

These conditions are typical of those used in laboratory 1ysimeter experiments. In a
similar manner, full scale deposit behaviour could have been investigated by merely using
appropriate -model parameters.

The computer code calculated the dimensionless group DGI which under the conditions
defined is 0.0084.

Figure 3-5 presents the profiles of fluid reagent A (solid curves) and one solid reactant
(dashed curves) for all combinations of DG2 = 0.1,1,10 and 100, and, DG3 =0.1,1,10
and 100. Figure 3-6 presents the breakthrough curve of the solid reactant for the same
combinations of parameters. Note that in Figure 3-6 each row of graphs have the same
Y axis scaling, however the Y axis scaling changes between the different rows.

For very low values of DG2 the chemical reaction rate is much slower than the rate of
fluid reactant replenishment. Under these conditions, most columns would be expected
to react in a homogenous manner. This behaviour can clearly be seen in Figure 3-5 by
examining the first column of graphs. Only at very high relative fluid reagent
concentrations are any solid reactant concentration gradients established. The release
of hazardous constituents in columns with low values for DG2 is controlled only by
kinetic factors.

At moderate values for DG2, the type of kinetics depends on the relative fluid reactant
concentration. At DG2=10, non-transient fluid and solid reactant gradients are
established for all values of DG3. When DG3 values are greater than 10, the column
reacts in a fluid reactant limiting, zone-wise manner.

At high values of DG3 the column reacts only in a fluid reactant limiting, zone-wise
manner.
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Some interesting features of hazardous constituent release can be observed in Figure 3-6.
Notice that the breakthrough curves for all columns which react in a homogenous
manner resemble an exponential decay function. This is as expected, since a column
which reacts in a homogenous manner could be considered as a continuously stirred tank
reactor. The concentration profiles for first order reactions which take place in
continuously stirred tank reactors are exponential decay functions [Levenspiel 1972]. In
contrast the breakthrough curves for columns which react in a zone-wise manner
resemble impulse and Heaviside functions (step up followed by a step down function)
which are characteristic of perfect plug flow reactors. When the kinetics of the chemical
reactions are sufficiently fast for the column always to react in a zone-wise manner, the
width of the Heaviside function is determined by the relative fluid reactant
concentration. As the fluid reactant concentration increases, the width of the heaviside

function decreases. In the limit, the heaviside function approaches a Dirac delta as can

be seen in the lower right hand corner of Figure 3-6.

3.7.2 Effect of Competing Reactions.
As previously discussed in Chapter 2, granular waste deposits very often contain more

than one reactive component in the matrix. This has a marked effect on the release of
the individual hazardous constituents as the following test scenarios indicate.

The effect of a buffering material on the release of a single solid hazardous constituent.

The scenario investigated can be summarised as:

- Deposit of 0.5m in length;

- One primary solid hazardous constituent and one buffer material present;
- First order rate dependence with respect to the solid concentrations;

- Constant fluid velocity set at 1m in 24 hours.

The parameters  for the solid hazardous constituent were set at DG2 =10 and

DG3eyppum =1. .

Contam.

The combinations investigated are summarised in Table 3-1.
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Table 3-1. Summary of the parameter combinations investigated to determine the
effect a buffer material on hazardous constituent release. :

Buffer rate constant 100 Buffer rate constant 10

times slower than times slower than
. contaminant rate const. - contaminant rate const.
10 times as much buffer -DG2p,... = 1.00 DG2,... = 10.00
as contaminant. DG3p,p, = 0.10 DG3p,p, = 0.10
100 times as much buffer DG2y,4, = 10.00 DG2p,4, = 100.00
as contaminant. DG3p,p, = 0.01 DG3p,p5, = 0.01

Figure 3-7 presents the concentration profiles for the above combinations while Figure
3-8 summarises the breakthrough curves.

The concentration profiles in the top left hand corner of Figure 3-7 closely resemble the
concentration profiles when no buffer material was present. The breakthrough curves
for the same parameter specification show that in this case the buffer material is not
sufficiently reactive to affect the release of the solid hazardous constituents. By merely
increasing the relative concentration of the buffer material it begins to play a significant
role. Alternatively a more reactive buffer material can be used to limit the release of
hazardous constituents.

The buffering material effectively forces the column to react in a more fluid reactant
limited, zone-wise manner. This is because the total rate of acid consumption has
effectively increased. Further, due to the competition between. the solid hazardous
constituent and the buffer material for fluid reactant, the hazardous constituent reacts
at a slower rate than before and the hazardous constituent breakthrough curves start to
resemble exponential decay functions.

Notice in the lower row of breakthrough graphs in Figure 3-8 that the solid hazardous

constituent persists to breakthrough at large times. This is typical behaviour observed
when competing reactions occur.

45



10ns.

Reacti

ing

YIBUD] SESJUOLSURMLG
Yifuas] ssejuolsuUBHI(g

o°v 8’0 v:o 00
’ _ _ 0o
‘eePon Py
[-] -Z'n
m . ] -%0
i Cagrg) @ 1umvon pueg
m 9°0
2 ‘3 AOVOR pyes Ny’
M \.H”\HH a0
] Ll I
et b 1m0 1 1Rigidiaiz: > @ .:u__:-::..__"——u_":a:_—a_"__ o't

tp—

Profiles for Two Compet

Concentration

Figure 3-7.

FETH S | PR PPS | T PR S S vou pnes | 2R PSS | TEEN Pheg
007T0°0 £ E0a 0000°' 0 Z €eoa 0000° Y 1T7E00 -
N — . . - . ooTo 0 £7coa 00000 £ Eva 0000 Y T g0a
N guﬂﬂ, oot € E0a poo0’0 ¥ £0q oooa” ot ! . god BT 00000t £7r0a onno-o0 L 4] ovoo - 0t 17EN0 rY
0oc  SEPON 00 1 oG  smpon A ne o 1
YjBus] sESjUC]sUSIT]
N ! YjBuB] SSBIUOYBUBW]Q
[ §
o7 a0 [ 1] 0'0

9°0
L

-Z'0

s
)
. .
: :
‘EIVPoR’ - ’
. b . RN { . )
1 » 0 S : = ¢
e . \) i X ’
4 ’
.

\, ’
, )
. . X R4 “

UOE 3WIJUBIUCY EEB]UDE BUBUT g

TR APON Pt N
e SR y._aaeauﬁam_am_am_ae

B8P Pues TR PSS | TS PI9S

N caimimeaiaiaiginitigid

Vo P\

aalha

00071°0 £ EDQ 0000" 0 ¥ eoa 0000 ¥ 1" coa
onno° ot € Zoa 0000’0 z zoa 0000°0T Y ENG —E°T 000710 €7coa 0000° 0 g ena 00007 17€00
NG wepoy ns o T 000 Y e ena onoo° 0 £ zod 0000° 0V TTEDQ T
0 YepoN 0og o

SEB{UDY SUBMIQ

uoY IBLIUBDUCD

46

SEB{UDY SUBMT Qg

UOT WL JUBIUOY




Breakthrough Curves for Two Competing Reactions.

Figure 3-8.
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Extension to more than one reactive hazardous constituent.

Figures 3-9 and 3-10 are sample printouts of typical concentration profiles and
breakthrough curves when two hazardous constituents and a buffer material are present.
The scenario investigated was a second hazardous constituent of equal amount to the

first, but which reacted 10 times slower than the first reactant. These parameters are
summarised in Table 3-2:

Table 3-2. Summary of parameters used to demonstrate extension of the model to
more than one reactive hazardous constituent.

Contaminant 1. DG2 1 = 10.00
DG3 1 = 1.00

Contaminant 2. DG2 2 = 1.00
-| DG32 = 1.00

Buffer Material. DG2 3 = 10.00
- DG3 3 = 0.01

-~

Figure 3-9. Sample printout of concentration profiles for more than one hazardous

constituent. i
Hodal4D2
Concentration Profiles
L 0.50 Nodes S0 .
1.2 DG2_1 10.0000 oGz2_2 1.0000 oG2_3 10.0000

DG3_1 1.0000 DG3_2 1.0000 0.0100
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Figure 3-10. Sample printout of breakthrough curves for more than one hazardous
constituent.
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3.8 Fitting the Model to Lysimeter Experiments.

3.8.1 Model Requirements.

The following information needs to be known in order to fit the model to lysimeter
results:

- The basic chemical reactions whicn actually take place within the
lysimeter;

- the effective concentrations of the pardcipaﬁﬁg species;
- the reaction orders witr; respect to the solid reactants;
.- the percolation velocity of the fluid as a function of time; and;
- the voidage of the column and the void space saturation. |
The level of detail required in the understanding  of the basic chemical reactions. is to
have identified the fluid reagent and the main solid reactants in the system. For example

the fluid reagent is usually a dilute acid stream while the solid reactants are leachable
heavy metals and buffering components.
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The effective concentration refers to the total leachable concentration of any species, -
which in many instances is nor equal to the total concentration of that species. This is
caused by a certain portion of the species being unavailable to the leaching process. One

method to determine this concentration is to conduct a CSTR leach test until equilibrium

is reached. The initial effective solid concentrations of the dissolved species can then be

determined by back calculation.

Where the solid reactant is not in excess, a solid reactant order of unity is suggested for
the following reasons. The solid reactants are known to be located in a size distribution
of waste particles within the deposit. If the deposit contained equi-sized spherical waste
particles, comparison of the variable order kinetic expression, equation (3-2), to a ‘grain’
reaction model indicates that the appropriate solid reactant order in this case would be
2/3. Dixon [1992] has intimated that this order increases as the standard deviation of
the size distribution of spherical ‘grains’ increases and that a reaction order of unity is
reasonable. The appropriate reaction order for excess solid reactant is usually taken to
be zero, which implies that the solid reactant concentration does not have an effect on
the reaction kinetics.

Usually the percolation velocity is set at a constant value. As previously discussed the
model can accommodate a variable fluid velocity as long as the functional relationship
for the velocity is prescribed.

3.8.2 Fitted parameters.

Each dimensionless group, DG2;, contains a lumped reaction rate constant for the
chemical reaction corresponding to that group. These reaction rate constants cannot be
determined a prioriand so the fitfted parameters in the model are the DG2; groups. The
reason why the reaction rate constant cannot be determined from bench scale tests is
because they include hydrodynamic effects. The hydrodynamic situation in bench scale
tests is not comparable to the hydrodynamic situation in a waste deposit or its pilot-scale
lysimeter equivalent.

The DG2; groups are fitted by comparing the breakthrough curves from the model to
experimentally determined breakthrough curves from lysimeters. A good method to
optimise the agreement between the model and experimental results is to use a simplex
search technique to determine the best values for the fitted parameters.

3.9 Limitations of the Model.

The macroscopic, lumped parameter model does have several limitations due to its
inherent simplicity. The first limitation of the model is that it can only be used to
extrapolate to deposit proportions and in time for deposits which contain identical wastes
and which exhibit identical hydrodynamic characteristics to the ones observed in the
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lysimeter. This implies that a separate lysimeter experiment needs to be conducted for
each waste stream and hydrodynamic situation investigated. This is a severe limitation
considering the expense and time involved with lysimeter experiments.

The second limitation is that the model can be used only in situations where each solid
reactant is released at a single overall rate. Often, particles which have most of the solid
reactant concentrated onto the surface of the particle, can also have some of the solid
reactant distributed in the bulk of the particle. The solid reactants in the two regions
very often exhibit different rates of release. The first rate of release is due to the release
of the solid reactants on the surface. Usually this rate of release is much faster than that
of the release from within the bulk of the particle due the added diffusional resistances
of the fluid reactant into the particle.

The model cannot be used to determine the individual contribution of the intrinsic
chemical kinetics, the hydrodynamic aspects or the hazardous constituent location on the
release of hazardous constituents. This is a direct consequence of using the lumped
parameter approach. Since one aim of this work is to eventually be able to engineer
better waste deposits, it is critical to be able to determine these individual contributions.

For these reasons it was deemed necessary to investigate more complex models which
would begin to address the limitations of the macroscopic, lumped parameter model. In
effect this implied investigating models which describe the release of hazardous
constituents at the particle level. This is the focus of the remainder of this thesis.
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Chapter 4. A Summary 6f the Chemical Reaction Model
Applicable to Single Particles as Developgd
by Dixon [1992].

The investigation into the macroscopic, lumped parameter model revealed a need to
describe the release of hazardous constituents at the particle level. As discussed in
Chapter 2, Dixon [1992] has devéloped a chemical reaction model for investigating the
leaching behaviour of precious metals from ore particles. His model is sufficiently
detailed to include the effects of diffusive and chemical reaction kinetic resistances,
competing reactions and precious metal location within the particle on the leaching
behaviour. Since these considerations are similar to the ones encountered in leaching
of hazardous constituents from waste deposits, it was felt that Dixon’s model should be
investigated to determine its apphcablhty to modelling contaminant leaching from waste
particles.

This chapter presents the details of the investigation into the applicability of Dixon’s
model to a single waste particle. This involved determining whether or not the model
developed by Dixon could be used without modification. For this reason, this chapter
summarises the model development followed by Dixon [1992]. Once it was determined
that Dixon’s particle scale model could be used, an appropriate solution strategy for the
model was investigated and implemented. The computer routines which implement the
solution strategy have been rigorously checked against the results obtained by Dixon.
These details form the reminder of this chapter.

4.1 Development of the Equations.

Figure 4-1 depicts a porous, spherical particle of radius R which is submerged in fluid
reactant and which contains small amounts of solid reactant deposits. Dixon [1992]
assumed that these solid reactants, B, are dissolved by a single fluid reagent A. This is
represented by: - '

n _
A+ X b;B, ~ dissolved products

i=1

As in Chapter 3, the continuity equation for the fluid reactant can be obtained from a
statement of conservation of mass. The continuity equation applicable to a single
particle is:

ac
V- N, + €, 75 -ZXr, =0 (4-1)
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where N, fluid flux into the particle;
€ particle porosity; and;
Ty defined as the rate of production of fluid reagent A by reaction i.

As before, the summation sign is required to account for the prbduction of fluid reagent
A by all the participating reactions.

Figure 4-1. Schematic diagram of a porous, spherical particle of radius R and a graph
showing the concentration gradients within the particle. (taken from Dixon
[1992)).
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Dixon made explicit provision for different kinetics for those reactions which occur in the
bulk of the particle compared to those which occur on its surface. Considering first the
reactions which occur within the pores of the particle, Dixon assumed that the reaction
‘kinetics can be described by an expression which is of variable order with respect to the

solid reactant and first order with respect to the fluid reagent. This expression. can be
summarised as:

dc,; .
2 = ok, GG, (4-2)

where C,;  mass or moles of the solid reactant in the pores. of the particle per unit
mass of solid;
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C,  mass or moles of the fluid reagent per unit volume of fluid; and;
k;  reaction rate constant.

Here the reaction rate constant has units, depending on the reaction order term &g, such
that the units on the right hand side of the equation are rendered to be mass or moles
of solid reactant per unit time per unit mass of solid.

In situations where the kinetics of any species on the surface of the particle is different
to the kinetics of that species in the bulk of the particle, another kinetic expression will
be required. The kinetic expression adopted by Dixon can be summarised as:

dc,; __ 3k,Chric,

dt R p,(1-€p)

(4-3)

where C;  mass or moles of the solid reactant on the surface of the particle per unit
mass of solid;
C, - mass or moles of the fluid reagent per unit volume of fluid,
R radius of the particle;
po.  ore density; and;
k reaction rate constant.

The following equation makes it a bit easier to see how this expression was obtained:

Mass of particle dCg;

¢si
T ==k .C.3C 4-4
Area of particle dt si~si ~a ( )

Thus the units on the left hand side of the equation are mass or moles of solid reactant
per unit time per unit area of particle. Therefore, the units of the reaction constant, kg,
depending on the reaction order term &, are such which render the units on the right
hand side of the equation to be mass or moles of solid reactant per unit time per unit
area of the particle. '

It is important to note that if the kinetics of the species on the surface of the particle are
not significantly different from the same species within the bulk of the particle, that the
requirement for equation (4-3) is obviated.

Substituting equation (4-2) into equation (4-1) gives:

$pi
kpi CA Cpf

b

ac
T

V- N, - po(l—eo)iZ:ll (4-5)

i
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Dixon assumed that only a diffusive flux of fluid reactant entered the particles and made
use of Fick’s law to describe this flux. Substituting Fick’s law into equation (4-5) and
expressing the equation in spherical co-ordinates with radial dependence only gives:

Fc, 2 aC, n k,,Cc,  ac,
D, [ar2 += ar] Po (1 eo)iZ__ll———bi =€ 3% (4-6)

The initial and boundary conditions which apply are:

C,(r,0)=0 (4-7)
Ca(R, t) =C, (4-8)

ac,

—-a—t—(O, £) =0 (4-9)

It is important to note that equation (4-8) effectively implies that no film mass transfer
resistances are being considered. This assumption is only valid where the film mass

transfer is fast compared to the diffusion of the fluid reactant into the particle and the
reaction of the fluid reactant within the particle.

4.2

4.2 Expressing the Equations in Dimensionless Form.

Equations (4-3) and (4-6) to (4-9) can be expressed in dimensionless form by defining
the following dimensionless parameters and dimensionless groups:

c - C '
x=—2 (4-10) @, =— (4-11)
Ca, Ca,
c.. C..
o, =—B1 (4-12) 0., =—22 (4-13)
p1 Cplo ' S1 Csio
Dt
E==Z (4-14) - t=—22 (4-15)
R €, R?
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€ biC}10 C..

= (4-16). . . (4-17)
Bl ¢] (1-€) (CPio+CSig) ! Cpio+CSio
¢p1 2 : : ¢s1
p(1-€) k,;CofR o 3k,;CsiyR
X, 4-18 K ;= ————— 4-19
pi~ b; D ox ( ) si” b;D,, ( )

B, represents a dimensionless stoichiometric ratio which indicates the reagent strength
relative to the grade of solid reactant i. In a particle of given porosity which is in contact
with a fluid reactant of concentration a=1,a value of B, =1 would imply that there is
sufficient fluid reactant within the pores of the particle to completely react all of the
solid reactant. '

\; represents the fraction of solid reactant residing on the surface of the particle.

«,; and kg are ratios of the reaction rate of solid reactant i within the particle pores and
on the particle surface, respectively, to the porous diffusion rate of fluid reactant A.
In an investigation into the effects of flow, diffusion and heat conduction on reactor
performance, Damkéhler recognised the importance of four dimensionless groups. The
second of these is the ratio of the chemical reaction rate to the rate of diffusion [Aris
1975]. Thus «,; and «; correspond to Damkdohler numbers of the second type. These
ratios can be identified a bit more easily if the equations are written in the following
format:

p(1-€) k,;Caric, (1 3k, Coe,
b, P b,Rp (1-¢€)
Kpi= (4-20) Kg;= : (4-21)
] DeACA DeACA
R? R?

The equations in dimensionless form and in spherical co-ordinates are summarised as:

o s200 . b, Oa

e T LwoeeTy (472

with _
a(E,0)=0  (4-23)
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o« (l,T) =0, (4-24)

oa _ a
a—E(O,r)—O (4-25)
bp1
do_, K..B.0 %
pi__ "piti—pi -
o 1-2, (4-26)
with
o,;(£,0)=1 (4-27)
dosi - Ksipiog;iab (4-28)
dr AL
with
o ;(0)=1 (4-29)

Equations (4-22) to (4-29) represent the progression of the reaction within a single
particle. ' '

4.3 Suitability of Dixon’s Model to Hazardous Constituent Leaching From
Waste Particles.

The development of the equations used in Dixon’s particle scale model do not include

any aspects which are unique to precious metal leaching from ore particles. The same

equations would have been determined if the leaching of hazardous constituents from

a waste particle had been considered. For this reason, Dixon’s equations can be used

without modification to model hazardous constituent release from a waste particle.

4.4 Solution Strategy.

Equation (4-22) is a second order parabolic partial differential equation. A suitable
solution strategy, which would be both stable and accurate, was desired to solve the set
of equations. The Crank-Nicolson formula, which is an implicit finite difference method,
is a suitable solution strategy since it is both unconditionally stable and sufficiently
accurate [Crank 1975].
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The Crank-Nicolson approach uses a Taylor series expansion of the concentration
function to obtain expressions for the partial derivatives. These are:

o . I I
gg Il 5 1+1,2_7AEJ. 1,7 (4-30)
azal - 1+1,j_2ai,j+ai-l,j (4_31)
g2 7 (Ag)?2
where iis a spatial index and

j is a time index.

Crank and Nicolson [1947] suggested that a better approximation for the above quantities
would be the average of the quantities evaluated at times j and j+1. This y1e1ds the
Crank-Nicolson formulas for the partial derivatives:

Q. =0 ' Y .
g(g |1 p %( 1+1,2_7AE1—1,_7+ 1f1,]+2:l.AE1-1,]+1) (4-32)
and
32;; e s “iu,j'fZg',)j:“i—l,n °‘i+1,j+1‘2(°;151)+21 %i-1,501) (4-33)

Using these formulas, equations (4-22), (4-26) and (4-28) were converted to numerical
equations.

Equation (4-22) in numerical format is:

for i=0

2
@, m( -6- Ex (AE)208 ,,.-2 (/ZET) ) +6 0, 4, =

lN v 2.
@,5(6+ %, (AE) 208, 012 ‘AAET) )-6a, ;  (4-34)
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and for 1< >0

' : - N i (AE)2g? . (AB)? ; =
@iy, 501 (1-1) +ai,j+1.(—21—i2=511<p1( £) oi,j+l_2l—z?—-) TR, e (1¥1) =
. . ,
“i-l,j(‘iﬂ)+“i,j(21'+i§1’<pi(AE)zo?,j'zi (AAEr) ) 4@y, 5 (=1-1) (4-35

The reason for two equations being required is due to a singularity which exists at the
origin in equation (4-22). This problem was overcome by noting that total symmetry .
exists at the origin and thus equation (4-22) can be expressed in cartesian co-ordinates
at this point. Note that the cartesian co-ordinates are only valid at the origin. The
equation used to derive equation (4-34) is:

ola _ bp:  _ O
ap Emoe e (4736)

The numerical format of equation (4-26) is:

0i,3+1794i,5_ P

- ¢
AT 2(1-A)

(G?,jai,j+oi,j+1ai,j+1) (4-37)

The numerical format of equation (4-28) is similar to equation (4-37).

4.5 Suitable Computer Routines for the Model.

Program Model2D2.PAS is a PASCAL code which solves these numerical equations as
a function of position and time. The output of this code includes a graph of the solid
and fluid reagent profiles within the particle as a function of time and a graph of the
fractional conversions as a function of time. The fractional conversion is defined as the
fraction of a particular solid reactant species which has been released.

A copy of the code can be found in Appendix III.
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4.6 Verification of the Computer Routines.

The computer routines written needed to be checked to determine whether they operate
correctly. One method to check the routines would be to reproduce the results presented
in Dixon’s thesis. To this end, all of the results presented in Chapter 1 of Dixon’s thesis
which involve concentration profiles and fractional conversions as a function of time have
been reproduced. To demonstrate this, Figure 4-2 is a series of graphs produced by
Model2D2. These graphs can be compared to those found in Figure 4-3 which are the
graphs presented by Dixon for the same parameter specification.

Further comparisons between the results predicted by Model2D2 and Dixon’s work can
be seen in Figure 4-4 and 4-5; and; Figure 4-6 and Figure 4-7.
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Figure 4-3.

The corresponding concentration profiles to Figure 4-2 presented by
Dixon. (Figure 1-3 taken from Dixon’s Thesis.)
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Figure 4-4. Fraction conversion profiles predicted by Model2D2 for the parameters as
- Indicated in the Figure.
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Figure 4-5. The corresponding fractional conversion profiles to Figure 4-4 presented
by Dixon. (Figure 1-4 taken from Dixon’s Thesis.)
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Figure 4-6. Fraction conversion profiles as a function of the variable order power
predicted by Model2D?2.
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Figure 4-7. | The corresponding fractional conversion profiles as a function of variable
order power to Figure 4-6 presented by Dixon. (Figure 1-9 taken from
Dixon’s Thesis.) -
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Due to the excellent agreement between the results of Model2D2 and those presented
by Dixon, the routines of Model2D2 can be used with confidence.

4.7 Application of the Model.

The chemical reaction model at the particle level is not that useful in itself. The model
as it stands only describes the progression of the reactions in a single parricle. 1t is very
unlikely that the progression of the reactions within a single solitary particle will be
required. Further, the boundary condition used, equation (4.8) or (4-24), implies that
the fluid concentration in contact with the surface of the particle is constant. The only
situation where this would arise is where a particle is submersed in an infinite amount
of fluid and where mass transfer resistances are negligible.

 More realistic situations are when many particles are associated with a finite volume of
fluid. Such situations correspond to a CSTR experiment in which the leaching behaviour
of a single size class or a size distribution of particles is investigated. Equally, a volume
element of a waste deposit could be considered as an appropriate size distribution' of
particles associated with a finite volume of fluid. In this case the fluid would be the fluid
in the void spaces berween the particles.

In these situations, as the chemical reactions within each of the particles progress, fluid
reagent will be consumed which will cause the bulk fluid concentration, that is the
concentration of the fluid which surrounds the particles, to decrease. This dropping bulk
fluid concentration is the appropriate boundary condition which should be used in
particle scale model. In effect, this implies that a suitable- boundary condition, which
would replace equation (4-8) or (4-24), needs to be developed which will account for the
decrease in the bulk fluid reagent as a function of time.

It is important to note that a partial differential equation, corresponding to equation
(4-8) or (4-24), will be required for each particle size considered when the leaching
behaviour of a size distribution of particles is investigated. The reason for this is that
the rates of conversion of different sized particles will not be the same. Suitable
dimensionless groups, which are defined in terms of a single reference particle size, need
to be investigated. Lastly, appropriate solution strategies for the combined solution of
the set of partial differential equations, which is comprised of a partial differential
equation for each particle size, and the coupled boundary condition need to be
determined. These aspects are considered in the following chapter.
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Chapter 5. A Model to Describe Leachate Generation

from Granular Wastes in a Continuously
Stirred Tank Reactor Experiment.

The continuously stirred tank reactor (CSTR) model describes the increase in the
hazardous constituent concentration and the decrease in the fluid reagent -concentration
in the bulk fluid of a CSTR type experiment. This is achieved by linking the particle
scale, chemical reaction model, presented in the previous chapter, to an appropriate mass
balance equation for the bulk fluid reagent concentration.

The appropriate mass balance equation is developed initially for equi-sized particles
submerged in a finite volume of fluid reactant. In a CSTR experiment which contains
a size distribution of particles, the release of hazardous constituents from each size class
of particles needs to be determined before the overall release of hazardous constituents
for the system can be calculated. This implies that a partial differential equation,
corresponding to equation (4-22), will be required for each size class of particles. Before
these differential equations can be used, the appropriate parameters for each size class
of particles need to be determined. For this reason, a section which discusses model
parameters as a function of particle size, has been included. This is followed by the
development of a suitable mass balance equation for the consumption of fluid reagent
in a CSTR experiment which involves a size distribution of particles.

An appropriate solution strategy for the model has been investigated and implemented.
A case study has been used to illustrate the general behaviour of the model and the
sensitivity of the model to particle size distributions as well as to hazardous constituent
distribution within each solid particle. The following section discusses how the model
can be fitted to typical CSTR data. Lastly the applications and limitations of the model
are summarised.

5.1 Development of the Mass Balance Equation for the Bulk Fluid
Reagent in a CSTR which Contains Equi-Sized Particles.

Figure 5-1 depicts a few equi-sized spherical particles in a beaker of fluid reagent. It is
assumed that the fluid reactant diffuses into the particles and reacts with the hazardous
constituents which then enter the fluid phase.

The fluid reagent ‘mass balance replaces the boundary conditions used in the model of
Dixon [1992]. Referring to equations (4.22) to (4.29), note that equation (4-24) is a
boundary condition which sets the bulk fluid concentration in contact with the particle
at a constant value. This boundary condition needs to be replaced due to the fact that
the bulk fluid reactant concentration drops as the fluid reactant diffuses into the particle.
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Figure 5-1. Schematic: of a few equi-sized spherical particles submerged in a well
stirred beaker of fluid.

N -
VS o\
@ (>—+— Equi-sized

Particles.

O
Q : O ——» Beaker.
O

A mass balance equation which relates the consumption of the fluid phase reactant to
the bulk fluid reactant concentration is:

Voare.Po(1-€;) & dC5, ve,|, 2 Veare. Ly, Coe  (5.1)
bi ia1 dt e AlR Liqg. dt .

where Vg,, is the total volume of the particles; and;
Vi, 1s the total volume of fluid reactant.

Note that the first term in the above equation represents the consumption of fluid
reagent due to chemical reactions which take place on the surface of the particles. The
second term represents the fluid reagent diffusing into the particles. This quantity is
calculated as the product of the diffusive flux into a single particle (the diffusive flux
being defined by Fick’s Law), the surface area of a single particle and the number of
particles in the system. The number of particles present in the system is determined by
dividing the total volume of the particles by the volume of a single particle. The fluid
- reagent which diffuses into a particle is continually being consumed by the chemical
reactions taking place within the pore volume of the particle.

The same equation expressed in dimensionless terms is:
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where

y=—1Lig. (5-3)
eOVParL‘. .

As previously discussed, the chemical reaction model derived in Chapter 4, applies to a
single particle. Equation (5-2) is a suitable boundary condition for equi-sized particles
submerged in a finite volume of fluid reagent. This boundary condition, in conjunction
with the chemical reaction model for the single particle, can be used to simulate both
the concentration profiles of the solid reactants and fluid reagent within the particles as
well as the bulk fluid phase concentration as a function of time.

5.2 Model Parameters as a Function of Particle Size.

As previously discussed, in order to simulate the progression of reactions in a size.
distribution of particles, the chemical reaction model needs to be applied to each
individual size class. The overall progression of the reaction for the system is then
obtained by integrating the results of the individual size classes over the distribution of
particles in the 'system.

Before the chemical reaction model can be solved for each size class of particles, the
model parameters  applicable to each size class need to be determined. Two different
approaches to defining the model parameters as a function of particle size can be used.
In the first approach, model parameters are fitted to only one size class of particles and
the parameters of all the other size classes are related to it. The assumptions behind this
approach and the resulting relationships for the model parameters as a function of
particle size are discussed in the next section. In some cases, particles in different size
classes exhibit sufficiently different properties to preclude any simple relationships
between them. In these cases the model parameters need to be determined for each size
class individually. N

5.2.1 Determination of the Model Parameters Applicable to Precious Metal Leaching
with Respect to a Reference Size Class of Particles. _

Dixon [1992] defined a set of relationships for the model parameters in terms of a
reference particle size. The parameters of the reference particle size, which are denoted
as barred quantities and which need to be specified, can be summarised as:
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A

B Aj Kpi 91

Dixon’s work [1992] was specific towards the extraction of precious metals from ores and
so made use of information with regard to ore preparation to determine appropriate
relationships for the model parameters. In summary, Dixon made the following
assumptions with respect to ore preparation:

- Only the surface fraction, A, is affected by crushing, and not the total
extractable grade, Cg,, or any other parameter; and;

- A, is proportional to the ratio of the particle area to the particle volume.

Using these assumptions, the following relationship was obtained:

I,
A.'—-é—' (5‘4)

where

R
9, =k (5-5)
kR

where R, radius of particle in size class k (ke{1..M}); md;
R radius of the reference particle.

8, is a dimensionless total particle radius. It is important to note that the dimensionless
total particle radius can be greater than one. This occurs when the radius of the
reference particle is smaller than the radius of the particles in size class k.

Dixon proceeds to determine relationships for Ky» Kg and 7 in terms of the
corresponding reference class parameters combined with A and 6,.

5.2.2 Determination of the Model Parameters Applicable to Leaching of Hazardous

Constituents from Waste Particles with Respect to a Reference Size Class of
Particles.

The assumptions which Dixon made with respect to ore preparation to determine the
model parameters as a function of particle size do not hold for waste particles. The
reason for this is that Dixon’s assumptions are based on his previous assumption of the
solid reactants being present in the form of discrete inclusions within the porous particie.
Further, the only reason that the surface concentration of the solid reactants will increase
with decreasing particle size is due to the fact that more inclusions stand a chance of
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falling on the external surface area of smaller particles.

In contrast, the hazardous constituents in waste particles are usually not restricted to
discrete inclusions. Also, the concentration of the hazardous constituents on the surface
of particles in known to be enhanced in smaller particles in some cases [von Blottnitz
1994; Van Craen et al.,1983]. (These aspects have been discussed previously in section
2.1.1.) For these ‘reasons, appropriate relationships for the model parameters with
respect to a reference partlcle size which would be applicable to waste particles need to
be determined.

It has been assumed that the initial hazardous constituent concentration within the
particles, C,, is the same for all particles. In contrast, the initial surface hazardous
constituent concentration, Cg,, is known to be a function of particle size [Van Craen ez
al. 1983]. In summary, it has been assumed that all properties of the particles, except
the surface concentration and thus the total extractable concentration, remain fairly
constant over the range of particle sizes. In a manner similar to Dixon, the reference
size class’s parameters have been denoted as barred quantities. The reference size class
parameters which need to be defined are identical to those of Dixon.

It is not yet possible to predict the surface hazardous constituent concentration as a
function of particle size from purely theoretical arguments. Instead this information
needs to be determined from hazardous constituent location analyses for the particle
sizes of interest or estimated from existing hazardous constituent location data. This
information must be specified in a parameter which is defined as the ratio of the-
hazardous constituent concentration on the surface of the particles to the hazardous
constituent concentration within the particles:

where Cg,, hazardous -constituent concentration of species i on the surface of the
particle in size class k; and;

C,iox hazardous constituent concentration of species iin the pores of the partlcle '

in size class k.

Once the {(6,) values have been specified, sufficient information is known about the
system to formulate suitable functional relationships for the model parameters. This is
demonstrated for the A, parameter, which represents the fraction of the solid reactant
on the surface of the particles: :
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(5-7)

In a similar manner, relationships for the other model parameters can be determined.
These relationships can be summarised as:

Si,

i Tvc,, (5-8 ) B, =B, T (5-9 )
—_— 2 - cik $os
Koi, =Ko Ok (5-10) Kei, "Kei (=) B (5-11)
1
T
T (5-12)
k @i

Dixon [1992] has shown that if it can be assumed that the chemical species within the -
particle would react to the same extent as the species on the surface of the particle, if
both were exposed to the same fluid reactant concentration for the same time, then the
surface parameters take on the form:

Koy ==Ky (5-13) $si=bp; (5-14)

This information can be used to eliminate the need to define x,. Thus equation (5-9)
could be written as:
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si, Fpi 1_% (El 0, (5-15)

5.3 Extension of the Bulk Fluid Mass Balance Equation to Incorporate
Fluid Reactant Consumption from a Size Distribution of Particles.

Equation (5-1) is a bulk fluid reactant mass balance equation which accounts for the
fluid reactant being consumed by equi-sized particles. This equation can be extended
to apply to a size distribution of particles by summing the fluid reactant consumed by the
different size classes. This can be summarised as:

M VY p,(1-€,) ¥ dC, 3V dc
» part,kVo [¢] )] i.p Ve Part,k =V.. A 5-16
k=1[ bi i=1 dt e A.|Rk ] Liqg. dt ( )
where Vi, is the total volume of particles in size class k; and;
M number of sizes classes.
This equation re-expressed in dimensionless format is:
M N YT ¢ 3T Jda V.. do
Z [_ Z Part,k Ksi N Os;'.ik abulk_ Part,k (_)kl ~ ] = J.J.q bulk
. . . =1
k=1 i=1 Qi v ei g €0 Vpart. dv
(5-17)
where
- v v
TPart,k: _‘}E_’art,k (5_18)

Parc.

where Vp,, total volume of particles in size class k; and;
: Ve total volume of particles in the reference size class..

Equation (5-17) is a suitable boundary condition which applies to a size distribution of
particles. This boundary condition, used in conjunction with a suitable partial differential
equation, equation (4-22), for each size class of particles can be used to simulate the
concentration profiles within all of the particles in the system and the bulk fluid reagent
concentration as a. function of time.

72



5.4 Solution Strategy:

The system of equations which define this model are identical to equations (4-22)
through to (4-29) except that the one boundary condition, equation (4-24), is replaced
by equation (5-17). This equation was incorporated into the solution strategy using an
implicit finite difference technique.

As it has already been pointed out, in order to simulate chemical release from a size
distribution of particles, the chemical reaction model needs to be applied to each and
every size class of particles. The solution strategy adopted for the CSTR model makes
use of the solution strategy used to solve Dixon’s model and is summarised in Figure 5-2.

Figure 5-2. Summary of the Solution Strategy used in the CSTR model.

Within each time iteration:

' v

Guess the bulk fluid reactant concentration.
A iR

Apply the solution strategy adopted to solve Dixon’s model to
calculate the fluid and solid reactant gradients in the particles for
each size class 1 to M.

Use the bulk fluid mass balance equation, equation (5-15), to
calculate the bulk fluid reactant concentration.

Iterate until the calculated bulk fluid reactant concentration approximates
the guessed fluid reagent concentration.

S.5 Suitable Computer Routines for the CSTR Model.

Programs ModelSE1.PAS and Model5E2.PAS are suitable coinputer codes for the CSTR
model. ModelSE1.PAS is a code which assumes a reaction order of unity with respect
to the solid reactant while ModelSE2.PAS can accommodate a variable reaction order.

Copies of the code as well as solution algorithms can be found in Appendix IV.
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5.6 Verification of the Computer Routines.

As before, the computer routines were rigorously checked to ensure that they were
operating correctly.

The first test applied was to use Model5E1 to predict the concentration profiles within
a single size class of particles with a large excess of fluid reagent. Because of the large
excess of fluid reagent, its concentration would not be expected to drop significantly
during the CSTR experiment. Such a constant bulk fluid concentration boundary
condition corresponds to the boundary condition used in the development of the
chemical reaction model described in the previous chapter. Thus, Model2D2, using the
same parameters as used in ModelSE1, should predict the same profiles as ModelSEL
for an experiment of this nature. This is demonstrated in Figure 5-3 and Figure 5-4.

Several other self-checking_ strategies were employed to ensure that the routines were
operating correctly. The most important strategies used included the following:

- The model was checked to ensure that it would predict the same
concentration profiles for a given size class of particles irrespective of the
order in which the size class of particles was entered into the program.

- The program was checked further to ensure that if the average particle
size in two ‘different’ size classes were identical that the code would
predict identical concentration profiles for both size classes.

- The fluid mass balance equation was checked to ensure that it was
operating correctly by defining several ‘different’ size classes of particles
all to contain the same sized particles. As long as the sum of the volume
fractions of these size classes remain constant, the overall fluid reagent
consumption should remain constant. The computer routines predicted
this expected behaviour.

The fluid mass balance equation was further checked to ensure that as
bulk volume of the fluid was decreased in a series of CSTR experiments
that the resulting bulk fluid phase concentration of the reagent would
decrease. '
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Figure 5-3. Concentration profiles predicted by ModelSE1 for a single size class of
particles with a large excess of bulk fluid reagent.

Batal 1.000; Kapoal 100.000:; Lanbdal 0.000;: Orcarl 1.00; GDT 0.0316
Bata2 1.000: Kappa2 100.000: Lasbhda2 0.500: Ordar2 1.00
O« p—

¢ O.
I
2
-
]
S
-
:
s o
c
-}
Q
a
i
r 0.
s
2
g
£
o o.

Dinensionless Radius

Figure 5-4. Concentration profiles predicted by Model2D2 using the same parameters
used in the simulation used to generate Figure 5-3.
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5.7 Results and Discussion.

5.7.1 General Behaviour.

In order to determine the general behaviour of the CSTR model, the following scenario,
representative of a typical bench scale CSTR experiment, was investigated:

Volume of fluid reactant = 1J;

Total volume of solid particles = 0.1/

Size distribution of the particles used is summarised in Table 5-1 and
shown in Figure 5-5;

Only one solid reactant present;

{1, used is summarised in Table 5-1 and shown in Figure 5-6;

- First order rate dependence in the solid reactant concentration;

Table 5-1.  Size Distribution and {; , used in the Analysis.
Size Class | Average Particle | % $ix
Number. Size in Size Occurrence.

Class. (mm)

1 9.5 0.252 1.2
2 8.5 0.428 1.2
3 7.5 1.045 1.3
4 6.5 2.564 1.3
5 5.5 6.191 1.4
6 - 4.5 14.061 1.4
7 3.5 27.105 1.6
8 2.5 34.247 1.8
9 1.5 13.846 23
10 0.5 0.260 5.0

Note that the size distribution of particles included in Table 5-1 is representative of a
log-normal size distribution. Also, the {; , values were obtained by assuming them to be
inversely proportional to the radius of the particle. The equation used to generate the

$1x values used in Table 5-1 can be summarised as:

G,

2

=—— + ]

Ry
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where R, is the average radius of the particles in size class k.

This corresponds to the situation in which infinitely large particles exhibit identical
surface and bulk ‘grades’ of hazardous constituents. Also, the ratio-of the surface to bulk
grade for the particles in size class 10, which have an average radius of 0.5mm, has
arbitrarily, for demonstration purposes, been chosen to be 5. In retrospect, a better
relationship would have been:

The reason why this relationship is superior to equation (5-19) is because it corresponds
to the case where infinitely large particles exhibit a negligible surface grade of hazardous
constituents compared to the bulk grade of hazardous constituents. This situation is far
closer to what would be expected in reality. The reason for this is because the external
surface area of a particle increases in proportion to the square of the radius while the
volume of a particle increases in proportion to the cube of the radius. Thus infinitely
large particles will have a negligible surface area compared to the volume of the particle.
Hence the surface ‘grade’ of the hazardous constituents will be negligible. The ratio of
‘the surface grade of hazardous constituents to the bulk grade of hazardous constituents
for the reference size class of particles in equation (5-20) has once again arbitrarily been
chosen for demonstration purposes to be 5.

Figure 5-5. Size Distribution of Particles used in Analysis
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Figure 5-6. Hazardous Constituent Location Data used in the Analysis.
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From Table 5-1 size class 8 can be seen to be dominant. For this reason it was used as
the reference size class in the simulation. The parameters used in the simulation for this
size class are summarised in Table 5-2. The «,, parameter corresponds to the chemical
reaction rate being 10 times faster than the rate of fluid reagent diffusing into the
reference particle.

Table 5-2. Reference size class parameters. (Reference Size Class = Size Class 8.)

B, 1.0
Kp 1 10.0
AT 0.001

Figure 5-7 presents the profiles of fluid reagent A (solid curves) and one solid reactant
(dashed curves) for each size class of particle used in the simulation. Figure 5-8 shows
the overall conversion of the system.

As expected, the smallest particles tend to react in a homogenous manner. These -
particles are sufficiently small for diffusion not to be rate limiting in any way. Instead,
the release of hazardous constituents from these particles is dictated by kinetic
considerations. As the particles get larger, they are seen to react in a more zone-wise
manner.
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Figure 5-7 Con’t.  Fluid Reagent and Solid Reactant Profiles for the Smallest Size
Class in the Simulation.
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Figure 5-8. Overall conversion for the System.
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Note that there is some numerical inaccuracy in the concentration profiles of the smallest
size class shown in Figure 5-7. Although this inaccuracy can be eliminated by reducing
the time step between iterations there is a trade off between the time for computation
and numerical accuracy.. It is also important to note that the smallest particles will
display the largest numerical inaccuracy. This can be seen from the fact that the smallest
size classes have the largest relative time steps in the simulation (equation 5-12).
Further, although the profiles in the smallest size class are inaccurate, they are
unconditionally stable. This unconditional stability is a property of solving second order
parabolic partial differential equations using the Crank-Nicolson method [Crank 1975].
Since the smallest size class in Table 5-1 contains such a low occurrence of particles, the
numerical inaccuracy in this size class was deemed to be acceptable.

Figure 5-8 exhibits some interesting characteristics. The graph consists of two distinct
sections: a straight line section accounting for the fractional conversion at the beginning
of the experiment, and a concave section later on in the experiment. The straight line -
section is characteristic of a kinetic controlled situation with an excess of fluid reactant.
Effectively it represents the release of solid reactant from the small particles which react
in a kinetic controlled manner. In contrast, the concave section is characteristic of a
diffusion controlled reaction. Roman [1974] also observed these trends in conversion or
recovery calculations. (Although Roman’s calculations were for a column, a CSTR
experiment can be considered as a very short column in which no mass transfer
limitations are present.)

5.7.2 Effect of Particle Size Distribution on the Fractional Conversion.

The following scenarios, summarised in Table 5-3 and Figure 5-9, were used to
investigate the effect of size distribution on the release of hazardous constituents. Note
that all {, values were set to unity to eliminate their effect on the results. The
parameters for the reference particle size were as previously defined in Table 5-2.
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Table 5-3.

Summary of the conditions used to investigate the effect of Size

Distribution on Fractional Conversion.
Particle | Base Case Size Distrib. Size Distrib. &6y
Size. Size with with
(mm) Distribution | Predominantly Predominantly
Small Particles. | Large Particles.
9.5 0.252 1.0 1.0 1.0
8.5 0.428 1.0 9.0 1.0
7.8 1.045 1.0 55.0 1.0
6.5 2.564 2.0 9.0 1.0
5.8 6.191 2.0 5.0 1.0
4.5 14.061 5.0 5.0 1.0
3.5 27.105 16.0 5.0 1.0
2.5 34.247 55.0 5.0 1.0
1.5 13.846 16.0 5.0 1.0
0.5 0.260 1.0 1.0 1.0
Figure 5-9. Summary of the Size Distributions used in the Simulations.
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Figure 5-10 presents the fractional conversion curves for these cases. The size
distribution with predominantly smailer particles is similar to the base case size
distribution. As such, the fractional conversion for the two cases is very comparable. As
expected, the simulation using the size distribution with predominantly smaller particles
predicts a higher conversion at ail times compared to the base case simulation. Further,
the linear, kinetic controlled region is larger for the simulation consisting of smaller
particles. The fractional conversion is significantly delayed for the size distribution
consisting of larger particles. In effect, the conversion is being delayed by diffusional

82



resistances.

Figure 5-10. Fractional Conversion for the Size Distributions Investigated.
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5.7.3 Effect of the Location of Hazardous Constituents on the Fractional Conversion.

The following scenarios, summarised in Table 5-4 and Figure 5-11, were used to
investigate the effect of contaminant location on contaminant release. The first case
represents the physical situation in which no hazardous constituents have been
concentrated onto the surface of the particles. In other words these particles have a
surface hazardous constituent concentration equal to their bulk concentration. The
second and third cases represent the cases where the surface concentration of the
smallest particle is 5 times and 10 times the bulk hazardous constituent concentration
respectively. The {;, values were determined as before, using equations similar to
equation (5-19), and the parameters for the reference particle size were defined
previously in Table 5-2.
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Table 5-4. Summary of the conditions used to investigate the effect of Hazardous
Constituent Location on Fractional Conversion.

Particle Size. | Size Case 1-{, Case 2-{; Case 3-{;

(mm) Distribution.
9.5 0.252 1.0 1.21 1.47
8.5 0.428 : 1.0 1.24 1.53
1.5 - 1.045 1.0 1.27 1.60
6.5 2.564 1.0 1.31 1.69
5.5 6.191 1.0 1.36 1.82
4.5 14.061 1.0 1.44 2.00
3.5 27.105 1.0 1.57 2.29
2.5 34.247 1.0 1.80 2.80
1.5 13.846 1.0 2.33 4.00
0.5 0.260 1.0 5.00 10.00

Figure 5-11. Summary of the Hazardous Constituent Location Data hsed in the
- Simulations.
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Figure 5-12 shows the conversion curves for the different scenarios. As expected, the
cases where hazardous constituents are concentrated onto the surface obtain higher
fractional conversions for all times. This is caused by the fact that hazardous constituent
deposits on the surface of the particles cannot be retarded by diffusional resistances
(although they may be retarded by mass transfer resistances which have not been
accounted for in this work). Also note that as the surface concentration increases, so
too, the straight line kinetic controlled portion of the conversion graph increases.
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Figure 5-12. Fractional Conversion for Surface Hazardous Constituents Concentrations

Investigated.
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5.8 Fitting the Model to CSTR Results.

The complete CSTR model which predicts. the fractional conversion as a function of
dimensionless time for a size distribution of particles has many parameters. This is due
to the fact that each size class of particles has the following parameters associated with
it:

B, A K, ; X

I Iy DIk 51

It is not possible to determine all these parameters simultaneously from a single CSTR
experiment.  Instead, a CSTR experiment which contains only a single size class of
particles, termed the reference size class, must be used to determine the parameters for
that size class. If the properties of the particles in the remaining size classes are
sufficiently similar to the reference size class then the remaining parameters can be
determined. through the relationships defined in equations (5-8) to (5-12). Alternatively
when the particles in the other size classes exhibit sufficiently different properties to the
reference size class, a CSTR experiment for each size class needs to be conducted to
determine ail the parameters.
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5.8.1 Model Requirements,

The following information needs to be known in order to fit the model parameters for
a single size class of particles to CSTR results:

- The relative stoichiometric consumption of the fluid reagent for each
participating solid reactant;

- the effective concentrations of the participating species;
- the reaction orders with respect to the solid reactants;
- the ratio Ci/C;, ({;,), for each species in the reference size class; and;
- the voidage of the particles.
Note that the discussion on model requirements presentéd in section 3.8.1with respect

to the chemical reactions, effective concentratlons of the species and reaction orders is
equally applicable to the CSTR model.

5.8.2 Fitted Parameters.

The fitted parameters in this model are the «, and k; groups. Notice that there is one
. and one «; group for every chemical reaction taking place. These groups are fitted

by comparing the fractional conversion curves determined by the model to experimentally
determined conversion curves.

Before the comparison between the model predictions and the experimental results can be
made, the experimental results need to be converted into appropriate dimensionless form.
Typical experimental results will be in the form of curves which represent the dissolved
concentration of the hazardous constituents in the bulk fluid as a function of time. These
curves can be converted into fractional conversion versus time curves. This is a straight
forward procedure because the total leachable concentration of each species is known. (The
total leachable concentrations of each species can be obtained by conducting a leach test until
no further hazardous constituents are released. The bulk fluid concentrations can then be
uséd to back calculate the leachable concentrations within the waste particles.) Non-
dimensionalising the time variable is a more complicated procedure. It is usually not feasible
to use the dimensionless diffusion time, T, defined in equation (4-15), to non-dimensionalise
the time. The reason for this is that the dimensionless diffusion time includes the effective
diffusivity for the particle which is unknown. The dimensionless group defined as:
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and which is termed the dimensionless reaction time can be used to non-dimensionalise the
time variable. The reason for this is that the total extractable grade, C.ip , and the group
kpiCpiq’si Cao , which represents the initial reaction rate, are known. (The initial reaction rate
can be determined from the initial slope on the experimental concentration versus time
graph). Thus the dimensionless reaction time, equation (5-21) can be used to non-
dimensionalise the time variable to yield a totally dimensionless experimental curve. By
coding the model to predict the conversion versus dimensionless reaction time curves, the
model predictions can be compared to the experimental results.

Note that if the hazardous constituents on the surface of the particle can be assumed to
react in the same manner as the hazardous constituents within the particle then only the
K,; groups are fitted to the experimental results.

5.9 Applications and Limitations of the Model.

5.9.1 Applications of the model.

As the name implies, the CSTR model is particularly suited to the analysis of CSTR
experimental data. Once parameters for a reference size class have been determined,
the effects of the following factors on the release of hazardous constituents can be

investigated:
- particle size distribution;
- hazardous constituent concentration;
- hazardous constituent location; and;
- competing reactions.

The CSTR model is also used to determine the model parameters for the Columnar
Model presented in the next chapter.
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5.9.2 Limitations of the model.

The CSTR model has two main limitations. Firstly it cannot be used in cases where
there are significant mass transfer resistances because these have not been accounted for
in the model. Should the functional relationship between the bulk fluid reactant and the
surface fluid reactant concentration be known, it would be easy to incorporate the mass
transfer resistances into the model. The second limitation is that the model cannot be

applied to a case where the diffusion of the dissolved solid species is rate limiting. Dixon

[1993] has included this aspect into his previous model [1992]. The inclusion of dissolved
species transport limitations into the model are discussed in section 7.
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Chapter 6. A Microscopic, Columnar Model to Describe
Leachate Generation and Mobility in

Granular Waste Deposits.

The macroscopic, lumped parameter model, which was described in Chapter 3,
essentially modelled a waste deposit as a single columnar entity. No particulate features
within the column were identified in this model. Instead, the contributions of the
effective chemical reaction rates, hazardous constituent location and hydrodynamic
aspects where lumped together in a parameter which described the effective rate of
release of hazardous constituents from the column.

As previously discussed, the main limitations of this model result from using this lumped
parameter approach. The most notable limitation is that the individual contributions of
the effective chemical reaction rates, hazardous constituent location or hydrodynamic
aspects on contaminant release cannot be determined. The overall effective chemical
reaction rate for the column is a function of the size distribution of the particles within
‘the column since different sized particles react at different rates. Hazardous constituent
location within the individual particles also plays an important role in the release of
these constituents. This too in known to be a function of particle size and has been
discussed- in section 2.1.1. The hydrodynamic aspects, previously discussed in section
2.1.2,are affected by the superficial velocity of the fluid entering the column and by the
size distribution and packing of the particles within the column. Since these factors are

all dependent on particulate features, a more detailed model which includes particulate
information has been investigated. -

The heterogenous, columnar model is essentially a columnar, non-catalytic, packed bed
reactor type model. The main difference between it and the macroscopic, lumped
parameter model is that the particles within the column are included in the model
description. Figure 6-1 graphically shows the differences between the two models.

Figure 6-1 Graphical comparison between the macroscopic, lumped parameter
model and the heterogenous, columnar model.
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Two methods to determine an appropriate solution strategy for the heterogenous,
columnar model are presented. The first and more simple method is based on the heap
leaching modelling strategy of Roman er al. [1974].. The second method, which isa more
rigorous mathematical approach, results in a solution strategy identical to Roman’s
strategy and has been included merely as a validation of the simpler approach.

This presentation is followed by a section which indicates how a global wetting factor has
been incorporated into the solution strategy. Next, the details of suitable computer
routines which have been written to implement the solution strategy are discussed. The
model has been verified against experimental results which have been presented in a
paper by Roman er al. [1974]. The last section in this chapter summarises the
experimental data which is required in order to verify the applicability of the
heterogenous columnar model to describe the leaching of hazardous constituents from
waste deposits.

The following chapter summarises the application of the heterogenous, columnar model
to predict the release of hazardous constituents from waste deposits. This chapter also
includes a discussion on the advantages of the heterogenous, columnar model over
existing models as well as giving details with respect to possible extensions to the model.

6.1 A Modelling Strategy based on Heap Leaching Models.

The strategy adopted in heap leaching models has already been discussed in section 2.4.
In summary, the general strategy is to conceptually divide the heap into columnar
sections. Each column is then further sub-divided into a series of disks within which the
fluid concentration 1is assumed to be spatially uniform. It is important to note that if the
column is divided into too few disks, the assumption that the fluid reagent concentration

within each disk being spatially uniform will no longer be valid. The accuracy of the
assumption with respect to uniform spatial fluid concentration will increase as the
number of disks within the column increase. These sub-divisions of the deposit and
columnar sections were shown in Figure 2-5.

The flow of fluid through the column is simulated by allowing the fluid from one disc to
replace the fluid in the disk below it at specified time intervals. During each time
interval, the fluid reactant is allowed to react with the solid particles resulting in the
precious metals, or hazardous constituents, being released.

It is important to note that, within each time interval, each disk in the column consists
of an assembly of particles associated with a finite volume of fluid reagent. Since film
mass transfer effects have been assumed to be negligible, the decrease in the fluid
reagent concentration within each disk and time interval can be described by the CSTR
model which was developed in the previous chapter even although the physical
characteristics of a CSTR are very different from that of a ‘reactor slice’or disk. Since each
disk is being described by a CSTR model, the behaviour of the column is being
approximated by a number of tanks in series. (The number of tanks corresponds to the
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number of disks in the column.)

The modelling strategy has been summarised in Figure 6-2.

Figure 6-2. Summary of the Solution Strategy used which was based on Roman’s
Solution Strategy.

For each time interval:
/ ¥
*Allow the fluid from each disk to replace the fluid in the disk below
it. The fluid in the first disk will need to be supplied from a
reservoir and the concentration of this fluid forms the boundary

condition for the column. The fluid from the bottom disk is
discharged from the column and represents the breakthrough fluid.

*Apply the CSTR model to each disk. (Note that the CSTR model
can be used because mass transfer resistances from the bulk fluid
phase to the liquid/solid interface have been assumed to be
negligible.)

X

Tterate in time.

The equations which describe the release of hazardous constituents within each disk
during each time interval, which constitute the CSTR model, have been presented in the
preceding chapter.

Effectively the time intervals which elapse between successive fluid replacements

represent the time which the fluid would have taken to flow through the disk. Thus for
a constant volumetric flowrate, q, the time intervals can be determined from:

At= Fluid Volume of Disc

q
= ecolC'O'Z’?; Sat AECol LA

(6-1)
q
where €. column voidage; .
Colg gu saturation . of the void space within the column;
Aty dimensionless length of a disk;
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L length of the column; and;
A area of column.

For a volumetric flowrate which is a function of time, Atwill need to be determined from
(t,+1-t;) where (t,,,-t,) is obtained from:

tnn

[ ateyde=ec,; Coly gy Ak LA (6-2)
t

n

Since the computer routines which have been written for the CSTR model are in
dimensionless format, it would be convenient to express the time intervals between
successive fluid replacements in dimensionless form. These time intervals can be
converted to non-dimensional quantities by dividing them by a reference time period.
One appropriate reference time period is the space time of the column defined by
equation (3-13):

-

where u’” is a reference fluid velocity (percolation velocity) which has arbitrarily been set
at 1m per 24 hours.

6.2 A Modelling Strategy based on a Rigorous Mathematical Approach.

The starting point for this analysis is a mass balance equation which describes the bulk
fluid reactant concentration within the column. To obtain this equation an approach
very similar to the one adopted in the macroscopic model development can be used.
The only difference is that the rate term, r,;, which represents the ‘production’ of fluid
reagent due to chemical reaction, is retained in equation (3-5) and not replaced by an
overall lumped rate expression such as equation (3-2). The modified form of equation
(3-5) is:

l CACol - aCACnl + ﬁ __4
€co1 Co % Sat at =-u oz i=1ra" (6 )

The same equation expressed in dimensionless terms is:

92



aa Col

My

=-DG1 aaCOl + L

Ta, (6-5)

ot/ 9 o1 U*Cy €cpy COLg gupint

~ where DGl is as previously defined in equation (3-14), and has the physical significance
of being the ratio of the fluid percolation velocity to the reference fluid percolation
velocity.

The appropriate initial and boundary conditions for this equation are:

@ o1 (8007, 0) =0 (6-6)

®eo (0,1)) =1 (6-8)

Equation (6-5) is a first order hyperbolic partial differential equation. As discussed in
Chapter 3, the method of characteristics can be used to convert the partial differential
equation into two ordinary differential equations. These equations are:

dt/ 1
= 6-9
dt.,, DGI (6-9)
and

; n (6-10)
dt Ca buik,€cor COly gar U

It is interesting to note that the term on the right hand side of equation (6-10) represents
a normalised rate of consumption of fluid reactant over the rate of fluid reactant
replenishment. In this regard, this term represents the same ratio as the previously
defined dimensionless group DGZ2.

Before these equations can be solved, suitable expressions for the rate of ‘production’
of fluid reactant A by the i reactions, r,;, need to be determined.

Rather than redevelop these expreSsions, recall equation (5-16):

MV p,(1-€,) & dCg 3V dc
T Part,kV o [¢] E 1_D ve Part,k =V.. A 5-16
k=1[ bi i=1 dt e AIRk R, ] Lig. "¢ ( )
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where V., is the total volume of particles in size class k;
M number of sizes classes; and;
R,  Radius of the particles in size class k.

This equation expressed in dimensionless format is:

9%y 1ei]= ‘ZLiq de ik
oF "K't e v dv

art.

B [-F etk gt o 3learen (Ou
“ “ P si,k 9si,k ®pyik >
k=1 i=1 ek . S

(5-17 or 6-11)

This equation describes the change in the bulk fluid reactant concentration as a result
of the fluid reactant being consumed by chemical reactions within a range of different
sized particles. Note that the time variable used in equation (6-11) corresponds to a
dimensionless diffusion time corresponding to the reference size class of particles. In
contrast, the time variable used in equation (6-10) corresponds to a dimensionless space
time of the column. If the column time increment is set equal to the reference size class
time increment then equation (6-11) can be used in place of equation (6-10). This
implies: ‘

do pyrk _ A pu

dt dt’!
- € Vpare. g [_g Toaze, x " o 4 3T pare, x ( aa) leoa]
v h 2 si,k Vsi,k “bulk 2 _aE klE=1
Lig k=1 1=1 k ®k

(6-12)
where ¢, particle porosity;
Ve 10 this case represents the total volume of the reference size class particles
within the spatial increment in the column;

in this case represents the volume of fluid within the spatial increment in

the column;

Tpany defined in equation (5-18) and which represents the ratio of the volume
of the particles in size class k to the volume of the particles in the
reference size class; and;

8, defined in equation (5-5) and which represents the ratio of the average
radius of the particles in size class k to the average radius of the particles
in the reference size class.

VLiq.

The overall mathematical solution strategy can be summarised as follows. Firstly set a
suitable spatial increment, Af.,, for the column. This increment corresponds to the
length of a disk in the previous heap leaching analysis. Equation (6-9) is then used to
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determine the time increment for the column. As shown in Chapter 3, an alternative
method to determine the time increment for the column is:

iU (Epn=t,)

AT T z (3-31 or 6-13)

where (t,,,-t,) is obtained from:

t

n+l

fu(t) dt = €g,; COly 5oy AZ
t

n

=€Col CO'Z% Sat A£Col L (3_32 or 6_14)

Notice the similarity between equation (6-14) and equation (6-2). In effect these two
equations are identical.

Within each time increment and within each spatial increment the change in the bulk
fluid reactant concentration can be solved using equation (6-12). Before this equation
can be solved however, the fluid reagent profiles within each particle size class need to
be known. These can be determined by applying the particle scale model of Dixon to
each size class of particles. This approach is summarised in section 5.4.

It is important to note that in reality it is not always feasible to set the column scale time
increment equal to the particle scale time increment. The reason for this is that the
column time increment is usually sufficiently large to result in the Crank-Nicolson
method, used to solve the particle scale concentration profiles, becoming totally
inaccurate. This problem is easily overcome by using a much smaller time increment for
the particle scale calculations and repeating these calculations until the cumulative time
increment for these calculations is equal to the column scale time increment. This can
be summarised as: '

n A‘rPa.rt:ir:le Scale=ATColumn Scale (6 _15)

where n is the number of times that the particle scale calculations need to be repeated.

The solution strategy has been summarised in Figure 6-3.
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Figure 6-3. Solution strategy derived from a rigorous mathematical analysis.

Choose an appropriate column increment, Af.;

¥

Use equation (6-9) to determine an appropriate time increment, At’;

!

Within each time increment do:
T !

eWithin each spatial increment use equation (6-12) to determine the
fluid reagent concentration. (This effectively involves solving a set

of equations identical to the CSTR model equations defined in
section 5.4.)

Iterate in time.

Comparison of Figures (6-2) and (6-3) shows that the solution strategy derived from the
rigorous mathematical analysis is identical to the simpler heap leaching modelling
strategy.

6.3 Inclusion of a Global Wetting Factor into the Solution Strategy.

A global wetting factor has been incorporated into the solution strategy to account for
the partial wetting of particles. The global wetting factor represents an average fraction
of particle surface area wetted by fluid reagent. As an example, a global wetting factor
of 0.5 implies that all of the particles are only half covered by fluid reagent. It has
further been assumed that sectors within particles which are bordered by dry external
surfaces will not release hazardous constituents. In effect, this implies that even with dry
zones within a particle, the diffusion will remain one dimensional - in the radial direction
only.

From the above discussion, wetting can be seen to influence the release of hazardous
constituents in the following manner. Firstly, the degree of wetting determines the solid
which is available to react with the fluid reagent. As before, a global wetting factor of
0.5 implies that only half of the particle volume is available to react with the fluid
reagent. This in effect also determines the maximum release of hazardous constituents
achievable. A column with a wetting factor of 0.5 will have a maximum contaminant
release (conversion) of 50%.
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Using this information the effect of partial wetting was incorporated into the solution
strategy as follows. Equation (6-12) has previously been used to determine the bulk fluid
reagent concentration within the particles as a function of time for totally wetted
particles. This equation can still be used in the case of partially wetted particles if Vp,q ;
is defined as the product of the volume of the particles in size class k within a spatial
increment within the column and the global wetting factor. This can be summarised as:

VPart,k =Y VPart'kActual (6-16)

where Vp,y st 1D this case represents the actual volume of the particles in size
' . class k within the spatial increment in the column;

Vpartk in this case represents the volume of the particles in size class k
which is available to react with the fluid reagent within the spatial
increment in the column; and;

2% is a global wetting factor.

By using a global wetting factor, all particles have been assumed to have an equal
portion of their external surface area covered by fluid reagent. If more detailed
information with respect to particle wetting as a function of particle size is available, it
could be included into the model as follows:

VPart,k = Yk VPaIt,kActual (6—17)

where 7, is a size dependent wetting factor.

6.4 Suitable Computer Routines for the Heterogenous Columnar Model.

Program Model6C1.PAS and Model6C2.PAS are suitable computer codes for the
heterogenous, columnar model. As before, Model6C1.PAS is a code which assumes a
solid reaction order of unity while Model6C2.PAS can accommodate a variable reaction
order.

These codes are sufficiently large to justify some explanation as to their organisation.
From the discussion on the solution strategy in the previous section it became evident
that the codes need to calculate, as a function of time, the reactant profiles within each
particle size class within each disk of the column. This information is then related to the
fluid reactant and dissolved hazardous constituent profiles within the column itself.
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The particle scale calculations, which are essentially identical to the CSTR model
calculations are incorporated in Unit6C1 and Unit6C2. These units are almost identical
to previous PASCAL codes ModelSE1 and ModelSE2 respectively. All the particle scale
parameters are defined and set in these units. The column scale calculations are
performed in the main program Model6C1 or Model6C2. All the column parameters
are defined and set in these programs. Figure 6-4 summarises the overall organisation
of program Model6C1.PAS.

The output of these codes is a display of the solid and fluid reactant concentration

profiles for the smallest, largest and reference size class of particles as a function of time
and position within the column. This information helps to visualise how the different size
classes are reacting in different positions of the column at different times. This
information is most useful because it helps to identify which size classes of particles react
in a chemical kinetic controlled manner and which react in a diffusion controlled

manner. In effect, this information can be used to determine the relative importance of
intrinsic chemical kinetics and diffusive resistances on the overall rate of release of
hazardous constituents. A typical display of the solid and fluid reactant concentration

profiles is shown in Figure 6-5.-

Once the required iterations in time have been performed and the calculations are
completed the programs display the conversion and breakthrough curves as a function
of dimensionless time. Although the computer routines do not presently display the
concentration profiles within the column as a function of time, the data required for
these curves is already calculated. Thus this feature can easily be incorporated into the
computer routines if required.

~ Figure 6-4. Summary of the overall organisation of Program Model6C1.PAS.

Model6C,

Column Scale
Calculations.

The main program

contains all .

U]
the column UniteC.
parameters. Particle Scale
Calls UniteC’ P Cailculations.
to perform < . ' ,
particle . This unit contains

. all the particle

scale calculations. .
parameters.
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Figure 6-5. A typical display produced by Model6C1.PAS showing the solid and fluid
reagent profiles for the smallest, largest and reference size class of

particles.
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It 1s worth pointing out that these programs include numerical step size scaling
procedures. As such, the programs have been written to detect numerical stability and
to increase the step size used in the calculation strategy whenever appropriate. The
main advantage of using such procedures is that the overall calculation time can be
greatly reduced.

Copies of the code as well as solution algorithms can be found in Appendix V.

6.5 Verification of the Computer Routines.

Roman er al. [1974] conducted two lysimeter tests which were significantly different in
terms of lysimeter dimensions, fluid reagent concentrations and flow rates, and the size
distributions of particles, in order to determine the predictive capability of their model.
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In summary, they used one set of data to determine the single unknown parameter in
their model and then used the model to predict the second set of data. Although the
heterogenous, columnar model presented in this chapter is capable of incorporating far
more complexities than the model presented by Roman et al. [1974], its predictive
capacity can be tested in a similar manner.

The lysimeter experiments conducted by Roman were concerned with copper extraction.
The physical properties, operating conditions and size distributions of the particles used
in the two experiments have been reproduced from Roman [1974] and are summarised
in Table 6-1 and 6-2, and in Figure 6-6 and 6-7 .

Roman er al. did not include the voidage of the ore particles in their data and this value
has been assumed to be 1%. It is important to note that the «, parameter used in the
heterogenous columnar model is the ratio of the chemical reaction rate within a particle
to the effective rate of diffusion of fluid reagent into the particle. The effective rate of
diffusion of fluid reagent into the particle is a function of the particle voidage. The
effect of particle voidage on the effective diffusivity has not been considered in the
heterogenous columnar model. The particle voidage only affects the heterogenous
columnar model through the continuity equation (4-1). Equation (4-6) is equation (4-1)
in expanded form. The heterogenous columnar model was determined to be relatively
insensitive to small changes in particle voidages in the region of 1%. For this reason a
particle voidage of 1% has been assumed to be an adequate assumption.

The acid consumption which was determined experimentally has been assumed to include
the effects of fluid reagent holdup within the particles. This implies:

(6-18)

Acid Consump ti On:‘li_e' bcopper

where b is the mass of copper released per mass acid consumed.

copper

Table 6-1. Physical Properties and Operating Conditions.

Lysimeter 1. Lysimeter 2.
Weight of ore. (kg) 121 74.5
1 Column height. (cm) 176 305
Column diameter. (cm) 25.4 14.3
Solution flowrate. (! per min per m?) 0.155 0.652
Acid concentration. (gpl) 48.8 69.7
% Voidage. 49.8 42.3
% Saturation. 36.1 37.1
Acid consumption. (g Acid per g Cu.) 3.6 3.6
Copper grade. (%) 1.9 1.9
Ore specific gravity. 2.7 2.7

100



Table 6-2.  Size Distributions. (% Occurrence.)

Particle Size. (mm) | Lysimeter 1. Lysimeter 2.

37.5 58.1 -

37.5 -25.0 15.8 -

25.0 -19.0 10.3 -
19.0 - 13.2 4.1 29.8
13.2 - 95 3.2 22.9
9.5 - 6.7 1.8 15.0
6.7 - 4.75 1.3 6.4
4.75- 3.35 1.0 5.4
3.35- 2.36 0.6 3.3
2.36- 1.70 0.5 1.9
1.70- 1.00 0.5 1.9
1.00- 0.85 0.3 1.6
0.85- 0.60 0.3 1.6
0.60- 0.425 0.3 1.4
- 0.425 1.9 ' 8.8

The size class used as the reference size class in both simulations was arbitrarily chosen
as the 9.5mm to 13.2mm size class.

Since no appreciable amount of copper is concentrated on the surface of the particles
the ‘surface grade’, C, 4, was assumed to be zero for all particles.

Using this data, the only unknown parameter in the simulation is the k¢, parameter
which represents the ratio of the intrinsic chemical reaction rate within the reference size
class of particles to the rate of fluid reagent diffusing into these particles. Using the
experimental data for the second lysimeter, this parameter was determined to be 4.5 for
the reference size class (9.5mm to 13.2mm). It is worth noting that the model is fairly
sensitive to this parameter. For example, running the model with ke, =4 and
Koopper=> Tesulted in significantly different curves to the experimentally determined
curve. Further, the model converges t0 a kc,,,., value of 4.5 irrespective of the whether
the initial guess for the xcgy,, iS larger or smaller than 4.5.

Using a value of 4.5 for the ¢, parameter, the model was used to predict the

performance of the first lysimeter. The results of both simulations compared to the
experimental points are shown in Figure 6-8.
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Figure 6-6. Size distribution of the particles in Lysimeter 1.
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Figure 6-7. Size distribution of the particles in Lysimeter 2.
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Figure 6-8. Fitted curve and predicted curve for Model6Cl compared to the
experimental points of Roman [1974]. '
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Figure 6-8 shows that Model6C! is capable of accurately predicting the performance of
heap leaching experiments.

6.6 Determination ofthe Heterogenous Columnar Model Parameters from
Appropriate CSTR type Experiments.

In the previous section, the parameters for the heterogenous, columnar model were
determined from a lysimeter experiment. Where external mass transfer resistances are
negligible, the model parameters can be determined from an appropriate CSTR type
experiment.

The model parameters would be determined as follows. A CSTR experiment would be
conducted on a single size class of particles which would then represent the reference
size class of particles. The CSTR model would then be fitted to the experimental curve
as discussed in section 5.8. These parameters could then be used as the reference size
class parameters in the heterogenous columnar model.

~e
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This strategy will be demonstrated in reverse. The model parameters in section 6.5 were
determined from fitting the heterogenous columnar model to a lysimeter result. Using
the parameters determined, the predicted CSTR conversion versus time curve
corresponding to 0.1/of 9.5mm to 13.2mm particles and 1/ of 48.8 gp/ of acid is shown
in Figure 6-9. This curve was predicted using the CSTR model presented in the previous
chapter. The significance of Figure 6-9 is that it is the conversion versus dimensionless
concentration curve which would have been obtained had a CSTR type leach test been used
instead of a lysimeter test. This demonstrates that parameters determined from one type of
experiment can be used to predict the performance of other CSTR or lysimeter scenarios.

Figure 6-9. Predicted CSTR conversion versus time curve for 0.1/of 9.5mm to 13.2mm
particles and 1! of 48.8 gpl of acid.
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There are distinct advantages in using a CSTR type experiment to determine suitable
model parameters for the heterogenous columnar model. Probably the most important
advantage 1is the short duration of a CSTR experiment. Most heap leaching type models
make use of lysimeter data in order to determine the model parameters. (This is exactly
the procedure used in the previous section to verify the model.) As previously stated,
lysimeter tests typically last for at least a few months and can last up to 3 years. In
contrast, a CSTR type leach test takes at most a few days to complete. This means that
the potential release of hazardous constituents from a proposed deposit can be
determined much more quickly than before. This is a significant advantage in that the
mineral processing industry needs to know the likely impacts of certain disposal strategies
so that it can determine wether or not the present disposal strategies are adequate.
Before, the industry would merely dispose of the wastes and conduct a lysimeter
experiment to determine the likely impacts of the disposal strategies. This information
would then be used to improve future disposal strategies. In cases where a disposal
option was determined to pose a significant risk to the environment, the industry was
faced with the expensive rehabilitation or reprocessing of the waste material. The ability
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to predict the likely impacts of the disposal strategies- a priori will help to eliminate the
costly rehabilitation or reprocessing procedures.

The financial savings incurred by conducting CSTR type experiments over lysimeter
experiments are also significant. CSTR experiments are much cheaper to conduct than
lysimeter experiments. This has significance in that existing deposits can be investigated
to determine their environmental risks. Previously, suitable lysimeter experiments for
all waste deposits were not feasible due to the costs associated with these tests. By
making use of the cheaper CSTR tests, samples from these deposits can now be tested
to determine their potential to pollute the environment.

6.7 A Summary of the Experimental Data which is Regui»red to Verifythe
Applicability of the Heterogenous Columnar Model to describe the
Leaching of Hazardous Constituents from Waste Deposits.

In order to demonstrate the applicability of the heterogenous columnar model to
describe the leaching of hazardous constituents from waste deposits, it needs to be
verified against suitable experimental data. Section 6.5 verified that the computer
routines were operating correctly by testing them against heap leaching data for copper.
Although this shows that the model can be used to accurately predict the leaching of
copper from a heap leaching operation, the ability to predict contaminant leaching from
a waste deposit still needs to be demonstrated.

This project has not involved any experimental work. Where experimental data has been
required, data which has been reported in the open literature has been used.
Unfortunately, suitable data is not reported in the literature which can be used to verify
the applicability of the heterogenous columnar model to contaminant leaching from
waste deposits. This section summarises the type of data which is required and suitable
methods to verify the model using this data.

It may be worth pointing out some of the short comings of data reported in the open
literature so that these can be avoided when suitable experiments are planned and
conducted. Firstly, although there is data on leach experiments for waste particles, these
leach experiments have always involved a size distribution of particles. The reason for
this practice is probably due to the fact that leach tests have been typically used to
determine the ‘leaching potential’ of wastes. To determine this ‘leaching potential’, a
sample of the waste, which inherently involves a size distribution of particles, is leached
and the final leachate concentration is taken as a measure of the ‘leaching potential’.

These tests are usually termed Toxicity Characteristics Leaching Procedure tests (TCLP
tests) [US Government Printing Office; 1988, 1980]. These experiments have not been
used to model the effective release of hazardous constituents from waste particles. It has
been continuously demonstrated in this thesis that the leaching of hazardous constituents
from waste particles is dependant on the particle size. Thus to determine the effective
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release of hazardous constituents from waste particles a leach test on o single size class
of particloes is required.

The second factor is that the heterogenous columnar model describes the leaching of
hazardous components from wastes. Some hazardous components of wastes are released
due to dissolution reactions. It is unlikely that the chemical reaction model used in the
heterogenous columnar model can be used model dissolution reactions. The reason for
this is due to the fact that dissolution reactions are controlled by solubility constraints
which have not been included into the model. Instead the model describes the rate of
hazardous constituent release by making use of a kinetic expression corresponding to
equation (4-2). Thus care should be taken not to apply the model to instances in which
hazardous constituent dissolution is significant.

It goes without saying that a model can only be applied to situations for which it was
designed. With this in mind, the heterogenous columnar model has been designed to
describe the active leaching of hazardous components from granular waste deposits in
which there is no external mass transport resistances. (The external mass transport
resistances refer to the transport of components from the bulk fluid phase to the
fluid/solid interface and vice versa.) Additionally, the particle characteristics as a
function of size have been assumed to be fairly uniform. The only exception to this is
that the concentration of hazardous constituents on the surfaces of the particles, and thus
the total leachable concentration of hazardous constituents, has been allowed to vary as
a function of particle size. -

There are two stages to verifying the ability of the heterogenous columnar model to
describe the leaching of hazardous constituents from waste deposits. The first stage
involves determining whether the model can be fitted to lysimeter data and then used
to predict other lysimeter operating conditions. This approach is very similar to the
strategy adopted by Roman er al. [1974] and used in section 6.5. This approach would
involve setting up two different lysimeter experiments. These experiments could differ
in terms of the column heights used, the fluid flow rates through the columns (which in
turn would affect column saturation and the wetting efficiency), the fluid reagent
concentrations and the particle size distributions. The results of one of the columns
could be used to determine the parameters in the heterogenous columnar model. The
model could then be used to predict the results of the second column and the predictions
compared to the actual results.

The second stage involves determining whether the heterogenous columnar model
parameters could be determined from a suitable CSTR experiment. This would involve
conducting a CSTR experiment on a single size class of the waste particles and
determining the model parameters as described in section 5.8. These parameters would
then be used in the heterogenous columnar model to predict the two column experiments
discussed above. Once the model has been verified in this manner it could be used with
confidence to predict the leaching behaviour of hazardous waste constituents from waste.
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An initial investigation into determining the particle-scale model parameters from a
CSTR type experiment on a single size class of waste particles has been conducted. The
data used in this analysis is from an experimental program currently being conducted at
the University of Cape Town. The experimental conditions are summarised in Table 6-3.

Table 6-3. Summary of the Conditions in the CSTR Test on a Waste Sample.

Waste type. Stainless steel electric
arc furnace dust.

Volume of fluid reagent. 1.6 1

Mass of waste particles. 0.04 kg

Particle Voidage. 1 %

Solid density. 2900 kg/m’

Average particle size. 3e-6 m

The pH remained fairly constant at a value of 10 during the experiment.

The concentration of dissolved magnesium in the bulk fluid was used as a measure of

the leach potential. This is shown as a function of time from one CSTR experiment in
Figure 6-10.

Figure 6-10. Concentration of Dissolved Magnesium in the Bulk Fluid as a Function of
Time.
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The point labelled (a) in the diagram has been taken to be an outlier. The curve drawn
through the experimental points is the expected increase in the magnesium concentration
in the bulk fluid with time based on the data points. This curve was used to back
calculate the total extractable grade, Cg, of the magnesium.

These initial reaction rate for the release of the magnesium has been determined using
the initial increase in the bulk fluid concentration of magnesium as follows:

d dc;
k,clric, =i

Ve
Pig “A, ac Ic =0~ "gF |c =0 (6-19)
3

where C;  is the dissolved fluid phase concentration of solid reactant i;
V;  is the volume of the fluid in the batch test; and;
M, isthe mass of the waste particles in the batch test.

The total extractable grade and the initial reaction rate were used to prepare the
fractional conversion versus dimensionless reaction curve as described in section (5-8).
This curve is shown in Figure 6-11.

Figure 6-11. Fractional Conversion versus Dimensionless Reaction Time.
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ModelSE1 was fitted to Figure 6-11 and the results are shown in Figure 6-12. The:
dashed curve in this figure corresponds to the curve in Figure 6-11. The solid curve is
the fractional conversion calculated using ModelSE1. The parameters fitted in the model
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were B, which represents the dimensionless reagent strength relative to the concentration
of the magnesium in the waste; «,; - Damkdohler II number for the magnesium within the
waste particles; and; ¢ which is the ratio of the surface grade of magnesium to the bulk
grade of magnesium. The magnesium on the surface of the particles has also been
assumed to react in a similar manner to the magnesium in the bulk of the particle. This
is the reason why there is no explicit dependence on the surface kinetics in equation (6-
19). The values determined by an initial fit are summarised is Table 6-4. There is
excellent agreement between ModelSE1 and the CSTR data from a sample of
metallurgical waste.

Table 6-4. Values of the Fitted Parameters.
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Chapter 7. Summary of the Applications, Limitations
and Extensions _of the Heterogenous,

Columnar Model.

The previous chapter presented the development of the heterogenous columnar model.
Conceptually, the modelling strategy involved the division of the waste deposit into
columnar sections and then determining the release of hazardous constituents from a
single column. The release of hazardous constituents from a single column is determined
by making use of a one-dimensional, non-catalytic, packed-bed type reactor model. The
reactor model is derived by applying a fluid reagent mass balance to the column. Within
the column, fluid reagent is consumed due to chemical reactions which occur both on the
surfaces and within the waste particles. This consumption is modelled using a particle
scale, chemical reaction model which also determines the release of hazardous
constituents into the bulk fluid surrounding the particles. Once the hazardous
constituents are released from the particles, they are assumed to be transported out of
the column by the bulk fluid flow through the column.

This chapter summarises the applications, limitations and possible extensions of the
heterogenous columnar model. The first section compares this model to the model of *
Roman er al. [1974] and the columnar model of Dixon [1992, 1993]. As previously
discussed, although these last two models were developed as precious metal leaching
models, several similarities exist between precious metal leaching from ores and the
leaching of hazardous constituents from waste particles. Most importantly, this section
highlights the advantages of the heterogenous columnar model, which was specifically
designed to model the leaching of hazardous constituents from waste deposits, over the
heap leaching models.

The next section discusses potential engineering applications of the heterogenous
columnar model. In particular, this section summarises the type of information which
can be determined using the model and demonstrates how this information can be used
to improve waste deposit design and to choose upstream processing options which result
in more stable wastes.

The limitations of the heterogenous columnar model, which are largely due to the
simplifying assumptions which have been made, are then reviewed and methods to

remove these limitations are presented.

Finally, a statement of the significance of this work is made.

7.1 Comparison of the Heterogenous Columnar Model to the Model of
Roman et al. [1974] and the Columnar Model of Dixon [1992, 1993].

The heterogenous columnar model is comparable to the model presented by Roman er
al. [1974] and the columnar model presented by Dixon [1992, 1993]. All of these models
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approximate deposit or heap performance by determining the performance of a single
column packed with waste or ore particles. Further, all three models approximate the
fluid flow through the deposit or heap as perfect plug flow and include a saturation
index. This parameter is included to account for unsaturated conditions in the waste
deposit or ore heap. The heterogenous columnar model includes a global wetting
- parameter, presented in section 6.3,to accommodate the effects of incomplete particle
wetting on the release of hazardous constituents. Since the fluid reagent distribution
systems in ore heaps are specifically designed to maximise particle wetting, incomplete
particle wetting is not considered by Roman ez al [1974] or Dixon [1992, 1993].

Table 7.1 summarises the properties of the heterogenous columnar model and the heap

leaching models of Roman et al. [1974] and Dixon [1992, 1993].

Table 7.1. Summary of the properties of the heterogenous columnar model and the
heap leaching models of Roman [1974] and Dixon [1992,1993].

Heterogenous Heap Leaching Heap Leaching Model
Columnar Model. Model of Roman | of Dixon.
et al.
Fluid flow Plug flow model. Plug flow model. | Plug flow model.
model: ,
Constant or variable Constant fluid Constant fluid flow
fluid flow into flow into heap. into heap.
deposit.
Includes a saturation Only includes a Only includes a
index and a global saturation factor. | saturation factor.
wetting factor.
Chemical Particle scale model Particle scale Particle scale model
reaction which includes the shrinking core which includes the
model: ~ | effects of intrinsic model which effects of intrinsic
chemical Kkinetics, assumes that chemical kinetics,
diffusion and diffusion of the diffusion and precious
hazardous constituent | fluid reagent is metal location on
location on rate limiting. metal release.

contaminant release.

Parameter spec. as a Parameter spec. as a
function of particle function of particle
size is particularly size is particularly
suited to waste suited to ore particles.
particles. '

111



7.1.1 Comparison to the Model of Roman et al. [1974].

The main difference between the heterogenous columnar model and the model of
Roman er al. [1974] is in the method used to determine the rate of hazardous constituent
or precious metal release from the individual particles. Roman et al. assumed that the
release of the precious metals was dominated by diffusion of the fluid reagent into the
ore particles and thus made use of a diffusion controlled, shrinking core reaction model.
As previously discussed in section 2.4,this model cannot include the effects of intrinsic
chemical kinetics, precious metal location within the ore particle or competing chemical
reactions on the rate of precious metal release.

The heterogenous columnar model developed here employs a chemical reaction model
which is based on a fluid continuity equation at the particle scale. This model, which
was used by Dixon [1992] and summarised in Chapter 4,is used to determine the release
of hazardous constituents from waste particles. (The particle scale model of Dixon is
distinct from his columnar model.) This approach is capable of including the effects of
intrinsic chemical kinetics, intra-particle diffusion, hazardous constituent location within
the particle and competing chemical reactions on the rate of release of the hazardous
constituents.

The ability of the particle scale chemical reaction model, which is incorporated into the
heterogenous columnar model, to include the effects of competing chemical reactions is
particularly important when describing release of hazardous constituents from waste
particles. The reason for this is that most waste particles consist of two or more solid
reactive species present in significant concentrations which compete for fluid reagent.
As long as the voidage of the waste particles remains fairly constant, this competition has
the effect of reducing the available fluid reagent for each reactive species. Thus the
release of an individual species is slowed down for each additional competing reaction
which occurs. In contrast, competing reactions which result in an increase in the voidage
of the particles may result in increased leaching rates. The reason for this is due to the
fact that an increase in the particle voidage will result in an increased effective diffusivity
of the fluid reagent into the waste particles. Only the case of constant particle voidage
has been considered in this work. The extension of the model to include a dynamic
particle voidage is discussed in the next section.

It is important to note that the particle scale chemical reaction model will reflect
diffusion control, chemical kinetic control or an intermediate condition depending on the
Ky; parameter specification. The Kappa parameter, «,, defined in section 4.2,represents
the ratio of the chemical reaction rate within a particle to the rate of diffusion of fluid
reagent into the particle. As such, the «, parameter corresponds to a Damkdohler
number of the second type [Aris 1975]. A high value for «,; implies that the reaction is
controlled by diffusion of the fluid reagent into the particle. Similarly, a very low value
for «, implies that the reaction is controlled by the intrinsic chemical kinetics of the
reactions. Figure 4-2 showed reagent profiles for several parameter combinations. Note
that diffusion controlled reactions result in steep fluid reagent and solid reactant
gradients within the particles. In contrast, reactions which are controlled by the intrinsic
chemical kinetics exhibit very flat fluid reagent and solid reactant gradients.

112



7.1.2 Comparison to the Columnar Model of Dixon [1992. 1993].

Dixon [1992, 1993] has also incorporated the particle scale, chemical reaction model into
a column type model to predict the performance of heap leaching operations. Probably
the most important difference between his model and the heterogenous columnar model
developed here is the manner in which the particle scale model parameters have been
determined as a function of particle size. In summary, it is desirable to determine or
specify parameters for a single size class of particles, termed a reference size class, within
the column. The parameters of all the other size classes of particles are then determined
from the reference size class parameters using suitable mathematical relationships. The
reason why this approach ‘is desirable is that it eliminates the need to define suitable
particle scale model parameters for each size class of particles. This greatly reduces the
number of parameters required.

Dixon [1992] presented mathematical relationships for the particle scale model
parameters as a function of particle size for ore particles. These relationships, discussed
in section 5.2.1,were found not to be applicable to waste particles because they required
information about precious metal location in the ore particles as a function of particle
size. This information was determined from a knowledge of ore preparation.
Hazardous constituent location in waste particles is usually highly size specific and a
result of the processing operations which generate the waste. For this reason, additional
mathematical relationships, which are specifically applicable to the determination of the
model parameters for waste particles as a function of particle size, have been proposed
in section 5.2.2. It is worth noting that these relationships are more complex than those
defined by Dixon, but, under appropriate conditions, will simply to those of Dixon. This
implies that the heterogenous columnar model developed in this work can be applied to
both the leaching of hazardous constituents from waste deposits as well as to precious
metal leaching from ore heaps. These equations have been included in a bulk fluid
reagent mass balance. These aspects and an appropriate solution strategy have been
discussed in section 5.3 and 5.4 respectively.

The next main difference between the columnar model of Dixon and the heterogenous
columnar model is that the new model includes the possibility for a variable fluid reagent
flow into the deposit. The inclusion of a variable fluid velocity into the model is
important in order to model the effects of periodic rainfall on the release of hazardous
constituents from waste deposits. Further, work at the University of Cape Town
[Petersen 1994, 1995] has revealed that fluid flow through lysimeter columns can vary
significantly during the experiment. Thus, in order to fit the heterogenous columnar
model to lysimeter data, it must be capable of including variable fluid reagent flow into
the deposit. The strategy adopted to include a variable fluid reagent flow into the
heterogenous columnar model is identical to the strategy adopted to include this effect
into the macroscopic, lumped parameter model which was discussed in section 3.4. In
summary equation (6-9) is redefined in a manner similar to equation (3-29). This
equation is then used to determine the appropriate time interval for each successive
iteration in time.
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Another difference between the models is that Dixon [1993] has included a mass balance
equation to include the effects of dissolved species transport within the particles. Due
to time limitations, this was not included in the heterogenous columnar model. The
inclusion of this mass balance equation into the heterogenous columnar model is
discussed in a later section in this chapter. The importance of including this aspect into
the model is that it will extend the applicability of the model to cases where dissolved
species transport within the waste particles is significant.

7.2 A _Summary of the Potential Engineering Applications of the
Heterogenous Columnar Model.

The heterogenous, columnar model, described in the preceding sections, has two
particular attributes which make it attractive in the engineering design of better waste
deposits. The first of these attributes is that it is capable of determining the relative
contributions of the intrinsic chemical kinetics and the diffusion of fluid reagent into the
particles to the release of hazardous constituents. These rate terms are in turn a function
of the hazardous constituent location within the particles, the size distribution of the
particles, competing chemical reactions and the bulk fluid reagent flow. The second
attribute is that the parameters required for this model can be determined from a simple
CSTR type experiment. One particular advantage of being able to determine the model
parameters from CSTR type experiments is the short duration of these experiments.
This implies that the potential release of hazardous constituents can be determined much
more quickly than existing methods which are fitted to lysimeter data. This ability will
enable the minerals processing industry to determine a priori the suitability of various
wastes for disposal in waste deposits. Another distinct advantage of using CSTR tests
to determine the model parameters isthat CSTR tests are much cheaper to conduct than
lysimeter experiments. This implies that more wastes can be tested prior to disposal and
that samples from existing waste deposits, which could not be tested previously due to
the expense of lysimeter experiments, can now be tested.

7.2.1 Improved Deposit Design based on Results from the Heterogenous Columnar
Model.

Once the particle scale model parameters for a given waste stream have been
determined, the heterogenous columnar model can be used to investigate the behaviour
of a typical deposit which would contain this material. The results of the heterogenous
columnar model will not only give an indication of the release of hazardous constituents
from the waste deposit but can also be used to improve the disposal strategy to minimise
the release of hazardous constituents.
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Deposits Which React in a Zone-Wise, Fluid Reagent Limited Manner.

As an example, consider the case where the results of the heterogenous columnar model
indicate that the deposit is reacting in a zone-wise,fluid reagent limited manner. The rate
of the chemical reactions occurring in the particles of such deposits is relatively fast
compared to the rate of fluid flow through the deposit. Even if the breakthrough curves
determined by the heterogenous columnar model are acceptable in terms of the
concentrations of the hazardous constituents, deposits of this nature present an
environmental risk. The reason for this is that the release of hazardous constituents is
only limited by the amount of fluid flowing through the deposit. Should this increase,
so too would the rate of release of hazardous constituents. It is a high priority therefore
to keep deposits which react in a fluid reagent limited manner dry. This could be
achieved by using suitable liners to prevent rain or ground water from percolating
through the deposit.

As an alternative to keeping the deposit dry to limit the release of hazardous
constituents, pretreatment options for the waste could be investigated which would slow
down the rate of release of hazardous constituents at the particle level. One likely
factor which would result in relatively fast chemical reactions would be if a significant
fraction of the hazardous constituents are concentrated onto the surface of the particles.
(These reactions would be relatively fast because they do not experience any fluid
~ reagent diffusional resistances.) If significant concentrations of hazardous constituents
are known to exist on the surface of the particles, their release could be reduced by
removing these components in a pretreatment process. Surface hazardous components
could be removed from the particles by making use of an active leach procedure. It may
be possible to purify the leachate generated by such a process and return the
‘contaminants’, which are often heavy metals, to the process which generated the waste.
If it is not feasible or economical to pretreat the particles using a leach procedure then
alternative methods to stabilise the waste need to be investigated. One alternative
method would be to agglomerate the particles into larger particles using suitable binding
agents. In this process, much of the external surface area of the original particles would
be incorporated into the bulk of the larger agglomerated particle. Before the fluid
reagent could react with the hazardous constituents it would need to diffuse through the
agglomerated particle to the location of the hazardous constituents. Binding agents
usually exhibit a buffering capacity with respect to the fluid reagent. This too, would
slow down the release of the hazardous constituents from the particles due to the
competition between the binding agent and the hazardous constituents for the fluid
reagent.  Suitable particle scale model parameters can be determined for such
agglomerated particles using a CSTR experiment. These parameters could then be used
to determine whether the agglomeration would improve the overall deposit performance.

In the case where the release of hazardous constituents from particles is fast and where
there is not a significant concentration of hazardous components on the surfaces of the
particles, methods to retard the effective chemical reaction rates need to be investigated.
The first way in which this can be achieved would be to enhance the diffusional
resistances which limit the fluid transport into the particle. As before, this can be
achieved by agglomerating the particles using suitable binding agents. Alternatively,
attempts can be made to slow down the intrinsic kinetics within the particle by
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chemically altering the speciation of the hazardous constituents. Usually little is known
about the complex chemistry of waste particles and any attempts to alter the intrinsic
chemical kinetics will most probably require extensive experimentation. In contrast, note
that the only instance in which agglomeration will not result in reduced effective
chemical reaction rates will be when the intrinsic chemical kinetics are many orders of
magnitude slower than the rate of fluid reagent diffusion into the particle. Such a
situation will be easy to identify because the particles will react in a totally homogenous

manner. (This situation corresponds to a very low Kappa, «;, parameter.)

Deposits Which React in a Homogenous Manner.

In contrast to deposits which react in a zone-wise, fluid reagent limited manner, some
deposits react in a homogenous manner. The release of hazardous constituents from
these deposits is not limited by the flow of fluid through the deposit but rather by the
release of hazardous constituents from the individual waste particles. These deposits
present little or no environmental risk if the results of the heterogenous, columnar model
indicate that the release of hazardous constituents is acceptable. The reason for this is
that the individual particles within the deposit, release hazardous constituents at a
sufficiently slow rate which the natural environment can assimilate. An increase in the
fluid reagent flow through the deposit will not increase the rate of hazardous constituent
release.

Should the results of the heterogenous columnar model indicate that the release of
hazardous constituents from the deposit is unacceptable, then methods to slow down the
effective chemical reaction rates similar to those discussed in the previous section need
to be investigated.

7.2.2 Using the Heterogenous Columnar Model to Choose Upstream Processes whlch
would Result in More Stable Wastes.

The properties of a waste stream are dictated by the upstream processes from which it
arose. These properties include the chemical composition of the waste stream, the
location of the hazardous constituents within individual particles and the size distribution
of the particles within the waste stream.

Using the heterogenous columnar model, the particle characteristics which contribute
most to the release of hazardous constituents from waste particles can be identified.
. This information can then be used to identify the upstream processes which result in the
waste particles exhibiting the particular characteristic. Alternative processing options can
then be investigated which would result in more stable wastes.

As an example, should the results of the heterogenous columnar model indicate that it
is mainly the smaller particles within the size distribution of waste particles which are
responsible for the release of hazardous constituents (due to smaller diffusional
resistances in small particles), then the upstream processes which produce these particles
should be identified and investigated. In this case, alternative processes which still
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achieve the desired process' goal but which do not produce the small particles would be
preferred.

Equally, the heterogenous columnar model could indicate that significant concentrations
of hazardous constituents on the surfaces of particles are responsible for the release of
contaminants. In this case, process options which aim at recovering the ‘contaminants’
from the wastes should be investigated.

7.2.3 Using the Heterogenous Columnar Model to Asses the Risks and Liabilities
Associated with Existing Waste Deposits.

South Africa is not unique in the fact that it has many waste deposits which could pose
a significant environmental hazard due to the generation and release of leachate. For
various reasons, which include financial constraints of conducting lysimeter experiments
and ineffective legislation with respect to the disposal of industrial wastes, the risks
associated with many of these deposits is unknown. The heterogenous columnar model
can be used to estimate the potential leachate generation of these deposits and thus
determine the risks associated with them. This would be achieved by conducting a CSTR
test on a single size class of the material in the deposit being examined. As before, this
would be used to determine appropriate model parameters for the heterogenous
columnar model which would then be used to predict the deposit performance. This
information could then be used to estimate the risks associated with these deposits and
to identify which of the existing deposits require remediation.

7.3 Limitations and Possible Extensions of the Heterogenous Columnar
Model.

The heterogenous columnar model has been presented as a suitable model to describe
the release of hazardous constituents from waste deposits. The applicability of this
model can be extended by beginning to remove the simplifying assumptions which were
made during the model development. This section summarises the limitations of the
model and suggests methods to address these limitations.

7.3.1 Incorporation of External Mass Transfer Resistances into the Model.

The heterogenous columnar model assumes that the mass transfer of the fluid reagent
between the bulk fluid, which is the fluid between the particles, and the surfaces of the
particles is negligible. Such an assumption is only valid when the effective reaction rate
of hazardous constituent release is slow compared to the supply of fluid reagent to the
particle surface. In cases where this assumption does not hold, external mass transfer
resistances need to be accounted for explicitly.

Equation (5-1) is a mass balance equation which relates the consumption of the fluid
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reagent within the particles to the overall bulk fluid reagent concentration between the
particles. This equation is valid only when external mass transfer resistances are
negligible and needs to be modified when external mass transfer resistances are
important. The modification involves relating the consumption of the fluid reagent
within the particles to the rate of fluid reagent transfer to the particles. Equation (5-1)
as well as the new equation are summarised below:

Veare.Po (1-€) & dC,, 3V, dc,
: z {-p Ve fart- -y, Bulk 5-1 or 7-1
bi i1 dt e A|R Liqg. dt ( )
where V... is the total volume of the particles; and;
Vi is the total volume of fluid reactant.
This equation is equivalent to:
b5
Vpare.Po (1-€¢) g 3k ;Cei'Cy -D, Ve, | 3Vpare. =V . dCAmk (7-2)
b, i=1 Rp,(1-¢,) ¢ A® R Lie- gt
The new equation is:
4)51'
Vpare.Po (1-€5) ¥ 3k_;Csi'C 3V,
: r st A_p VC Part. =k a_(C, . -C 7-3
bi i=1 Rpo (l"eo) N A[,R m m( Apulx ASu.r[aca) ( )
where k- is the mass transfer coefficient, determined using correlations for
Sherwood numbers or j, factors; '
a, is the total external area of the particles;
Ca Buik 1s the bulk fluid reagent concentration; and,
Ca surface is the concentration of the fluid reagent on the particle surface.

Suitable correlations are required to determine the external mass transfer rate, k,,
before the heterogenous columnar model can be applied to cases where external mass
transfer resistances are important. Several correlations are presented in the literature
[Agarwal 1988; Kawase and Ulbrecht 1985; Wakoa and Funazkri 1978; Nelson and
Galloway 1975; Mochizuki and Matsui 1973; Calderbank 1967; Wilson and Geankoplis
1966; Rowe and Claxton 1965; Pfeffer 1964; Ranz 1952; Smith 1981] for Sherwood
numbers and jp factors as a function of Reynolds and Schmidt numbers. The Sherwood
number is a ratio of the rate of convective mass transport to the rate of molecular mass
transport at the particle surface and can be used to determine the external mass transfer
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coefficient.  Similarly j, factors can be used to determine external mass transfer
coefficients. :

It is important to note that the external mass transfer rates are normally defined in terms
of average mass transfer coefficients [Smith 1981]. Thus a single value of the mass
transfer coefficient can be ‘used to describe the rates of transfer between the bulk fluid
phase and the particle surface. The error introduced in using an average coefficient is
not as serious as might be expected, since the correlations for the mass transfer
coefficient, k, are based on experimental data for packed beds of particles [Smith 1981].

7.3.2 Inclusion of In ra-Particle Dissolved Species Transport Resistances into the
Model,

The intra-particle dissolved species transport resistances have been assumed to be
negligible compared to the diffusion resistances of the fluid reactant into the particles
and the chemical reaction rates within the particles. As discussed in section 7.1.2,Dixon
[1993] has included these effects into his columnar model. The strategy adopted was to
apply a mass balance equation for each dissolved species at the particle level. The
equations derived are very similar to equation (4-6) which represented a mass balance
for the fluid reagent at the particle level. Equation (4-6), and the mass balances for the
dissolved species are summarised as:

82c, » acC n k_chic ac
D Ay 2 “ A1 -p,(l-e,) B RIPI TA- g A 4-6 or 7-4
®or? r 5z | P o) & b, o 3z )
8Cc; 2 9C; . ac;
1 ‘é‘;*; 3z ] +po(1_€o)kpicpf CA=€0'—a? (7-5)
where C; dissolved hazardous constituent concentration of species i.

Equation (7-5) can be used to determine the dissolved concentration of hazardous
constituents within the particle and at the particle surface. Should external mass
transport of the dissolved hazardous constituents from the particle to the bulk fluid be
significant, a suitable mass transfer correlation, similar to the correlations described in
section 7.3.1, would be required to determine the bulk concentration of dissolved
hazardous constituents. If external mass transport resistances are negligible, then a

simple mass balance can be used to determine the bulk concentration of dissolved
hazardous constituents.
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7.3.3 Inclusion of Matrix Dissolution and Hazardous Constituent Re-Precipitation in
the Heterogenous Columnar Model.

Neither matrix dissolution or the re-precipitation of dissolved hazardous constituents
have been incorporated into the heterogenous columnar model. Matrix dissolution refers
to the process of the waste particles becoming more porous due to significant quantities
of the particle being dissolved during the life span of a deposit. It is unlikely that the
effects of matrix dissolution will be easily incorporated into the particle scale chemical
reaction model. The reason for this is that the particle scale model makes use of an
effective diffusivity D, to determine the diffusion of fluid reagent into the particle. As
matrix dissolution takes place, the voidage of the particles will increase. A larger
voidage within the particles will substantially effect the rate of diffusion of fluid reagent
into the particles. Thus before the effects of matrix dissolution can be incorporated in
the particle scale model, a suitable model for the effective diffusivity, D,, would need to
be determined. It is worth noting that simple models for the effective diffusivity such as
the parallel pore more model, described by Smith {1981] and summarised in equation
(7-6), are inappropriate. The reason for this is that the tortuosity factor used in the
models is also a function of matrix dissolution and would be an unknown in the model.

_€D i
D=52  (7-6)

where D, effective diffusivity;
actual diffusivity;
particle voidage; and;
tortuosity factor.

oo J

Once the hazardous constituents have been dissolved there is a good possibility for them
to reprecipitate either within the particle or onto the surfaces of surrounding the -

particles. These aspects need to eventually be incorporated into the heterogenous
columnar model.

7.3.4 Inclusion of More Realistic Hydrodynamic Flow Models into the Heterogenous
Columnar Model.

The only fluid flow pattern through the deposit which was considered in the
heterogenous columnar model was perfect plug flow. As discussed in section 2.1.2,the
hydrodynamic flow patterns within waste deposits are often far more complex than a
simple plug flow pattern. These irregular flow patterns need to be incorporated into the
heterogenous columnar model.

The simplest manner in which ‘non-ideal’ - flow patterns can be incorporated into the
heterogenous columnar model would be to make use of a one parameter fluid dispersion
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model. In this approach any back mixing and short circuiting of fluid reagent is
considered as fluid dispersion. A suitable one parameter fluid dispersion model which
is applicable to columnar reactors is the ‘tanks-in-series’ approach described by
Levenspiel [1972]. In this approach, the reaction in the column is approximated by a
number a discrete, equi-sized continuously stirred tank reactors in series. The single
parameter in the approach is the number of tanks-in-series which are required to
approximate the fluid flow behaviour within the columnar reactor. A tracer study which
yields the residence time distribution of the column can be used to determine this
parameter. This technique is described by Levenspiel [1972].

This approach would be easy to implement in the heterogenous columnar model. In
section 6.1a modelling strategy for the heterogenous columnar model which was based
on heap leaching models was described. In summary the column was assumed to consist
of a number of discrete disks. Within each disk the fluid reagent concentration was
assumed to be uniform. It was noted in section 6.1 that the column would need to be
divided into a sufficient number of disks in order to ensure that this assumption would
be valid. In effect, this corresponds to the case of ‘N~«’ in the tanks-in-series approach
where N represents the number of tanks in the chain. In reality, the number of ‘tanks’
or disks required to model perfect plug flow is finite and is determined as the number
of disks beyond which model accuracy does not improve. This number of disks
represents the minimum number of disks which are required within the column to
adequately simulate perfect plug flow in the column. In effect, the ‘inaccuracies’
introduced when fewer disks are used can be interpreted as fluid dispersion and can be
taken as an indication of the performance of columns which exhibit irregular flow
patterns. The performance of a particular column which exhibits irregular flow patterns
can be approximated by conducting a tracer experiment on the column and using the
residence time distribution obtained to determine a suitable number of tanks, N, which
will approximate the flow patterns within that column. By using the heterogenous
columnar model with N disks, the performance of the column can then be estimated.

More complex multi-parameter dispersion models will be required as the flow patterns
within a deposit become more irregular. These models consider the column to consist
of several hydrodynamically distinct regions which can each be described by plug flow,

dispersed plug flow and mixed flow models. These models were discussed briefly in
section 2.5. '

To improve the ability of the heterogenous columnar model to predict the release of
hazardous constituents under truly unsaturated conditions, the ground water flow
equations used by Demetracopoulos er al. [1986] can be incorporated into the model.
These equations, presented in section 2.3.2,determine the saturation and fluid velocity
as a function of position within the column and time. These factors are included in the

heterogenous columnar model by updating equation (6-4). The updated equation can
be summarised as: :

C, aCA 3 n
Col _ col _ u -
€co1 COlg gae I T U—3,.2Ca 1T2+i2=1r"’1 (7-7)
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where the Coly g, is now a function of position within the column and time. (Colg g,
corresponds to /€., where § is the moisture content used in equation (2-2) and (2-3).)

Note that the second term on the right hand side of the equation is a direct result of the
divergence of the velocity field within a volume element in the column no longer being
equal to zero. (Compare equation 3-1,3-4 and 3-5.)

7.4 Statement of the Significance of the Work Presented in this Thesis.

Waste deposits which contain wastes from the minerals processing industry pose
environmental hazards due to the possibility of leachate generation and the subsequent’
release of this leachate into the environment. The impacts of waste deposits have been
traditionally investigated using lysimeter experiments. These experiments are both very
time consuming and costly. This and other factors, such as ineffective legislation with
respect to waste disposal strategies, have resulted in a limited study of the environmental
impacts of disposing of mineral wastes in waste deposits.

Due to increased environmental awareness, the minerals processing industry is being
encouraged to investigate the environmental impacts of its disposal strategies. As such,
suitable modelling strategies which could predict deposit performance would be most
useful. The reason for this is that these models could be used to investigate the potential
for waste deposits to pollute the environment. If sufficiently detailed, these models could
also be used to identify the major contributing factors to the release of hazardous
constituents from waste deposits. This information could then be used to engineer better
waste deposits in future. Models could also be used to investigate modifications to the
upstream processes with the aim of producing more stable wastes. Equally as important,
the risks associated with the many existing waste deposits could be determined and
remedial action taken before a catastrophic situation arises.

The work presented in this thesis is an investigation into identifying suitable modelling
strategies to describe the release of hazardous constituents from waste deposits. The first
model investigated was a macroscopic, lumped parameter model. This model was
investigated due to its inherent simplicity and its ability to characterise a deposit as a
reacting entity. The investigation into this model revealed that it had limited
applicability to identify the main factors which result in the release of hazardous
constituents from waste deposits. This implies that this model has limited applicability
in the design of new deposits. Further, the parameters required for the macroscopic
lumped parameter model are determined from fitting the model to lysimeter data. This
too is a limitation due to the fact that lysimeter experiments take a minimum of a few
months and can take up to three years to complete. For these reasons a second model,
termed the heterogenous columnar model was investigated.

The heterogenous columnar model describes the release of hazardous constituents from
the individual particles within a waste deposit and relates this release to the overall
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deposit performance. This model has been developed to apply specifically to the release
of hazardous constituents from waste deposits. The heterogenous columnar model has
the capability of identifying the main factors which can be associated with the release of
hazardous constituents. As an example, the heterogenous columnar model can be used
to determine the relative contributions of the intrinsic chemical kinetics of the waste
particle and the diffusion of fluid reagent into the particle to the release of hazardous
constituents.  Equally, the significance of the bulk fluid flow through the deposit
compared to the effective rate of hazardous constituent release can be determined. This
information could be used in the engineering design of waste deposits and was discussed
in section 7.2.1. Further, this information could be used to investigate upstream
processing options which would result in more stable wastes. This was discussed in
section 7.2.2.

The heterogenous columnar model has the distinct advantage that the parameters which
it requires can be determined from CSTR type experiments. Probably the most
important advantage of being able to determine the heterogenous columnar model
parameters from CSTR experiments is that CSTR type experiments are considerably
quicker than lysimeter experiments. This means that the large delay times associated
with the traditional lysimeter experiments can be eliminated. Using the heterogenous
columnar model, the minerals processing industry would be able to determine the
suitability of a particular waste for disposal in a waste deposit. The second significant
advantage of being able to determine the model parameters from a CSTR type
experiment is the relatively low costs associated with these experiments when compared
to lysimeter experiments.

The heterogenous columnar model can also be used to investigate the risks associated
with existing waste deposits. This would be achieved by collecting samples from these
deposits and conducting a CSTR type experiment on a single size class of the particles.
The data from this experiment could be used to determine the heterogenous columnar
parameters as discussed in section 5.8and 6.6. The heterogenous columnar model could
then be used to estimate the release of hazardous constituents from these deposits. This
information could be used to asses the risks with these deposits and to identify which
deposits require remedial attention in order to prevent pollution of the environment.

This work has been a first attempt to identify or develop suitable modelling strategies
to determine the release of hazardous constituents from waste deposits. The
heterogenous columnar model has been identified as a possible candidate for this
purpose. This model has been applied to the leaching of precious metals from ore
particles and the capability of the model to describe and predict the leaching behaviour
is encouraging. The verification of the model against data from waste deposits or
lysimeter experiments still needs to be completed. The type of data required for this
purpose has been summarised in section 6.7. Once the heterogenous columnar model
has been verified against waste leaching data it may start to provide the minerals
processing industry with the information which it so desperately requires in order to
dispose of their wastes in a responsible manner which will not pose a threat to the
environment.
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Appendix I. Summary of the Method of Characteristics.

This appendix presents a summary of the method of characteristics which is used to solve
first and second order hyperbolic partial differential equations. Much of the matter
presented in this section has been summarised from Chapter 9 of the book Analysis and
Solution of Partial Differential Equations by Robert L. Street [1978].

The solution of first-order or second-order partial differential equations with a single
dependent variable and two independent variables can be visualised as a surface in (X,y,z)
space. Analytical geometry can be used to enhance an understanding of the solution
technique for such equations. This is particolarly valid for initial-value problems in
which we expect the solution to propagate from the region on which the initial data was
specified.

In the case of first-order and hyperbolic second-order equations, information from the
initial data propagates over well-defined paths in the surface representing the solution.
These propagation paths are called characteristics. A knowledge of the existence of
characteristics gives considerable insight into the expected behaviour of a problem’s
solution, even before the solution is known.

This summary is restricted to first-order equations which involve a single dependant
variable and two independent variables.

The general first-order partial differential equation in two independent variables (x,y)
18:

F(x,v,z,p,q =0 (A1-1)

where

If equation (Al-1) is a quasi-linear equation, it can be written as:

Pp+0q=R (A1-4)

where P,Q and R are functions of x,y,and z but not of p or q. It is assumed that P,Q
and R, together with their first derivatives, are continuous in the region of the problem
under consideration. Further, P and Q are assumed not to vanish simultaneously. This
implies:



P2+0%#0 (A1-5)

First-order equations arise in many physical systems. Equations (3-5) and (3-23) were
both first-order hyperbolic partial differential equations. These equations model the buik
flow and chemical reaction of a fluid reagent through a column. These equations, which
are so-called Convection Equations, are identical to the quasi-linear equation (Al-4).
To demonstrate this, equation (3-23) has been written below in exactly the same form
as equation (Al-4):

do do _ 631

9% .pG12% =-pG2aa (A1-6)
aTI aE Bi .
where
1=P (A1-7) DG2=0 (A1-8) -DG2uc=r (a1-9)

The solution z(x,y)to the quasi-linear equation (Al-4) can be represented as a surface
in (x,y,z)space shown in Figure Al.1. This surface is called an integral surface because
. it represents the solution or ‘integral’ of the partial differential equation. The integral
surface for (Al-4) is represented by the formal identity:

I(x,y,2)=2(x,y) -2 (A1-10)

Figure A1.1 An integral surface representing the solution to equation (Al-4).

I(x’y’ Z) = Z(x, y) —-z=90

Alz

Taking the differential of equation (A1-10) will, from analytical geometry considerations,



result in the equation for the tangent plane to the integral surface at any point. The
equation for the equation plane is thus:

or or orT _ _
’ _ a_de+Tyd“ +§_0 (41-11)
or
o0z 0z , - _
_a—dx+-a—dy 1dz=0 (A1-12)

Equation (A1l-12) is nothing more than the total differential and can be written as:

dz=p dx+qg dy (A1-13)

Equation (A1-13) is a tangent plane to the solution plane at any point. Accordingly, the
vector N=pi+qj-1k; that is, the vector (p,q,-1);is normal to the integral surface, depicted
in Figure Al.l,at any point.

The scalar product of N and the vector (P,Q,R) is zero because:

(P,0,R)" (p,q,~-1) =(Pi+0j+Rk) ' (pi+qj-1k)
= Pp*0gq-R = 0

| (Al-14)

from equation (Al-4). Thus (P,Q,R) is perpendicular to N. Consequently, (P,Q,R) is
tangent to the integral solution surface at every point and lies in the plane of the tangent
equation (Al-13). This means that the first-order equation (A1l-4) can be regarded as
a geometric requirement that any integral or solution z(x,y)through the point (x,y,z)must
be tangent to the vector (P,Q,R). In fact, by beginning at some point on the integral
surface, one line which lies in the integral surface can be determined from the known
tangent vector (P,Q,R). This line is termed a characteristic. By determining sets of
characteristics, the solution surface can be generated.-

Stated in another way, the vector (P,Q,R) has been determined to be tangent to the
solution surface at all points. A single line in the integral surface can be determined by
starting on a point on the integral surface, moving in the direction of (P,Q,R) and
determining the curve which is tangent to (P,Q,R).

Suppose that the position vector r of a point on a characteristic curve is:

r=xi+yj+zk (A1-15)



This vector can be expressed parametrically in terms of distance s along a particular
curve: '

r(s)=x(s)i+y(s)j+z(s)k  (A1-16)

and the tangent vector to the curve at a particular point is:

or axl

oy az _
e as it el aek  (A1m17)

The vector (dx/ds,dy/ds;dz/ds) is tangent to the characteristic curve and the solution or
integral surface. (P,Q,R) is also tangent to the solution or integral surface thus the two
vectors are co-incident and their components must thus be proportional. This implies:

dx/ds _ dy/ds _ dz/ds

(A1-18)
p o) R
or
dx_dy_dz a5 19
P O R

The system of equations represented in (A1-19) must be satisfied by any characteristic
in the solution surface. Thus the partial differential equation (Al-4) can be converted
into a system of ordinary differential equations represented by (A1-19). Equivalent
systems of equations (A1-19) are:

dy _ Q0 - dz_R
—— = _2
Z P P (A1-20)
or
dx _P dz _R
—_— —— A1_21
dy 0 dy ¢Q ( )

Equations (A1-20) or (A1-21) are ordmary differential equations which can be solved by
conventional means.
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Appendix II. Solution Algorithm and Code for
Model4D1.PAS and Model4D2.PAS.

Model4 represents the computer routines for the Macroscopic, Lumped Parameter
Model Presented in Chapter 3.

Solution Algorithm for Model4D.

Start.

l

Set/Initialise
Variables.

I

Iterate in Time.

Determine Corresponding
Time Increment.

l

Calculate the appropriate
Alpha and sigma vector
values within the column.

I

Increment Fluid Vectors.

Graph Breakthrough
Curves

End.
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Appendix II1. Solution _Algorithm and Code for
Model2D.PAS.

Model2 essentially represents suitable computer routines for Dixon’s [1992] particle scale
model discussed in Chaper 4.

Solution Algorithm for Model2D.

Start.

Set/Initialise
Variables.

I

lterate in Time.

Calculate the A-Matrix
and Y-Vector required
for the Crank-Nicolson
Method. '

Use the A-Matrix and
Y-Vector to calculate the
Alpha and Sigma vectors
within the Particle.

Graph profiles.

|

Graph canversion versus time.

End.




for Model2D2.PAS.
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for

and Code
ModelSEl.PAS and ModelSE2.PAS.

Algorithm

Appendix IV. Solution

Model5 represents the computer routines for the CSTR model discussed in Chapter 5.

for ModelSE.

Solution Algori

" -ablaAuoo sio010aA eUbIS B
pue juabeals pinjj ¥iNg jHUN ajeiay|

_

10109 eyd|y psieinojea sy}
Buisn siojoep ewbig ay) aieNoje)

_

"‘UoHEBIIUBIUOD
sbeal piny }INg ay} agnNoER)

‘ajonled auy) 10} 10)09A eWHIS B Ssany

_
‘10109, eudly 8y} ajejnojen

"JOJ0BA-A PUR XUIBN-Y Y} 8jeinojen

‘'S9SSB|0 9ZIS U 9)RI9)|
1
‘uoneliusouod jusbeas piny JINQ e sseny

‘pPu3

_

"BWI} SNSISA UOISIBAU0D Yydein

‘sajjoid ydesn

‘S|le1op 10} }99US MO|} IX8U 999

..m_o_tm..a 8yl ulynm si030ep ewbig
pue eyd|y 1xsu ay} ajejnojen

:$1N220 82uabiaAuod |un

‘Wil Ul ajelay

‘ ‘(@zis)uj ssspwuled
[@pow aujwisyaqg -

‘se|qulIep
asljeljjui/ieg

‘uels




odelSE1.PAS.

.
B

mn

Code List

l13)1gnog: 1Jed4ayioa’snipeysay { JO133A jO WJOU Y} UO PaIseq elJdalidd 3IaU3baAuo]) 19-31= 3147 WION
Jea ( TIUBWBJIOUL BWL]}  Y100°0= 1e3)ag
({ _ "911) elep e WoJy UL PEaJ 3Q PINOM UOLIBWJIGIUL SLYl A)}eapl) { ("L+N jutod 1e SI ¥ pue 3Jp,l=Y )
{ (4327 dA/dA pue jad"y/y at) UOLJBWJOJUL IMUNJOA IAL1R]IJ pue UoLjewtojul) { aduLls) “(1+N)/I woJd} paieindiel *IuawaJLdu] aseds) {(L+N)/|= ECIRET)
{ snipeJ aAljejal suiejuod 31 Indino ug " (303A/0A pue ¥ ai) uollewlojul) { *papnjou} jou)
( SUN)OA JBUOL}JBJ} PUE UOLJBWJOJUL SNLPBJ SULBIUO0D ABJJE B1e(3ZLS) { ¥=J pue g=J -sjutod JOLJ3IUL JO J3QUNU 3Yl j1EH) lsL= N
{ 3ys Ajer3tul “Aelde Blep UOLINGLJISLPp 3ZLS 9yl dn s3as adnpadoud siyl)
- - Crmpwawrnpnsrsnsmnspprssnspnny SJ9190EIED POYISW 1€ILISUNU 3JE 3SAYLxmx)
¢ fuoilestielltul uolIngLdisiqg IzZ1lS aInNpadodd
B TP up VRS R R I PP
{ *SSE|2 3Z1S 9JUaJI43J 3y} SAULIQ) 1= 17921543y
( L+N* "0 abued aulinod Bulydedb ayl Ul pasn Jo1%9A X :X13aseieq)
{ N «N 2bued SJU3LI1}4300 UOSI0IIN-JYUBID JO XLJIBW : XLJIBWY) ( . *S9SSe)D IZLS JO JAQUNN) lo= W
{ L+N"°0 abued  poylaw UOSIOJIN-JUBJ] ULl JO1I3A ,ISUOJ, :  393AAD .
{L+N""0 W-"0 @bued (pajendjed) l+1 awll 31e (J)u} ewbis : DL JSI¥S) ( . “sadjlided pt)os ayl jo uM|oA 1e30]1) 2267 0=1J8d]OAIOL
{1+N""0 W°-p 93bued (passanb) L+l awWil 3e (J)uj BWBLS : | JSLAS)
{L+N"°0 W"*( abuey 1 3wl e (J)u} ewbls : 11¥s) ( (gw) °uelAlxl) pinbty jo auwnyoA)  !6GL°0= bi110A
{L+N°""0 W°°Q abueu L+l AWy e (J)uy eydyy @ LdLEY)
{1+N*°0 K" °Q 3bued 1 3wtl 3e (a)uy eydyy : 1v) Cammvnnxnyns’ 3UAWLIAAXS Y1ST 3YY 03 3103daJ Yitm sualaweded dJe ISAYLyxn)
I1eay 4o {271’05 " L1Aeddy : elegazts
( (A3150404)"sad)lided pLyos ayl jo abeplop) 110°0= abeplop
tbuidys: 212qe)9’ | 13qe1y
!papuaixa: 2seddey’ (seddey’zepque’ |epquel :0°0=  2deddey
!papuaix3: JeisnN‘z eie@azisuns’1eAdLdlEY {0°0= zeaag
3epabs : 9SJBAUTY ' X1JIBWY
$3BWJbs : J1d21¥S L dL1YS  Ld21¥S LdLLYS 2135 L1¥S  LdLaV ' LAY ( *uoxiq (| 6d pauiyag "a)atided ayi ojui)
- NN ) 1e31930 { PIN} Jo uUOLSN}}Lp Snodod 03 3)1d13Jded 3yl ULyILM)
<Jo3oapldoys 1~>o_um¢ucwu~—>o_um¢ucou.u|~mumsm4.x Lepque { BulplSaJ 3ueldE3aJ PL}OS JO 331BJ UOL1IEAJ }jO OLley) {2L°0= |deddey
{40393A3J0ys _: ) gseddey’y” | seddey ‘) zqedde) 'y |deddey’y zeiag') Leiag { |l Bd pauljop olieJ D1413WOLY3101S SSI|UOLSUWLQ) 0°0L= Leiag
1J0399ABUOAIaA ¢ Alaseleq’xiaseieq’zauo)d’ | Aauoj
lJ3Bajug: AdojpJdey’ | Be)i‘aepn Auo)’Jep 10]14’ sieaday {xxx"SSB12 9ZLS 3DUSJAJ3J 3yl 03 31qedl|dde sialawedsed Yl dte ISIY|yxx)
{J49baju]: 10443 X3puazLs‘ Xxapu1quy
1su0d
Jea .
!s300¥1ua4g|I2ZW’ 1eJ633ul ‘ydeuBas’ ppiJom ‘ydes6’ (6’ pypis’3dd sasn
I31gnoq 30 [2°°1°0G" " LJAeJJay =|Aedue )
adAl 4 isuotlede)2aq)
) {------ Tmeemmmmnn- B e R R R R L AR EREEEEREY
{ °SJ3pJo UOL3IJEdJ JIPJO I|QBLIBA 4O} 2(0G)9POW 33S) ( *(GW9) paiepdn 566l Ael 62 b
{ "Allun 3e 313s 29 o3 paau asayy wedlbodd siyl Joj) 0°1= 2dsp40 ( G661 AJenugay g2 )
¢ *s3Jod Y3 Ut PL1OS Yl 4O IIPJO UOL3IIEIY) 07 1= LdSP40 { uMo) adey jo A3LsSJaAlun 2}
{ *BulJ4asutbul jeswway] jo juawidedag }
{ *SJBALIp solydedb Jojy AJ0123JLp PLIBAY!19diNzd,= JIQPLIBA ( “salAeq weyedn :papol)
¢ *3uWl) SWes ayy 104 )
(o adr R d RN R KRN RN RNN RN NRN R R xxxrxax  PIIINDIY UOLIBWIOIUL JOYI0xrn) { UO0131BJ1U3OUO3 ploE 3wes 3y) 0} pasodxa aJaMm yoea ji )
' ( JU21X3 BWesS 3yl 01 31deaJd yioq pinom sitsodap 3yl - )
{ *3%e}JNs 3yl uUO 3Isoyl I)quasad )
{ ("W => 139Z1SM3IA gN) °| ydeub ul paydedb) ( 91913Jed ay3 uLyILIM s3tsodap jueldead pLios ayl - )
{ 9Je sSse)33Z|S SLYi_}o S3)tjoud uoliesjuasuod ayl) 12=109ZLSM3LA ( :9pN)oul j9pow SLyl ui suolidunssy x )
[ 1 ©313Q/] 3190 JUldd P3J1ISIP WO PaULWI3Iaq) f01=3140 uLdd
{ "awWil Ul suoliedall) {00y=suoliedal| { "1 0 sJ4apJdo jueldead pL)os Joj saplaoud Ajuo wedboud Syl « b
) ( uox1q Aq padojaAsp b
{ TaULINOY JUSJY AY) JOJ SUOLIRIIIL WNWXEW) {00l=  Ja3lIxey { se suoljenba ay3 6ulsn 3)otiJded e ULYILM Slueldead pl1os pue )
( "21q161163u aq o) pawnsse SIL 31) : { pilnyy jo 3a)1j04d UCLIBIIUIDUOD 3Y) SIieinsied wedboud 3yl )
{ ydiym M0]3Q Pi]0S JO UOLIBIIUIIUOD SSIUOLSUWLQ) fy-al= 101 2U0JS ( ‘ejep 4101 BuizAjeue Joj 1001 B St Wedb604d SIYL » | IG13POKD
{ “auLINoy JudJg 3yl Joy BLU31LJID 3JUaBJIaAUO]) ig-9l= 114 AUO)
{ ax) {13619poW wesbodd
abed SVd" L3S 13G0N owWeus|td 8760 5661751790 [ obeg SVd" L351300W :oWeus|iq 8760 G661751790



Op W 03 |=IX3pulazls Joj

uibaq
{ “sjueloead pljos pue pinbl] 3Yj 4O SUOLIBJIUIIUOD)
{9de4uns 3yl ade [L+NILdLL¥S Ppue [L+NILL¥S ‘{L+NILdL¥V ‘{L+N]L¥Y 32yl 3ajoN}
{ *SJ03I3A)

{ ewb1s pue eydje ay3 33s 03 SUOLILPUOI EBIILUL Yl sasn aunpasodd siyl)

.mhzm "pue” ¥y Qawl ]l 3Jnpadodd

{ . *sa19134ed)

{ JO sse|d az(s yoea sJajawesed (apow 3y} SIULWJIIIBP. 3Jnpadodd SLyl)
{32157 uy " suajaueled 13POW BULWISIAQ 4NPIV0Jd
e R L EEE L ERREEE LT R LR LR 3}
pus

[01] .2A013E¥3U0) {0=:[0L].lAOLIBYIUOD

{------- R R EE LR LT LT R e R LR > [6] .2A0 3B YIU0) 10=: [6].1A0138%3U0)
‘pua [8] .2A013BY3U0) 10=: [8].|AOl3EYIUOY
‘pus [/] .2A0l3eY3u0] ‘0=: [21.lA0l3eY¥3U0)
[9] .2A0l3ey3uo) {0=: [9]_lAOl3IEY3IUO)
[ 'xapuiaziS]eleqazisy,[109Z1549Y] . 2ot 3eyiuoy/ -[G) _2Aol3ieyauo) 10=: [G).lAOL3IBYIUO)
[X3pu{az1S]  2A011EYIUOT2seddey=: [xapulazLs] ¥ eseddey [%].gAoliey3uo) {0=: [%].|A013E¥3U0D
2513 (=: [xapu]3z1§] ¥ gseddey Uayy = [xapulazis]  ZAOLIBYIUOD }1 [£].2A013B43U0) :0=: [g].lAO13EY3IU0D
[1'X3pu13z15] L1032 LS, [12921S42Y] , LAolieyauogy/ (2] .2r013ey3u0) <0=: [2].lAot3ey3uo)
[xapuazis], LACL3B¥IUOD, | Seddey=: [xapuazis] )~ |seddey [L].2A0l3ey3u0) {0=: [L].lA0}3E¥3IUOD
3519 Q=:[Xapu]azis] y |seddey uayj g=[x3pu]aZLS] . AOLIBYIUOD §1 utbaq
{  «xxxxS3UL) M3} 3IX3U Ut paAjoAut uotlidunsse Jamod A3 LUN:9IONymxxx}
[} 'X3puiazisieleqazis,
[ xmvc_mN_mumumowN_m;mmmaamx [x3apu[az1S] .Y 2deddey { *SSR)D JZIS IJUIJIJIJ IYI ISNW 003 OS U3y} ‘Iueulweluod )
[ 'xapulazisleleQazisy { JO UO13BJIU3IUOD 3JeyUNS B 3AeY S3)diiJded jo sseyd dzis Aue 41 :3ILON)
[ xmvc_mN_mumumomN_maFamaamx [xapuiaziS] Y |deddey {*(UO13843U33U03 JUBU(WERIUOD ¥INQ 03 UOLILJIIUSIUOT JUBULWLEIUCI 3Je}INS 3Y3)
(IX3pu]az1S] ,2A013BY¥IUCT+| )/ _ { 40 O(1BJ) JOIJIA Ol3eJ JUBULWEIUOD 3Y] 3Uijap o3 pasn St aJnpadodd siyl)
([103Z15)3¥] .2A0131BYIUOD+| ) x2B38=: ([X3pulazis] ) Zeiad - ~
1([Xapu]azZLs] . LAOLIBYIUOT+] )/ _ fuoi3lest)ei3lu] uoL3e307 JUBULWEIUC) 3JNPIJ0UJ
AHAUQN_mwmzu LAOLIBYIUOD+| )| BI38=2  [X3pUIaZIS] X |18
| ‘xapujazisielegazis/ _
HF.xmvc~w~_mumumowN_m\hmu_oon" [L'xapulaztsl_ ) 1e3jag
uLbaq pus
Op W 03 |=:X3pujazlS Joj
{ rsaJod 3)at3J4ed Ul piNY4 03 PINY} YN O 3WNJOA jo oliey)
!(zepque?-| )/zdeddey,zepque=: Zseddey
ApmvnEmJ 1)/ dedde)y | epque=: Lsedde) 1(3Jed}3Y10Ax36EP1I0A) /DL OA= JRISNN
HduwN_mwmzu A_zepquei=: z2epquey
f[12921S43¥4) X Lepque=: Lepque _ _ . !pua
Ipua I{g'xapulazis)eleQaziS+g e1e@aZ1ISWNS=:2 e31eQgaziswns
‘ujpeaJ 13Jed43410A/318d10A30L 4 [2’ X3pUaZLIS] BIRQZIS=! [2/XapuU]dZLS] BIBQSZLS
) I(41°UOLIBOYOLA UOCLIEI0T JUBULWEIUOD, U] LUM !snipey}ay/[| 'xapulazisleiegazis=: | ‘xapu]dZ1§]LILQIZLS
'soydesbasaso)d - ulbaq
utbaq uayl (((0=[139Z1543¥] .zAo13eyiuo]d) pue (l=gbeld)) Op W 03 |=:X3pulazls Joj
Jo ((0=[123Z1S43¥] _LAOL3IBYIUOD) pue (L=|6e14))) 41 v _
=:12 elegazisuns
Ipua .
-|+26e1d=:26€14 U3yl Q<> [X3PUdZLS] ZACIIEYIUO] 41 {{1')1J92Z15 9y]e1e@dZ1S=: SNnipeY4ay
Il+Lbe4=:16eyd Uayl Q<> [X3puUazIs]  |AOLIeYIuUO] 4! 1[2°139215)9Y¥1©0310(09Z1S,3J8d)0AI0]=230BdI3Y]I0A
{([x3apu[azis] ZAOLIBYIU0D+L)/ :
[X3pu]9Z1§] .ZAOLl3IeYIUO)=: [X3apU]3Z1LS] ) ~Zepque ‘00L/0 =:(2' oeumumomN_w !¢-3p0°0 =:[L'Qllereg@azls
{([xapu1azis], [AOLIEYIUOD+|)/ - ‘00L/0 =: [2'6)eiegazis ‘€-30°0 =% [L oumumooN_m
[X3pu]3zZ1s] |AoLl31eYIuUO)=: [Xx3puUaZ|IS] .} Lepque] ‘00170 =: [2’'Blelegazls : {1'glelegazls
uibaq ‘00L/0 =: [2'/1eieQRZlS !¢-30°0 = [1'/]eie@azls
op W o3 Fu.xmvCAoN_m Joy : [2'9leie@azls !¢-30°0 =: [L'9leiegazls
:gbeyd : [2'gleiegazls <¢-30°0 =: [l'sleiegazls
.o-.meHm i [2'%y1eiegazls !¢-30°0 =: [L'¥yleiegaz!s
uibaq : [2°'¢leieq@azls !¢-30°0 =: [1'gleiegazls
‘00L/66=: [2°2]eieqazis cg-aGg-LL=F [l’'2leiegazts
N laabajul: gbeys’beyy 00L/1 =: [2'lleieg@azts !g-3age =2 [L'l]eiegazts
. Jea - uibaq
abed SVd*13G7300W :aweuaty 87:60 G661/51/90 ¢ obed SYd*13G1300N :aweuajl4 8960 6661761790



31ds1ys vcm 1413V 9182 24npajodd INELENIH s103’sMoy
G e e e e d e memme e ———aan R Jea
!pus { xxxxxd4Npa204d Syl ul paAajoAul uotidunsse Jamod A3 1UNI3IONyxxxx)
AF+zv¢HF+z X3pu[azis] | dlyv- 1(J40109A3404S: JOIIIAA JEA)XIJIBW UOS]OILN JUBJ) 2]1B] 3INPadodd
(L-N- r:..,z xapu1az1s], 1yy+( [’ Xapu1azis] )y 1e3)aq/
[L*X3pulaZ1S]e3LA9ZLSK (]’ xwvc_wN_meumowu_wc .
3011905323 130xNx2- ( [N'X3pU[3Z1S] Z1¥Sx
[xopulazis] mamaamx+ﬁz X3pulazLs] L 1¥Sx {1BADLdLY¥V=2 [L+N’ xmuc_wNFmH LdLyy
[xapuiazts] ) Ldeddey) . [| ‘xapu[az1s1e1edaz ISy ‘pua
: (I xmvc_uN—wumumouN_mcmmudmo¢mmudwo¢z {[X9pUIqJY ' XOpU[3Z1S] D1 d2LY¥S=: [X3apuU[qJy’Xapu[aZ1S] . | d2L1YS
+Nx2)x [N'X3PUTDZLST _ LYY+(L4N-)u[L-N"X3PUIIZLS] _LYY=: [N] 4039374 ! [xapu[qJy 'xapulaziS] J|dLLY¥S=: [X3pUlqJy X3puIaz1s] _|LdLLYS
*[1'x3puazis] ~1e1jaa/ ulbaq
[L‘x3pu[az1S]BIEQIZISy[]’ xmvc~m~_wumumomN—wa op (L+N) 01 0=:X3apu[qJy Joj
321190%383)30xNx2- ( [N'X3PU[9Z1S] _1d21¥S~ ) uibaq
[xapuiazis] X Namaam¥+ﬁz X3pU[adZLS] 1dlLY¥S« OP W 03 }=:x3pulazls Joj
wavc_mNqu X Ldeddey )L’ X3pu[az1§]BIRQIZIS . uibaq
[} ‘X9pU13Z1S1eIB(9Z1S,301190x381 120xN- Nx2-=1  [N'N] XtJ43eny
fL-N=:[L-N'N]_X1JIenyY ( "ssanb pailepdn a3yl se Jo323A J1d|1¥S 3yl sasn)
A 3] "uOl1BJ3IL IX3U 3yl Joj ,SSsanb, palepdn ue saplaoad adnpadoud styl)
!pus _
J(1-smoy- vaH_+m:Ox X3pUdZLS] | LyV+ 11 dS1¥S Ssannay aunpasodd
o’ X3puiazis] ) 121130/ [| ‘X3pulozZLS] BIRQZ 1SN R LR EE R R P R R ittt R =)
[L'X3pu]321S1eIeQaz|Sx381 130383 190xSMOUx2 - :
Ahm:ox X3pU13Z1S]  21¥Sx [X3pUIaZ1S] ) “2deddey+ : Ipua
Hmzoz X3pujlazis] . —hxwaﬁxmvc_mN_wu ) | deddey), ; Ipus
[L°xapu]azisieleqaziSyll’ X3pu1azis]e1egazis, LL+N'XSPUTAZLS] _L¥Y=: [L+N'X3PUIdZIS] . Ld1¥Y
323 19(0x383190xSMOY+SMOYx2) x [SMOY ' XBPUIDZLS] _ 1YV Ipua
+(1+SMOY-) 4[| -SMOY ' XapU]azS] _LYvy=: [SMOY] JOIIIAA I [XapuUIqJy’ XapuU[9Z 18] _2L¥S=: [X3apu[quy’Xapu[aziS] _|d2L1¥S
_ | +SMOY=: [| +SMOY ‘' SMOY] XL JIBKY J[XOpUIqUY ' XOpU[DZiS] | L¥S=: [XOpU[qJy‘XapuIaz1S] | dLL1YS
‘[1’'x3puiazis] )~ 1e319Q/[| ‘XSpuUlazZ|S]eIRQIZIS, utbaq
H_.xwvc_wN.wumumcuN—wammu_oo¢ op (L+N) 03 0=:X3pulqJy Joj
381130y SMOY 2~ ( [SMOY X3PU1aZ1S] _1d21¥S _ uibaq
»[X3pU1aZIS] X_ mamnam¥+ﬁmzoz XapulaziS] _ldl1¥S - Op W 01 [=:X3puldazls Jo}
*qunc_uN_mH A~ deddey), [| ‘xapulazisieiegazis, : uibaq
[1°XapuUaz1S]RIRQ9Z 15,383 130xI01 120xSHOY- SMOYx2-=1 [SMOY’SMOY] X 1JIBWY
!] -SMOY=:[| ~SMOY'SMOY] X LJIIBKY { *sSanb 3yl SB San|eA S, JBAJIIUL awll snolAaad 3y3)
A u1baq { sasn 1] °uoi1eJ3)L 2yl JO4 ,,SSANB,, 1BLILUL 2yl SapiAodd aunpadoud styl)
Op L-N O3 |=:SMOY JOy4 _
: ) {1 dS1¥S SSaNg 3unpasodd
‘9x[|*x3pulazis], LYY- (o R AL LR )
([ ’xapu1azis] 3 1e1jad/lL’ X3puU1az|s]e3eqazisy :
[L‘X3pU[3215]€18(9Z 154381 1305383 120x2- ( [0 X3PUIZIS] . 21¥Sx ‘pua
[x3pu1azis] X 2deddey+[0’Xapulazis] | L¥Sx ‘pus
(xapu9z1S]) ¥ |deddeX), (L’ xmvcHwN,wumumcmN_m¢ : {0=: [xapuqy] 2Au0)
[L'X3pulaziS1e1RQaZ 1Sx383130x383190+9)x [0 X3PU[21S] 1yy=:  [0140393AA 10=: [X3pu1quy] , [AUOD
l9=:[1'0) .X1JIBKY u1baq op Axew 03 Q=:xdpulqJe Joj
*([L"x3pu1azis] ¥ 1e313a/ ‘pus
[’ X3pU[3Z(S]e1BQIZLS L’ X9pU[Z1S1BIRAIZ ISy J)=3 [L+N’X3pU[aZ18]  2LYS
321120x323120x2-( [0 'X3PUIAZIS] . | dZL¥S« [X3PUIaZLIS] Y 2deddey+ . S f1=t[L+N"XpU]aZ|S] | L¥S
[o'xapujazis]. 1dLL¥Sx[Xapu13z1S] .} |deddex) . fL=: [L+N'X3pu1azis] _Luy
[L'X3pu1az15]e1eaaZ1Sx | ‘XOPUISZISIBIEA9Z 1S438130xIRI190-9-)=2 [0’ 0] . XLIICKY <pus
‘L =: [Xapulquy ‘' Xxapulaz1S] . 21¥S
‘pud <= [x3pu]qJy ‘xapu[dz1S] | LYS
70=:[S103°SMOY] x1JIBWY Op (L+N) 03 Q=:S]0J 1O} ‘0= [X39pulQJy’X3puazis] LYy
uibaq uibaq
op (L+N) 031 Q=:SMOY J4O4 op N 0} (=:XapulqJdy 40}
uibaq . : uibaq

abed SVd"L3GT1300W :aweuajty 8%:60 moop\wwwoo G 9bed SVd*1357300K "mecwd_u 87:60 S661751790



utbaq

Op W 03 |=:IX3pulazls Jo}

{0=:gwJoN

Ip=:2uwJoN

{ »xy WJOU B BULSN) ip=:|WJoN
uibaq

‘31qnog: SWION‘2WJON‘ LWION
JeA
{ " 1dL1¥Y)
{ 30 anjea passanb YllM J|4l¥V 4O 3njeA pale|nd|ed ayy saJledwod os1y)
{ "LdL1¥S 40 anjeA pajeinojed e YiiM |dLLY¥S 40 anjea passanb ayjl 6ulJedwod)
( Aq pabJaAuod SeY UOLIN|OS 9yl 30U JO Jay3aym s)29yos aJnpadoud siyl)

£32Ua643AU0Y NI3Y) 9J4NPIJ0IY

.Agong uoomu<w:dm> ooL‘g-aL’ ﬁxovc_ng< X3pu1az1s] 21¥s
" [X3pU1QJY ' X3pU[32LS] L dL¥Y’ [XOPUIqIy‘XapuIaz1s] - 14y
mamvgo onvc_wN_mH b mvnsm4 [xopuiazis] ) geleg
' [xopu1azis] ) zdedden’[|‘Xapulazis] ¥ 1e3130 .
‘0" 1'0"0)S300¥3U3Ig=: [X3PUIQIY ' X3PUTaZiS] I dZ1YS
ulbaq
E3ES
[XapulqJy ‘xapuidzis] . Famhmmx.nxwvc_ng< X9pUIaZis] JldlL¥S
U3yl 101 2uoJS> [X3PUIq4Y’X3pUIaZ1S] | d2L¥S i 381
pua

L2

((([xapu1321LS] ) 2EpqueT-|)x2)/ [X3pUIqJy‘ XSpUI9Z1S] . | LYV

(X3pu1az1S] Y 2398, [Xapulazis] ) gdeddey,

[1'x2pu1azts] A 1e3130+| )/{(( [Xapulaz1S] ¥ 2epque-|)x2)/

menc_n;< X3pu1azis], hx<¢ﬁxovc_o~.mu ) 2elafy
[xopurazis] ) “2deddeyy [| 'X9pu1azis] Y 183130-1)x
[X3puIQY ‘X3puaZ1S] .2 1¥S=1 [X3pUIq.y ‘Xapu[azis] . uﬁamhxmm
uibaq
uayl |=2dspJo w.
uibaq
usy3y (0<>(xapuIazis] ¥ gdeddey) pue (0<>[x3pulazis] Ay geidd) 4l
ua
uvcon
:(JoJua’300¥3yan @A 0L ‘g-3]
! [xapu1qy‘Xapu13z(s] . | 1¥S’ [XapUIqy ‘X3pu1azis] . Ld1yY
" [X3pu1quy ‘X3pu1azZ1S] . 13V’ | dSPJO’ [XapuIazis] ) quuEmJ
‘Ixapuiazis]) .y Leiog’ [Xapulazi1s] ) |deddey
"[L'x3

PUI9Z1S] AT1B312Q°0" L 0" 0)S300¥3IUdIE=1 [XIPUTqIY ‘ X3PU[3Z1§] (L dL1¥S

uibaq
as)a
[x3pu1quy ‘Xapuazis] | dL1Y¥S=: [Xdpu[quy’xapu[3zZ1Ls] ILdLLI¥S
U3Yy3 101 2U0)S> [X3PUIQUY‘XIpU[aZLS]  LdLL¥S §! IS}
pua

(CCIX3PUAZLS] %™ Lepque-|)«2)/ [XapuIqIy ' XapuazZ1is] . Ld 1V«

[¥opu1az1Ls] ) LB1ag, [Xapu1aZ1s] Y |dedded,
[1'xapuraziLs] ) hmu_mo+vv\AAAwanc_m~_mu A Lepque-|)s2)/
[X3pu1quy’Xapulazis] 14y [X3pU13Z1S] ) "|B128y
[xapu1azis] ) Tl deddey,[| ‘Xapu1azis] Y 18313d-1)«
[X3puIqJy’Xapulaz1s] | 1yS=: [XapuIqJy’ xmuc_mN_mu(uFm_hzmm
ulbaq
uayy |=1dspI0 $!
_ _ utbaq
uayl (<> [xapu[az1S] X Ldeddey) pue (<> [Xapulazis] X Le13ag) 4l
uiBaq op (|+N) 03 Q=:X3pulqJy Joj
utbaq
Op W 03 |=iIX3pulazLs Jo

“3004 3yl JO} IA)0S 03 (3Junpadosd BulpUi} 3004 JBIUL]-UOU ¥))
POYIaW S,3udJg JO 3SN SIYBW 3POJ "SJOIIIA J|dSLY¥S 3yl 3iejnajeld

Ll

£1BA128SSRN,IBISNN/ 183130+ [(L+N) ' L] 1¥V¥=218AD L dLYY

!pua

2383190/ (([N'X3pUIaZLS] | dL¥V+ [N'XIpUISZIS] | LAY)-
CICL+N) ‘X3pUTaZLS] | LdLYY+ (L +N) ‘' X3pUIDZLIS] | L13V))x
2/C[L 'xapulazislele@aziS,[| ‘Xxapulazisleleqazis)/
[2'X3pulaz1S]1e1eaaziSyg-([(L+N) 'X3pUIdZLS] L dLlYVx
[CL+N) ‘x3puazis], | d2Lys« [xapu]azis] Y gseddey+
[CL+N)’X3pu3Z18] , Lavx[(L+N) X3pUIdZ1S] . 21¥Sx
[xapu1324s] ) ~2seddey+ [(L+N) ‘Xopu321S] . LdLl ¥V«
[CL+N) *X3pUIa2ZLS] . | dL L3Sy [X3PUTaZLS] ) | Seddex+ )
L+’ xmnc_wN.m_ 18V [CL+N) 'X3pUI3ZS] | LAS«
[x3pu1azts] ¥ |Seddex),2/[2'X3puUlaziS]ele(9Z1S- A1 EgSSen=: _m>_mmmmmzm
. ulbaq
. OPp W 0] |=:X3pUIaztis Jo}

!p=:1eA)1e8SSel

¥1SJ ayY3_ul 3uelsead piniy)

$0 3duejeq ssew 3y3 40 3sn ajew ‘anjeA juiod Y3 +N 3Y3 JULWIIIAP)
ol “(3utod Y3~ +N 3Yy3 30 3sn sajew 3L ybnoylje) N jutod o3 O jutod)
wod} JOIDBA 1YY 3yl Joj SaN)eA Sale|ndjed adnpadodd uepdopssneg ayld

etV

!pus

! [(X3pu1q4y] 40393A3NdINQ=1 [X3PU[QJY ‘X3PU3ZLS] | dL¥Y OP N 01 0=:X3puIqdy Joy

!(13Qiepy’ _asJaAuly L0uum>u:au:o (L+N) ‘101234 X 1J3BWY)uEpIOPSSNEY
7(40323AA)X14IBW UOS]0DIN quBd]) D1E)

uLbaq

Op W 03 |=IX3pulazls JO4

{ *SJ03J9A | dLl¥Y 3yl 2ie|najed 3sJl4)
u(baq

!10323p1J04S: JO323AA ' 40123A3NdINY

!1eay: ’ 100y31yanieA

fa1qnoq: 13Q1eWyY’ 1eAegSSen
JEA

¢ *3ULIN0Y JUSJE 3Y) O UOLSN)IUL 3yl O3 anp St}
Am_;h.Lmvgoco_uumwgwﬂnm_Lm>m;u_zmaoucmumg:vouoLampcumvcmuwu_m<v

obed SVd"13ST300W :aweua)td 87:60 6661751790

.

abed SYd"13671300W :sweua)ld 8%:60 S6617/51790



!pus
1(0'0'2129219/006 " | )MopuiMyde.nyage
©(0°0'1139219 056’ | YMopulpydedgiage

1(S)1D9Z1ISMALA’ | SSEIIMILA !, 'sgepque’
'+ gepque] !, ’szdeddey’, geddey !,’szeiag’, ge1ag ,)3eaucd=:ziaqels
, ‘(S109°, SSe1)3Z1S4ay 1uM 109 !, ’'s|epqueq
+ lepque !, ‘s|deddey’, |eddey !,’sieiag’, |e13§ ,)IEIU0]=:|)3qe19

$(S179Z1SMALA’2:109Z1ISMILA)IIS

unmmmuMENJ.m"m"HduwN_mzo_>u‘¥|~m B7)43S

{(sgdeadeN’g:9: [109Z1sMatA] Y gdedden)is

(522139 €191 [1J3ZISMaLA] Y 2e328)43S

J(siepqwel’g:6i [10921SMaLA] ) |Bpquwe)Jls

©(S1097%:9: (314D 1ULJdg1R1120))JIS

f(sideddey’c:9: [129Z1SMALA] ) | gedded)ads

F(S121238°¢39: [129ZLSMALA] X 1e138)41s

21 13513POW, JMOPU LM L]

1(,U011BIIUIDIUO) SSIUOLSUIWLQ, )SIXYAS1ILL

{(isntpey ss3ajuoisuawiq, )SIXYX313L1

2(0’1)sixvA1agen

<€’ 1)sixvxy19ge

<(1'2°0)stxyameaq

‘(1'2°0)stxyxmedq

I(2)40102138

0°0)53d20433UIAX3I3S

0'0°0)eaJvioida|eds

(0'0)adA1Saxy1as

. I(| )MopuUtMIUaIIN)dISpIOY

I (2)MOpULMIUIINDIAS

, f(J1gpLiea)sotlydesasiiul
uibaq

:

;0
0

/BULJdlS:
‘BuLJls:
{Burays:

S1JISZLISMILA

szepquen ‘' sgdeddey’szelaq

S109‘slepquey’s|deddey’s|elag
JBA

las1yet3tu]” Lydeag aunpasodd

{g e1e@azISUNS/ _
[2'%3puU]9Z1S]RIBPIZ I SxUO LSIBAUCD+[JBA AUOD] 2AUODD=: [JEA AUOD] ZAUO)
“([L+N'x3pu|aZ1S] Z1¥S-1)x[Xapulazig]  gepquel+
1BABIIU 4 ( [X3pUIaZ1S] ) Zepque-|)xE=2 Uo LSJ3AU0]
{(1epBajul ‘(| +N) ‘0321120’ 29J91U] ) 101233 IBIIU]
1383119QxX3PUlqUVy
381 13QxX3PUIqUIV.( [X3pUIqJy ' X3pulaz1§) _21¥S-1)=: [XapulqJy]29J4aiu]
op (L+N) 0} Q=:XdpulgqJy Jo4
uibaq
uayl Q<> [¥apulaz1s] ) 2deddey 41

!pus
{2 elegazisuns/ _
{2'%x3puazZ15]8318(J9ZLS4UO I SIAUOD+ [IBATAUOT] | LAUO]=: [JBA AUOJ] _ |AUO)D
fCLL+N'Xapu[azis) | L¥S-1)» [X2PUIaZLS] Y Lepque+

1BAB3IU  ( [X3PUIDZLS] ) |epquweT-| ) .E=: Uo | SJBAUO)

1(1eABaIul’ (L+N) ‘0’ 38319Q° | DI23U] )40323A31R 163 U]
£33 190xX3PU1qIVy
321 130xX3PU V. ( [X2PU1quy '¥apU[9Z1LS] | 1¥S-|)=* [¥apulqJy] |9Ia1u]
op (L+N) 03 (=:x3puiqJy 404
. _ ulbaq
uayy 0<> [xapulazis] ) deddey 41
uibaq
op W 01 |=:X3pulazis Joj
uLbaq

1eay:

co_wgm>cou._m>mmuc_
110393A6U0 AN

FAECRV G NERU )
JEA

( *J03B4B33UL JO3JIA S1IJNJ-UULND 3yl SL)
{ JojeuBajul ayl -uoxiqg ¢| "6d uo elnwuoy Iyl SIsn 3] ‘1BAJIIUL dwL] Y1)
{ 40} 3121314ed 2yl 40 UOLSJIAUOD ]EUOL1IIEBJY 3yl S31EIN3 eI 3J4NPadoJdd siyl)

{U01SJ3AU0D D1B) 34Npadodd

! [X3pulquy ' Xapuiaz1S] , | dZ1¥S=: [XapulqJy xdpuIazZ|S] .21¥S
! [xapuiquy’Xapulazis] | dl 1¥S=: [XapuiqJy‘xapulazis] | 1¥S
! [x3pulquy’xapulazis] | |d1YvY=: mevc~ng<.xovc~oN_mu(hm<m
utbaq
op (L+N) 03 Q=:X3pulquy Jo4
uibaq
Op W 0} |=:XdpuUldZ!S$ JO4
. utbaq

{ *SJ0139A |+lewBLls pue |+leydie ayl yiiM siuduodwod J1ayy Buioeidad Aq)
{uUo13eJa1L IX3U 3yl Joj SJIOID9A ewbis pue eydie ayl saiepdn aunpadodd siyl)

!s)ys pue” ¥y aiepdn 24npadsodd
s e et

!pua
_ _ f1=:16e14 uayy
(3114 WION>QUWION) PUB (314D WION>ZWION) pue (314D WJON>|WION) !
TCIL+NTL) | LdLEY-1BAD ALY ) xC[L+N" L] L dLY¥Y-1BADLdLYY)=: EUION
pua
pua
!0=:2WJON 3512
pua
{([xapulqJy‘Xapu1azLs] | L d21ys-
[X3pulqJy‘xapulazis] (| dL L1Y¥S)«( [X3pu]qJy ' Xapu1azis) . | d214S-
[X3pu1guy’XapuIaziS] (Il d2LYS)+QWION=: UJON
uLbagq uayl (Q<>[xapulazis] ¥ 2deddey) pue (Q<>[xapulazi§) ) geiaqd) 4!
0= |WJON 3S]3
pua
! ([xopuU1qIy’Xapu[azLs] [ dL 14S-
[xopulqJy‘Xapulaz1S] . J1dL1¥S) «( [¥3puUlqIy ' XIpU[azls]  |d]1¥S-
[X2pU1QJY’XPUIIZLS] I dLLY¥S)+|WION=? |WION
uibaq usayl (<> [Xepu[3zisS] Ldeddey) pue (Q<> [Xapulazis] y |e1ag) *_m
-u1baq
op (L+N) O} Q=:xapulqJy Jo}

ol

abed SVd " 13IST3I00W F3weua] Ly 87760 S661751790

abed SYd*135T1300W :aweua) Ly 87760 5661751790



!l+JBAT101d=3JBAT301d £(113519POK, JMOPULMa 3L L
(U0 1SJ9AUO] JBUOLIJRIL,)SIXYAR|ILL

_ Ipus 1(1(91913Jed 20U3J342Y [YM) SWL| UOLIJLIY SSIJUOLISUAWL(Q, )SIXYXI1ILL
{1 ds1y¥s ssanpnay 2(0'L)sixyareger
{33U3b43AU0D %I3Y) 10’ 1)sixyxiage
{31dsLyS pue | 413V I1ed $(17270)sIxyaMeaq
u16aq : I(1 ' (G/xeusIXYX))SIxXyxmedq
op (p=16e14) 3a)lym 1(2)40102313s
uibaq €070 0°0)S3d33493UAXIDS
op SuolleJal]>sieaday a)iym (0" L XeWsLXyX'0°0’'0°0)e3a4yiolda1eos
: _ ) Cxxxx-5323d0Y, 1RY 130xxnnx) Ig=1XeWs L XyX
—*1dS1¥s_ssang (0" 0)adAsaxy1as
“SLYS pue LYy gawl| {(1)MopuULMIUdIIN)IBpIOG
_ {(2)MOPUIMIU3IINIIAS
{0=:4eA_AUO) : utbaq
Ip=:4ep 101d
o=t |Beyy4
!0=tsieaday eay: XeWS L XYX
_ Jea
- - -astietitu] Lydedy -
{3715 u) sJo3IdWeIEg |SPOW SUlWIRI3Q ImeaQ pue asiielitul gudedn aunpadoudd
{uollesiielllu] uoliel07 jueulweluo) L L L LT T T TP B e b}
luotjesiielitul uolinqLlastqg Iz1s
HVEENRE)
!pua
!(asJaAu]y)mau HEIWEL"LEN] .
f(Alaseieq)mMau I(xiaseieq)mau Ipua
, < (2Auog)mau Z(1Au0))MaU €29’ (2+N) ' _A13sele(Q’ X33seieq@)eleqioldaul’
1 (JldzLys)mau J(1d2Lys)mau J(2Lys)Mau * [XapulqJy ‘xapulazis] | d2L1YS=: [xapulqJy] _Alaseieq
<(oldl1ysimau S(LdlL1ys)Imau QWIS LED] op (L+N) 03 Q=:X3pulqJy Jo}
HEFIELEY HLLEN , {1 (2+N)’ _A3aseieq’ xiaseieq)eieqioldaul
{(2A01318Y¥3U0] )M3U {(LA0L3BY¥IUO]IMBU ! [x3pu1qJay ' X3pulaziS] | Ld1Y¥V=: [X3apuqdy] (Alaseleq
_ : {(_zepque)mau (3_Lepqueq)Mau : op (|+N) 01 Q=:X3pulqJy Jo}
(A 1e3)ag)mau f(3_gseddey)mau 2(_Lseddey)mau ‘ u1baq uayl p<>[Xapu[az1S] Y 2deddey j1
1() z2deddey)ymau 1(y " tdeddey)ymau !pua
SO geiag)mau I(1 Le1agimau (LS (2+N)‘_Alasereq’ x1aseieq)eieqioldaul
utbaq ! [XapulqJy ‘xapulaziS] | | dLL1YS=: [Xxapulq4y] Alaseleq
( ) op (L+N) 0} (=:X3pulqJy .o}
. 1(0°g'62+N)’ _Alaseleq’ xiaseieq)eieqiojdaull
{pud . ! [X3pulqJy‘Xapulazis]  |dL¥y=: [X3pulqJy] Alaseieq
. op (L+N) 031 Q=:X3pu]qJy Joj
_ ; !pua uLbaq uayy O<>[xapu]azis] Y Ldeddey ji
£(0'9'JeA AUOD’ AJaSEIRQ’ X3I3SEle()eledlo)daul {3e31120.X3pPUIqIy=1 [xapUiqJy] X33seieq op (L+N) 01 0=:X3pulqly Joj
!0=:[0].A33seieq J1J9Z1SMILA=IXIPUTIZ LS
. !pus !pua
- [XapuqJy]  2Au0)=: [XapuqJy] Alaseieq {ujpead
1183130x3 14D JULIJLX3PUIqIy=: [X3pulqdy] X3dseleq . £(,U01393S SUOLIBJIR]I3Q Ul SSBJJIZISMILIA = A4109dSay,)uialtim
u16aq op JeA AUOJ 03 (=:X3pulqJy Joj £(,"31S1Xd 30U S30P YoiyM SSEB1D IZIS B 4O SIAINI, U3 LJIM
u1baq uayy g<>[xapulazis] X gdeddey ji
_ Ipua £(,uo1SJ3AUOD 3Yy) ydedab 03 aulinoy Buiydesg 3yl paidNIsul dABY NOA,)UTIILJIM
2(0’s’JeA AU0D’ A33SEIRQ’ X13Sele()eleqioldauln 1(,¥0¥¥3 Medq | ydedn,)ujallum
I0=:[0].Al3seleq !s21ydeubasaso])
: !pua uibaq
! [XapulqJy] | |AUOD=: [X3pUgJy] _Al3seleq U3yl W<)IIZISMILA §!
118319043140 IULJdXapUqUy=: [XapuUlquy] A X1aseieq ulbag
u1B3q Op Jep AUOJ 03} (=:X3pUjqJy Jo} . _
u1baq uayy g<>[Xxapulazis] ) Ldeddey i !s31nsay |ydedn aunpadodd
2(0'0°2129219°006 ' L )Hoputmydeanyaqgen B R EREEEE R T )

$(0'0"1129e19°0¢6’ L )moputmydeaniaqgen

2l 3bed SV¥d° 13S7300W -aweuayty 89760 5661751790 1l 9abed . SVd | 367300W -3uweuajld 89760 S6617/51790



‘pus

!sa1ydesbasaso )

1(Jodd9'g’ L0616 12 0" £)dunquasaoas uayy |=AdojpJiel ji
_ _!(Adogpuej)uipes.
!meaqg pue asiiel3itu] gydedyp

Mopuipmaea) )

1040407 L70°6 1S L '2 0" £)dunquaadas uayl |=AdoDpJey 41
!(AdogpJey)upesd

pua

! +s3yeaday=:sjeaday
, ‘p=:{6e14

_ !14s1¥s ssang
!s1ys pue L1yv 2iepdn

Ipua
!uoLsdanuol T a1e]
!s3nsay |ydeun
!L+JBATAUOD=1 JBA_AUOD
p=:4ep 301d

uibaq

Uayl 314D73ulad=JeA 101d 4t

el

3beq

SVd 13GT300W -Sweuajly 8%7:60 S6617517/90



.
&

Code Listin

{ 29uLS) "(L+N)/| WoJy pajejnd|ed “IudwaJOU] 3deds) I(L+N)/l=  3e31ag

I((aseq)uMod)dxa=:43M04d" ( - *papnjoul jou)
as)a { ¥=J pue Q=4 ‘sjutod JOLJIIUL SO JIQUNU 3Y) })eH) 1= N
=iJ9MOd U3yl (Q=aseg 4!
asj)a {xxxxxxxxxrxsyransxansxxprxxyx’ SI212WCICd POYI3UW 1BILIBWNU BJE 3SIYlyyy)
=1J43M0d U3yl Q=Mod ! ’ :
u1baq .
C !papuaix3:(1eaJ:Mod aseg)amod uoliouny ( “SSB)D -IZLS IIUIIIS3J Yl S3UL}3Q) 1= yJ9z1543Yy
D ¥
( “S3SSE)D IZLS }JO JaqUNN) 2= W
L4 L+N“*0 @bueud autinod Bulydedb ayy ul pasn J03I3A X :XIaseieq)
{ N «N afuey SIUILDL 44300 UOS]JOILIN-JURID 40 X1JIBW @ XLJIEWY) ( *s39)134ed p1)10S 3yl O 3wN)oA 1B30LY} !22G°0=3JBd|O0AIOL
{ L+N°"0 3bued  poylaw UOS)OILN-MUBLD UL JOIDIAA 3ISUO), :  13I3AA)
{l+N"°"0 HW°-0 9bues (pajejnojed) L+l 3wil e (J)uj ewbis : 3J(dSLYS) { (gw) °juelatxi) ptnbl] 30 awNjoA)  16GL'0= biTy0A
{L+N" "0 W" "0 abueuy (passanb) l+1 BwLy je (J)uj ewbis = | 4SLYS)
{1+N" "0 W°*Q abueud 1 dawly je (J4)uy ewbis : L1ys) (xxxxnyxpxns JUBLIAX3 Y1ST Y3 03 323dad yiiM ssajaweded ade 3aSOYLyxy)
(1+N° "0 W"-Q 9busd L+1 awly 3e (J)uy eydyy @ L 4LaV)
(L+N° "0 HW-"0 abuey - 1 awly 1e (a)uy eydyy : 1y} )
{ (A31sodod)-sadjlided plL1os dayy jo abeplop) 110°0= 9beplop
F1eay 40 [2°°1°0G°"1lAeday @ ejegazis
:0°l= 2dspdo
!BuULJlS: 219qe)19” | j2qe 1 {0°0=  2deddey
!papuaix3: 2seddey’ | seddey’ vansmd |epquen ‘0°0= 2eiag
!papuaix3: JeisnN‘g eiegeziswns’ 18AJL d LYY
{31eWabs : 9SJaAUTY’ X LJIBKY { - sagod)
1epdbs : J1d21¥S 0LdL1¥S" 1d2LyS  LdLLIYS ZLYS 11dS | d AV’ LAV { 3yl ULYILM sjueldead PLIOS IYI SO JIPJO UOLIIEIY) 0°1= LdSpJ0
IAeday : y lenag 4 *uox1q || 6d pauljag -a1otised ayl ozul)
1J0323A3doyYS <N>o,ummucou _>o_umxucou u NmumEmJ ¥ Lepquel { PlN}} 40 uoLsnysLp snodod 03 31913ded ays uLyILmM)
£40323A3404S 3 zsedde)y’y meaamx ¥ zdeddey’y mea eN’y Nmuum ¥ Lelag { BulplsaJ 3jueldedd p110S 40 3ied uoliead jo oliey) 1Z1°0= | deddey
£J0323ABUOAUBA ¢ >uwmmumh xummmumc N>cou LAUOD { 1| Bd pauljap ol3led 21J433WOLYILOIS SSI|UOLSUSWILQ) 0°0l= |e138
ldabajur: AdoppJey ‘| 6eyd’dep >cou Jep 301d ‘s3yeaday
ERCLER VS JOJJa‘Xapu1azLs ‘xapuiqdy {xxx"SSB1D 32Z1S 32U3JI34as 3yl 03 3)gedljdde susiswedsed 3yl aJe 3S3Ylxxx)
Jea 3SU0d
a1gnoq 0 [2°°1'06° " LlAeduy ur>mggma> !s300Y3Ua4g|JZW  324633U1 ‘ydedbas’ uppyJom ydedB’ {6 upypis‘1Jo sasn
9dA)}
( 1suoljede}daqd
¢ EEREEEE meeeeeaas)
L _ "SJaALJp solydedb Joy A4013341p PLIBAY ! 9dINId.=  JLQPLIBA { *(OWD) paiepdn 5661 ABW 62 )
: : { ‘G661 Adenugad gz )
s *uMo| ade) jo A3LSJdALUN )
{xvevvvvrpsprrprnyyrsssrrrrsnrrssrrxssrys PIJIND3IS UOLIRWIOJUL J3YIOxxx) ( *6ulJaaulbul 1edlwaYy) 4o Judwidedaq )
€ “salAeq weyedy :papol)
( ("W => 1J9Z1LSM3aLA gN) - | ydedb ui paydeab) ( *dwly awes Yy Joy )
{ aJe sse)29zis siyi_jo mmd.wOLa U0 13eJ3U32U0I 3Y]) 12=1092Z1SMALA { UO013eJ3U3JUOD PLIE Jwes ayj 03 pasodxd a4am yoea 41 )
( 1783130/1 21190 3UlJd PaJlsap WOJ} PaulWiaiIaq) I01=3147 dLdd { JU931Xa aWes 3yl 03 3Iead Yioq pIlnoM S3L1sodap ayl - )
{ "aWtl Ul suotiedall) lpQL=SuUotieual] ( *32e44NS 3yl UO 3sSoyl I quaIsaJ )
( 31ot3ded ay3 ulyiLM sitsodap juejoeas plyos ayp - )
. { 1apnioul 13pow Syl ui suolldunssy )
( *3auUl3lnNoy 3JUdJg Y3 JOj SUOL3eJal| WnwIXeW) lo0L=  Jayixew
( *31q161163u ag o1 pawnsse sl 31) ( *sJapJo )
{ yo1ymM MO13Q PL]1OS O UOLIRJIUIIUOD SS3|UOLSUaWL Q) .q -9]= 101 2U0JS { jueldeas pL)os 3jqeldea Joj saplaodd Ajuo wedboud Siyl )
( *aULINOY 1UdJg Y3} Joj EBLI3ILJID 3IU3aBJIBAUOY) 1g-3l= 3143 AUO0) { "uoxi1Q Aq pado)aaap )
( xxy) { se suolienba ay) Bulsn 3a)d13J4ed e ULYILIM SIueIdBAJ pL)OS pue D)
{ JO123A }JO WJOU 3Y3 UC PIsSeq BiJ31LJD IJUBI3AUCY) {9-3|= 3143 WION ( PINy} 30 3)1j04d UOLIBJIUIDOUOD Y3 sS3iendjed wesboud ayy )
L4 T3UdWaJOUl Awll) - 100" 0= 1e313q ( ‘ejep 4131 BulzAjeue Joj ool e S| wedBodd SLYL s *23512POW)
{ (°|+N 1utlod e St Yy pue Ipgli=y } 1236)3poW wedbouq
2 3bed SVd " 2361300W :aweusa )ty 12791 5661/0£/L0 abed SVd*23571300N :aweua) Ly 1291 5661708720



[X3apu[azis]  ZAOL1EYIUOY) ) IdMod,2Seddey=: [xapu[az1s] X ¢seddey
9$12 Q=:[x9pulazis] ) 2sedde) uayy (=[X3puU[3Z1S] .2AOLIEYIUOD 41
[l ‘xapulazis]eleqazis,
(LdSp40’ ([12321543¥4] _ LAOLIEYIU0)/ -
(x3pu1aZ1S], |AOL1BY1U0]) }JaMOd, | Seddey=: [xapulazis] X |seddey
8519 Q=:[x3puazis] ¥ |seddey uayy p=[xapu[aziS] |AOLIBYIUOT 41
[ 'xapulaz1S]e1eQazZ LS,
[1'xapuiazis]elegazisyededdeny=: [xapuaz1s]  j gdeddey
[ 'Xapulazi§]el1eQaziS,
[L‘xapulazis]eieqaziSyldeddey=: [xapu[az1§] 3 |deddey
{([xapu1azis] ZAoL31eyIU0]+|)/ -
([103Z1S43Y4] ,2A011BYIU0D+| )420138=1 [X3pu]az1S] N 2eiag
{([X3pu]azZ1S]  LAOLIBYIUOD+L)/ -
([123Z1S43Y]  LACL1IBYIUOD+| ) xlBIDF=: [X3pUlaZ1S] ) Lelag
I[|'xapulazis]eleqgazis/ ~
[1’xapulazis]eieqazis/(e31ad=: [|‘xapulazis] ¥ [e312q
u1baq
Op W 0} |=:X3pUazis Jo}

I(2epque-|)/2deddey,2epque=: 2seddey
‘(1epauet-|)/| deddedy| epque=: Lsedde)
£[12921549¥] )_gepquei=: 2epquwen
f[12221549¥] N |epquei=: Lepquen
pua

lujpead

(1 °UO11BO]OLIA UOL1IED07 JUBULWEIUOD,IUIIILIM

!s71ydedbasaso)d

utBaq uayy (((0=[12921543¥] gAolieyiucy) pue (L=26e14))

Jo ((0=[13921S}3y]_|AOLIeyIuo]) pue (|=|6e14))) 4|

:

!pus
J1+26e14=126B14 UaYl (<> [XdPUIAZIS] 2AOL1IBYIUO] 41
!L+16eY4=:|6B)4 UBY] (<> [X3pUIIZLS] _|AOLIBYIUO] 41
{([x2pu1aZ1S] ZAOL1BYIUOT+])/ _
[Xapu]aZ{S] 2A0L1B¥IU0]=: [X3puIazZ1S] ¥ 2epque’
T([x3pu[azZi§]  LAOLIBYIUO]+|)/ _
[X3pu]aZ1S] | AC1IBYIUOD=: [X3PUIaZLS] ¥ |Bpque)
utbaq
op W 03} |=:X3pUlazls Jo}
l0=:26e 4
' l0=:16e14
ui1baq

!Jabajuyl: 26ey4’|6eyd
J

eA

<0=: [%]_.2A011By3U0) ‘0=: [%].lA0L3EYIUO]

‘0=: [£].2A011B43U0) {0=: [g€].lAot1eyIuo]

p=: [2].2A013ey3uo] lp=: [2]).lAOl3EY3uo]

‘0=: [l].2A0131By3U0) 0=t [l).LA0l31eY3U0]
- uibaq
( *SSE|D 3ZIS 3JUILISIL 3yl ISNW 003 OS U3yl ‘Jueulweluod h)
( JO UO13BUIIU3DUOD 3dBJJINS B dABY S3]dllJed jo SSeD 3ZIS Aue 4 :IIOND
{°(uUol31e43usaduod JuUBULLRIUOD J|NG O] UO|]1eJIU3dUOI JUBUIWEIUOD IJB4INS 3IYl)
( 40 0118J) JO1D2A Ol1BJ JUBULWEILOD 3Y3l duljap 03 pasn S| adnpadzodd siyj)

fuolles|je131U] U011ED0T JUBULWEIUCT 3JNPadotd

C *saJdod 2yo134ed Ul pinl4 031 PINYS YING 4O SWN]OA 4O oi3ey)

(342 ds3Y410A«26epLOp) /BLT1OA=: 2BISNN

- _ Ipua
. ![2'X9puUlaziIS]el1R(aZ1S+2 ©IBQIZISWNS=:2 BIRPIZISWNS
13Jed43Y410A/11Bd10AI0 1, [2 ' XapuUlazZis]eleQazis=: [ 'xapuidzis]eleqazts
!snipey}ay/ (| ‘xapuiazisleieqazis=: [| ‘xapuazis]eieqazis

uibaq

Op W 0} [=:IX3pU[aZlS JO}

!0=:2 eieQazisuwns

[1'10921542¥]e1BEaZ1S=2 SNIPEY}aY
£02'109Z15494]1B18(9Z1S,3IEJ1ONIOL=:1JEd}DYIOA

<00L/0 =:[2'QlleIegazts 2§-30°0 =:[1'glLleiegazis
{00L/0 =3 [2'6lBIRQAZIS {g-30°0 = [l'6)e1egazts
1 [2'gleiegezis {g-90°0 =2 [1'glereq@dzis
+ [272]1eleqgazis lg.30°0 = [L'21e1eq@azls
: [2'9leiegazls ig-9070 =t [lL'9lelegazis
1 [2'gleieqazls: 1 [L'Gleiegazis
t [2'vleieq@azis t [L'yleregazis
T [2’'gleiegazls t [L'gleyegazis
t [2'2)elegazts : [L'2]eieqQazls
: [2'l1elegazis T [1'lleye@azis
uibaq

({ *sa)ol3zed) !ajgnog: 1Jedjaylop’snipey}ay
( JO Sse1d 3zls yoea sJajawedted japow 3yl SaULWIII3dP 3Jnpadoud siyl) JEeA
!az1STu} sJajaweded 19poW aUlWJ31ag 3JNPadodd ( *3)14 BlEp B WOJ} Ul PE3J 3q PINOM UollewJojui Siyy A))eapi)
( (4347 dA/dA pue Jau7y/y 3L) UOLIBWIOSUL SWNJOA 3AL1E]3L PUE UOLIRWIOIUL)
{ snipeJ aAlle1as sulejuod 31 Indino ug " (303A/dA pue ¥ al) uollewdojul)
{ 3WN)OA BUOLIOEJ) PUB UOLJIBWIOJUL SNiped sulejuod Aelie elegazis)
!pus { ay3 Ajjetitu] -Aeaue elep UolINGiJiSIp 9zZ1s ayy dn s33s aJnpadodd siyl)
[QL].2A0L1eY¥3U0] <0=:[0L].|AoL3EyIU0] - _
[6] _2A013BYIUO) f0=: [6].lAOLIEYIUOD luotlestielliul uoLIngiJisiqg 3zZ1s alnpasodd
[8] .2A0131BY3U0) f0=: [g).lA013E¥3UO0] R LR T LR E LR R P PP B R )
[/].2A013BY3U0) fp=: [Z].lA0l1EY3u0]
[9]1 .2A0l3BY3U0] :0=: [9].lAol1eyiuo)
[G] .2A0l1eYyiuo) I0=: [G].lAOl3EY3Iuo] pua
abed SVd*235TI00W :dweualtd 12 91 G661708720 abed SVd*23G71300W :aweualy 212791 6661708710



[xapulazis] X 2dedded+( | dSpPJ0’ [N’ Xapu[az1s] _ | d| L3S)IoMOdx
[Xapulazis] % |dedde),[|‘xapulaziS]eleqazisSy

[l 'X3pulaZ1S])eIeQdZiS,3RI 1905323 190xN-Nx2-=5 [N‘N]_XLJICHY

IL-N=:[1-N'N]_ Xta3ewy

Ipus
{(1-SMOY-) x| +SMOY'X3pUaZ1S] _1¥V+
([l'xapulazis] X 121130/ [| ‘xapulazis)eleqazisy
[1'X3puU]azZ1S]e1RQRZ1S, 3130530 )90xSMOYx2 -
((2dSPJ0’ [SMOY¥'X3puU]azZS]) Z1YS)43M0dy
[xapu1azis] ) 2deddey+
(1dSPJO’ [SMOY ' X3pU3ZLS] || L¥S)JaMOdy
[xapulaz(S) ) |dedde))y
[1‘XapulazisleleQaziS,[|'Xapu]az1S]eIeqazisSy
38311905381 120xSMOY+SMOY 2 ) x [SMOY 'XBPUIDZLS] | LYV
+( | +SMOY-)  [| -SMOY ‘Xopulazls] _ 1yv== [SMOY] JOID3AA
_ I +SMOY=: [| +SMOY ' SMOY] _XLJIBWY
{[L'%3pulazis] Y 1B1190/[|'X3pulazis]eleqoziSy
[l'X3pu1az1S]) €IRQ9ZLSy, 323190381 190xSMOYXZ -
((2dSPJO’ [SMOY‘X3pU13Z1S] | d2L1¥S)IMOdy
[xapu1az(s) ) 2deddex+
(1dSPJQ’ [SMOY'X3puIaZ1S] | | d| LY¥S)IaMOd
[xapulaziS] X |dedde))x[|‘Xapu]aziS]ei1eaazisy
[L'X2pulaz18]1e31ed9Z1S,381190x3C3 | 20xSMOY-SMOYxZ-=1 [SMOY’'SMOY] XLJIIBKY
1| -SMOY=: [| -SMOY'SMOY] _XLJleKY
ui16aq
Op |-N 03 |=:SMOY JO}

- ‘9x[| “%9pu1aZIS]  LYV-
([1'%apulazts] .Y 123130/ [ ‘Xapu[az1S]e1eqaziSy
[L'X3puUIaz1S]e1eQdZ15,383 130,303 190x2-
- ((2dSpJ0’ [0x3pu13z1S]) _Z1¥S)I9MOdx
[xapu1azts] j 2dedded+(LdSpJ0’ [0X3pUIazis) || 14S)I9M0dy
[xapulazis] Y Ldedde)), (| xapulazisIeleqazisy
[1'X3puiazis)eleaz|S,3e1190x383130+9)x [0 X3PUIaZLS]  1Yy=:  [01JOID3AA
- 79=1[1'01.X1JICHY
{([1L'xopulazis] X Le1yaa/
[l 'Xapulazis]eleqazis,[| 'Xapu]aziS]e1eqaZ1S,323130x323190x2-
((2dSpJ0’ [Q’XapulaziS] | d21¥S)JoMOd, [X3PU]a2Z1S]) Y 2dedded+
(1dSPJO’ [0'X9pUIaZ1S] _ Ld| L¥S)49MOdy [X3PU[32Z1S] ) Ldedde)y
[1'X3pulazi1s]e1eqaziSy(l 'XapulaziS]eledaziS,3e1190x383190-9-)=:[0'0]  XtJICHY

Ipus
!0=:[s)100’sMoY] XiJieWy Op (|+N) O3 (Q=:S]0) JO}
utbaq
op (L+N) O3 Q=:SMOY Jo}
uibaq
!J4abajuy: $103'sMoy
Jea

!(40309A3J0YS: JOID3AA JEA)XIJIBK UOS|OILN JUBJD J1ED 34npadoldd

{ommmmm e mm o JE e sme-ees)
: pud
!pua
1AL dLYY=: [L+N'X2pulaz1S]  LdL1¥Y
pus -

Nﬂxmnc_ng<.xmuc_m~_mu<uﬁamhmmu“menc~ng<~xmnc~mN_mu.Famhmm
uﬂanc~ng<.xmnc~m~_mu.uﬁaﬁhmmn"menc~ng<.xmnc~mN_m_<Fa—hmmm
uibaq

op (L+N) 01 (=:x3pulqJy Joj
. utbaq
Op W 03 |=:X3pujazis Joj
uibaq

*ssanb pajepdn ayj Se J03J3A J|dLL¥S 9yl sasn)
*UO13BJ3YL IXBU dY3 Jo4 ,SSaN6, palepdn ue sapiaodd 34npadodd stLyl)

~
-
—

!1dS1Y¥S SSaNHay aJ4npadodd

{[L+N"X3puUIdZ1S] _1dY=: [|+N'X2puldz1S] | dLYY
) Ipua
! [X2puU1q4y’XdpuUlazis] 21¥S=: [Xapu]quy XapulaziS] | Ld2L¥S
! [XapulqJy’Xapuazis] || 1¥S=: [XapuIqdy‘xapulazis]  Ldl1¥S

utbaq
op (L+N) 03 Q=:XapulqJdy Jo}
ulbaq
op W 03 |=:Xd9puUldazlS JO}
uibaq
{ *$SaN6 9yl Se SanjeA §,1eAJaIuUt awll snotaddad ayi)
{ sasn 3] "uolleda3ll ayl Joy ,Ss3nb, JelIlul 3yl saplaodd aunpacodd siyl}
{1dS1Y¥S SSaNY 34np3dodd
LR LR R D R }
pus
pua
10=: [xapulqJy]  2AUO]
{0=: [Xapu1qJy] _ LAUO)
_u1baq op AXew 03 (=:X3pulgqJe Joj
pua
Jl=:[L+N'xapuazis] 2Lys
{)=1[|+N’X3pUIaZ1S] L1¥S
Il=% [L+N'X9pulazis]. Ldy
Ipus
!l=:[XapulqJy’xapu]azis] _21y4s
!l=: [XopulqJy ‘xapuazis] , | 1¥S
{0=: [X3pulqJy’Xapulazis]  L¥Y
uibaq
’ Op N 031 Q=:XapulqJy Jo}
u16aq
op W 03 |=:Xdpul[dazis§ 404
uLbaq
{ *SluUe3oead pL1os pue pinbl] 9yl JO SUOLIBJIIUIIUOD)
{Poe44ns 2yl aJe [L+N]1dLLY¥S pue [|+N1LL1¥S ‘[L+NILdl¥V '[L+N]L¥V 3ey3 3ioN)
{ © "SJO3ID3A)

{ ewbls pue eydje ayi 13s O3 SUOLILPUOD JEBLILUL 3yl sasn aanpadodd siyl)

!s1ysTpue” LYy gawL] 2JnNpadoJd
T S e s gt RO )

[ 'xapulazi1S)eleqozisSy
(2dSPJ0’ ([129Z1S43¥] .2A0LieyIuo)/

sbed SVd*235T300W :duweualty 22791 S661705/40

s

abed T SVd 235 1300W T9WeUs |13 129l 6661705720



e AQq pabJaAuod sey UoLIN|OS 3Yl 10U JO JAYIIYM SH23Yd adnpadodd siyld

£32uabuaAu0) )23y ainpadodd

ALoggw uooxu<m:_m> 0oL ‘g-9L’ mevc_ng< X3pujazis) zLys .
menc_ng< X9pujazis]  |dLdv’ meuc_ng< anc_wN_mu 13y
Namngo mevc_mN_mP | munEm4 [xapulazis] ) 2e1ag
mevc~m~—mu Y 2deddey’ (L’ Xopujazis] j 1e3jad
'0°170°0)S300¥3Ua.g=" [XapUIquy’ X3pu1aziS] I1dZLAS
uibaqg
9813
[(Xapu1qJy‘xapulazigl —amhmmu.ﬁxouc_ng< X3pU[azis] JLdLLYS
U3yl 10| 2UO0JS> [XapU[qJY‘X3pulaziS] _ | d21¥S 4t 9512
pua

((([xapu1azts] ) gepquel-|)y2)/ [Xopulqay’xapulazis) . | dLi¥Vax

IX3pu1azis] ) 2e13gx[X3pulazZLs] ) ~2dedden .

{1 'xapu1azis] .y pmudwo+_v\nnﬁﬁxmvc_w~.mu ) Zepque-|)«2)/

[X3pu1qJy‘ Xapu[3Z1s] . h¢<*ﬁxmnc_o~_mu ) 2e3198y

[xapu[azis] ) “2deddey, [|‘xapuaz1S] ¥ 183130-1)«
[xapuiqdy’ xmvc_mu_mu‘thmq.ﬁxmnc_ng< X3pPUIazZ1S]) .Ild2L¥S

uibaq

uayl |=2dSpJo 31
utbaq
3519 p=:[xapuIquy’ X3pu1az1S§] .3 delys uayl (Q=[xapu1azis] ) mamaamxv 3t
‘pus

!pua

.AQOQLo.uoomu<m:~m>~oo—.w 9|
mevc_ng< X3pUlazis] | Fhmm quuc_ng< X9puaz1s] | dLIYY
' [xapuquy’ Xapulazis], 18v’ hamugo [Xapu[azis] Jf_ —mqumJ
“[xapulazis] X Le1ag’ [xapulazis] .y |deadey ‘o
1'%d
:[X3puqJy 'X3pu[aZ1S] [ 21dLLYS
uibaq
ELAF)
[XapulqJy’xapulazis] . —a—hmml.ﬁxuuc_ng< X9pU19ziS] JLdlLYS
U3yl 10| JU0JS> [XapU[qJy ' XapUIazis] LdL1Y¥S ! 9S)9

puUIazis] A"1831130°0" L ‘0" 0)S10043UD.g=

( *300J4 9y} JOJ dAY0S 03 (3Jnpadodd Bulpuly 3004 Jeaul)-uou y)}
{ POYlaW S,3UsJ4g 4O 2SN sajyew Ipo) "SJOIDAA J|dSLYS Yyl Iienojeld

11BA129SSBWLJRISNN/L1BI130+ [(L+N) L] L¥V=21BADLdLIYY

!pua

1383190/ (( [N'X3puazi§] L dLyV+ [N XapuazZis]  1¥Y)-

CICL+N) "%apUiaZ LS LdiYy+[(L+N) 'X3puaZLS]  L¥V))xa
2/([|'x3pulazis]ele(azis, (| ‘xapulazisleleqazis)/
[2'%3pu122151eIBQAZ1SKg - ( [(L+N) 'X2PUIIZLS], |dL¥Vx

[(L+N) 'X3pU13Z1s] . LdZL¥S« [X3puazLs] ¥ ~2seddey+
[CL+N)"X3PU1aZiS] LV [(L+N)’ Xapu[321S] . 21¥S«
[xapu]azis] ) T2seddey+ [(|+N) ' xapu1azLS) . | d1yYe

[(L+N)’ xuuc_wN_mu LdLL¥Sx [X3pU[aZLS] ) | Seddexs

[CL+N) 'X3PUIdZ1S] | L ¥V ((L+N) 'XaPUISZLS] _ | 1¥S«

[xapu{azts] ) rmmaamgv*N\HN.xovc_memumumamNmm-_m>,mmmmmzun.m>_mmwmmzm
uL6aq
Op W 0} |=:XdpuldaZts Jo}

=:]eAlegssen

{ *¥1SI 3Yi_ul ueioedd piniy)
{ 40 20uUBIEq SSEW 3Y)} 4O ISN YW ‘INjeA Jutod Y1~ L4+N 341 BULwiLIdP)
{ ol -(autod y3T|+N 3yl 4o asn sayew 31 ybnoyije) N lutod o3 @ ulod)
{ WoJj} JOIDIA YV 3yl JO} S3aNjeA S3leINI1eD aJnpadodd uepdorssnen ayld

!pua

meuc~ng<ugouuu>u:au:o .mevc_ng<.xmuc_mu_mu Ldl¥y op N 03 =:x3pulaJy Jo4
1(19Q3BKY’ _9SJIAUT Y’ J0329AINAIND " (L +N) “U0123AA’ XlJjeWy)yuepdorssnen
.ALOuuw>>vx,Lumz UOS)OD LN Jued) 2\1e)

utbaq

Op W 03 |=:X3pulazls Jo}

{ "SJ01J3A | dl¥V 3y} 93eIN21E8D 3ISdLi)
uibaq

!10329p1J404s: JOI23AA 1 10323AINdINO

i1eay: J00Y¥3IydIN A

!3)1qnoq: 13gieny’ 1eAegSSel
JeA

pua !3ldsLys pue Pahm< 2189 m;:umuogw
! S
((([xapulazis] ) Lepqueq- L )+2)/ [X3pUlquy ‘Xapulazis]  ld LYV« '
IX3pu[azis] Y Le138, [Xapu[9Z18] ¥ |deddeds "Pue
[L'X3puiazis] Y hmudoo+—v\AAAmeuc_w~.mu A Lepqwe-L)«2)/
[(X3puqJy’Xapu[azis] . hx<;ﬁxmuc_m~.mu FICELM AF+2vcH—+z X9pUI3Z1S] , LdlYv-
(xapu1azis] X Ldeddey, [| xapu]aztS] XY 1€313d-1)x (L-N- vch—+z xapu19ziS]) _ Lyv+( (L’ Xapuazis] A 183130/
(X3pUIqIy ‘Xapu[azZ1iS] | 1¥S=: [Xapulqly’Xxapu[azLs] | dl1¥S (N xmuc_mN_m_mumouNFm;H_ Xapu|aZ1sjeIeqazLs,
u16aq 3211905323 )90xNx2 - ((2dSPJ0’ [N’ X3pU[3Z1S] 21YS)J9MOdy
uayl |=1dSPJ0 3! (xapu[9z1§] .Y gdedded+(LdSPJIQ’ [N'X3pUIdZiS] | 1YS)JaMOdy
u16aq quuc~u~,mu ¥ Ldeddey), [L'X3pu[3ziS]e3edaziSy
3519 (=t [X3pUIQJV’X3pUIaziS] I dLLYS U3yl (p=[xapulazis) ) Ldeddey) jt [0’ X3pU[3Z1S]BI1BA92154303130x383 190N
uL6aq op (L+N) 01 0=:X3pu[qJy Joj +Nx2) « [N"X3PUISZLS] _LUV+(L+N-)x (| -N'XBPU[IZIS], LYY=: [N]J0323AA
u1baq ![1'¥x3pu1azis] X 1e312q/
Op W 03} |=:X3puldzls Joj [L*X3pU1aZ|S]3Bq9Z 1S, [| *XaPUIIZIS] B1RADZ 1 Sy
3811904323 130xNx2-((2dSPI0’ [N'X3pUI3Z1S] . | d21¥S)I1aMOdy
g 9bed SVd“"2361300W -sweuajtd 12:91 5661/0€/20 . obed SYd"2361300W -aweudly 12791 S66170£7720



‘(slgeddey’g:9: [103Z1SMaLA] Y "1 geddey)t3s

{(s1e19g’g:9: HdumN_mzm_>u ¥ 1e128)418

!(123519POH JMOPULM3] 3L L

A.Co—um._ucmucou SSIJUOLSUBWL G, )SIXYA) 3y

f(isnipey ssajuUoLSUBWL], )SIXYXIIILL

.Ao.va_x<>_onm4

(9’ L)sixyxi3qen

10 ,270)SixyAmeIQ

2(1'270)s1xyxMedq

£(2)4010233s

(0:0°0;0)53d3oJ33ulAX3I3S

"L'0°0’070)e34y10]1d2 1808

£(0’0)adALSaxy1as

{( | )MopulMIU3IIN)I3pIOg

< (2)Mopu LMIU214N)33s

‘(J1aptiep)sotydean3sytul
uibaq

€0°L'0

HVTWEE-H
Butays:
lButays:

S109ZLSMILA
,seepquen’szdeddey ‘szelag
s1Q9’siepque’s|deddey’s|eiag

¢ ©J103ed633Ul JOID3A S13JNJ-UULND 3yl sSt)
( J03euB33Ul 3yl “-uoxig ¢ "Bd UO BINWJO4 BY} SISN I °JBAJSIUL dwL) 3Y})
{ 404 3]9114ed 3Y} 4O UOISIIAUOD JBUOLIDBIS 3Y} S3le|NI|ed 3Jnpasodd Siyl)

{U01S13AUO) D1E) 3INPaJoJId

{--- e )
pus
Ipua
, Ipua
< [X3puUqUy‘X3pu[azLs] | dZL¥S=: [XdpUIqJy’X3pu]azLs] Z1YS
! [xapulqJy’xapulazis] | d|1¥S=: [XapulqJy‘Xapulazis] (| L¥S
{ [x9pulquy ‘xapulazis] ., |d1¥Y= mencmng<.xovc_o~_mu‘h¢<m
uibaq
Op (L+N) 03 Q=:X9puqly Joj
uibaq
Op W 01 [=:X3pulazZls Jo}
utbaq
{ "SJ0303A |+]lewbis pue |+leydie 3yl yiiM siusuodwod Jdiayy Buroeidas AQ)

(Uot1etall 1xau ayl Joy sJ0199A ewbis pue eydie ayy sajepdn ainpadsodd siyl)

JeA
!s|¥S pue” 1Yy 91epdn aJ4npasodd
fas1iet3ur” ydedg aunpadoud L R e B e L L Lo LT ceemeeeoea- >
{mmmmmee oo -- -)
pus
' Ipua ‘L=r16e14 uayy
. : !pua (3147 Egozvm&;ozv pue (1149 EgonNELozv pue (31407 WION> [WION) 41
- ‘pus SCOL+N"LY . Ld1¥Y-1BADLdLUY) w CTL+N" L] L dl¥Y- 18AJLd1YY)=: quION
{2 eieg@azisuns/ Ipus
Hm xmvc_m~pmumumomN_maco_mgm>:ou+HLm> AUOJ]  2AU0]=: [JBA AUOD]  2AUOD Ipua.
T([L+N'X3pUIaZ1IS) 21¥S-1)x [X3pUIaZLIS] Y ZepqueT+ {0=:2WJON 3519
_m>mouc~¢Aonvc_m~_mu ¥, zepque-| ) xg=: UO 1 SJ9AUO) . pua
J(1epbaiu]’ (1+N) '0‘3e3)19Q’'2D431u] )J03oapa31eIBau] ! [XapU]quy XapulaziLs) . d2LYs-
1383139(0xX3PU UV [X3pu 19y’ XapuU[9Z1S]  ILdLL¥S)«( [X3PUIqJy ' X3pulazls] | dZ1ys-
3211205 X3PUqUY( [X3PUqIy XaPUIaZLS]  21¥S-|)=: [Xapulquy] Z9431u] [X3pU1qJy ‘X3pU13Z1§] I dZ LYS ) +2WION= I ZWION
op AF+zv 031 0=:XapulqJy Joy utbaq uayl (Q<>[xapuiazis] ¥ gdeddey) pue AoAvmevc_mN,mu 3 2e1ag) 4t
ulbaq 0= |WJON 3519
. uayl oAvonvc_mN_mu N zdeddey 41 pua
{([x3puiqJy’xapuraz(s] | dlLYS-
‘pua- [X3pU1GJY‘Xopu1azZis] IldL1¥S)x( [X3PUIqy’X3pulazls] | dLL¥S-
{2 elegaziISUNS/ [xapulq.y’xapulazis) J1dL1¥S)+[WION=: | WION
m xmvc_oN_mumumomN_m¢co_mLm>:ou+HLm> AUQJ) | AUOD=: [JBAT AUOJ] | AUO) u1baq uayl (<> [xapujazis] _y Ldedde)) pue (<> [xapulaziS] X |e3128) !
DCLL+N"X3pUIazLS] | 14S-1)x[XapulazZIg] ¥~ |epqueT+ u1Baq
dm>mmu:_aﬁﬁxmvc_oN_mu ¥, lepqueT-|)yg=: UO L SU9AUD) op (L+N) 03 Q=:X3pu[qJy Joj
2(1eABaIUT ‘(L +N) ‘0 3e3120Q ngouc_vLOuum>mummeu:_ utbaq
1321 13QxX3pUIqdyy Op W 0} |=iX3pujazls Joy
381 130xX3PU 9V ( [XaPUIQUY ' XOPU3ZLS] | | L¥S-| ) =1 [XapUIqJy] | 9431u] ou.msgoz
op (L+N) 03 Q=:X3pulqJy Joj =:2WJoN
u1baq { xxx WJOU B BULSN) 0=: |WJON
uayl <> [xapuiazis] y |deddey 41 uLbaq
uibaq
Op W O} |=:X3pulazis Joy !31gnoq: GWJON ‘ ZWJON’ |WJON
uLbaq JeA
f1eay: uosJaAuo)’ 1epbalu] ( “1diyv)
1103293pBUO 1AL 29431u]’19433u] { 40 aN1eA passanB YllM J|d1¥V }JO an)eA paiejndjed ayl sasedwod oS]v)
Jea { "1dL1¥S $0 SnjeA palendied B YIiM | d[1¥S O anjeA passanb ayl BulJedwods)
0l 9bed SVd*2351300W :auweusity 22791 S66170¢7.0 abed SVd 2357300 Lweua]t4 12:91 S661705720

6



Ig=:dep >cou
u@uugm> 3101d
-0=: |beyy
I0=:s3jeaday

lasiyelilu]” Lydeds

{371S Uy sua3awelRy 19POKW AU lLN33aQ
.co_umwﬁdm—u_c_ “uoi3jed07 jueuiweluo)
fuotjesiiel3lul uoLINgLiisiq azLs

N HELNR
L (3sJ4aAUlY)IMIU I(X1JIBKYIMAU
Z(A3aseIRQ)MAU f(xiaseieq)mau
1(2Au0))Mau (| AUC))MaU
:(Jldz1ys)mau - (1d214s)Mau £(2Lys)Mau
<(a1dLLys)mau 2(1dLL1ySIMaU 1(11Ys)MaU
-(ldlyv)mMau - (1yy)mau
{(2A013BY3U0])MBU (L A0L3EYIU0])IMIU
_ () _2epque)mau .Ax Lepque7)Mau
I} 1e313Q)Mau ! (¥_2seddey)mau Ax Lseddey)Mau
{(Y gdedde)y)mau () | deddey)mau
(X geisg)mau e W ELLED
uLbaq
[ B B Lt B e R LR LR )
Ipus
pus

1(0’y'4en AU0D’ _A3asereq’ xuommumovmumouodamc,J
'0=11[01.A33s58380
!pua
I [xapulquy] _gAuo)=: [xapulqJy]  A3aseleq
71e3130¥3 14D uc_ga¢xuuc_ng<-.meuc_nL<H xiaseieq
u163q op JEA AUO) 03 (=:X3pulqdy Jo}
ui1baq uayl Q<> [XapUlazis] ) mmmaamx 31
!pua
HORARLT W >cou .Alaseleq’ xuwmmumovmumouodamc_J
_ : 0= [0].A33sE3EQ
pua
{[X3pu1quy] _|AUO)=: [X9pU[qJy] _AI3SElIEQ
118319053110 JULIdyX3PUIqUY=: [X3PU[qIY] XI9Seleq
ui63q op JEA AUOJ 03 (=:X3pujqJy Joj
c.mmn uayy oAvmeuc_mN_mu ¥ Ldeddey j}t
HOMN Ndwnmdu ooo | YMopu tMydedn)aqe
£(0’0'1129219'0£6 ' | YMopuLMydednyaqe
<(123G13POW, JMOPULMDYIL L
!(UO1SJBAUO] (BUOL3IJRI S, )SIXYAI]ILL
1(4(31013d4ed 20U3J3}3Y LYM) AWI] UOL3IJEIY SSI|UOCLSUSWL(Q, )SIXVYXI1IL]
2(0'1)stxyA1aqgen
<€Q’L)sixyx12qe]
(127 0)sixvAmnedq
(1" (G/XeWSIXYX))SIXYXMRJQ
2(2)401003138
$€0°0'0;0)53d22433u AX33S
Ao L'XBWS1XYX‘0°0'070)834V301d2]e3S
(xxx%-538309Y% 183130 JO yyyxx) I XeWS L XyX
o’ ovoa>hmmx<umm
I( | YMopuiMIuaIIN)JI3pI0og

1(2)MOpULMIU9JINDISS
ul6aq

!\eay: XBWS L XYX
JBA

fMedg pueastliel3lu] N;ngu a4npadoud

lpus
Ipus
(2% (2+N) ' _A19se1RQ’ X39SERIEQ)EIR(3I0|daul
! [xapuqJy Xspulaz1S] | d21ys=: [XapulqJy]  A3aseleq
op (L+N) 03 (=:X3pu[qly Jo4
(L€ (2+N) ‘ _A13seIRQ’ X3aselIRQ@)RIeQIo|daul
! [Xapulq4y ‘Xapu[azZ1S] [ dlyv=: [X3puIqJv]  A3aseieq
op (L+N) 03 (=:x%3puiqdy o4
uL6ag uayl Q<> [X3pulazLs] ¥ Namaamx Iy
pua
(LG (2+N) ‘. Al13seIRQ’ X33seleQ@)eieqio)daul
! [X3puUquy ‘'XapulaZ1IS] |LdL1Y¥S=: [X3pu[qJy] _Alaseleq
op (|+N) 0} Q=:Xopu[qJy Jo}
{(0°¢"(2+N) ' _Alaseleq’ XilaseieQ)eiegioldaull
{[X3puUqJy X3pUaZLS] _LdLY¥v=: [X3pulqiv] Alaseieq
op (L+N) 03 Q=:X3pujqJy Joj
u16ag uayl (<> [XapulaziS] ) |deddex }1
1301120, X3PU1qQIY=: [X3PUIqJV] _X33SBIEQ 0P (L+N) 03 Q=:X3pulqJy Jo}
dumN_m:m_>|.xmnc_m~_m
pus
luipead
£(,U0L323S SUOLIBJIE]I3Q Ul SSBJJIZISMILA = A}103dSay, )uU)d3Lim
(1 "1SIX3 Jou S30P YILlyM SSE1D IZLS B 4O S3AUNI,JUIIILJIM

1( ,UOLSJBAUOD w;u ydeds6 o3 suiinoy Buiydeus 3y3 pajonisui aaey NOA, U133 LIM
{(,¥oyy3 Meag | ydedg,)ujailum
!sa1ydeubasaso))
ulbaq
U3yl W<1J2ZISMILA 41
u163q

!s3)nsay Lydeds aunpasodd

$(010/2139219°006 | )Mopu L Mydeig)age]

HONN _dmnmJQ ‘086 _vzouc_zcamgu_unmA
AmduoN_m:m_> SSE1JM3 LA mmmvnEmJ

. e¢epquey !,‘szdeddey’; Nmaamx HI mmumm 2e13g )ieduo)=:iziagenn
f(s1a9’, wmmdum~_m*mm 1M 109 u..w_munst

‘v lepquel !,’s|deddex’, |eddex !,’sie3ag’, |e3ag ;)leduc)=:|jagely

.AmdumN_m:m_> 2:123Z1SMa[A)JIS

!(sgepquet’ gl [129ZLSHALA] _gepque)Jis

.Awmmmaamx £:9:[129Z1SMalA] Y 2deddex)Jas

-(sgeraa’gig: [129Z1SM3LA) Y 22138)J1s

‘(siepquel’g:c: [139ZISMILAT Y LBPQUET) IS

1(S1G97919: (314D JULidy181130))43S

el

abed SVd°"23GT1300KW :aweua)t 4 12°91 5661/08/20

Ll abed SVd"23G1300W :3Weuajlj 12°91 G§6617/05720



‘pua

!s21ydesbasaso)d

T(J0443°0"L'0°s" 1L g7 1 '2 0’ £)dunguaalas uayy |=AdogpleH 41
{(Adogpaep)uipead
- !Meaq pue astielylu] gydeay

IMopuiMJe3)]

1(404d3’0’1L'0's" 1’67120 £)dunguaados uayy {=Adojpdey 41
!(Adogpaey)u)pead

Ipua

! +s1eaday=:s3eaday
. , {p=:16e14

_ 11 ds13¥s"ssany
!s1y¥s pue” L¥y aiepdn

Ipus
{uo1SJ43AUO] D1€)
Is3insay Lydesy
{1 4+JBATAUOD = JBA_ AUO)
fp=:4ep 1014

_ _ uibaq

UaYl 1tJ)TIULId=JeATI0Nd $L

!1+JeAT10)1d=2dBeA 301d

_ !pua
‘1 dS1¥S SSaN9Y
!33uUa6.13AU0Y YI3Y)
f31dS1¥S pUe LdIYY 21e)
. uibaq
op (0=Lbe1d) a1lym
utbaq
Op SUOL1BJ31[>S31B3daY 3| LyM

_‘ldsl¥s_ssany
‘SL1¥S pue L¥y pdwt]

el

abeq

SVd“Z23GT3QOH -aweuay L4 22791 S66170%720



for

3
3%
R
=13
=&
S D
T
g s
=l
=
24
-
o
= O
S
-V
Eke
)
S s
>
=
&
=1
=
<

Model6 represents the computer routines for the Heterogenous

discussed in Chapter 6.

Columnar Model

Solution Algorithm for Model6C.
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