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ABSTRACT

Acid Mine Drainage (AMD) is an environmental hazard that is generated as a by-product of
mining-related activities. It is an acidic metal-rich water formed when sulfide minerals react with
oxygen and water. Due to different ore types at different mines, kinetic AMD models are often
‘calibrated’ with Kinetic humidity tests done with the target mine site ore. However, most of these
tests require several months to complete. This study aimed to investigate ways to reduce the time
required to conduct Kinetic humidity tests, and to develop a mineral particles-based kinetic AMD
model. An Accelerated Humidity Cell (AHC) is proposed in this study. It was tested with two ore
types and performed better (produced 24% more acidic-leachates) than normal humidity cells. The
particles-based model was developed and tested with experimental data and gave promising

results. It is recommended that the proposed model and AHC be further tested with other ore types.
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CHAPTER 1. INTRODUCTION
1.1. Background

Globally, it is of critical concern to address the environmental effects of mining and mining-related
activities. New and existing mines are now obliged to put plans in place to deal with the detrimental
waste that could be generated during and after the mining activities. Acid Rock Drainage (ARD),
in a broader context, Acid Mine Drainage (AMD) is one of the environmental concerns that must
be addressed. It is an acidic metal-rich water that is formed when sulfide-bearing minerals or
phases are exposed to oxygen and water (Erguler & Erguler, 2020, Becker et al., 2015; Sapsford
et al., 2009).

About 5800 abandoned mine dumps were reported in China in 2018 (Wang et al., 2020). In Japan,
of the 5487 abandoned and/or closed mines reported in 2000, several of them were generating
AMD (Herrera et al., 2007). In South Africa, there were approximately 5906 abandoned mine
dumps in 2009 as listed in the report of the South African Auditor General (2009); the South
African Auditor General was consulted in 2024 also, and they confirmed that they had not done a
follow up report yet i.e. their records still shows that there are approximately 5906 abandoned
mine dumps in South Africa. Hence, accurate and cost-effective AMD prediction models are
crucial to assist the South African government in classifying and prioritizing the critical abandoned
mine dumps (i.e. the ones at or close to peak AMD production) for remediation. Erguler and
Erguler (2020) stated that AMD simulations are crucial not only after the mining operations but
even before, and during the mining operations to develop remediation processes for the potential
AMD hazard. This is also supported by the study by Leiva et al. (2021) that investigated the effect

of possible AMD formation (i.e. sulphate content) on the paste tailings storage design.

Literature studies have also shown that valuable by-products can be extracted from AMD (Ayoraet
et al., 2015). Therefore, it is also crucial to be able to predict the rate of acid production to aid with
the prediction of how much byproducts can be extracted in a financially viable manner.



To safely dispose of the mine plant tails-to-tails dumps, it is also crucial to know whether the ore
will generate any acid, and when and how much acid will be generated. Static test methods are
most commonly used to predict if any acid will form (Karlsson et al., 2021; Yeheyis et al., 2009).
The major disadvantage of the static AMD prediction models currently used in the industry is that
they do not give the occurrence profile nor the estimated time of when the mine dump or tailings
facilities will generate more acid if indeed it will. The ‘when’ and ‘how much’ are crucial for
prioritising resources for management and mitigation of AMD potential if more than one mine
tails dumps are considered. To address this, experimental kinetic tests and/or model predictions
are used to predict when and how much acid will be formed. However, experimental kinetic tests
which are typically laboratory-based columns, humidity cells, and field-based test pads, take time
(several months to years) to get meaningful results. It was suggested by the United States
Environmental Protection Agency (1994) that kinetic tests should be run for periods of at least 20
weeks, and this has been observed to be the least required time in most studies and some studies
required even more time (Parbhakar-Fox et al., 2013; Sapsforda et al., 2008; GARD Guide, 2012).

According to Chetty et al. (2020), there is an opportunity to improve AMD predictions by
including the modelling and simulation of changes in the system’s individual particle properties
over time. The study by Bernardes de Souza and Mansur (2011) showed that an AMD prediction
model that uses a single average particle size can over-predict or under-predict if the selected

particle size is wrong.
1.2.  Aimand Objectives
1.2.1. Aim

This study aimed to investigate methods for reducing the time required to obtain meaningful
experimental kinetic humidity test results, that can be used along with mathematical models for
AMD prediction. Additionally, it sought to develop an AMD prediction tool that uses multiple
input particle sizes. Therefore, the overall aim was to enhance the efficiency and accuracy of

predicting acid mine drainage.



1.2.2. Objectives

1. Todevelop hardware and/or systems to accelerate the experimental kinetic humidity tests. This

included:

1.1. Designing and building a custom humidity cell that can directly regulate its environmental
conditions (e.g. temperature) with a control system.

1.2. Conducting experimental kinetic tests with the custom-built humidity cell and with a
conventional humidity cell using two different ore types

1.3. Comparing the results from the custom humidity cell with the conventional humidity cell
to determine if the kinetic humidity test results were accelerated by or in the custom

humidity cell.

2. To develop a kinetic AMD prediction model that incorporates multiple particle sizes from ore

samples (i.e. mineral particles-based AMD prediction tool). This included:

2.1. Developing a technique to handle multiple particle size inputs (at least four particle sizes)
in the AMD prediction model

2.2. Testing the developed model’s prediction capabilities using the experimental data
obtained from the tests conducted in Objective 1.2.

2.3. Comparing the developed multiple particle sizes based model with a model that uses a
single particle size as typically used in literature studies such as Ma et al. (2019), and

Bernardes de Souza and Mansur (2011).
1.3.  Scope

This investigation presents the customized humidity cell recommended for accelerating the kinetic
humidity tests which are often used along with mathematical models for kinetic AMD prediction.
The customized humidity cell was tested with two ore types and compared with standard Kinetic
humidity cell tests. The experimental kinetic test results were then compared with the model

predictions. The main distinctive feature of the model presented in this study is the incorporation



of multiple mineral particle sizes in the model and how the particle sizes can be used to select the

mesh cell sizes when solving the infiltration or fluid flow models used for AMD prediction.
1.4.  Structure of the Document
The layout of the seven chapters presented in this document is as follows:

Chapter 1 summarises the background of the research, the problem statement, the research aim

and objectives, and methods.

Chapter 2 presents a literature review on the principle of AMD formation and neutralization, and
a brief overview of its impact on the environment and society. The AMD kinetic tests, and recent

models for static and kinetic AMD predictions are also presented in this chapter.

Chapter 3 discusses the difference between the typical kinetic humidity cell and the proposed
customised humidity cell that is supposed to aid with accelerating the Kinetic tests. The proposed
minerals particles-based AMD predictor that is meant to enhance the AMD prediction accuracy is

also presented in this chapter.

Chapter 4 describes the methodology followed to conduct experimental tests and simulations
which were used to evaluate the proposed custom humidity cell and the mineral particles-based
AMD prediction models presented in Chapter 3, and to compare them with the relevant literature

techniques presented in Chapter 2.

Chapter 5 presents the results obtained from the experimental tests and simulations conducted as

per the methodology in Chapter 4.

Chapter 6 discusses the results obtained from Chapter 5 and any other possible areas of

improvement.

Chapter 7 presents the overall conclusions from this research and recommendations for future

work.



CHAPTER 2. LITERATURE REVIEW
2.1.  AMD Overview and its Impact on the Environment
2.1.1. Principle of AMD

AMD is commonly associated with the mining of minerals such as gold, copper, and nickel
(Bouzahzah et al., 2015). In most cases, pyrite is a common sulfide mineral found in tailings and
oxidises to produce acid. The general reaction equation for acid mine drainage formation from
sulfide ores is given below using pyrite as an example (Dold, 2014; Garland, 2011; Sangita et al.,
2010; Weber et al., 2006; Kreger, 2004):

4FeS, (s) + 150, (g) + 14H,0 (1) — 4Fe(OH); (s) + 8H,S0, (aq) 2.1

The following sulfides also undergo a similar chemical reaction i.e. they can produce acid when
they react with water and oxygen: Arsenopyrite, Pyrrhotite, Chalcopyrite, and Chalcocite (Dold,
2014; Simate & Ndlovu, 2014; Sangita et al., 2010).

The acid neutralization reaction by carbonate minerals can be summarized as follows (Mauren et
al., 2020; Ma et al., 2019; Fusi et al., 2015; Fusi et al., 2012):

CaCO3 (s) + H,S04 (aq) = H,0 (1) + CO, (g) + CaS0,(s) 2.2

Although the process of AMD formation is known to occur naturally, heavy mining activity in
recent years has proven to promote AMD generation by increasing the number of sulfides exposed
to water and oxygen (Amos et al., 2014). Mine dumps or waste-mined material (e.g. spent ore
from heap leach operations, tailings, etc.) with the right mineralogical composition have the
potential to generate acid (US EPA, 1994).



2.1.2. Factors Affecting AMD Formation

The following factors have been observed to affect the AMD formation:

Micro-organism

Some bacteria (microorganisms) are known to accelerate AMD production by assisting in
the breakdown of sulfide minerals (Sdnchez-Andrea et al., 2014; Nancucheo et al., 2017).
Microorganisms such as Thiobacillus and Acidithiobacillus ferrooxidans are found in
sulfide mineral tails and assist in oxidising the sulfide minerals i.e. increases the rate of
acid formation (Sangita et al., 2010, Ozgcelik, 2007). The acidity of the medium increases
the effectiveness of these bacteria (Sangita et al., 2010).

Ore Mineralogy

The ore mineral composition plays a major role in AMD formation as highlighted by
Guseva et al. (2018). Guseva et al. (2018) stated that the Fe-sulfides are predominately
associated with inert minerals which makes them only accessible after they have been
further ground down. The acid-generating (sulfide) minerals and acid-neutralising
(carbonate) minerals determine how much acid can be theoretically produced if all other
conditions or reactants are met (US EPA, 1994).

Particle size and porosity

Fine particle sizes imply high minerals liberation and/or high surface area i.e. the rate of
acid formation will be high as the available sulfide minerals would be exposed (Erguler &
Erguler, 2020; Erguler et al., 2014; Bradham & Caruccio, 1997; US EPA, 1994). Coarse
grain material allows air circulation; however, fine grain material exposes more surface
area for oxidation (Ferguson and Erickson 1988). Low porosity slows down the movement
of both air and water. Therefore, grain material that is not too fine and not too coarse will
yield optimal acid formation as the grain material will expose enough mineral surface area
and the overall porosity will be enough for optimal movement of both water and air
required for acid formation. Erguler and Erguler (2020) stated that particle size,



2.1.3.

temperature, and pH are crucial for AMD modelling and simulation, and the effects of
bacteria can be included at pH values below 4.

Ore pH

The ore/material pH activates bacteria that act as catalysts for AMD formation (Sangita et
al., 2010). The Metallogenium and Thiobacillus ferrooxidans bacteria are activated at a pH
of 3.5t0 4.5 and below 3.5 respectively (US EPA, 1994). The acid neutralization potential
is also pH-dependent (Ma et.al, 2019).

Environmental conditions

As shown in Equation 2.1, water and air (oxygen) are prerequisites for AMD formation
from sulfide minerals. The area seasonal changes (i.e. wetting and drying cycles) directly
affect the water and oxygen required for AMD formation; high or frequent wetting
(rainfall) flushes oxidation products out of the system i.e. high acid drainage, while an
intense drying cycle increases the accumulation of acid in the ore bed (US EPA, 1994).
The environmental temperature also affects the rate of reaction, high temperatures increase
the rate of sulfide mineral oxidation (Erguler & Erguler, 2020; Bradham & Caruccio,
1997).

Impact of AMD on the Environment and Society

Several studies have shown that AMD (including some mining dumps effluents such as heavy

metals and cyanides) has serious ecological and human health implications (Khorasanipour, 2015;

Edraki et al., 2014; Simate and Ndlovu, 2014). AMD products and/or by-products contaminate

surface and groundwater with soluble metals and cause a decrease in the water pH (Erguler &
Erguler, 2020).

The following environmental impacts of AMD were listed by the United States Environmental

Protection Agency in 1994:

“The acid formation in mine dumps causes some of the metals such as arsenic, cadmium,
copper, silver, and zinc to also leach out and these metals along with the acid formed are



harmful to the environment. Hence, the long-term prediction of AMD for historic mines

must be improved for better management/action plans to deal with the formed acid if any. ”
In South Africa, all mining companies are required by law to also ensure the safe disposal of the
pollutants generated (DWA, 2010).

2.2. AMD Prediction
2.2.1. Static Prediction

Static AMD Prediction is used to quickly check if the ore will produce acid or not (Karlsson et al.,
2021; Yeheyis et al., 2009; US EPA, 1994). 1t is used to determine the ore sample’s total acid-
generating and neutralising potential (US EPA, 1994). The ore’s ability to produce acid and the
ability to neutralise it is called the Acidity Potential (AP) and the Neutralization Potential (NP)
respectively (US EPA, 1994). AP is evaluated based on the ore sample’s total sulfide content
available to react to form acid while NP is based on the carbonate content available to react with
the generated acid (ASTM 2018, NP de Mello et al., 2006). If all the sulfide content reacts to form
acid leads to over-estimation if the ore samples have sulfur-bearing minerals such as gypsum
(CaS04) which does not react to form acid (ASTM 2018). Elghali et al. (2023) suggested the

following corrected equations for AP and NP that include mineralogical data.
Avaialable AP = Ly X 31.25 X wt%S — sulfide 2.3
Available NP = L. X 83.3 X wt%C — carbonate 24
Where Lg and L. represent the extent of sulfide and carbonate liberation.
Chetty et al. (2020) proposed the following equation for static AMD prediction:
AMD, g0 = AP Xm XR XL 2.5

Where AMD,, 4, 1S the total H2SO4 that the mineral can produce (measured in kg/t). m, R and L

are the mineral mass percentage, relative reactivity, and free surface percentage liberation



respectively. AP is the acid production potential (measured in kg H2SOu/t), and it is calculated

using the following equation:
AP = AFC X 98 x MW x 1000 2.6

Where AFC and MW are acid formation or consumption (measured in mol acid per mol mineral

reacted), and mineral molecular weight (measured in g/mol) respectively.

A negative AMD,,,;,,.implies that the mineral is consuming acid while a positive value would
imply that the mineral has the potential to produce acid (Chetty et al., 2020). The overall ore
sample is then determined by calculating the sum of all individual minerals AMD,,;;,,. (Chetty et
al., 2020).

The major disadvantage of static AMD prediction models is that they do not give the occurrence
profile nor the estimated time of when the mine dump will generate more acid if indeed it will.
This is crucial for prioritising mine tails dumps that are at the peak acid formation rate if several

mine dumps are considered for meaningful management and mitigation of AMD potential.
2.2.2. Kinetic AMD Prediction — Kinetic Test

Kinetic tests are usually conducted along with or to aid model predictions to determine the AMD
occurrence profile over time (Sibarani & Damayanti, 2006). The four main Kinetic test methods
are humidity cells, humidity columns, field-based test pads, and Sohlet Cell (Sibarani &
Damayanti, 2006). These are discussed here as follows:



Humidity Cell Tests

Humidity cells and column tests are the most commonly used Kinetic test methods (Sibarani &

Damayanti, 2006). A schematic diagram of a typical humidity cell is shown in the figure below.

\Water |n%7 ‘% Air Qut

E g WALVE

TAMPLE

SUPFORTGRID

Ory Air &
Hurrid Air In

Leachate Dut

Figure 2.1: Schematic diagram of a humidity cell (Mills, 1998; Sibarani & Damayanti, 2006)

Most literature studies follow the ASTM procedures as standard guidelines for conducting kinetic
humidity cell tests (Therriault et al., 2015; Sibarani & Damayanti, 2006).

The following guidelines for conducting humidity cell tests were obtained from ASTM (2018):

e Ore sample should be at least 1 kg

e The leach water should remain constant throughout the test duration.

e The ratio of leach volume to sample is recommended to be 0.5:1 or 1:1, depending upon
the efficiency of sample wetting and the amount of effluent required for chemical analyses

e Weekly leachate samples should be collected and analysed for

@)
@)
@)

pH, alkalinity/acidity, conductivity, sulphate

iron sulfide

Cation and anion concentrations, calcium carbonate, magnesium carbonate
contents, etc.

Metals and trace metals concentrations
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e Minimum duration of 20 weeks but some ore samples may require a longer period

e Oxygen can be supplied to samples in the individual humidity cells separately or it can be
split from the main source into individual cells

e The weekly cycles of water and air additions to the cell(s) can be performed as follows:

o Option A: 3 days of dry air (less than 10 % relative humidity) and three days of
water-saturated air (approximately 95 % relative humidity). The leach water is
added on Day 7. Because of the excess amount of air added, this option helps to
reduce saturation by evaporating the water remaining in the sample pores and
promotes oxygen/air diffusion rate. However, it could eject some of the finer
particles formed from the system when large particles weather down and break into
smaller particles. The test is conducted at a normal temperature of around 25°C.
An example of the setup is given in Figure 2.3.

o Option B: Air (Oxygen) is not pumped into the system, it is added by diffusion of
ambient air. The cell(s) are stored in an enclosure for 6 days. The enclosure
environmental conditions are kept at constant (controlled) relative temperature and
humidity. The enclosure should be able to achieve a temperature of around 62°C.
The leach water is also added on Day 7. The enclosure should be big enough to
host multiple cells if required. This option results in more water retention which
increases the chances for acid neutralisation by carbonate minerals. An example of
the setup is given in Figure 2.2.

e The weekly cycles and/or analysis can be spaced such that there are more initially, and
fewer later in the test, e.g. the sampling week’s numbers could be as follows: 0, 1, 2, 4, 6,
8, 10, 12, 14, 16, 18, and 20.

ASTM (2018) also recommended that the ore sample (head ore and any other sample after and
during the tests) chemical composition and mineralogy should be compared to ensure that the

chemistry is consistent with mineralogy and vice versa.
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Placeholder Image

Figure 2.2: Examples of humidity cells test setup (ASTM, 2018)
[Image removed due to copyright concerns]

Placeholder Image

Figure 2.3: Examples of humidity cells test setup with Separatory Funnel Rack (ASTM, 2018)
[Image removed due to copyright concerns]
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In terms of the cell design, ASTM (2018) recommends the following:

e For samples with all particle sizes less than 6.3 mm, a humidity cell, if cylindrical, is
recommended to have an inner diameter of 10.2 cm and a height of 20.3 cm.

e For cells that will be used to conduct tests with particle sizes less than 150- um, the
humidity cells are recommended to have a 20.3 cm inner diameter and a height of 10 cm.

e The bottom of the cell should be perforated to allow for extraction of the leachate into the
bottom compartment of the cell.

e A filter media is recommended to ensure that solids remain in the cells ore bed when the
added leach water drains to the bottom compartment

e A separatory funnel can be used to add the weekly leach water

e The cells can be moved to a drying oven if it is required to operate them at a higher
temperature.

e For tests that require air to be pumped into the cell, an airflow rate of 1 to 10 L/min/cell is
recommended.

e A fan can also be used for air circulation within the enclosure

Column Tests

Leach column tests are similar to humidity cells except that the material bed height is much higher
in leach columns. Water is added to the column and then allowed to dry in order to simulate the
wetting or drying cycle (United States Environmental Protection Agency, 2011, Sibarani &
Damayanti, 2006). The amount of water added depends on the column size and it can range from
89 to 1090 (Erguler & Erguler, 2020). Water addition should be done carefully to avoid piping i.e.
water seepage between the bed material and the column walls (Erguler & Erguler, 2020; Sibarani
& Damayanti, 2006). Each cycle is suggested to last for a period of 7 days i.e. 1 week (United
States Environmental Protection Agency, 2011; Sibarani & Damayanti, 2006). The leachate
analysis and sampling procedure for leach columns is similar to humidity cells (United States
Environmental Protection Agency, 2011). A schematic example of the kinetic column test is shown

in the figure below:

13



+ Air & Water

40cm

o 3
I
B L A, -

SRR
RIRLTe

Sample (mine tailings or mine
tailings/fly ash mixture)

Geo-textile filter
Geo-grid

Erlenmeyer flask

Figure 2.4: An example of a column humidity cell test setup (Yeheyis et al., 2009).

Soxhelet Extraction Tests

Soxhelet Extraction tests are conducted with a Soxhelet extraction apparatus (Sibarani &
Damayanti, 2006). The sample is placed in a thimble and leached with the recirculated condensate
from the leachate water which is boiled in the distillation flask or reservoir (Coastech Research
Inc., 2008; US EPA, 1994). These tests are meant to assist with acid consumption reaction Kinetics
(Coastech Research Inc., 2008). However, they are considered to be a bit more complex compared
to humidity cells and/or column cells, especially the results interpretation or translation to kinetic
AMD prediction (Coastech Research Inc., 2008; Sibarani & Damayanti, 2006). Hence, they are
rarely used (Coastech Research Inc., 2008).

Shake Flask Tests

Shake Flask Tests or Batch Reactor tests are conducted in a flask to study parameters like pH,
temperature, sulphate, and metal release (Sibarani & Damayanti, 2006; US EPA, 1994). A sample

of about 2509 is mixed with 500 ml of distilled water in a flask and stirred continuously by shaking
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the flask (Coastech Research Inc., 2008; Sibarani & Damayanti, 2006; US EPA, 1994). If sampling
is required during the tests, additional fresh water must be added to the flask to maintain the volume
and this complicates the interpretation of the results (Sibarani & Damayanti, 2006; US EPA, 1994).
These tests are relatively simple compared to Soxhelet Extraction Tests. However, similar to the
Soxhelet, they also cannot be used to study the fluid flow (infiltration rate) profile that can be

expected at the target mine site.

British Columbia Research Confirmation Test

These tests are intended to confirm if the bacteria can catalyse enough reactions to meet their acid
demands and, as a result, confirm if the ore can generate acid (US EPA, 1994). However, they do
not take into account the ore’s acid neutralisation potential (US EPA, 1994). The following test
procedure was obtained from the US EPA (1994) and Coastech Research Inc. (2008):

1. The ore sample’s particle sizes should be 100% passing 400 mesh screen.

2. The ore sample should be between 15 to 35g

3. The tests are conducted by adding sulphuric acid to bacteria cultures in a flask,
periodically until the pH is stable between 2.5 and 2.8

4. 5 ml of ferrooxidans cultures are then added to the flask

5. The flask should then be placed on a shaker at 35 °C

6. The flask pH should then be monitored and if it is above 3.5, the test should be
terminated, and if not, the sample should be halved and then agitated for up to 72h
before the next pH reading is taken.

7. Repeat steps 5 to 6 until the pH is above 3.5 or the test duration (step 8) is reached.

8. The test duration is about 3 to 4 weeks.

Field-based Test Pads

These tests are conducted outdoors, with the sample exposed to ambient conditions and large
sample volumes are used (US EPA, 1994). The procedure for conducting these tests was
documented by Sibarani and Damayanti (2006) and the US EPA (1994), and is as follows:
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e Sample size could be as large as 1000 metric tons

e The sample is loaded on an impervious liner to catch the solution that is to be collected by
the leachate vessel

e The leachate is then analysed similarly to the humidity cells

e Climate changes (temperature, rainfall, wind speed, etc.) need to be monitored as they
directly affect the AMD production rate for these tests

e These tests are normally the longest out of all the tests

Summary of Experimental Kinetic AMD Tests

From this section i.e. Section 2.2.2, it should be noted that the Soxhelet Extraction test, Shake
Flask test, and the British Columbia Research Confirmation test cannot be used to investigate or
validate the prediction fluid flow model (i.e. infiltration rate) results. This may explain why they

are rarely used as the main kinetic tests along with a model.

The humidity cells, column tests, and field-based test pads can be used to investigate all the
possible parameters needed to ‘calibrate’ or validate the kinetic AMD prediction model parameters
without additional experimental tests. The field-based test pads are expected to have a longer
experimental time because they can only be run with ambient conditions. Hence, this is the reason
why humidity cells and column tests are the commonly used kinetic tests. Due to the challenges
with fluid channeling between the walls of the column and the material bed that occurs with
column tests, it could be postulated that humidity cells are probably more favorable than column

tests. Hence, they were selected for further improvement in this study.
2.2.3. Kinetic AMD Prediction — Model Predictions
A kinetic AMD prediction model would generally include the following:

e Fluid flow model — infiltration model (s)
¢ Reaction kinetics model, including bacterial activities
e Environmental conditions — seasonal changes (temperature, air, etc.)
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The following sub-section reviews some of the fundamental or hybrid kinetic AMD prediction

models.

Liquid Fluid Flow

The Richards equation is commonly used for modelling the liquid fluid flow through the packed
bed of particles/material i.e. tails ore heap (Bonn, 2019; Baogin 2017). The one-dimensional (1D)
fluid flow model is given in Equation 1 (Bonn, 2019; Baoqin 2017):

ae d%h 0K _oh 0K is 2.7

KO3zt 5t

Where:
0 is the water volumetric content (m3/m?3)
K is the hydraulic conductivity (m/s)
h is the matric potential (m)
t is the time (s)
S is the inflow (source) or outflow (sink) fluid flux (m3/(s.mq))

Z is the depth position in z direction (m)

The overall three-dimensional (3D) Richards fluid flow model i.e. the expansion of Equation 2.7
to 3D model is as follows (Botros et al., 2012):

00 dK(h)
—=V-K(h)Vh+————= +S 2.8
ot 0z

The hydraulic conductivity (K) can be modelled using the Maulem-van Genuchten model
(Baoqin, 2017).

(1 (OtlhI“m[(1+(|h|)“)] ™2 2.9

h<0
K= [(1+(alhD™]Z
K, 17 h>0




Where:

K is the hydraulic conductivity at saturation (m/s).

o (in 1/m), n (-), and m (-) are material-specific van Genuchten constants.

The saturated conductivity changes as a function of temperature (T in °C), can be determined

using the following Kozeny—Carman equation (Zhang et al., 2021):

K (T) =k’ % 2.10

with gravitation acceleration (g in m?s ) and permeability ( k" in m?) as constants, and the density

(p in kg/m3) and viscosity ( ¢ in N.s/m?) as a function of temperature. The matric potential (h)

modelled as follows:

_ (T =) w

a

h

The van Genuchten (1980) constants «, n, and m are material-specific. Their values as given in
Table 2.1 for a wide range of materials. The material/soil type classification can be done based on
the material particle size distribution using the textural triangle shown in Figure 2.5 (Moreno-
Maroto & Alonso-Azcérate, 2022). The particle size for sand soil is from 2.0 mm to 0.05 mm, silt
is 0.05 mm to 0.002 mm and clay is particles less than 0.002 mm (Moorberg & Crouse, 2017).

The van Genuchten constant n is related to m as follows:

1 2.12
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The dimensionless effective saturation (S,) can be determined as follows (Bonn, 2019):

5_9_97” 2.13
6_05—97,

Where:
0,. is the residual volumetric water content (m3/m?)

0, is the water volumetric content at saturation (m3/m?)

The overall fluid flow model is generally solved using finite difference approximation. The
challenge involved in solving this equation is the selection of the size of the discrete layers as it
determines the accuracy of the solution. The discrete layers could be chosen such that they are
equally spaced discrete layers, variable or adaptive discrete layers (Farthing & Ogden, 2017). Li
(2022) gives guidance on the critical mesh size and time step for ensuring convergence in the
numerical results. Farthing and Ogden (2017) found that space and time discretisation affects both

computational effort and accuracy, and the adaption of space and time is beneficial.
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Table 2.1: van Genuchten parameters for different soil types (Bona, 2019)

Soil Type van Genuchten parameters

0, 0, a n K,

(-) (-) em? () (cm/h)
Sand 0.43 0.045 0.145 2.68 29.7
Loamy Sand 0.41 0.057 0.124 2.28 14.59
Sandy Loam 0.41 0.065 0.075 1.89 4.42
Silt Loam 0.45 0.067 0.02 1.41 0.45
Loam 0.43 0.078 0.036 1.56 1.04
Sandy Clay Loam 0.39 0.1 0.059 1.48 1.31
Silt Clay Loam 0.43 0.089 0.01 1.23 0.07
Clay Loam 0.41 0.095 0.019 1.31 0.26
Sandy Clay 0.38 0.1 0.027 1.23 0.12
Silty Clay 0.36 0.07 0.005 1.09 0.02
Clay 0.38 0.068 0.008 1.09 0.2
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Figure 2.5: Soil type classification — Textural triangle (Moreno-Maroto & Alonso-Azcérate,
2022)

Gas diffusive Flow

Air (Oxygen) diffusion through the liquid media (water) between the solid particles is the main

gas of interest for kinetic AMD modelling. Bernardes de Souza and Mansur (2011) proposed that
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it be considered as a diffusive flow through a porous media and the concentration of oxygen (C,,

in kg/m®) be modelled as follows:

0Coy 9%Cop

Oeq ot ¢ 9z2

— SO

2.14
where 9€q is the air volumetric equivalent content (m®/m3),as given in 2.15 with 8, 6, and H
as air content (m%m3), water content (m*/m?), and Henry’s law constant (-) respectively. D, is the
oxygen diffusion coefficient (m?/s). S, is the oxygen consumption (kg.m=3.s?), which can be

determined using 2.16 if it is assumed that the principle of shrinking radius (7. in m) applies when

the sulfide mineral particles are oxidised (Bernardes de Souza & Mansur, 2011):

O
Oeq =6 + 47 2.15
3(1 B 9) Te Coz
So =D
0 =P:—p 2 (Rp —n) 7 fm 2.16

where D, (iin m?/s), £, (-), H (-),and Rp ('in m) are the oxygen diffusion coefficient within the

mineral grain, microbiological factor, Henry law constant, and particle radius respectively.

Ma et al. (2019) proposed that the movement of oxygen and other ions in the solution phase be
modelled as follows:

0
ETs (Cwri) —V.(DiVCyyi) = Smy,i 217
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where C,r; is the concentration for species i in the solution phase (kg/m®), and D; is the
corresponding species diffusion coefficient (m?/s). Smf,l- is the species consumption or generation

rate (kg.m3.s1).

Particle-Chemical Reactions Kinetics

For the chemical reactions, Bernardes de Souza and Mansur (2011) proposed that the sulfide

minerals particles be modelled as follows with the principle of shrinking core radius:

or.  D,(1-0) R, Gy
ot eps  1.(Ry,—71) H Jm 2.18

where D,,(in m%s), € (-), and p, (in kg/m®) are water oxygen diffusion coefficient, effective

factor, and particle density.

The oxidised pyrite mass at each discrete layer j i.e. m; (in kg) and time interval, At, can then

be modelled as follows (Bernardes de Souza & Mansur, 2011).

PS S,; (1— 0)TD*HAt

m;

with D (inm), N (-) and PS (-) are the cell column diameter, number of discrete layers, and

pyrite/sulfur mass ratio respectively.
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Bernardes de Souza and Mansur (2011) also proposed that the pH and sulphate concentration in

the leachate/solution in the system be estimated using Equations 2.21 and 2.19.

120 2.20

_ 120 221

with m,, as the sum of all discrete layers oxidized pyrite mass (kg).

Heat Transfer

For heat transfer, Ma et al. (2019) proposed that the following equation that includes the effect of

cyclic ambient conditions be used:

oT
cppa + c,pwVT.q,, —V.(kVT) = Qy, 299

where T, Cps Cw + Py Pw k, and @), are temperature (K), specific heat capacity (J-kg™!-K™!),

heat capacity for water (J-kg'-K™!), effective mass density (kg), water density (kg), effective

thermal conductivity (J.s*.m™K™) and the heat (J/s) generated from the geochemical reactions

respectively. And q,, is the Darcy velocity (m/s).
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CHAPTER 3. DEVELOPED ACID MINE DRAINAGE PREDICTION TOOLS
3.1.  Customised Humidity Cell Design

The modified humidity cell that is proposed in this study is shown in Figure 3.1. The main
difference compared to the typical humidity cells (examples shown in Figure 2.1 and Figure 3.2)
is that it allows for direct automatic control of temperature, pressure (aeration rate), and/or
humidity. It also allows for direct circulation of air between the cell’s top and bottom
compartments if required. This cell can also be reconfigured to run as a normal/typical humidity
cell by closing or opening the airline valves and/or changing the compressed air inlet from bottom
to top. The control system would also need to be set to control to the desired temperature, humidity,
and/or pressure. The sensors (temperature, pressure), spray water addition point, and/or the heating
element position can be interchanged depending on the test requirements. A cone-shaped bottom
leachate collection compartment with one drainage line was also tested in this study for ease of
leachate collection.

The proposed cell’s top compartment (i.e. from the drilled filter support at the bottom of the sample
to the top of the cell) has internal dimensions of 30 cm long x 19 cm wide and a height of 15 cm.
The cell can accommodate a maximum bed height of 10cm if required. The dimensions were
chosen such that the minimum specifications suggested by ASTM (2018) for humidity tests with

particles passing 150 um are still met.
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Figure 3.2: Typical Humidity cell (Geochmic, 2022; ASTM, 2018; MEND, 2009)
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3.2. Mineral Particles-based AMD Predictor

The following subsections give an overview of the models used and the software architecture of
the developed acid mine drainage predictor. Note that the literature models described in Section
2.2.3 were used as a basis for the developed acid mine drainage prediction tool. The main features
added to the developed acid mine drainage prediction tool are as follows:

e Incorporation of the particle size distribution in the model instead of using one particle size
as done in literature studies, e.g. model by Bernardes de Souza and Mansur (2011). For the
proposed prediction tool, up to four particle size classes can be included i.e. the particle
size distribution can be divided into four particle size classes/range.

e Using the particle size classes to automatically determine the ore bed/heap mesh cell sizes

e Tracking each particle in the ore bed/heap leach. The fluid flow and chemical reactions are

modelled on each particle.

3.2.1. Liquid Fluid Flow

The 3-Dimensional Richards equation as given in 2.2.3 was used in this study for modelling the
fluid flow through the packed bed of particles/material (i.e. tails ore heap). The overall fluid flow
model was solved using finite difference approximation. This method requires that the system be
divided into discrete layers or mesh cells. The layers/mesh cells could be of uniform equally spaced
discrete layers, variable or adaptive discrete layers (Farthing and Ogden, 2017). The final choice
in most cases is a compromise between accuracy and processing speed (Farthing and Ogden,
2017). Li (2022) gives guidelines for determining the critical mesh size and time step for ensuring
convergence in the numerical results. Farthing and Ogden (2017) found that space and time
discretisation affects both computational effort and accuracy and the adaption of space and time
produces benefits. The concluding remarks of the study by Farthing and Ogden (2017) which
reviewed numerical solutions of Richards' equation emphasised that there is still an opportunity
for improving the numerical solution of Richards' equation. Quoting Farthing and Ogden (2017),
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“We hope to see continued development and research into the numerical solution of Richards'
equation”.

In this study, it is proposed that the mesh cells size/volume c; in m? i.e. the system discrete layers,

be determined based on the particle volumes Vp’i (m®) and porosity ¢ (-) using equation 3.1.

1
¢ =Vpil7— (p) 3.1

The difference between the proposed and the typical equally spaced discrete layers is shown in
Figure 3.3 with a system of 5 particles (p1 to p5) of different sizes. Note that with the conventional

equally spaced discrete layers, multiple particles can be classified or belong to one cell.
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Figure 3.3: Dimensional illustration of the proposed particle size based adaptive mesh cell sizes
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Instead of picking random or calculated static mesh cell sizes to predict the water or leachate
drainage, the input particle sizes are used to calculate the mesh cell size with the proposed

approach.
3.2.2. Gas Diffusive Flow

The gas diffusion model (Equation 2.14) described in Section 2.2.3 has been added to the

developed acid mine drainage predictor.
3.2.3. Particle-Chemical Reaction Kinetics

The particle-chemical reaction model given in Section 2.2.3 has been added to the developed acid
mine drainage prediction software. This was used to model the rate of acid formation.

The rate of acid neutralisation by carbonate minerals (Equation 2.2) was modelled similarly to the
study by Mauren et al. (2020). However, instead of using the acid molar concentration only in the
reaction rate equation as done by Mauren et al. (2020), both the acid and carbonate minerals molar
concentrations were used in this study since they are both limiting factors. As a result, the acid

neutralisation reaction rate by carbonate minerals was modelled as follows:

r = k[Acid]*[Carbonate mineral]® 3.2

where a and b are reaction rate orders for the acid-consuming carbonate mineral and the reactant

acid.

The study by Mauren et al. (2020) recommended a first-order reaction rate with respect to the acid
molar concentration. As a result, the reaction rate orders a and b were given values of 1 in this
study, implying a first-order reaction rate with respect to the reactants, but an overall second-order

reaction rate.
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From Equation 3.2, the rate of acid neutralization and carbonate mineral consumption were
determined as follows:

d[Acid]
dt

= — k[Acid]*[Carbonate mineral]® 33

d[Carbonate mineral] ud[Acid]

dt v dt 34

where u and v are the chemical reaction stoichiometry coefficients for the carbonate mineral and

acid respectively. Based on Equation 2.2, u and v have values of 1.

The Arrhenius equation, as given in Equation 3.5, has been added to account for the impact of

temperature on the mineral particle reactions (Fogler, 1999)
~E
k= Ae®T 35

where A is the pre-exponential factor or frequency factor, R is the gas constant and T is the absolute

temperature and E, is the activation energy.
3.2.4. Software Architecture

The software presented in this section was developed by the author of this document (i.e. as part
of the MSc project) and as mentioned in the above sections, the literature models were used as the
basis for this software and adjustments were added to these models as indicated in Sections 3.2.1
to 3.2.3. The software user interface layout and inputs handling (i.e. using excel file for any
additional inputs required) was done with reference to the Mintek AMD Predictor v2.0 because
this research was funded by Mintek and the findings from this project (including some of the
developed software algorithms) are to be incorporated into the main Mintek project i.e. for
improving the Mintek AMD Predictor v2.0. The acid mine drainage prediction software developed
in this study is referred to as the Mine Dumps Acid Estimator (MiDAE). It uses the input particle

size classes/ranges, ore classification, and the ore bed/heap dimensions (height, length, and width)
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to reconstruct the full ore bed for simulations. The ore classification is done using Figure 2.5. This
is also used to determine the porosity if the porosity value is not specified in the input data file (see
Appendix F, Figure F. 1for an example of input data required and Figure F. 2 for the developed
software interface). Currently, a maximum of four size classes can be specified as inputs. These
sizes are specified as inputs along with the percentage for each size class/range. Using the porosity,
bed dimension, and particle size classes, the total number of particles (N,,) in the ore bed is then

calculated by the software using Equation 3.6 below:

4
N, ZEM 36

where X, ; is the volumetric fraction of particle size class/range i and the total number of particle
size classes is 4. The total volume occupied by particles (V}, ¢o¢q:) in the overall ore bed/heap

system volume (V;otq:) 1S determined as follows (Softusvista, 2022):

Vp,total = Vtotal(l - (P) 3.7

The process that the software follows when reconstructing the ore bed is summarised in Figure 3.4
below. It should be noted that each vertical strip of single particles contains all the input particle
size classes and the particles are placed such that they form groups or sections that represent the
input particle size distribution. Each particle is also given a unique identification number and/or
position as shown in Figure 3.5. From Figure 3.5, note that this is a system (mine tails dump or

experimental ore bed) with a volume of jmn (height n, length j, and width m).

32



Single

particles

Vertical strip of

single particles

— e
_— =
P
_—
Vertical Layer of single Complete ore bed with all vertical
particle strips layers of single particle strips

Figure 3.4: From four Particle size classes to full mesh or full ore bed
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34

T
=




One of the major challenges in solving the Richards Equation or models for kinetic acid mine
drainage prediction is balancing between accuracy and the processing speed for large systems
(Farthing and Ogden, 2017). This often requires the use of supercomputers or computers with
more than standard Random-access memory (RAM) and Central Processing Unit (CPU). The
standard computer RAM and CPU sizes are given by Micron Technology (2022). To tackle
this problem, in this study, the software has been designed such that the simulation of one large
ore bed/heap can be divided and done simultaneously by multiple standard computers on the
same network. The results/progress data is stored and shared from the main PC or the selected
central location on the network. Dividing the ore bed/heap system into multiple subsystems
that communicate with each other is also expected to be faster because it implies parallel

processing for everything.

Figure 3.6 below shows how the developed software (MiDAE) will divide the ore bed if it is
specified that it should run with four instances. Note that the ore bed division is only done by
the overall simulation initiator which is numbered as Instance 1 (Main Instance). The size of
the Instances (i.e. number of vertical layers of single particle strips) depends on the ore bed
size. If the computer that launched the Main Instance is not big enough to accommodate the
rest of the Instances, the remaining Instances can be run on different computers that are on the
same network as the main Instance or main computer. The Instance Links are vertical layers of
single particle strips that switch their affiliation between the two adjacent Instances on each
simulation cycle. In Figure 3.6, Instance Link 1 will switch its affiliation between Instances 1
and 2, Instance Link 2 for Instances 2 and 3, and Instance Link 3 for Instances 3 and 4. These
Instance Link layers are meant to facilitate fluid movement between the Instances. During the
simulation, only one instance can have the authority to update the contents (i.e. fluid flow to or
from, particle-chemical reactions, etc.) of the Instance Links at a time and for only one cycle.
After the Instance has included the Instance Link layer in the cycle, it sends an Authority of O
to the “InstanceSchedulerLink” file to let the adjacent Instance know that it is done with its
cycle/turn with the instance Link layer. Additionally, before the adjacent layer takes over, it
checks that the value in the “InstanceSchedulerLink™ file is 0 which implies that the Instance
Link layer is available. The Adjacent Instance also sends its identification number to the
“InstanceSchedulerLink” to imply that it has locked the Instance Link for the next simulation

cycle. A watchdog has also been added to keep track of the time that the Instance Link layer
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has been locked, if this is too long, the requesting Instance will attempt to overwrite the
authority so that it can take control. This is done to avoid situations whereby the Instance Link

layer could have been locked by an inactive Instance.

It should also be noted that even if the instances are launched on the same computer, having
multiple instances implies parallel processing for everything i.e. the overall simulation time is

expected to be shorter as compared to having one or few instances.

The MIDAE software/code flow diagram is shown in Figure 3.7 below. Refer to Appendix G

for the software code files mentioned in Figure 3.7.

Appendix H gives an example of how to simulate or predict acid mine drainage of a large ore
bed/heap system with multiple MiDAE Instances on the same computer and/or on two different

computers on the same network. In this example, four MiDAE Instances are used.
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Figure 3.7: MiDAE software source code files interaction or flow diagram
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CHAPTER 4. METHODOLOGY

The subsections below presents experimental as well as simulation procedure. The experimental
procedure were mainly for evaluating the proposed customised humidity cell against the
conventional humidity cell i.e. to determine if the proposed customised humidity cell could be
used to accelerate the AMD formation. The experimental tests were also used to generate data that
was used for evaluating the proposed multiple particle sizes based AMD Prediction model (i.e.
minerals particles based AMD prediction model). The simulation procedure was mainly for
evaluating the proposed minerals particles based AMD prediction model as compared to the single
particle size used in literature i.e. to determine if the proposed model prediction accuracy is better

than the single particle size models used in literature studies.
4.1. Experimental Setup

The actual experimental setup with the custom humidity cells is shown in Figure 4.1 (See
Appendix A and Appendix B for the final design and a list of the main instrumentation used,
respectively). A Micro850 Allen-Bradley PLC was used for signal processing and/or scaling. The
communication between the PLC and the process control system software (Mintek StarCS) was

established using the Kepware KEPserverEX OPC server.

All the sensors and actuators were wired to the PLC i.e. the signal from all the sensors or measured
variables (temperature, pressure, and relative humidity) was sent to the PLC. The signal to the
actuators from the control system was sent from the process control system via the PLC to the
actuators or manipulated variables (electric heaters, water pump, and air fan). Process control
strategies for temperature and humidity were implemented by customising the existing Mintek
StarCS control modules (Advanced PID and fuzzy logics) with the electric heater and air fan as
manipulated variables. The Mintek StarCS control system setup implemented and used is shown

in Appendix B.

It should be noted that the PLC and/or the computer can be replaced by cheaper equipment such

as Raspberry Pi or Arduino. However, with the number of sensors and actuators involved, these
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alternatives would have required a significant amount of time to set up. Hence the PLC was chosen
because it is convenient to work with. Also, the Mintek StarCS software for data logging and
process control was selected because it is robust, used worldwide for minerals processing plants
process control and simply because it was offered for free by Mintek during this investigation and
the findings from this study will also be integrated into the main Mintek project which funded this
study. However, any other control system can be configured according to the number of humidity
cells, instrumentation or process parameters to be controlled and/or measured, and then
wired/connected to the cell’s PLC or the control system can also be implemented in the PLC itself
which was not ideal for this study due to time constraints.

Humidity cells

Figure 4.1: Experimental setup used in this work
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4.2.  Experimental Method

The ASTM (2018) guidelines were used as a basis and modified for this application (i.e. not
followed entirely) as they are not for mine tails i.e. not applicable for this application.

Two ore samples from different mines were sourced. Table 4.1 below shows the summarised ore
content for both ores. Sub-samples for each ore type were screened to determine the particle size
distribution (PSD) and sent for mineralogical characterisation. The PSDs and mineralogical data
are given in Appendix C and Appendix D respectively. Note that the ore’s particle sizes were
below 300 um, which is expected for most mine tails dump ore.

Table 4.1: Summarised chemical composition of ore types 1 and 2

Chemical Composition Ore Type 1 Ore Type 2
Total Sulphur (%) 1.95 0.80
Fe (%) 5.06 2.04
Cu (%) 0.42 2.18
Ca (%) 1.32 12.5
Mg (%) 1.25 1.66
Si (%) 29.85 20.7
Al (%) 7.94 4.24
Other 52.21 55.88
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The humidity cell tests were conducted with 2 kg ore samples per cell. The weekly leach water
addition to the cells was 200 ml and it was added on the 7" day of each week using the flooding
method (a timer was set on the pump such that it delivers 200 ml — calibrated using a stopwatch
and a bucket). The pre-test runs with the modified humidity cell were done with 500 ml weekly
water addition, but this was observed to be too much flooding and it generated more leachate. Too
much flooding closes the pores and results in less oxygen diffusion (ASTM, 2018). It was then
reduced until the final amount of 200 ml weekly water addition, which was observed to not cause
too much flooding for all the test cells. A continuous air supply was provided at a rate of 2.36 x
10“#m3/s (measured from the source — electric fan), through a 10 mm inner pipe diameter into the
humidity cells i.e. equivalent to a wind speed of 10.8 km/h. The air supply could be varied
automatically, but it was maintained at a constant level during the tests so that the impact of
temperature could be investigated. A weekly leachate collection was done to determine the
cumulative leachate volume, and pH, and for chemical analysis. The test duration was 11 weeks.
The difference between the tests conducted is summarised in Table 4.2. It would have been ideal
to conduct multiple repeats, but due to a limited budget, especially for ore chemical and

mineralogical analysis and leachates chemical composition analysis, this was not possible.

42



Table 4.2: Experimental tests conducted

Lzs;ber Test type Ore type Additional/Special conditions
Accelerated

1 Humidity Cell | Ore type 1 e Done at 40°C
(AHC)
Reference

2 Humidity Cell | Ore type 1 e Done at 14-25°C (room temperature)
(HC)
Accelerated

3 Humidity Cell | Ore type 2 e Done at 40°C
(AHC)
Reference

4 Humidity Cell | Ore type 2 e Done at 14-25°C (room temperature)
(HC)

The maximum temperature of 40°C for the AHC experiments was chosen for this study to avoid
chemical and physical changes in some mineral species as suggested by ASTM (2018), and Morin
and Hutt (1997). If tests are to be done above 40°C, these chemical and physical changes must be
accounted for in the data analysis or simulation (ASTM, 2018).

The experimental test results were then compared to the model predictions. The procedure

followed and the parameters used for the model simulations are described in section 4.3 below.
4.3.  Simulation Procedure

The first objective of the simulations was to validate the developed acid mine drainage prediction

tool described in Section CHAPTER 3. above with the experimental test conditions and/or results.
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The second objective was to compare the proposed model which uses multiple particle sizes with
a model that uses a single particle size as used in literature studies (e.g. Bernardes de Souza and
Mansur, 2011).

The simulation inputs for both multiple particle size inputs and a single particle size (D50) input
model are given in Appendix F Table F. 1 and Table F. 2 respectively. From these tables, it should
be noted that for multiple particle size inputs, the particle size distribution of both ore types was
divided into four size classes. Based on the particle size distributions of both ore type 1 and type
2 samples (Appendix C), they were classified as sandy-loam soil using the Textural Triangle given
in Figure 2.5. The van Genuchten properties of sandy-loam soil, as given in Table 2.1, were then
used in the fluid flow model simulations i.e. the software has all the van Genuchten properties for
different soil types as given in Table 2.1. The average particle size (D50) was approximately 32 um
and 53 pum for ore type 1 and type 2, respectively. For these simulations, the sulfide minerals mass
percentage included Pyrite, Pyrrhotite, and Chalcopyrite. The carbonate minerals' mass percentage
included Calcite and Dolomite. The rain amount is based on the amount of water added (in liters)
per square ore bed area i.e. 0.2 L added per square area of 0.053 m? in this study. The simulations
were done with computers with a RAM of 16 GB, 32 GB, and 256 GB RAM (all these computers
were made available for this study by Mintek). As discussed in Section 3.2.4, the software allows
for the simulated system to be divided into multiple instances which can be shared by computers
with relatively small amounts of RAM (e.g. 16 GB RAM computer) on the same network.
However, it should be noted that more RAM (e.g. 256 GB RAM) allows for simulations with few
MiDAE instances which could be convenient for the user. A total of eight different simulations as
shown in Appendix F Table F. 1 and Table F. 2 were done (HC and AHC simulations for ore type

1 and 2 by the single particle size model, and simulations by the multiple particle size model).
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CHAPTER 5. RESULTS
5.1. Experimental Results

A visual comparison between the HC and AHC ore bed after the 11-week experimental test
duration is given in Appendix E. As expected, the AHC is drier than the HC ore bed/heap because

it was exposed to high temperatures.

The approach by Erguler and Erguler (2020), and Garcia et al. (2005), of interpreting the Kinetics
test results with the aid of cumulative plots was also used in this study. Erguler and Erguler (2020)
found that the instant leachate contents (e.g. SO4%, Ca?*, Mg?*, etc.) including pH, do not directly
correlate with time but their cumulative values do. The instant pH values were found to be unsteady
by Erguler and Erguler (2020) due to the simultaneous occurrence of the oxidation and
neutralization reactions, and as a result, instant pH values were not recommended for evaluating

the rate of AMD generation but cumulative pH values were recommended for this purpose.

The cumulative leachate collected during the experimental tests is shown in Figure 5.1 and Figure
5.2. It can be seen from these figures that the Accelerated Humidity Cells (AHC) generated more
leachate as compared to the reference Humidity Cells (HC). All the AHC tests generated leachate
after week 1 while the HCs started after week 5. Ore type 1 HC started generating leachate after 6
weeks while ore type 2 started after 5 weeks. The AHCs started generating leachate much earlier
than HCs because they are running at higher temperatures. Higher temperatures affect the
hydraulic conductivity and as a result, increase the infiltration rate (Braga et al., 2007). Braga et
al. (2007) found that higher temperatures can increase the infiltration rate by as much as 56 %. In
this study, the increased temperature increased the infiltration rate by at least 47% and 24% for ore

type 1 and ore type 2, respectively.

Besides the fact that the reference HCs tests were operating at lower temperatures compared to the
AHCs, the other reason as to why they started generating leachate much later could be attributed
to the ore bed field capacity and the weekly water addition. The soil/ore bed field capacity is the

maximum amount of water the soil/ore bed can hold before the water starts draining due to gravity
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(US DA, 2008). In the case of the reference HCs, it does imply that the weekly water addition was
much lower than the ore bed field capacity. However, as stated in the experimental method, Section
4.2, increasing the weekly water addition beyond 200 ml resulted in too much flooding for the
AHCs, and too much flooding hinders oxygen/air diffusion as it closes the ore bed pores. Because
all the experimental tests had to be conducted with the same weekly water addition, the weekly
water addition was not increased even though it did show that it was lower than the field capacity

for the reference cells.
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Figure 5.1: Cumulative Leachate of Accelerated Humidity Cell (AHC) vs Reference Humidity
Cell (HC) for Ore type 1
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Figure 5.2: Cumulative Leachate of Accelerated Humidity Cell (AHC) vs Reference Humidity
Cell (HC) for ore type 2

The leachate pH profiles for both AHCs and HC are given in Figure 5.3 and Figure 5.4 for ore
type 1 and ore type 2 respectively. For both ore type 1 and type 2, it can be noted that the overall
leachate pH was lower for the AHCs compared to HC tests. It should also be noted that the overall
leachate amount of ore type 2 was higher than that of ore type 1. This can be attributed to the fact
that ore type 2 had slightly smaller amounts of fine particles (approximately 36% less than 38um)
than ore type 1, which had approximately 53% particles less than 38um. As described in Section
2.2.3, Equations 2.20 and 2.21, the relationship between pH and sulphate concentration is such
that pH decreases with increased sulphate concentrations. Therefore, the obtained pH profiles
suggest that the sulphate generation i.e. acid generation in AHC cells was higher than that of HC

cells for both ore types.
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Figure 5.3: Leachate pH of Accelerated Humidity Cell (AHC) vs Reference Humidity Cell (HC)
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Figure 5.4: Leachate PH of Accelerated Humidity Cell (AHC) vs Reference Humidity Cell (HC)
for Ore type 2

Similar to the studies by Erguler and Erguler (2020), and Garcia et al. (2005), the SO4” ions are
considered as the main product of the sulfide minerals oxidation reaction in this study also, and
their concentration in the leachate was considered as an indication of the extent/rate of the reaction

i.e. acid formation.

The associated cumulative acid (SO4) concentration found in the leachates of ore type 1 and ore
type 2 HC and AHC tests are given in Figure 5.5 and Figure 5.6. Note that in both figures, the acid
concentration trends are higher for AHC as compared to HC. This is a similar response to the

observed pH response above i.e. this was used to confirm the observed pH response.
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Figure 5.5: Cumulative SO4 concentration in ore type 1 HC and AHC leachates
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Figure 5.6: Cumulative SO4 concentration in ore type 2 HC and AHC leachates

5.2.  Simulation Results

Note that using a D50 in this study can also be equated to using a static equally spaced mesh cell
size. In this document, the D50 results represent the literature model (equations given in Section
2.2.3) while the model with multiple particle sizes includes the proposed additions to the literature
model (Section CHAPTER 3.).

The cumulative leachate model simulation results for the ore type 1 HC test are given in Figure
5.7. There is a significant error between the actual experimental test results and the model
simulations in the first few weeks, especially before week 6 as there was no significant leachate
amount obtained from the experimental test. After week 6, it does show that the experimental data

does get closer to the predicted cumulative values. It should also be noted that the proposed model
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with multiple particle sizes performed the same as the single particle size (D50) model for this
experimental test or ore type. The results for ore type 2 are shown in Figure 5.8. It can be noted
that the single particle (D50) model performed better for a short period (weeks 1 to 7), while the
multiple particles model was better afterwards. Overall, the proposed model with multiple particle
input performed better than the model with a single particle size of D50 for ore type 2 because the

final cumulative leachate is much closer to the actual leachate over 11 weeks.
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Figure 5.7: Model prediction vs experimental tests — ore type 1 cumulative leachate for HC
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Figure 5.8: Model prediction vs experimental tests — ore type 2 HC cumulative leachate

The AHC leachate model prediction results for ore types 1 and 2 are given in Figure 5.9 and Figure
5.10. ldeally, the effects of temperature change on the infiltration rate should be accounted for
using the temperature-based hydraulic conductivity given by Equation 2.8. Section 2.2.3 shows
that hydraulic conductivity is the main liquid fluid flow/infiltration parameter directly affected by
temperature when compared to the rest of the liquid fluid flow/infiltration equations. However,
Braga et al. (2007) found that Equation 2.8 did not predict the high infiltration rates of up to 56%
observed during their tests. Figure 5.9 below also shows that the predictions were much lower than
the actual test results i.e. high temperatures do increase the infiltration rate and, in this figure, it
was on average at least 24% higher than what the D50 or the multiple particles input model

predicted. For this reason, a leachate temperature correction factor (Equation 5.1) has been

proposed in this study.
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T

Note that (L) is the temperature-corrected leachate amount. L, T, and T;. are leachate amounts,

temperature, and room temperature, respectively. Any value from 25 °C to 27 °C can be used at
room temperature but it is recommended that 27 °C be used as it gave the best fit/correction factor

for both ore types used in this study.
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Figure 5.9: Model prediction vs experimental tests — ore type 1 cumulative leachate for AHC

54



—e—Ore type 2 AHC
——model with multiple particle sizes
model with one particle size (D50)
=—=model with multiple particle sizes and temperature effects

2500

2000

1500

1000

Cumulative Leachate (mL)

500

0 2 4 6 8 10 12 14
Time (weeks)

Figure 5.10: Model prediction vs experimental tests — ore type 2 AHC cumulative leachate

Figure 5.11 shows graphs of cumulative acid production for ore type 1 HC from experimental tests
and model prediction. Note that a logarithmic scale was used on the y-axis (i.e. cumulative SO4)
because of the significant difference between the initial cumulative amounts of SO4 produced in
the first few weeks compared to the cumulative amount of SO4 produced during the last weeks of
the simulation time. Also, the high difference between the model simulation results and the
experimental data in some instances (first and/or last few weeks) is another reason why it was
deemed necessary to use the logarithmic scale so that all the profiles can be displayed/compared

on a single figure. From Figure 5.11, the single particle size (D50) model was able to predict the
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acid production better than the multiple particle size. The same can be observed for ore type 1

AHC tests vs model predictions as shown in Figure 5.12.
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Figure 5.11: Model prediction vs experimental tests — ore type 1 HC cumulative SO4 in leachate
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Figure 5.12: Model prediction vs experimental tests — ore type 1 AHC cumulative SO4 in leachate

The actual measured cumulative acid production from ore type 2 HC experimental tests is
compared with the model predictions in Figure 5.13. Although the single particle size (D50) model
cumulative acid production prediction was better than that of the multiple particle size model
between weeks 6 and 7, overall, the multiple particle size model performed better than the single
particle size (D50) model. The single particle size (D50) model predicted much lower than the
observed cumulative acid production. The ore type 2 AHC tests comparison between the
experimental results and the model predictions is shown in Figure 5.14. It can also be seen from
this figure that the single particle size (D50) model gave a better prediction of the cumulative acid
production compared to the multiple particle size model in the first 2 weeks, but the multiple

particle size model was better afterwards.
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Figure 5.13: Model prediction vs experimental tests — ore type 2 HC cumulative SO4 in leachate
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Figure 5.14: Model prediction vs experimental tests — ore type 2 AHC cumulative SO4 in

leachate

Table 5.1 below summarises the model predictions performance with the aid of the 95" percentile
of the weekly absolute errors between the model predictions and the experimental cumulative SO4
in leachate results. It should be noted that the 95" percentile was used in order to discard 5% of
the outliers in the data. From Table 5.1, it can be seen that the model with one particle size (D50)
performed better (i.e. lower 95" percentile of the weekly absolute errors) than the model with
multiple particle sizes for ore type 1 and vice versa for ore type 2. It can also be noted that the 95™
percentile of the weekly absolute errors between the model with multiple particle sizes and the

experimental results is too high for ore type 1 and low for ore type 2.
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From the mineralogical data or the model inputs data (Appendix F Table F. 1), it can be noted that
ore type 1 had more sulfide minerals (4.7 %) and lower carbonate minerals (1.04 %) compared to
ore type 2 which had 0.53 % sulfide minerals, and 37.4 % carbonate minerals i.e. ore type 1 had
high potential to form acid (i.e. SO4) and very low potential to neutralize it compared to ore type
2. However, the experimental test results shows that the acid produced by ore type 1 was much
lower than predicted by the multiple particle sizes. This would either imply that the model was/is

over-predicting or there are other minerals not accounted for that neutralized the acid formed.

A literature review with respect to the other minerals present in ore type 1 revealed that besides
carbonate minerals, silicate minerals such as albite, biotite, chlorite and muscovite can also
neutralize the acid-formed (Wang, 2022; Kollias et al. 2021; Madakkaruppan et al., 2019;
Brantley, 2008; Palandri and Kharaka, 2004). Because of the significant amount of silicate
minerals in ore type 1 (38.14%), it was deemed necessary to include the effects of silicate minerals
in the proposed model. The silicate minerals modelling was done similar to the carbonates
modelling described in Section 3.2.3. The multiple particle sizes model simulation were then
repeated with the silicate minerals contents (see Appendix F Table F. 3 for the multiple particle
sizes model simulation inputs with silicate content). The ore type 1 model simulation results with
silicate effects are shown in Figure 5.15 and Figure 5.16 for the HC and AHC respectively. From
these figures and the 95" Percentile of the weekly absolute errors between the model predictions
result and the experimental test results, it can be seen that the multiple particle sizes model

prediction has significantly improved with the inclusion of silicate minerals for ore type 1.
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Table 5.1: 95" Percentile of the weekly absolute errors between the model predictions and the

experimental results (cumulative SO4 in leachate)

95t Percentile of the weekly Absolute Errors

b Model with  Model with Model with multiple particle sizes and
atasets
one particle = multiple silicates effects (the graphs are shown in
size (D50)  particle sizes Figure 5.15 to Figure 5.18 below )
HC 124 626.4 70.2
Ore Type 1
AHC 36.4 575.4 25.7
HC 497 41.0 25.5
Ore Type 2
AHC 88.8 22.5 28.6
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Figure 5.15: Model prediction with silicates effects vs experimental tests — ore type 1 HC
cumulative SO4 in leachate
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Figure 5.16: Model prediction with silicates effects vs experimental tests — ore type 1 AHC
cumulative SO4 in leachate

The simulation results of ore type 2 with silicate effects are shown in Figure 5.17 and Figure 5.18
below for HC and AHC respectively. From these figures and Table 5.1, it can be seen that the
impact of silicate minerals is noticeable but not as much as on ore type 1. This is because the

silicates were not the main acid-consuming mineral for ore type 2.
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Figure 5.17: Model prediction with silicates effects vs experimental tests — ore type 2 HC
cumulative SO4 in leachate
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Figure 5.18: Model prediction with silicates effects vs experimental tests — ore type 2 AHC

cumulative SO4 in leachate

By mere looking at some of the simulation or experimental test results (especially some of the
cumulative leachate profiles) presented in this section, one could wonder why is the model
proposed in this study complex and non-linear i.e. why not a simple linear model? As illustrated
in Section 3.2, the model proposed in this study is based on typical models used in literature for
AMD prediction i.e. non-linear models are typically used for AMD prediction. This is because the
actual long-term AMD profiles from actual mine sites are also non-linear (Morin & Hutt, 1997,
Ma et al., 2019). AMD formation is complex and non-linear because there are several factors that

affect it as shown in Section 2.1.2. However, it is not unusual to get a linear response from the
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AMD model simulation or experimental tests conducted over a short period of less than 2 years
(similar to this study), as studies by Bradham & Caruccio (1997) and Erguler et al.(2020) also
showed that these responses are possible. Erguler et al. (2020) even proposed empirical linear
models for field scale behaviour based on lab kinetic column tests. How well will a linear model
predict long-term (more than 2 years) AMD profile is still unclear? Hence, a non-linear model was
preferred in this study as they have been shown to have potential to predict AMD profiles for over

10 year period which is usually desired for any AMD model (Morin & Hutt, 1997; Maet al., 2019).
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CHAPTER 6. DISCUSSIONS
6.1. Humidity Cell Design and Experimental Tests

The process control was/is the first phase of automation for the proposed cell. The next would be
to make the cell fully automated with no manual sampling of the leachate and the leachate pH, Eh,
and conductivity measured online such that the tests could be done with minimal manual labour,
and within the planned time even if the person conducting the experiment is not physically
available. The problem with weekly manual sampling (and/or analysis) is that it assumes that there
will always be someone every week for the duration of the humidity test, which can be at least 20
weeks to a year or more, as reported in the literature (Parbhakar-Fox et al., 2013, Sapsforda et al.,
2008; GARD Guide, 2012) - this is not always practical. Adding the instrumentation and control
system on the humidity cell to control the temperature, pressure, and humidity eliminates the need
to take the humidity cells every week to an enclosure such as recommended in ASTM (2018) and
used by Bradham and Caruccio (1997) to study the effects of high temperature on AMD formation.

6.2. Model Predictions and Software

The biggest challenge in this project was trying to balance prediction accuracy and the overall
simulation time and equipment (minimum computer specification required). One of the additions
to the software to deal with this, especially when solving the 3-D fluid flow infiltration model or
Richards equation, is that the extent of the iterative method (trial and error) is automatically
adjusted based on the fluid content between the discrete layers. Higher difference means more

iterations because the error is or could be significant and low difference means fewer iterations.

Matlab was preferred in this study and most of the algorithms were developed in Matlab because
the main researcher in this study i.e. the MSc student or author of this document, is more familiar
with Matlab. However, aspects that were running very slow in Matlab (e.g. 3D fluid flow model
solvers), were moved to C++ and integrated with Matlab files using MATLAB MEX files and
console applications files. This improved the processing time significantly and in some instances,

more than 3 hours of simulation time was saved.
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS

The first objective of this project was to develop a methodology that can be used to accelerate the
kinetic humidity cell tests. For this purpose, an Accelerated Humidity Cell (AHC) was proposed,
designed, built, and tested against the reference/normal humidity cell (HC). A control system was
added to the AHC so that it can be operated at constant or varying temperature, pressure, and
relative humidity to simulate the expected/desired environmental conditions. When compared to

the HC experimental test results, it has been shown in this study that the AHC tests:

e Accelerated the leachate production rate by at least 24% — higher infiltration rate

e Accelerated the acid formation — observed from lower pH profiles also

The second objective was to investigate the feasibility of incorporating the full particle size
distribution into the AMD prediction i.e. developing a mineral particles-based kinetic AMD
prediction tool. This investigation focused on the fluid flow model for now. The literature models
were used as the basis and an algorithm to incorporate the full PSD was added to the model. The
model was developed and tested with the experimental test data from the HC and AHC tests. The
model is promising but also showed that the current literature models used as the basis cannot be
used to accurately predict the infiltration rate with relatively higher temperatures e.g. temperature
such as 40°C which was used in this study. For this reason, a temperature correction factor has
been proposed in this study and it improved the overall model prediction of the actual experimental
test results. In terms of the actual acid production rate prediction, the proposed model was able to
predict the acid production rate much better than the single particles model for ore type 2 for both
HC and AHC tests. However, the single particle model performed better for ore type 1 tests.

Overall, the proposed model is promising but it still needs further improvement.

The software has been designed such that it can be run from multiple computers on the same
network with a central location (or computer) designated to store the intermediate simulation
progress results for all instances. If configured in this manner, the software automatically selects

the main PC based on which started the process/simulation first and gives it the title “Main
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Instance”, and the others would then have their instance names as 2,3,4... etc., depending on which
started first. A watchdog has been implemented to track the health of each instance. Each PC i.e.
“Instance” will need to report the progress within three cycles at least. A cycle is a period after all
the instances have stored their intermediate results on the main progress database
(SimulationProgress.db). A cycle time depend on the sample or simulation size, it could be as
small as 1 minute if the sample size is small and the computer(s) have decent processing speed. If
the “Main Instance” fails, the next in line takes over as the main instance, and the rest of the
computers or instances on the same computer then interact with it, i.e. send and receive data from
the main instance or PC. This data includes the changes in temperature, additional water to the
surface, etc. The software has also been designed such that the simulation can be stopped and
started later, i.e. continue from where it ended. It can do this because it saves the simulation
progress in a database file. During the trial or testing, a minimum PC RAM of 16 GB was used,
but more RAM could be used.

Based on the findings from this study, it is recommended that AHC tests be used with kinetic AMD
models for AMD prediction, as this will help reduce the time it takes to get meaningful
experimental kinetic test results. The accelerated humidity cell tests can be done in parallel with
at least one reference humidity cell at standard temperature and pressure if required to check how

much the accelerated test (AHC) speeds.

It is recommended that mineralogical data such as particle minerals association and particle
minerals surface liberation be incorporated in the proposed AMD prediction model/software. It is
also recommended to test this model further with other different ore types and, if possible, with an
actual mine site tails dump i.e. simulating the actual full-size mine tails dump and comparing it

with leachate samples collected from the same mine tails dump.
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APPENDICES

APPENDIX A. MAIN HARDWARE COMPONENTS OF THE CUSTOMISED
HUMIDITY CELL

The main hardware components of the customized humidity cell without the instruments, tubing,
and valves are given in Table A. 1 below.

Table A. 1. Components of the Customised Humidity Cell without the tubing, valves, and

instruments
A. Top compartment
B. Sample Positioner — placed inside the Top compartments(i.e. component A) and on
the perforated plate (Component C)
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Table A. 1 Continues

A

Perforated plate — Material holder. A filter cloth is placed on top of it. It is mounted
between the top and bottom compartment (component D)

B. Bottom compartment
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APPENDIX B. CUSTOMISED HUMIDITY CELL INSTRUMENTS AND
CONTROL SYSTEM

Table B. 1 below shows a list of the main sensors and actuators used for the Customized Humidity
Cell.

Table B. 1: Customized Humidity Cell main sensors and actuator

Sensors and Actuators used for the Customized Humidity Cell

Temperature Sensor

RS PRO Infrared Temperature Sensor,
0°C to +1000°C.
RS stock no.:161-8103; Manufacturer: RS PRO

Humidity Sensor

TE Connectivity Temperature & Humidity Sensor,
RS stock no.:893-7373; Mfr. Part No.:HPP809A031
Manufacturer: TE Connectivity

Pressure sensor
Teren PT2321

https://robertec.net/products/pressure-sensor

Heating Element
200 W, 100 — 240 V ac/dc
RS stock no.:No.: HPG-2/22-75X35-100-240

Manufacturer: DBK Enclosures

https://za.rs-online.com/web/p/heating-
elements/7256528
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Table B. 1 continues

Sensors and Actuators used for the Customized Humidity Cell

Water Pump,
Flow: 2.4 Litres/min.

Power: 12VDC, Current draw: 2.1A

Dimensions: 150 x 100 x 64mm
https://www.makro.co.za/lhome-garden/lawn-garden/water-
storage/water-storage/solar-12-volt-pump---self-priming-water-
pump---16-3I-min---max-height-of-24-metres/p/ca53e5d0-
a9dc-4425-b3bf-
31chb5a0720b6?gad_source=4&gclid=EAlalQobChMI-
qi31rTThAMVfZZQBh1KYgMWEAQYESABEgKqc_D_BwE
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The Mintek StarCS (process control system) custom setup done and used for controlling the AHC is shown in Figure B. 1 and Figure
B. 2. For temperature control, the setup was such that the control system was calculating the time that the heater needed to be ON to

achieve the desired temperature setpoint which was 40 °C in this study. The PID tuning parameters used are shown in Figure B. 2.
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Figure B. 1: Mintek StarCS control system setup used to control the AHC operating conditions
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Figure B. 2: Mintek StarCS setup done for AHC temperature control — PID tuning parameters used
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APPENDIX C. PARTICLES SIZE DISTRIBUTION DATA OF THE ORE USED

The head ore particle size distributions for both ore types 1 and 2 are given in Table C. 1 and
Table C. 2 respectively. The average particle size (D50) was approximately 32 um and 53 pm
for ore type 1 and type 2 respectively.

Table C. 1: Ore Type 1 head sample particle size distribution

Sieve (um) Mass (Q) Mass (%)
+300 0 0
+212 6.60 2.17

-212+150 25.10 8.25
-150+106 35.30 11.60
-106+75 32.80 10.78
-75+53 25.50 8.38
-53+38 15.20 5.00
-38+25 26.40 8.68
-25 137.40 45.15
Total 304.30 100
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Table C. 2: Ore Type 2 head sample particle size distribution

Sieve size(um) mass (g) mass %
+300 0.00 0.00
+212 90.84 16.27
+150 78.31 14.02
+106 62.99 11.28

+75 48.30 8.65
+53 43.11 7.72
+38 32.12 5.75
-38 202.82 36.32
Total 558.49 100.00
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APPENDIX D. MINERALOGICAL DATA OF THE ORE USED

The head ore sample mineralogy for both ore types 1 and 2 are given in Table D. 1 and Table D.

1respectively.

Table D. 1: Ore Type 1 head sample mineralogy

Mineral Mass%o
Quartz 33.33
Albite 15.79
Muscovite 14.77
Plagioclase (Ca) 13.02
Biotite 7.42
Orthoclase 4.22
Pyrrhotite 2.89
Chalcopyrite 1.65
Montmorillonite 1.65
Hematite 1.51
Calcite 1.02
Magnetite 0.84
Goethite 0.70
Kaolinite 0.40
Rutile 0.28
Pyrite 0.16
Chlorite 0.16
Sphalerite 0.05
Hornblende 0.04
Couvellite 0.03
Dolomite 0.02
liImenite 0.01
Galena 0.01
Zircon 0.01
Bornite 0.01
Chalcocite 0.01
Cuprite 0.01
Total 100

85



Table D. 2: Ore Type 2 head sample mineralogy

Mineral Mass%
Chalcopyrite 0.49
Bornite 4.07
Chalcocite 0.28
Covellite 0.04
Native_Copper 0.01
Pyrite 0.01
Pyrrhotite 0.03
Galena 0.03
Quartz 27.90
Orthoclase 7.01
Plagioclase 4.57
Hornblende 1.22
Chlorite 0.10
Kaolinite 0.02
Biotite 16.07
Calcite 37.40
Dolomite 0.06
Magnetite 0.16
Goethite 0.24
Hematite 0.03
Zircon 0.05
Rutile 0.20
Monazite-(Ce) 0.01
Total 100.0
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APPENDIX E. ORE BED COMPARISON AFTER EXPERIMENTAL TESTS

Figure E. 1 shows the ore bed image comparison between the AHC and HC test for ore type 2 after
the 11-week test duration. As expected, the AHC ore bed after the test is drier compared to the HC

ore bed because the AHC ore bed was exposed to higher temperatures.

b) Ore type 2 after AHC test

a) Ore type 2 After HC test

Figure E. 1: Actual ore comparison between AHC and HC after the 11 weeks of tests
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APPENDIX F. DEVELOPED SOFTWARE INTERFACE AND INPUTS

The interface of the developed software is shown in Figure F. 1. It is called Mine Dumps Acid
Estimator (MiDAE) — trademark registration is in process. Most of the software components e.g.
interface, inputs processing, mine dump shape and particle position reconstruction, and matrix
operations were developed using Matlab. It can be installed as a standalone application on
Windows operating systems 10 and 11. An example of the input Excel file or parameters is shown
in Figure F. 2 below. Additional input options can be accessed after clicking the “Advanced”
button on the software interface page shown in Figure F. 1. A brief user manual can also be

accessed using or after clicking the “Help” button on the interface page.
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« - X

Help Advanced »

MIDAE

Select Inputs Data File

Select Folder to Save Results/Running Files (Optional)

Wits Student number: 2628796, Sponsored/ffunded by Mintek

Figure F. 1: Developed software interface
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H ©- a File -Ore Type ° mp

File Home Insert Page Layout Formulas Data Review View Team Tell me what you want to do... Samuel Ramatsoma 2_ Share
B10 - Je Weekly v
A | B | ¢ | b E F oo
1 comments, examples or options to selectfrom
2 Name Ore Type 1
3
4 | TailsDumplength, m 0.286
5 TailsDumpHeight, m 0.025
6 TailsDumpWidth, m 0.186
7 |SulphideMir I ercentage, % 47
8 | CarbonateMir I ercentage, % 1.04
9 |RainAmount, mm 3.7594 sater per 1 square meter. Specify this with respect to the Rain Frequency
10 |Rain Freguency ‘Weekly asonal or Yearly
11 | Minimum Wind. , km/h 20
12 Maximum Wind d, km/h 24
13 |Minimum Temperature, °C 14
14 |Maximum Temperature, °C 25
15 |SoilType SandylLoam Sand, LoamySand, SandyLoam, SiltLoam, Loam, SandyClayLoam, SiltClayLoam, ClayLoam, SandyClay, SiltyClay, Clay
16 | Density, kg/m3 2700
17 |ParticlesSizeClassl, um 212
1% |ParticleSizeClass1Content, % 10.42
19 |ParticlesSizeClass2, um, (opticnal) 150 (optional) additional input, lea cif not applicable
20 |ParticleSizeClass2Content, %, (cptional) 2238 (option dditional input, | ¢ ifnot applica
21 |ParticlesSizeClass3, um, [optional) 75 (optional) additional input, leave it blank if not applica
22 |ParticleSizeClass3Content, %, [optional) 22.05 (option dditional input, | t blank if not applica
23 |ParticlesSizeClass4, um, (optional) 25 (optional) additional input, leave it blank if not applica
24 |ParticleSizeClass4Content, %, (cptional) 45.15 (optional) additional input, | t blank if not applica
25 |Porosity (optional) (optional) additional input, leave it blank if not applica
26 |TailsDumpDi - m [optional) (optional) it blank if not applicable. Use it along with the Hieght ifit is for column simulation
27 |Initial pH 7 (optional) deafultis 7
28
29
30
Ell
32
33 | -
SamplelnputData | ® . N
Ready i LN ] 4+ 70%

Figure F. 2: MiDAE software input Excel file example — Sample Input Data
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Table F. 1: Multiple particle sizes simulation inputs

Parameters Experiments simulated

Sample Name Ore Type 1 AHC Ore Type 1 HC Ore Type 2 AHC Ore Type 2 HC
TailsDumpLength, m 0.286 0.286 0.286 0.286
TailsDumpHeight, m 0.025 0.025 0.025 0.025
TailsDumpWidth, m 0.186 0.186 0.186 0.186
SulphideMineralsMassPercentage, % 4.7 4.7 0.53 0.53
CarbonateMineralsMassPercentage, % 1.04 1.04 37.4 37.4
RainAmount, mm 3.759 3.759 3.759 3.759
Rain Frequency Weekly Weekly Weekly Weekly
Minimum WindSpeed, km/h 10.8 10.8 10.8 10.8
Maximum WindSpeed, km/h 10.8 10.8 10.8 10.8
Minimum Temperature, °C 40 14 40 14
Maximum Temperature, °C 40 25 40 25
SoilType SandyLoam SandyLoam SandyLoam SandyLoam
Density, kg/m3 2710 2710 2638 2638
ParticlesSizeClass1, um 212 212 212 212
ParticleSizeClass1Content, % 10.42 10.42 16.27 16.27
ParticlesSizeClass2, um, (optional) 150 150 150 150
ParticleSizeClass2Content, %, (optional) 22.38 22.38 25.3 25.3
ParticlesSizeClass3, um, (optional) 75 75 75 75
ParticleSizeClass3Content, %, (optional) 22.05 22.05 22.11 22.11
ParticlesSizeClass4, um, (optional) 25 25 38 38
ParticleSizeClass4Content, %, (optional) 45.15 45.15 36.32 36.32
Porosity (optional)

TailsDumpDiameter, m (optional)

InitialpH (optional) 7 7 7 7
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Table F. 2: Single particle size (D50) simulation inputs

Parameters Experiments simulated

Sample Name Ore Type 1 AHC Ore Type 1 HC Ore Type 2 AHC Ore Type 2 HC
TailsDumpLength, m 0.286 0.286 0.286 0.286
TailsDumpHeight, m 0.025 0.025 0.025 0.025
TailsDumpWidth, m 0.186 0.186 0.186 0.186
SulphideMineralsMassPercentage, % 4.7 4.7 0.53 0.53
CarbonateMineralsMassPercentage, % 1.04 1.04 37.4 37.4
RainAmount, mm 3.759 3.759 3.759 3.759
Rain Frequency Weekly Weekly Weekly Weekly
Minimum WindSpeed, km/h 10.8 10.8 10.8 10.8
Maximum WindSpeed, km/h 10.8 10.8 10.8 10.8
Minimum Temperature, °C 40 14 40 14
Maximum Temperature, °C 40 25 40 25
SoilType SandyLoam SandyLoam SandyLoam SandyLoam
Density, kg/m3 2710 2710 2638 2638
ParticlesSizeClass1, um 32 32 53 53
ParticleSizeClass1Content, % 100 100 100 100
ParticlesSizeClass2, um, (optional)

ParticleSizeClass2Content, %, (optional)

ParticlesSizeClass3, um, (optional)

ParticleSizeClass3Content, %, (optional)

ParticlesSizeClass4, um, (optional)

ParticleSizeClass4Content, %, (optional)

Porosity (optional)

TailsDumpDiameter, m (optional)

InitialpH (optional) 7 7 7 7




Table F. 3: Multiple particle sizes simulation inputs with silicate minerals

Parameters Experiments simulated

Sample Name Ore Type 1 AHC Ore Type 1 HC Ore Type 2 AHC Ore Type 2 HC
TailsDumpLength, m 0.286 0.286 0.286 0.286
TailsDumpHeight, m 0.025 0.025 0.025 0.025
TailsDumpWidth, m 0.186 0.186 0.186 0.186
SulphideMineralsMassPercentage, % 4.7 4.7 0.53 0.53
CarbonateMineralsMassPercentage, % 1.04 1.04 37.4 37.4
SilicateMineralsMassPercentage, % 38.14 38.14 16.17 16.17
RainAmount, mm 3.759 3.759 3.759 3.759
Rain Frequency Weekly Weekly Weekly Weekly
Minimum WindSpeed, km/h 10.8 10.8 10.8 10.8
Maximum WindSpeed, km/h 10.8 10.8 10.8 10.8
Minimum Temperature, °C 40 14 40 14
Maximum Temperature, °C 40 25 40 25
SoilType SandyLoam SandyLoam SandyLoam SandyLoam
Density, kg/m3 2710 2710 2638 2638
ParticlesSizeClass1, um 212 212 212 212
ParticleSizeClass1Content, % 10.42 10.42 16.27 16.27
ParticlesSizeClass2, um, (optional) 150 150 150 150
ParticleSizeClass2Content, %, (optional) 22.38 22.38 25.3 25.3
ParticlesSizeClass3, um, (optional) 75 75 75 75
ParticleSizeClass3Content, %, (optional) 22.05 22.05 22.11 22.11
ParticlesSizeClass4, um, (optional) 25 25 38 38
ParticleSizeClass4Content, %, (optional) 45.15 45.15 36.32 36.32
Porosity (optional)

InitialpH (optional) 7 7 7 7
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APPENDIX G. DEVELOPED SOFTWARE SOURCE CODE

Screenshots of the developed MiIDAE software files (source code) are shown in Figure G. 1 to
Figure G. 12. The link or interaction between the files is shown in Section 3.2.4, Figure 3.7. Note
that the Matlab split document view vertically (top/bottom) was selected so that key lines of the

code could be shown in the figures below. The files are summarized as follows:

e MainGUI.m — source code file created for creating and/or launching the main graphical
user interface (Figure G. 1)

e ReadlnputsFromExcel.m — source code file created to read in data from the Inputs Excel
file (Figure G. 2)

e Predictions.m — source code file created for scheduling fluid flow and particle-chemical
reaction processes, and to simulate the changes in temperature and airflow (Figure G. 3)

e ParticlesCounter.m — source code file created for material ore bed reconstruction (Figure
G. 4)

o FillEmptyArrayWithParticles.m — source code file created for material particle placement
( Figure G. 5)

e ComputerAllowMaxArrayAndMatrixRCsize.m — source code file created to ensure that
MIDAE software does not try to create arrays or matrices that exceed the maximum
possible size for the computer it is running on (Figure G. 6)

¢ FluidFlowWithPCMemoryAndInstancesMex.m — source code file created to interact with
the Mex file which is created from the C++ file for bulk flow, components mass balance,
and chemical reactions (Figure G. 7)

e DiffEqnsSolver.m — source code file created for solving particles’ chemical reactions
differential equations (Figure G. 8)

e MexFunctionFlow.copp - source code file created for generating the
MEXFunctionFlow.mexw64 which is used by
FluidFlowWithPCMemoryAndInstancesMex.m for solving the 3D fluid flow model and for
chemical compounds mass balance (Figure G. 9)

e SQLiteDBRunningOrResults.m — source code file created for saving results data to the
database (Figure G. 10)

e SQLiteDBSimProgress.m — source code file created for saving simulation progress data to
the database (Figure G. 11)

e SQLiteDBSimProgressAdd.m — source code file created for saving Instances ID and
rain/top surface water simulation progress data to the database (Figure G. 12)
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4\ MATLAB R2023b - academic use

L R 2 = E ﬁ » C: » Users * samuelr ¥ Documents » Acid Mine Drainage Prediction » MIDAE

g M Editor - C\Users\samuelr\Documents\Acid Mine Drainage Prediction\MiDAE\MainGULm o ®
E +5 "| MainGULm \ ReadInputsFromExcel.m | Predictions.m * | ParticlesCounter.m | FillEmptyArrayWithParticles.m | |
% 204 buttonHandle = findobj('Tag', 'btn_SelectFile'); -~
5 205 set(buttonHandle, 'Enable’, 'off');
< 206 buttonHandle = findobj('Tag', 'btn_StartPredictions®);
g 287 set(buttenHandle, 'Enable’, 'off’);
B 2e8 buttonHandle = findobj( ' Tag', 'togglebuttond’);
Z 209 set(buttonHandle, 'Value', 8);
T 218 commentsHandle = findobj('tag’, 'tbox_Comments');
E 211 set(commentsHandle, 'string’, 'Predictions started...');
£ 212 drawnow( ' expose’);
S 213
214 [ try
215 % Read in from the input excel file sheet
216 filename = [handles.filePath handles.fileName];
217 [SampleInputData] = ReadInputsFromExcel(filename);
218 SampleInputData.StopPredictions = get(handles.togglebuttond, 'Value');
219
220 %use the selected results or running files path or the default curjrent inputs path
221 [ try
222 SamplelnputData.RunningFilesOrResultsPath = handles.ResultslocationPath + "\";
223 mkdir (SampleInputData.RunningFilesOrResultsPath, "RunningFilesOrResults™);
224 catch %use defualt, which is the current inputs location
225 SampleInputData.RunningFilesOrResultsPath = handles.filePath;
226 mkdir RunningFilesOrResults;
227 - end
228
229 SampleInputData.PredictionTimeValue = str2double(get(handles.PredictionTimeValue, 'String’));
238 SampleInputData.RunningFilesOrResultsPath = SampleInputData.RunningFilesOrResultsPath + "RunningFilesOrResults\"; =7
4 3
613 % --- Executes on button press in checkboxContinueFromPrevRun. -
614 [# function checkboxContinueFromPrevRun_Callback(hObject, eventdata, handles)[Z]
625
626 function Advanced_Callback(hObject, eventdata, handles)
627 [ % hObject handle to Advanced (see GCBO) ]
630
631 function UsePCMemoryAsMainDataSource_Callback({hObject, eventdata, handles)
632 % hObject handle to UsePCMemoryAsMainDataSource (see GCBO)[-..]
635
636 function RunWithMultipleInstances_Callback(hObject, eventdata, handles)
637 % hObject handle to RunWithMultipleInstances (see GCBO) [«::]
640 o 2
4 3

Figure G. 1: Matlab code file created for the main graphical user interface - MainGUI.m
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4\ MATLAB R2023b - academic use —

HOME PLOTS APPS EDITOR PUBLISH VIEW J ) C Search Documentation
fH»HE » C » Users » samuelr » Documents » Acid Mine Drainage Prediction » MIDAE »
% M Editor - C\Users\samuelr\Documents\Acid Mine Drainage Prediction\MiDAE\ReadInputsFromExcel.m o ® x g
E +6 \ MainGULm | ReadInputsFromExcel.m \ Predictions.m | ParticlesCounter.m | FluidFlowWithPCMemoryAndinstancesMexm =0 | + | %
E 1] function [SampleInputData] = ReadInputsFromExcel(filename) - 9 E
‘5 2 % Will read in the input data from the specified XLSX file. =
A 3 format long
4
5} SampleDatalnputPagetlame = "SamplelnputData’;
6 [SampleInputDataFile.NUM , SampleInputDataFile.TXT , SampleInputDataFile.Raw ] = xlsread(filename, SampleDataInputPagelame);
7
8 %---rearanging or allocating the input file data to the variables
9 [rows_SampleInputDataFileRaw,~] = size(SampleInputDataFile.Raw);
10 index_i =1;
11 SampleInputData.NumOfSizeClass = 1;
12
13% while index_i < rows_SamplelInputDataFileRaw
14 [ for col_j = 1 %: cols_SamplelnputDataFileRaw
15 if strempi(SampleInputDataFile.Raw(index_i,col j), Sample Name')
16 SampleInputData.SampleName = cell2mat(SamplelnputDataFile.Raw(index_i,col_j+1));
17 elseif strempi(SampleInputDataFile.Raw(index_i,col_j), 'TailsDumplength, m")
18 SampleInputData.TailsDumplength = cell2mat(SampleInputDataFile.Raw(index i,col j+1));
19 elseif strompi(SampleInputDataFile.Raw(index i,col j), 'TailsDumpHeight, m") A
4 3
59 elseif strempi(SampleInputDataFile.Raw(index_i,col_j), 'ParticleSizeClass3Content, %, (opticnal)’) - 9
60 SamplelnputData.ParticlesSizeClass3Content = cell2mat(SamplelnputDataFile.Raw(index_i,col_j+1))/10@;
61 elseif strompi(SampleInputDataFile.Raw(index_i,col_j), 'ParticlesSizeClassd, um, (optional)’)
62 SamplelnputData.ParticlesSizeClassd = cellZmat(SamplelnputDataFile.Raw(index_i,col_j+1));
63 if ~isnan(SampleInputData.ParticlesSizeClassd)
64 SampleInputData.HNumOfSizeClass = SampleInputData.NumOfSizeClass +1;
65 end
66 elseif strcmpi(SampleInputDataFile.Raw(index_i,col j), 'ParticleSizeClassdContent, %, (opticnal)’)
67 SampleInputData.ParticlesSizeClass4Content = cell2mat(SampleInputDataFile.Raw(index_i,col_j+1))/108;
68 elseif strempi(SampleInputDataFile.Raw(index_i,col_j), 'Porosity (optional)')
69 SampleInputData.Porosity = cellZmat(SampleInputDataFile.Raw(index_i,col_j+1});
70 elseif strcmpi(SamplelnputDataFile.Raw(index_i,col j), 'TailsDumpDiameter, m (opticnal)')
71 SampleInputData.TailsDumpDiameter = cell2mat(SamplelInputDataFile.Raw(index_i,col_j+1));
72 elseif strempi(SamplelInputDataFile.Raw(index_i,col_j), InitialpH (epticnal)’)
73 SampleInputData.Initial_pH = cell2mat(SampleInputDataFile.Raw(index_i,col_j+1));
74 end
75 end
76 index_i=index_i+l1;
77 end e
L4 3
Command Window
11| Ready |Zoom: 90% |utF-8 |cRLF [ ReadinputsFromExcel ln 74 col 20

Figure G. 2: Matlab code file created to read in data from the Inputs Excel file — ReadInputsFromExcel.m
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4\ MATLAB R2023b - academic use - (]

PUBLISH . ) Search Documentation P & Mz
e Ha A b C » Users » samuelr » Documents » Acid Mine Drainage Prediction » MIDAE

g Lﬁ' Editor - C\Users\samuelr\Documents\Acid Mine Drainage Prediction\MiDAE\Predictions.m - @
5 +'3 | MainGULm | ReadInputsFromExcel.m | Predictions.m | ParticlesCounter.m | FillEmptyArrayWithParticles.m | FluidFlowWithPCMemoryAndinstancesMex.m | DiffEgnsSolver.m |+ |
E 208 [ end -
5 209 - end
A 210 clear SimulationProgressSummary matDataFile;
g 211 else
= 212 H--m-- USINg SOt - oo oo oo o s e
§ 213 dbfileMame = SampleInputData.RunningFilesOrResultsPath + "SimulationProgress" + ".db";
T 214 tablename = "SimulationProgress";
8 215 sqlquery = "SELECT * FROM SimulationProgress’;
E 216 databaseAccess=08;
8 217% while databasefAccess == @ &% time tt >1
218 [ try
219 conn = sqlite(dbfileName, “connect”)
220 allresults = fetch{conn,sqlquery);
221 Time t Savedmax = max(allresults.Time t Saved) -1: e
4 3
530 startingAtVerticallayerW = 1; -
531 EndAtVerticallayerX = SampleInputData.VerticallayersPerInstances+l;
532 if SampleInputData.lLinkAuthority(1l) ~=8 && SampleInputData.linkAuthority(1) ~=SampleInputData.myActiveInstance
533 LinkAuthorityl =@;
534 end
535 if SamplelnputData.LinkAuthority(2) ~=0 && SamplelnputData.linkAuthority(1l) ~=SampleInputData.myActivelnstance
536 LinkAuthority2=8;
537 end
538 if SamplelInputData.myfActivelnstance ==
539 startinghtVerticallayeril =1;
548 EndAtVerticallayerX = SamplelnputData.VerticallayersPerlnstances + 1 - (2-2*(LinkAuthority2/SampleInputData.myActivelnstance));
541
542 elseif SampleInputData.mylctiveInstance == SampleInputData.maxAllowedNumberOfInstances
543 startingAtVerticallayerll = startingAtVerticallayerW + (2 - 2*(LinkAuthorityl/SampleInputData.myActivelnstance));
544 EndAtVerticallayerX = SamplelInputData.VerticallayersPerInstances;
545 else
546 startingAtVerticallayerW = startingAtVerticallayerW + (2 - 2*(LinkAuthorityl/SampleInputData.mylctiveInstance));
547 EndAtVerticallayerX = SamplelnputData.VerticallayersPerlnstances + (2*(LinkAuthority2/SampleInputData.myActivelnstance));
548 end
549 [SampleInputData, AllParticlesInfo] = FluidFlowWithPCMemoryAndInstancesMex ( time_t, deltaTimeInSeconds , SampleInputData, AllParticlesInfo, startingAtVerticallayerW, EndAt
55@ else
551 [SampleInputData, AllParticlesInfo] = FluidFlow ( time_t, deltaTimeInSeconds, SampleInputData, AllParticlesInfo);
552 end
553
554 YearProgressTracker = YearProgressTracker + deltaTimeInSeconds ; o
555 } e S Cn Cm A e m [P S M ,

Figure G. 3: Matlab code file created for scheduling processes and to simulate environmental conditions — Predictions.m
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EDITOR { ) Search Documentation PRES

L L LS| a ﬁ » C: ¥ Users » samuelr ¥ Documents » Acid Mine Drainage Prediction » MIDAE

g % Editor - C\Users\samuelr\Documents\Acid Mine Drainage Prediction\MiDAE\ParticlesCounter.m -
E +3 | MainGULm \ ReadInputsFromExcel.m | Predictions.m | ParticlesCounter.m | FillEmptyArrayWithParticles.m | FluidFlowWithPCMemoryAndinstancesMex.m | DiffEgnsSolver.m | + |
= 2% If So1LlIypes{1) == Inputsoilliype T
E 23 SoilTypeIndex_number = i;
3 24 end
25 | end
é 26 SampleInputData.WaterVolumetricContentAtSaturation = VanGenuchtenParameters (SoilTypelIndex number,1); % m3/m3
£ 27 SamplelnputData.ResidualWaterContent = VanGenuchtenParameters (SoilTypelndex_number,2); % m3/m3
= 28 SampleInputData.alpha = VanGenuchtenParameters(SoilTypeIndex number,3)*198 ; % per meter
g 29 SampleInputData.n = VanGenuchtenParameters (ScilTypelIndex_number,4) ; % dimentionless
g 30 SamplelnputData.HydraulicConductivityAtSaturation = VanGenuchtenParameters(SoilTypelndex_number,5) * (1/18@)*(1/3688); % m/s
E 31 SamplelnputData.m=1-(1/(SampleInputData.n)); % dimensionless
L 32 ar T, LT W s ol n____reamann
4 »
320 AllParticlesInfo.lastParticleID = AllParticlesInfo.maxNumberOfParticlesInFile;
321 newParticlesID = (AllParticlesInfo.firstParticleID:AllParticlesInfo.lastParticleID)’;
322 emptyArraySize = length(newParticlesID);
323 [emptyArraySize,FullArrayOfParticlesSizes] = FillEmptyArrayWithParticles (AllParticlesInfo, emptyArraySize);
324 AllParticlesInfo.maxNumberOfParticlesInFile= length(FullArrayOfParticlesSizes);
325 maxNumberParticlesfileNumber = round(AllParticlesInfo.statisticalTotalNumberOfParticles/emptyArraySize);
326 AllParticlesInfo.maxNumberParticlesfileNumber =maxMumberParticlesfileNumber;
327 end
328 end
329 indexStart = 1 ;
330 if SampleInputData.UsePCMemoryAsMainDataSource ==
331 save(SampleInputData.RunningFilesOrResultsFileName, "Time t", “"newParticlesID", "OriginalParticleSize"”, "CurrentParticleSize"”, “"SulphideContent”, "CarbonateContent”,
332 end
333 firstParticleID = LastParticleID + 1;
334 LastParticleID = (ParticlesfileNumber + 1) * AllParticlesInfo.maxNumberOfParticlesInFile;
335 *----- variable needed for incase a PC Memory has be used as main data source
336 if SampleInputData.UsePCMemoryAsMainDataSource ==
3370 try
338 templenVar = length(OriginalParticleSize);
339 prevtemplenVar= length(SampleInputData.OriginalParticleSize);
340 [ try
341 if SamplelnputData.Number(fActivelnstances == 1 && SamplelnputData.RunWithMultipleInstances ==
342 SampleInputData.newParticlesID (prevtemplenVar + 1 : prevtemplenVar + templenVar, 1) = newParticlesID;
343 SampleInputData.OriginalParticleSize (prevtemplenVar + 1 : prevtemplLenVar + templLenVar, 1) = OriginalParticleSize;
344 SampleInputData.CurrentParticleSize (prevtemplenVar + 1 : prevtemplLenVar + templenVar, 1)= CurrentParticleSize;
345 SampleInputData.SulphideContent (prevtemplenVar + 1 : prevtemplenVar + templenVar, 1) = SulphideContent;
346 SamplelnputData.CarbonateContent (prevtemplLenVar + 1 : prevtemplenVar + templenVar, 1) = CarbonateContent;
347 SampleInputData.OxygenContent (prevtemplenVar + 1 : prevtemplenVar + tempLenVar, 1)= OxygenContent;
348 SampleInputData.AcidContent (prevtemplenVar + 1 : prevtemplenVar + templenVar, 1)= AcidCentent ;
4 »

Figure G. 4: Matlab code file created for material ore bed reconstruction —ParticlesCounter.m
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EDITOR VIEW = ) i Search Documentation PR
e« HalFA » C: ¥ Users » samuelr » Documents » Acid Mine Drainage Prediction » MiDAE v 2
g M Editor - C\Users\samuelr\Documents\Acid Mine Drainage Prediction\MiDAE\FIlIEmptyArrayWithParticles.m X =
E +'6 \ Predictionsm * | ParticlesCounter.m | FillEmptyArrayWithParticles.m | FluidFlowWithPCMemoryAndInstancesMex.m ¢ | DiffEgnsSolverm | | %
E 1[-]  function [emptylrraySize , FullArrayOfParticles] = FillEmptyArrayWithParticles (AllParticlesInfo, emptyArraySize) - E
E 2 size = AllParticlesInfo.ParticleSizeClass; =
= 3 fraction = AllParticlesInfo.ParticleSizeClassContent;
g. 4 MaxPossibleSizeExceeded =1;
5 5[] while MaxPossibleSizeExceeded ==
S 6 try (]
- 12 end
g 13 numberOfParticles=[];
E 14 Sizelength = length(size);
S 150 for i =1: Sizelength (=]
| 22 TopfillGeingDown =1;%Top starting point

23 MiddleFillGoingUp = length(emptyArray)/2;% MiddlelUp starting point

24 MiddleFillGoingDown = MiddleFillGoingUp + 1;¥MiddleDown starting point

25 BottomFillGoindUp =length(emptyArray);%Bottom starting point

26 ArrayFull = @;

27 remaininghumber0fParticlesToFill =numberOfParticles;

28 - while ArrayFull<l

29% for 1 =1: Sizelength

3@ #%TopfillGoingDown

31 if remaininglumberQfParticlesToFill(i)»>@ && MiddleFillGoingUp >= TopfillGoingDown

32 emptyArray(TopfillGoingDown) = size(i); -

=E! TanfillGainaNown = TanfillGainaNaunad :

-

a4

45 %MiddleFillGoingUp

46 if remainingNumberQfParticlesToFill(i)>@ && MiddleFillGoingUp >= TopfillGoingDown

a7 emptyArray(MiddleFillGoingUp) = size(i);

43 MiddleFillGoinglUp = MiddleFillGoinglp-1;

49 remaininglumberOfParticlesToFill(i) =remainingNumberOfParticlesToFill(i)-1;

5@ end

51

52 %MiddleFillGoingDown

53 if remainingNumberOfParticlesToFill(i)>@ && BottomFillGoindUp >= MiddleFillGoingDown

54 emptyArray(MiddleFillGoingDown) = size(i);

55 MiddleFillGoingDown = MiddleFillGoingDown+1;

56 remainingNumberOfParticlesToFill(i) =remainingNumberOfParticlesToFill{i)-1;

57 end

58

59 if sum(remaininghumberOfParticlesToFill)==

60 ArrayFull=1;

61 FullArrayOfParticles = emptylrray;

62 end

63 end

64 - end b

Figure G. 5: Matlab code file created for material particles placement — FillEmptyArrayWithParticles.m
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PLOTS APPS EDITOR PUBLISH al 5 : ) (e [ Search Documentation P l Mafeni

€ Ha @ » C: » Users » samuelr » Documents » Acid Mine Drainage Prediction » MiDAE v p
g M Edi‘For - Ch\Users\samuelr\Documents\Acid Mine Drainage Prediction\MiDAE\ComputerAIIowMaxArrayAndMatrixRCs!ze.m o v X g
E +'? | FillEmptyArrayWithParticles.m | FluidFlowWithPCMemoryAndinstancesMex.m | DiffEgnsSolver.m | ComputerAllowMaxArrayAndMatrixRCsizem | + | =
E 1[-]  function [maxArraySize, maxColRowSize] = ComputerAllowMaxArrayAndMatrixRCsize(returnMaxArraySize,returnMaxMatrixRowOrColumSize) E
E 2 %determine the max array size for the computer being used 3
A 3 ComputerMaxArraySizeFound = @;
g 4 ReductionFactor = 18,
°a 50 while ComputerMaxArraySizeFound==0@ && returnMaxArraySize==
£ sg try
=z 7 maxArraySize = (18*11)/ReductionFactor;
& s maxArray = zeros(maxArraySize,1); %Matlab stores matrices in column-major order, so e.g. if you need to iterate over time dimension, it
E 9 ComputerMaxArraySizeFound =1;
3l 10 catch
11 ReductionFactor = ReductionFactor*18;

12 end

153 | end

14

15 %determine the max matrix size for the computer being used

16 ComputerMaxMatrixSizeFound = @;

17 ReductionFactor = 18,

18% while ComputerMaxMatrixSizeFound == @ && returnMaxMatrixRowOrColumSize==1

19 [ try

28 maxColRowSize = (18"1@)/ReductionFactor;

21 maxMatrix = zeros(maxColRowSize,maxColRowSize);

22 ComputerMaxMatrixSizeFound =1;

23 catch

24 ReductionFactor = ReductionFactor*18;

25 end

26 - end

27

28 - end

4 »

Figure G. 6: Matlab code file created to ensure that arrays or matrices are created within the computer limits —

ComputerAllowMaxArrayAndMatrixRCsize.m
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EDITOR ) Search Documentation P

L L At | :ﬂ ﬁ » C: ¥ Users ¥ samuelr » Documents » Acid Mine Drainage Prediction » MIDAE

% M Editor - C\Users\samuelr\Documents\Acid Mine Drainage Prediction\MiDAE\FluidFlowWithPCMemoryAndinstancesMex.m - @
E +'3 | MainGULm | ReadInputsFromExcel.m | Predictions.m | ParticlesCounterm \ FillEmptyArrayWithParticlesm  ? | FluidFlowWithPCMemoryAndInstancesMex.m \\DiﬁEqnsSDlver.m | + |
= = = 2 3
§ 52 AcidContent = AcidContent’ ; -
3 53 WaterContent = WaterContent';
54 MexConnhttempt = 1; 1 = 1;
g 55% while i == 1 && MexConnAttempt < 6@
E 56 [- try
<| 57 #mex("MEXFunctionFlow.cpp”) % commented because it only requires one run to create MEXFunctionFlow .i.e MEXFunctionFlow exist now
B s8 MexOutput = @ ;
E 59 [ MexOutput ] = MEXFunctionFlow(13, WaterContent, CurrentParticleSize, OtherSampleInputData, SurfaceRainOrWaterAtTime_t, LeachateAmountAtTime_t , SulphideContent, CarbonateContent,
g 68 i=e;
S 61 catch Exr
62 Exr;
63 - end
64 MexConnAttempt = MexConnAttempt + 1;
65 end
66 WaterContent = MexOutput{2} ;
67 CurrentParticleSize = MexOutput{3} ;
63 SurfaceRainOrWaterAtTime_t = MexOutput{5} ;
69 LeachateAmountAtTime_t = MexOutput{6} ;
70 SulphideContent = MexOQutput{7} ;
71 CarbonateContent = MexOutput{8};
72 OxygenContent = MexOutput{9};
73 AcidContent = MexOutput{1@};
74 AcidInLeachateAmountAtTime t = MexOutout{11l} : v
! - ¥ ¥ ¥ '
222 old_radC = SamplelnputData.radiusc(Diffsdeone+1:Diffsdone+1@); -
223 new_radC{new_radC > old_radC ) = old_radC (new_radC > old_radC } ; new_radC{ new radC < @ )=8.*new_radC({ new radC < 8 ) ;
224 SampleInputData.radiusc(Diffsdone+l:Diffsdone+18) = new_radC ;
225 newOxygenConsumption = OxygenConsumpticenFunc{SamplelnputData.radiusc(Diffsdene+l:Diffsdone+1@), SamplelnputData.WaterContent(Diffsdone+1:Diffsdone+18), Samplel
226 newOxygenConsumption (new_radC == old_radC) = @ .*newlxygenConsumption (new _radC == old_rad(C);
227 SampleInputData.OxygenConsumption(Diffsdone+1:Diffsdone+18) = newOxygenConsumption;
228 SampleInputData.sulphidemi(Diffsdone+1:Diffsdone+1@) = (SamplelnputData.SulphideContent(Diffsdone+1:Diffsdone+18) ./SamplelnputData.Epsolon) .*SamplelnputData.
229 AcidMolarConc = SamplelnputData.sulphidemi(Diffsdone+1:Diffsdone+18)./98.0879;%send moles to the diff equation
230 CarbonateMolarConc = SampleInputData.CarbonateMassesinParticle(Diffsdone+1:Diffsdone+18)./180.8869;
231 [t, RxnComp] = DiffEgnsSclver.AcidConRxnAll (CarbeonateMolarConc, AcidMolarCenc,TemperatureAtTime t , t);
232 SampleInputData.CarbonateMassesinParticle(Diffsdone+1:Diffsdone+18) = RxnComp(end,1:18) *100.8869 ;
233 SampleInputData.sulphidemi(Diffsdone+1:Diffsdone+1@) = RxnComp(end,11:20) *98.879;
234 temp_sulphidemi = SamplelnputData.sulphidemi(Diffsdone+l:Diffsdone+1@);
235 temp_sulphidemi(temp_sulphidemi<@) = @; SamplelnputData.sulphidemi(Diffsdone+1:Diffsdone+18) = temp_sulphidemi;
236 SampleInputData.OxygenContent(Diffsdone+l:Diffsdone+1@) = SampleInputData.OxygenContent(Diffsdone+l:Diffsdone+10) - SampleInputData.OxygenConsumption(DiFFsdon(v
237 CamnlnTrnidNnta NuimanCantant{ CamnlaTnndNata OvimanCantant 0 — O % CamnlaTanidENata MuuaanCantant fCamnlaTnnudNass MvimanCantant 00 -
4 3

Figure G. 7: Matlab code file created to interact with C++ file for bulk flow, components mass balance, and chemical reactions —
FluidFlowWithPCMemoryAndInstancesMex.m
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HOME 5 EDITOR PUBLISH al o € Search Documentation ISl A M3

Lol LS| E ﬁ ¥ C: ¥ Users ¥ samuelr » Documents » Acid Mine Drainage Prediction » MiDAE
_ng M Editor - C\Users\samuelr\Documents\Acid Mine Drainage Prediction\MIDAE\DiffEgnsSolver.m — @
E +'5 | ReadInputsFromExcel.m | DiffEgnsSolverm ¢ | Predictions.m \ ParticlesCounter.m | FillEmptyArrayWithParticles.m | \
E 1 classdef DiffEgnsSolver -
g 2 E methods (Static)
N 3 function [t, C_ac_rxn_components] = AcidConRxnAll(C_Mac_t@, C_Acid_t®, Temperature, PredictionTime i)

4 %k = A exp[- Ea/( RT ))

5 Temperature = 273.15 + Temperature;

6 Kac = - ( 1.8* exp(-18.515/(8.314 * Temperature))) ;

7 options=odeset('RelTol’,le-4);

8 dC_ac_dt = @(t, C) [

9 Kac * (1) * 0 C(2) ;

1@ Kac = c(1) * c(2)

11 1;

12 LenVecs = length(C_Acid_t@);

13 [ for i = 1 : LenVecs

14 C_t0 = [C_Mac_t@(i) ; C_Acid_t@(i)];

15 [ti, C_ac_rxn_componenti] = odel5s(dC_ac_dt, PredictionTime i, C_t@ , options );

16 C_ac_rxn_componentsi(:,1i) =C_ac_rxn_componenti(:,1);

17 C_ac_rxn_componentsi(:,i+LenVecs) =C_ac_rxn_componenti(:,2);

18 - end

19 C_ac_rxn_components = C_ac_rxn_componentsi;

20 t = ti;

21 end

22 function [t, components] =fl1 (f,y_t,t,y@,options)

23 = @(ty) [ AL/ (v(@)*(y_t (1) -¥(1))) I;

24 [t, components] = odedS5(ff,t,yd,options);

25 5 end

26 [-] function [t, components] =f18 (f,y_t,t,y@,options)

27 = e(ty) [ A/ Myt (1) -y(1))); .-

28 F@Q)/ @yt (2) ¥(2)));---

29 FEM(y(3)*(y_t (3) -y(3))); --.

38 FAM (y(a)=(y_t (4) -y(4)));...

31 FEMy(5)=(y_t (5) -y(5))); ---

32 F(6)/(y(8)=(y_t (B) -y(6)));...

33 FEW )=yt (7) -y(TID); -

34 F(8)/(y(8)*(y_t (8) -y(8)));---

35 FOM(y(9)=(y_t (3) -v(9))); --.

36 F(10)/(y(10)*(y_t (18) -y(1@)});...

37 1;

38

39 [t, components] = oded5(ff,t,y8,options);

49 end -

Jpg - - o eme e e A e N

Figure G. 8: Matlab code file created for solving particles’' chemical reactions differential equations — DiffEgnsSolver.m

102



Eﬂ MEXFunctionFlow - Microsoft Visual Studio ¥ &7 | Quicklau

File Edit View Project Build Debug Team Tools Test Analyze Window Help
Q- B2 HH“|'9 - - | Debug =~ x64 - p LocalWindowsDebuggerv|p - | _|. -

%] MEXFunctionFlow - (Global Scope) ~ | @ mexFunction(int NumberOfQutputArguments, mxArray * Outputs(], =

I =+
+

-

= else if (layer_i »= 2 &% layer_1 < N_Horizontal_layers - 1)
{

fl---a—- X direction-----------mmmmmmm oo M

= if ((Layer_i_WaterVolumetricContent_t_previous < above_Layer_i_WaterVolumetricContent_t) || (XFromLeftOrRight == 1) || (YFromFrontOrBack == 1))
{
double DoubleM_Heorizontal layers = (double)M Horizontal layers;
double Doublelayer_i = (double)layer_i;
SampleInputDatal@] ResidualWaterContent;
SampleInputData[l] = WaterVolumetricContentAtSaturation;
SampleInputDatal[2] = m;
SampleInputData[3] = n;
SampleInputData[4] = alpha;
SampleInputData[5] = HydraulicConductivityAtSaturation;
sampleInputData[6] = Doublelayer_ij;
SampleInputData[7] = DoubleN_Horizontal layers;

FlowZ = flowZ{Layer_i_WaterVolumetricContent_t_previous, above Layer_i WaterVolumetricContent_t,
below_Layer_i WaterVolumetricContent_t_previous, deltaTimeInSeconds,
Layer_i DeltaZ, above_Layer i DeltaZ, SampleInputData);

FlowX = flowXorY(XFromLeftOrRight, FlowZ[2], XLeftOrRight_Layer_i_WaterVolumetricContent_t_previous,
XsmallLeftorRight_Layer_i_WaterVolumetricContent_t_previous, deltaTimeInSeconds,
Layer_i DeltaX, XLeftOrRight_ Layer i DeltaX, SamplelInputData);

FlowY = flowXorY(YFromFrontOrBack, FlowX[2], YBackOrFront_Layer_i_WaterVolumetricContent_t_previous,
yvsmallBackOrFront_Layer i WaterVolumetricContent_t_previous, deltaTimeInSeconds,
Layer_i DeltaZ, YBackFront_Layer_i_DeltaX, SampleInputData);

Figure G. 9: C++ code file created for solving the 3D fluid flow model and for chemical compounds mass balance—

MexFunctionFlow.cpp which is used to create MEXFunctionFlow.mexw64
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PUBLISH Search Documentation

< 0
g 5
E +3 ‘ Predictions.m ¢ ‘ ParticlesCounterm | FillEmptyArrayWithParticles.m | FluidFlowWithPCMemoryAndInstancesMex.m | DiffEgnsSolverm ¥ | ComputerAllowMaxArrayAndMatrixRCsize.m SQLiteDBRunningOrResultsm  *0 | 4 | =
‘,E, 1 function[] = SQLiteDBRunningOrResults(dbfilelame,tablename, Time_t, newParticlesID, OriginalParticleSize, CurrentParticleSize, SulphideCentent, CarbonateContent, OxygenContent, AcidContent, WaterContent) og
| 2 dbfile = fullfile(dbfileName); o
A 3
g 4[= try
S| 5 conn = sqlite(dbfile,"connect™);
é 6 data = table(Time_t, newParticlesID, OriginalParticleSize, CurrentParticleSize, SulphideContent, CarbonateContent, OxygenContent, AcidContent, WaterContent, 'VariableNames',["Time_t",...
s| 7 ‘newParticlesID” , "OriginalParticleSize” , "CurrentParticleSize" , "SulphideContent”, “CarbonateContent”, "OxygenContent” , “AcidContent” , “WaterContent”]);
5| s sglurite(conn,tablename,data);
E
| ¢
S| 1e catch
- 11 %create new table

12 data = table(Time_t, newParticlesID, OriginalParticleSize, CurrentParticleSize, SulphideContent, CarbonateContent, OxygenContent, AcidContent, WaterContent, 'VariableNames',["Time t”,...

13 "newParticlesID" , "OriginalParticleSize" , "CurrentParticleSize" , "SulphideCentent”, “CarbonateContent”, "OxygenContent” , "AcidCentent" , “WaterContent”]);

141 try

15 conn = sqlite(dbfile, "create”);

16 catch

17 end

18 sqlwrite(conn,tablename,data) ;% Insert the data into a new database table.

19 end

2e

21 close(conn);

22 - end

4 4
|Zoom: 90% [utF-8 [cRLF [ sQLiteDBRunningOMesuits ln 13 Col 63

Figure G. 10: Matlab code file created for saving results data to the database — SQLiteDBRunningOrResults.m
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EDITOR g Search Documentation

e HaF » C » Users » samuelr » Documents » Acid Mine Drainage Prediction » MiDAE
g M Editor - C:\Users\samuelr\Documents\Acid Mine Drainage Prediction\MiDAE\SQLiteDBSimProgress.m - @ x :::E
° 5 | FluidFlowWithPCMemoryAndinstancesMex.m | DiffEgnsSolver.m | ComputerAllowMaxArrayAndMatrixRCsizem | sQLiteDBRunningOrResults.m | sQLiteDBSimProgressAdd.m | SQLiteDBSimProgress.m \ + | =
E 1] function[] = SQLiteDBSimProgress(dbfilellame, tablename, Time_t_Saved, TemperatureAtTime_t, WindSpeedAtTime_t, SurfaceRainOrWaterAtTime_t, LeachateAmountAtTime_t,AcidInleachatefmountAtTime_t, ... o Q g
E 2 pH, MelarConcentration_of_H_Ions, MolarConcentration_ofS@84Ions, ActiveInstancesID, myActiveInstance, OptimisedRunBasedOnFluidFlow, UsePCMemoryAsMainDataSource, RunWithMultiplelInstances, [
N 3 ContinueFromPrevRun, MNumberOfActiveInstances, ActiveInstances, MainInstance, ActualDate )
g 4 dbfile = fullfile(dbfileName);
g 50 try
é 6 conn = sqlite(dbfile,”connect™);
- 7 data = table(Time_t_Saved, TemperatureAtTime_t, WindSpeedAtTime_t, SurfaceRainOrWaterAtTime_t, LeachatefmountAtTime_t, AcidInLeachatefmountAtTime_t, pH, MolarConcentration_of_H_Ions,
5 s MolarConcentration_of5@84Tons, ActivelInstancesID, myActiveInstance, OptimisedRunBasedOnFluidFlow, UsePCMemoryAsMainDataSource, RunWithMultipleInstances, ContinueFromPrevRun,
E 9 NumberQfActivelnstances, Activelnstances, MainInstance, ActualDate, “VariableMames',["Time_t_Saved”, "TemperatureAtTime_t", "WindSpeedAtTime_t"”, “SurfaceRainOrWaterAtTimes_t”,
S 10 "LeachateAmountAtTime_t", "AcidInLeachateAmountAtTime_t", "pH", "MolarConcentration_of H_Tons", "MolarConcentration ofS@4Tons", "ActiveInstancesID","myActivelnstance”, .

11 "OptimisedRunBasedOnFluidFlow”, "UsePCMemoryAsMainDataSource”, "RunWithMultipleInstances™,"ContinueFromPrevRun", NumberOfActivelnstances”, "ActiveInstances”, "MainInstance”,

12 “ActualDate” ]);

13 sglwrite(conn,tablename,data)

14 Fatrh M

4 4

Figure G. 11: Matlab code file created for saving simulation progress data to the database — SQLiteDBSimProgress.m

4\ MATLAB R2023b - academic use - O x|
EDITOR ] Search Documentation
& HalE » C: ¥ Users » samuelr » Documents ® Acid Mine Drainage Prediction » MiDAE
b ﬁ Editor - C:\Users\samuelr\Documents\Acid Mine Drainage Prediction\MiDAE\SQLiteDBSimProgressAdd.m x| =
i . = . . . — 5
E +'5 | FluidFlowwithPCMemoryAndinstancesMexm ¢ | DiffEqnsSolverm ¢ | ComputerAllowMaxArrayAndMatrixRCsizem ¢ | SQLiteDBRunningOrResults.m ¢  SQLiteDBSimProgressAdd.m |+ | 5
g 1 function[] = SQLiteDBSimProgressAdd{dbfileName, tablename, Time_t_Saved, EntryInsertByWhichInstance, MainInstancelas, AdditionalSurfaceRainOrWaterToInclude, ActualDate ) - o g
S 2 dbfile = fullfile(dbfileName); -
3 try -—
2l 4 conn = sqlite(dbfile,"connect™); =
E 5 data = table(Time_t_Saved, EntryInsertByWhichInstance, MainInstancewas, AdditionalSurfaceRainOrlWaterToInclude, ActualDate, 'VariableNames®,["Times_t_Saved”,
g 6 “EntryInsertByllhichInstance”,"MainInstancelas”, "AdditionalSurfaceRainOrWaterToInclude”, “"ActualDate” ]);
- 7 sqlurite(conn,tablename,data) ; =
-| 3 usages of "EntryinsertByWhichinstance" found | Zoom: 90% |utr-s |crRiF | saliteDBSImProgressadd [tn s Col 59

Figure G. 12: Matlab code file created for saving simulation Instances water addition simulation progress data to the database —
SQLiteDBSimProgressAdd.m
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APPENDIX H. USING THE DEVELOPED SOFTWARE WITH MULTIPLE
INSTANCES

The following steps are a quick guide to using the developed acid mine drainage predictor
(MiDAE) with multiple instances on the same computer and two different computers on the same
network. Four MiDAE Instances are used in this example:

Step 1:  Populate the input data file as shown in Figure F. 2. The template/example is also
available from the MiDAE Help menu as shown in the next figure. The file can be saved
anywhere on the computer.
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e - m] X
Help Advanced »
User Manual
MiDAE
Select Inputs Data File |:|
Click “Help” and then
T~ “Example Inputs Data
File” to download the
Select Folder to Save Results/Running Files (Optional) (| template inpUtS data file
Start Stop
Wits Student number: 2528796, Sponsored/funded by Mintek

Figure H. 1: How to download the Inputs Data file template from the MiDAE App interface
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Step2:  On the MiDAE interface, click the “three-dot menu” to browse to the location where the input data file populated in
Step 1 is saved as shown in the following figure.

[ - X

Help  Advanced -~

MiIiDAE Click the “three-dot
menu” to select the

/ i i

inputs data file

Select Inputs Data File E

Select Folder to Save Results/Running Files (Optional) |

Wits Student number: 2528796, Sponsored/funded by Mintek

Figure H. 2: Browse to the input data file location
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Step 3:  Go to the inputs data file location and select it — click open afterward or double-click it as shown in the following figure.

=

Help Advanced

MiDAE

Select Inputs Data File !

E] Select input excel data file X
& > v A 0> Documents > Acid Mine Drainage Prediction > MIDAE ~ O Search MiDAE »
Qrganise ~ New folder = - [0 o

Name Type

ﬂ Home

EJ Gallery Example Inputs Data Filex|sx Microsoft
5 @ Samuel - mintekco.za Inputs Data File -Ore Type 1.xIsx Microsoft

@l Desktop »

L Downloads »

= Documents »

A Pictures »

o Music »

File name: |Inputs Data File -Ore Type 1.xlsx vl (hxds®) i
Open Cancel

Figure H. 3: Selecting an input file location
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Note that the prediction time box is now white i.e. after step 3, it becomes an available input option. Enter the prediction time (see Figure
H. 4).

« - x

Help Advanced -~

MiDAE

C:\UserstsamuelriDocuments\Acid Mine Drainage Predictionlore type T\inputs Data File -Ore Type 1.x]

Ready to accept
——— the  prediction

time

Select Folder to Save Results/Running Files {Optional)

Wits Student number: 25628796, Sponsored/funded by Mintek

Figure H. 4: Inputs file selected and prediction time box enabled
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After entering the minimum required inputs — the start button becomes green as shown in the following figure.

[« = u] X

Help Advanced »

MIDAE

(C:\Users\samuelr\Documents\Acid Mine Drainage Prediction\MiDAE\Inputs Data File -Ore Type 1.xlsx

Select Folder to Save Results/Running Files (Optional) ‘

Wits Student number: 2528796, Sponsored/funded by Mintek

Figure H. 5: The start button becomes green after entering the minimum required inputs
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Step4:  The optional inputs can be added at any time before pressing the “Start” button, examples are given in this step:
e Selecting a folder where the running/results files and the database will be saved; Figure H. 6 to Figure H. 8 below
shows how to select the desired location for saving the simulation running/results database files.

Help Advanced

MiDAE

il \Inputs Data File -Ore Type 1.xlsx

Select Folder to Save Results/Running Files (Optional)

Wits Student number: 2528796, Sponsoredfunded by Mintek

Click the “three-dot
menu” to browse to the
location/folder where the
running/results database

files will be saved.

Figure H. 6: Option to select the location where the simulation progress and results database files should be saved
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@ —

Help Advanced

ion\MiDAE\Inputs Data File -Ore Type 1.xlsx

Select Folder to Save Results/Running Files (Optional) D

@ Select Folder to Open

& = v~ /T > Documents > Acid Mine Drainage Prediction > ore type 1 ~ @] Search ore type 1 »

QOrganise ~ New folder

Date modified

> @ Samuel - mintek.coza

No items match your search.

@l Desktop

Click the “Select Folder”
to select the
location/folder where the
running/results  database
files will be saved.

Folder: ore type 1

Selectfolder  Cancel

Figure H. 7: Select the location where the progress and results database should be saved
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-« - X

Help Advanced >

MiDAE

\Acid Mine Drai Prediction\MiDAE\Inputs Data File Ore Type 1.xlsx

] Selected
|
results/running

. e
folder/location

Wits Student number: 2528796, Sponsored/funded by Mintek

Figure H. 8: After selecting the results/running files location
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Step 5:

Selecting optional inputs from the “Advanced” menu:

“UsePCMemoryAsMainDataSource” — this option gives the application (MiDAE) authority to use the full capacity of
the PC memory (RAM) as the main data source for intermediate storage for fast processing/simulation. For large systems
that require more RAM than what the computer has, it is recommended to use this option with
“RunWithMultipleInstances™ so that the ore bed/heap can be divided into multiple small instances that the computer
RAM can handle. The other instance can be launched from a separate computer on the same network. With few instances
or no additional instances specified, it is not recommended to select this option and it will not work if the simulated mine
dump is large such that the computer memory (RAM) is not enough to store intermediate results or properties for all
particles. For this case (i.e. large ore bed or mine dump), it will create Matlab and database files to store intermediate
results and properties but it will run slower.

“RunWithMultipleInstances” — An instance is a single launch of a MIDAE application. When the
“RunWithMultipleInstances” is selected, the ore bed or mine dump simulation is then divided into a specified number of
instances provided the final ore bed segments (vertical layers) are at least 2 for each instance. These instances
communicate with each other via the instance link file. If too many instances are requested such that the resultant vertical
layers are less than two per instance, the software automatically adjusts the number of instances such that the final number
of instances is at least two. This should be done only on the first (original) instance that starts the overall simulation.
These instances can then be run from different computers for as long as they are on the same network and can access the
central data location specified on the first/original instance interface. All the instances will then have to reference this
central data storage point. The central data storage point can be on the network or the first computer drive/folder. After
selecting this option, the “Maximum number of instances to launch” input box becomes active (white background), enter
the number in the box. If this input box is enabled after selecting “RunWithMultipleInstances” but left blank, a default
of 10 instances is then assumed by the app. See Figure H. 9 to Figure H. 11 for the demonstration. Note that the
“Maximum number of instances to launch” is 4 in this example.

“OptimisedRunBasedOnFluidFlow” — this option is added to assist with speeding up the simulation time. It monitors the
top layer (surface) water content, rainfall/water addition, and the leachate amount rate. If the water addition is zero,
surface water is at the minimum or zero and the leachate amount is also zero for more than 3 cycles, it then changes or
increases the simulation time increment for the next cycle to run such that it can reach the next water addition time faster.
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This feature has been added as part of the findings/suggestion from Farthing and Ogden (2017) that the adaption of space

and time produces benefits in terms of balancing between processing speed and accuracy.

@ —

Help Advanced

UsePCMemoryAsMainDataSource >

OptimisedRunBasedOnFluidFlow

C:\Users\samuelr\Documents\Acid Mine Drainage Prediction\ore type 1

Wits Student number: 2528796, Sponsoredffunded by Mintek

Click “Advanced”,
“RunWithMultipleInstances”,
and then “Yes” for simulation
with multiple instance and/or
computers.

Figure H. 9: Option to run with multiple instances
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P

<

Help Advanced

MIiDAE

C:\Users\samuelriD: \Acid Mine Drainag diction\MiDAE\Inputs Data File -Ore Type 1.xlsx

C:\Users\samuelr\Documents\Acid Mine Drainage Prediction\ore type 1

Wits Student number: 2528796, Sponsored/funded by Mintek

Enter the Maximum
number of instances and/or
computers to be launched
including this one. If
activated by selecting
“Yes” to
“RunWithMultipleInstances
”_ but the Maximum
Number of Instances to
launch is left blank, the

default of 10 is assumed.

Figure H. 10: Maximum number of instances
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@ —

Help Advanced

MiDAE

type 1\nputs Data File -Ore Type 1.x]

C:\Users\samuelr\Documentsi\Acid Mine Drainage Prediction\ore type 1

Wits Student number: 25628796, Sponsored/funded by Mintek

| | Starts the simulation

Figure H. 11: Click the Start button to start the simulation after entering the inputs
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Step 6:  Click the “Start” button to start the predictions. A status message (i.e. “Predictions started... Running/Simulation instance
Number 1) as shown in Figure H. 12 should appear if the instance is running correctly. The running and/or results files (.csv,
.mat, and .db) shown in Figure H. 13 to Figure H. 16 will also be generated once the first instance has started predictions.

P 5
- = X

Help Advanced »

MiDAE

id Mine P type 1Unputs Data File Ore Type 1.xI -

z Predictionlors fype Predictions started and
__—| simulation instance number

displayed

‘Wits Student number: 2528796, Sponsored/funded by Mintek

Figure H. 12: Predictions started for Simulation Instance Number 1
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>

ore type 1

< : ™ X

@NE‘N"’

% Home
Ej Gallery

# Samuel - mintek.co.za

Bl Desktop
4 Downloads
~ Documents
P9 Pictures
) Music
i Videos
MIDAE
ore type 1
mafeni

Acid Mine Drainage Prediction

x

-

»

-

RunningFilesOrResults X +

Documents

% % % % % % % % W

»  Acid Mine Drainage Prediction

Tl Sort ~ = View ~

Mame
InstanceRunningFileOrResults1.mat
InstanceRunningFileCQrResults1Link.mat
InstanceRunningFileOrResults2. mat
InstanceRunningFileQrResults2Link.mat
InstanceRunningFileOrResults3.mat
InstanceRunningFileQrResults3Link.mat
InstanceRunningFileOrResultsd. mat
InstanceSchedulerLinkl.csv
InstanceSchedulerlink2.csv
InstanceSchedulerLink3.csv

SimulatienProgress.db

»

are type 1

»

RunningFilesOrResults

Type

MATLAE Data

MATLAB Data

MATLAE Data

MATLAB Data

MATLAE Data

MATLAB Data

MATLAE Data

Microsoft Excel Comma Separated Values File
Microsoft Excel Comnma Separated Values File
Microsoft Excel Comma Separated Values File

Data Base File

Figure H. 13: MiDAE instance running or results files and simulation progress database files
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4 Import Wizard

Select variables to import using checkboxes

O Create variables matching preview.

Create vectors from each column using column names.

Create vectors from each row using row names.

Variables in C\Users\samuelr\Documents\Acid Mine Drainage Prediction\ore type T\RunningFilesOrResults\InstanceRunningFileCOrResults1.mat

1

Import Name = Size Bytes Class

FH AcidContent 202290600x1 1618324800 double 1] 2120004 0
8 [ carbonateContent  202290600x1 1618324800 double 2 1.5000e-04

BE) CurrentParticleSize 202290600x1 1618324800 double 3 7.5000e-05

[ [OriginalParticieSize| 202290600x1 1618324800 double 4 2.5000e-05

BE) OxygenContent 202290600x1 1618324800 double 5 2.1200e-04

[ sulphidecontent  202200600x1 1618324800 double = 15000004

Time_t 2022906001 1618324800 double e

HH waterContent 202290600x1 1618324800 double 7 7.5000e-05

BE) newParticleslD 202290600x1 1618324800 double 8 2.5000e-05

Help < Back Next = [[J Generate MATLAB code  Cancel

Figure H. 14: An Instance 1 running/results file

4 Import Wizard

Select variables to import using checkboxes

O Create variables matching preview.

Create vectors from each column using column names.

Create vectors from each row using row names.

Variables in C\Users\samuelr\Documents\Acid Mine Drainage Prediction\ore type 1\RunningFilesOrResults\InstanceRunningFileOrResults1Link.mat

Import Name = Size Bytes Class 1

FH AcidContent 868200x1 6945600 double 1| 21200e-..
H carbonateContent 868200x1 6945600 double 2 | 1.5000e-...
EE] CurrentParticleSize 868200x1 6945600 double 3 | 7.5000e-...
OriginalParticleSize 868200x1 6945600 double 4 | 2.5000e-...
EE] OxygenContent 868200x1 6945600 double 5 | 2.1200e-

] sulphideContent 868200x1 6945600 double :
Time_t 868200x1 6945600 double 6 | 1.5000e-..
HH waterContent 868200x1 6945600 double 7 | 7.5000e-...
HH newparticlesiD 868200x1 6945600 double 8 | 2.5000e-..

Help < Back Next > [[) Generate MATLAB code ~ Cancel

Figure H. 15: An Instance Link1 file
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InstanceSchedulerLinkl.csv - Exce — O X

B4 . & Instance number that has Authority N
1 A 1# C E | over the Instance Link1 Layers . K |=
2 -
i InstanceSchedulerLink1 ) 4 3
Ready _ H 0 - | + 100%

Figure H. 16: An Instance Link1 Scheduler — an instance association scheduling file

It should be noted that it was and/or is possible to combine all the instance running/results files, link files, and/or the link scheduler file
into one file or database. However, this was not chosen as the trial of it resulted in the overall simulation running too slow because of
file access traffic i.e. the instance simulations were too slow as the file was locked by other instances. Hence, it was decided to separate

them.

The rest of the simulation parameters such as Time and the corresponding temperature, wind speed, surface rain or water, leachate
amount, acid in the leachate, pH, etc. are stored in the SimulationProgress.db database file using SQL.ite (see Figure G. 10 to Figure G.
12 for more information on how it is done). Figure H. 17 shows how to view or query the data from the SimulationProgress.db database

file using Matlab. It should be noted that any other program that can query data from the SQL.ite database can be used.
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A\ MATLAB R2023b - academic use - [m] X

EDITOR B4 5399 @ ® ISearch Documentation
I =i . & f % R 41 - = |Z] section Break l) (i
i i H |iz] Compare ¥ E")H ) '!(J—J . o Profiler =] = @,}"
- B z| |E
New Open Save Ehprint w Go To 4 Refactor 2] o |5 Run (i ars| AiEEE Run Step Stop
= Print L& Analyze
- hd v - u Bookmark ¥ h @ v Section @ Run to End -
FILE MNAVIGATE CODE AMNALYZE SECTION RUN

;F B 8 B] JJ ¥ Users » samuelr » Documents * Acid Mine Drainage Prediction » AV
= )
| f—— -
S| | SimulationResultsDataQuery.m + |
E 1 dbfileName = "C:\Users\samuelr\Documents\Acid Mine Drainage Prediction‘ore type 1\RunningFilesOrResults\" + "SimulationProgress™ + ".db"
E 2 tablename = "SimulationProgress”;
- 3

1 sqlquery = 'SELECT * FROM SimulaticnProgress';

5 conn = sqlite(dbfilelame, "connect"),‘|

6

7 allresults = fetch{conn,sglquery);

8 allresults hd

»
Command Window ®
allresults =

645x159 table

Time_t_Saved TemperatureAtTime_t WindSpeedAtTime_t SurfaceRainOrWaterAtTime t LeachateAmountAtTime t AcidInLeachateAmountAtTime t PH MolarcC
1 40 10.8 50 0 0 7
1 40 10.8 50 0 0 7
2 40 10.8 50 0 0 7
3 40 10.8 50 0 0 7
4 40 10.8 50 0 0 7

Figure H. 17: To access the results data from SimulationProgress.db

123



Step 7:  To start the other instances, repeat steps 2, 3, and 4 but before pressing the “Start” button, click on the “continue from
previous incomplete run (optional)” tick box as shown in Figure H. 18 so that the MiDAE software can know that it does not
need to create new databases but either continue creating new instances as per the specified number of instances or reactivate an
instance which stopped prematurely. Then click the “Start” button to start the next simulation instance (See Figure H. 19 for the
response). Multiple instances imply parallel processing for everything and as a result, a faster processing time can be expected.

e e R
ey - x

Help Advanced »

MiDAE

C:\UsersisamuelriDocuments\Acid Mine Drainage Predictionlore type 1\Inputs Data File -Ore Type 1.xl

Click on the “continue from
previous  incomplete  run
(optional)” tick box to create
_—| new instance or reactive an old

inactive instance.

‘Wits Student number. 2528796, Sponsored/funded by Mintek

L )

Figure H. 18: Continue from the previous incomplete run is also used to create a new instance that has not started yet
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Help Advanced

Figure H. 19: Simulation Instance 2 started
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Simulation instance 2

running




Figure H. 20 below shows an example of four instances running on the same computer. Figure H. 21 shows the same setup but with

the 4™ instance running on a different computer which is on the same network.

=

Help Advanced

Ore Type 1

Figure H. 20: MiDAE running with 4 simulation instances on the same computer
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%5 172161277 - Remote Desktop Connection

«

Help Advanced

\172.16.12. Drainage type Winputs Data File -Ore Type 1.xlsx =y

Ore Type 1

Drainage Predictiontore type 1

st £

Wes Stusent number 252796, Sponscsedtunded by Mntek

P Type here to search

=

o Mo wwuOEZE€IrHEOLOEITEE 4L

Figure H. 21: MiDAE running with 4 simulation instances and the 4th instance on a separate PC on the same network
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When the simulation is complete, the user interface will display a message saying “Predictions complete and results saved to disk. Check
the results folder” as shown in the figure below. The results from all the simulation Instances are saved in the selected folder. The results
data can be accessed from the results folder using Matlab or any other program that can access the SQL.ite database as illustrated in Step
6:

- X
Help Advanced »

MiDAE

C:\UsersisamueliiDocumentstAcid Mine Drainage Predictionlore type 1\Inputs Data File -Ore Type 1.x] !

Ore Type 1

——1 Simulation results folder.

Simulations complete.

C:\Usersisamuelr\Documents\Acid Mine Drainage Prediction\ore type 1

‘Wits Student number- 2528796, Sponsored/funded by Mintek

Figure H. 22: MiDAE status message when the predictions are complete
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As an example, a full year simulation was done with the environmental weather conditions given in Table H. 1 below for both ore type
1 and ore type 2. The rest of the software input parameters were kept the same as in Table F. 3. The simulations profile obtained is

shown in Figure H. 23.

Table H. 1: Typical full year weather conditions at the mine site of ore type 1 and type 2 (Weatherspark, n.d.)

Jan. | Feb. | Mar. | Apr. | May | June | July | Aug. | Sept. | Oct. | Nov. | Dec.

Rainfall (mm) | 243 | 220 | 108 | 25 3 0 0 0 0 15 | 85 | 213
minimum 3 3 5 8 10 10 10 | 11 11 10 6 5
Wind Speed (km/h)
maximum 16 16 16 19 19 19 | 23 | 24 26 24 | 19 | 16
minimum 17 17 17 14 12 9 9 12 15 18 18 | 17
Temperature (°C)
maximum 26 26 26 26 26 25 | 26 | 28 32 34 | 31 | 27
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Ore type 1 total SO, generated (mg/'keg ore)

m— pre type 1 = ore type 2
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Time (Months)

Figure H. 23: Multiple particle size model predictions with silicate minerals effects — 1 full year predictions
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