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Deep-level mines use dewatering systems that are responsible for the removal of underground
water. A dewatering system consists of a series of dewatering dams and pumps. Dewatering pumps
are responsible for pumping water from lower-level dams to upper-level dams. The water is moved

through pumps and pipes until it reaches the mine’s surface.

Due to harsh conditions under which dewatering pumps operate, their efficiencies deteriorate
rapidly. Research revealed a gap in literature pertaining to quantifying dewatering pump
efficiencies in deep-level mines, considering the data challenges faced by the industry. The
challenges relevant to this study were found to be missing data that occur due to limited
instrumentation or communication issues, static data challenges due to faulty instrumentation

issues or communication issues, and inaccurate data such as negative values.

This study followed a data analysis approach to develop a methodology through which the data
challenges were addressed. The data analysis process revealed that pump discharge flow rate,
discharge pressure and power consumption readings were critical to the accuracy of efficiency
measurements. A unique and automated method was developed through which dewatering pump

efficiencies can be quantified despite the challenges.

The developed method was tested on two case studies. The case studies are from a deep-level gold
mining group in South Africa. Results from both case studies highlighted the data challenges and
thus the importance of having a data quality monitoring system. From the results, it is also clear

that, despite the data challenges, pump efficiency is quantifiable.

The solution was automated to require minimal human intervention and can also help mines reduce
the cost associated with hiring external contractors who conduct efficiency audits. The solution
can also help enhance labour productivity. The developed method can be applied to any deep-level

mine that uses dewatering pumps.
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1.1 Background

1.1.1 Deep-level mine dewatering systems

Some of the deepest mines in the world are found in South Africa [1]. Deep-level mines can reach
depths of about 4 km [2]. With such depths, a significant amount of water accumulates
underground [3]. The water originates from fissure and mine service water that is used for mining
activities such as drilling, rock cleaning and cooling of the working areas [4], [5]. The water needs
to be extracted to prevent flooding of the mine. A mine dewatering system is responsible for

removing the water from underground levels to the surface [5], [6], [7].

A dewatering system comprises an upward cascading dam and pump configuration [4], [6], [8].
The system consists of pumping stations that are distributed on individual levels according to the
layout and activities on the mine [5], [9]. A simplified layout of a typical dewatering system is

shown in Figure 1.

| Legend |
> \ I
Surface dam |

| I:I Dam |

: @ Pump l

< | . |

| . Column |

|~~~ Settler |

Level 2 dam

Water from mining

——=n

operations [

Level 1 dam

Figure 1: Simplified layout of a dewatering system

Lower mining levels usually have settlers that are responsible for removal of suspended particles
in the water such as mud or debris. The particles accumulate at the bottom of the settler dam, and
only the cleaner water flows into the water dam [4], [6], [10]. The water is pumped from a lower-

level dam to an upper-level dam. The water is delivered through large pipes, also referred to as
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pumping columns. The cycle is repeated until the water reaches the surface. Some of the water
might be used as service water on its way up [6]. The remaining water is pumped to surface and
often cooled and recirculated for reuse by the aforementioned mining activities [6]. Typically, two
or more pumps are found per pumping station, depending on the size of the mine and the amount
of water that is required to be pumped [4], [11], [12].

1.1.2 Centrifugal pump theory

Multistage centrifugal pumps are mostly used in the deep-level mining sector [4], [13]. They are
preferred due to their durability and tolerance to harsh environments [14], [15]. They are also
easier to operate and are less prone to wear [16]. Figure 2 shows a simplified illustration of a

typical single-stage centrifugal pump?.

IMPELLER EYE

IMPELLER

Figure 2: Simplified overview of a centrifugal pump

As illustrated in Figure 2, a single-stage centrifugal pump consists of an impeller attached to a
shaft, which is driven by a motor and rotates in a volute casing [17]. The rotating impeller transfers
kinetic energy to the fluid, which is later converted to a static head in the volute casing [17]. Static
head in its simplest definition is the maximum height that a pump can move fluid against gravity
[18]. Figure 3 shows a simplified depiction of the static head (adapted from [19]).

1 S. Tembhre. “Centrifugal Pump Design and Analysis Using Solidworks.” https:/skill-lync.com/student-
projects/centrifugal-pump-design-and-analysis-102 (accessed July, 2021).
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Upper-level dam

Static head

Lower —level dam

Figure 3: Simplified depiction of static head

A multistage centrifugal pump consists of multiple successive “single stages”, allowing the pump
to impart more energy [15]. Centrifugal pumps can be classified into three categories, namely
radial flow (liquid enters through the centre of the impeller and is pushed out along the impeller
blades perpendicularly to the shaft), axial flow (fluid is pushed parallel to the shaft as in the case
of a propeller), and mixed flow (combination of radial and axial flow) [15], [17].

1.1.3 Pumping energy consumption

One of the main disadvantages of pumps is their high energy consumption [4], [20]. Studies reveal
that 15% of a mine’s total electricity is used for pumping [21], [22]. The cost of electricity in South
Africa has been rising at a rate higher than inflation in recent years [23]. Due to high electricity
demand, Eskom introduced time-of-use (TOU) tariff structures. Mines and other industries that
have a notified maximum demand of greater than 1 MVA are billed through the Megaflex tariff
structure [12]. The structure consists of electricity charges that are based on three TOU periods;
namely off-peak, standard, and peak times. Figure 4 shows the 2021/22 Megaflex tariffs for a
typical gold mine in South Africa (adapted from [24]).

An automated method for determination of pump efficiencies in deep-level mines
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Figure 4: Megaflex tariff in c/kWh for 2021/22

Figure 4 shows that the tariffs vary according to seasons, with winter (referred to as the high
season) having the highest tariffs. Mines must minimise their expenses on electricity to remain
profitable. Mines usually implement load shifting strategies to reduce electricity costs. In the case
of a dewatering system, the load shifting is typically implemented by pumping as much water
outside peak TOU and avoiding pumping during peak TOU [25], [10], [13], [26]. Some energy
management projects suggest considering pump performance when allocating pumps during the
different TOU periods [4], [27]. The purpose of this intervention is to minimise financial cost
during peak and standard TOU by using best-performing pumps during these periods [27]. Thus,

it is important to know dewatering pump performances.

1.1.4 Quantifying pump performance

The performance of a centrifugal pump can be measured through various output parameters such
as volumetric flow rate or discharge pressure. However, the most frequently-used parameter is
efficiency [28]. Pump efficiency (n,.mp) is defined as the ratio between useful energy delivered
to the fluid as work and the total energy consumption of the motor, and can be expressed as follows
[16]:

*x(DP—SP)x
Npump (%) = % * Mnotor Eg. 1

where;

e p is the density of water and is considered as 1 g/cm?® at 25°C [29].
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e DP is discharge pressure — this is the pressure at the pump’s outlet and is proportional to the
total static head required by the system. As mentioned in 1.1.2, static head is the total elevation
of the discharge column and represents the pressure the pump must overcome to meet the
pumping need [30]. DP is measured in kPa or bar and can be calculated as follows [31]:

Discharge pressure [kPa] = Static head[m] » g[m3/kg. s*] Eq.2
where: g is the gravitational constant (9.8 m3/kg.s?).

e SP issuction pressure — this is the pressure generated by the weight of the water contained in
the dam from which a pump is connected. Therefore, it is dependent on the water level in the
dam and position of the pump [6], [30], [19]. SP is also measured in kPa or bar.

e ( isthe volumetric flow rate — this is the total water volume delivered by the pump per unit of
time [19]. The volumetric flow rate is inversely proportional to the static head [31]. An
ultrasonic flow meter is typically used to measure the volumetric flow rate on the discharge
column. The units are usually in litres per second (l/s) [23], [19].

e P isthe motor power consumption — this is the total power consumption of the motor while in
operation and is measured in kilowatts (kW). Each piece of electrical equipment has a rated
motor power, which is often provided on the nameplate. Most electric motors are designed to
run at 50% to 100% of the rated power [32]. Electric motors have a tendency to consume more
than the rated power during start-up [32], [33]. The motor power consumption can be
calculated from the motor electric current using the three-phase power formula as shown

below:

Motor power consumption[kW] = V3 X PF x V x I Eq.3

where: PF is the power factor, the phase angle between the motor electric current and voltage
and a value of 0.9 is typically assumed [34], V is the voltage at which the motor operates

(typically 6.6 kV for mines [24]) and | is the electric current.

*  NMmotor IS the motor efficiency — this is the ratio of the motor output power to the power input
into the system?. The output power is what is used to do mechanical work. The motor
efficiency is usually provided by the manufacturer, and ranges between 90 — 98%. However,

a motor efficiency of 100% will be assumed as it is not under investigation.

2 Ramzy. “The Simple Guide to Motor Efficiency: What It is and What to Do.”
https://www.linguip.com/blog/motor-efficiency/ (accessed: Nov., 2021).

An automated method for determination of pump efficiencies in deep-level mines -



https://www.linquip.com/blog/motor-efficiency/

Q) NWU*
INTRODUCTION AND LITERATURE STUDY U =

As mentioned, pump performance can be measured through various output parameters such as
volumetric flow rate or discharge pressure. However, from these parameters, pump efficiency is
the most comprehensive metric as it compares the electrical input into the system versus the
mechanical output, therefore revealing any losses [18], [28]. Therefore, this study will use pump

efficiency as a performance metric.

1.1.5 Pump condition monitoring

Stols [35] found that it costs the mining industry approximately 20% to 50% of its total operational
cost to maintain machines. It also costs approximately three to five times more to repair a failed
component than to replace it before it experiences failure, as it might cause downtime in
production [35]. According to Oberholzer [4], if correct maintenance is conducted, the regular life
cycle (15 years) of a pump can be increased by up to 15%. It is thus imperative that the conditions
of the pumps be monitored.

Pump condition monitoring tools in most South African mines only focus on temperatures and
vibrations of the motor and pump as well as the motor power consumption [35]. While these
parameters are key from a safety perspective, they do not explain whether a pump executes its
mechanical duties effectively. Pump efficiency is a metric that provides a comprehensive overview

of a pump’s performance.

Due to poor water quality and inefficient operation, the efficiencies of dewatering pumps
deteriorate rapidly [4], [36], [37] [38], [39], [40]. According to Anis [39], the efficiency of a pump
deteriorates linearly to its total running hours. This means that the more a pump operates, the more
maintenance it requires. Thus, it is necessary to monitor the efficiencies continuously and

automatically to keep up with the dynamic nature, and act upon any suspicious pump behaviour.

As mentioned in Section 1.1, pumps can be selected based on performance to realise cost savings.
The selection criteria can use pump efficiency as a performance metric [41]. Pump efficiency can
also be used as an additional parameter to improve condition monitoring [16], [40].

Most mines outsource services relating to pump performance monitoring to external contractors.
According to Statista [42], employee salaries and external contractors account for approximately
31% of the operating cost of a mine. In most cases, the work that is carried out by these contractors
involve conducting scheduled periodical on-site audits. This process is time and resource
consuming as the mine must allocate a foreman to provide supervision. With the manual work,
there is also a possibility of human error that can affect the accuracy of results [27]. Therefore,

automating the process can reduce human error and hence provide more accurate feedback.

An automated method for determination of pump efficiencies in deep-level mines
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Automation will also ensure that timeous feedback is provided given the dynamism of the
efficiencies [27].

To carry out any kind of monitoring or reporting, data is needed. In the mining sector, various
machinery is equipped with a wide variety of sensors [43]. However, most of the data produced

by these sensors are not used [43].

1.2 Data challenges in deep-level mines

1.2.1 Data acquisition

Mines have been investing in means of monitoring their systems. Most South African mines use
a common data acquisition process [22]. Figure 5 shows a diagrammatical representation of the
process used at most mines [22].

Sensor > PLC

h.

SCADA OPC connectior[>

Figure 5: Overview of data transmission process

Client
database

As shown in Figure 5, the process consists of a sensor(s), programmable logic controller (PLC),
supervisory control and data acquisition (SCADA), open platform communications (OPC) and a

database. The above steps/tools are described below:
Sensor

These are all devices that are physically placed on components that are of interest, for example
loggers attached on pumps. Multiple sensors can be mounted on the same component [22]. In this
study, the measurements of interest are discharge flow, discharge pressure, suction pressure, and

power consumption.
Programmable logic controller (PLC)

A PLC is an electronic device that consists of a programming memory and can execute certain
functions such as logical instructions and timing. PLCs can control analog or digital modules [44],
[45], [46]. The PLC gets control signals from the SCADA, which are composed of setpoint values,
start/stop signals, and on/off signals.

An automated method for determination of pump efficiencies in deep-level mines n
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Supervisory control and data acquisition (SCADA) system

The SCADA is responsible for monitoring, gathering, and processing real-time data from the PLC,
and has a user interface with the sensors being monitored [44], [46], [47]. The SCADA is usually

configured to log data at a set frequency [47].
Open Platform Communications (OPC)

The OPC is a system or platform that enables other systems and software to securely access data
from the SCADA [22] [35], [48].

Database

The last phase includes storing the data in a database, which receives data from SCADA through
an OPC connection [47]. Databases are designed according to the kind of data they are required

to handle [22]. Data can be exported through a data exporter.

1.2.2 Data challenges

In many applications, raw data is summarised or aggregated before being stored in a database [49].
This is usually done for various reasons such as to reduce data volume and noise in the data [49].
Real-time data consists of a higher volume (more data points per time interval) and requires large
storage space. For example, some mines log data at two-minute intervals on to SCADA. In some
instances, the raw data can be aggregated to a lower resolution that will reduce the data volume

before storing in a database.

The data acquisition process is highly dependent on electricity and a reliable internet or network
connection for effective communication of the involved subsystems. Due to the nature of mines,
power cables are sometimes damaged by rock falls, flooding of water in lower levels or other
mining activities [50]. Other mining characteristics such as ore type, which may have
electromagnetic properties interfering with signals, can also affect radio signals and therefore
affecting communication between the systems [50]. This can compromise data availability and or
quality. Measurements related to pumps are also affected by these challenges as the pumps are

often located on the lower levels of the mine where the aforementioned activities take place.

There are other predominant data-related challenges in the mines, such as faulty sensor readings
[51]. De Meyer [52] mentioned that faulty sensor readings can be a result of heavy equipment
vibrating, which may cause sensors attached to it to read inaccurate data. These factors can
compromise data quality. Some common signs of low-quality data are static data, negative values,

outliers, etc.

An automated method for determination of pump efficiencies in deep-level mines -
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Due to high volumes of water accumulating in dewatering dams, pumps are typically operated in
pairs to meet the pumping demand. As mentioned in Section 1.1, pumps that located at the same
pumping station usually share columns. In most cases, only a single flow meter is placed on a
column. This implies that such a flow meter will only measure a combined flow, depending on the
number of pumps running at a time. With only combined flow data available, it is not possible to
determine each pump’s (separate) efficiency if there are multiple pumps running at once. Different

pump combinations can also alter the running efficiency of a pump [53].

As mentioned in the above discussion, these factors can negatively affect data quality and
usability. According to Lettner et al. [54] and Hellerstein [49], poor data quality can cause errors
in analytical processes, which may result in wrong decisions. Different researchers defined data
quality as multidimensional and further proposed various sets of data quality dimensions such as
accuracy, accessibility, completeness, etc. [55], [56], [57], [58], [59], [60], [61], [62]. A data
quality dimension provides a set of techniques and methods that must be followed to address data
quality with respect to that dimension [63]. After analysing these dimensions in the mining
context, Goosen [51] revealed that missing data, static data, data elements that exceed specified
limits, negative values, and outliers are found in various measurements on different mining
equipment. Figure 6 shows the proportions of each erroneous data characteristic for pumps in the
mining sector (adapted from [51]).
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Figure 6: Percentage of erroneous data per characteristic

As can be observed from Figure 6, four data quality characteristics (missing, static, exceeds limits
and negative) were found on pumps. Henceforth, the last two characteristics (exceeds limit and

negative) will be referred to as outliers.
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Goosen [51] further investigated the quality of data for different parameters on various equipment.
The parameters were position, flow, vibration, running status, pressure, temperature, and power.
Figure 7 presents erroneous data scores that were obtained for the parameters that are applicable
to this study (adapted from [51]).

Percentage of erroneous data per parameter
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Figure 7: Percentage of erroneous data per parameter

From Figure 7 it can clearly be seen that at least 10% of data for each parameter involved in the
efficiency calculation can be expected to be erroneous. Flow was found to have the most erroneous

data of these parameters.

The findings made by Goosen are relevant to this study. Erroneous data can distort results and
lead to inaccurate decisions being drawn. Therefore, these data quality issues must be addressed

to ensure accurate reporting.
The above discussions about data challenges can be summarised to the following key points:

e There are data challenges in mines with regard to missing data that occur due to limited
instrumentation or communication issues [50].

e There are static data challenges due to faulty instrumentation issues or communication
issues [50].

e There are inaccurate data points (exceeds limit, outlier and negative).

All the above factors can negatively affect the quality of results and thus need to be considered
when quantifying dewatering pump efficiencies. Data analysis (DA) can be used to study data and
address data quality problems.

An automated method for determination of pump efficiencies in deep-level mines




Q) NWU*
INTRODUCTION AND LITERATURE STUDY U =

The next section will discuss existing relevant literature regarding the process of quantifying

centrifugal pump efficiency.

1.3 Literature study

This section presents current existing literature applicable to this study. The studies will be
thoroughly scrutinised. The purpose of this is to identify studies that implemented similar solutions
and identify gaps which will be addressed by this study. The studies were evaluated according to

the criteria detailed in Table 1.

Table 1: Description of criteria used to assess related studies

Criteria Description

Study used pump efficiency as an indication of pump

Pump efficiency performance

Deep-level mining industry Study conducted in a deep level mine

Data-related challenges Study considered data challenges
DA DA approach followed

Continuous monitoring Efficiencies evaluated continuously
Automated Efficiencies quantified automatically

Each study was evaluated on whether it based the pump performance investigation on efficiency.
This is relevant since pump performance can be monitored through other parameters such as water
volumetric flow rate, discharge pressure, etc. However, as mentioned in Section 1.1.4, pump
efficiency provides a comprehensive overview of a pump’s performance and is the preferred

method for determining pump performance.

In addition, previous studies were evaluated on whether their investigations were carried out in
the deep-level mining industry. This is relevant due to the uniqueness of deep-level mines, as

discussed in preceding sections (conditions, water quality, instrumentation, and data quality).

As mentioned before, mines are faced with several data-related challenges which are seldom
addressed. Hence, studies were also assessed on whether the challenges were considered when

evaluating efficiencies.
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Studies are also assessed on whether they followed a data analysis (DA) approach in dealing with
data quality problems. A DA approach entails any data exploration and cleaning procedure that

takes place before implementation.

In Section 1.1.4 it was mentioned that efficiencies of dewatering pumps are continuously
deteriorating due to factors such as poor water quality and improper maintenance. It was
subsequently established that efficiencies must be monitored continuously. Thus, studies that

monitored pump performances on a continuous basis will be identified.

The importance of implementing an automated method for quantifying efficiencies was discussed
in Section 1.1.4. Therefore, studies that quantified efficiencies continuously will be further
assessed on whether they implemented an automated system.

Studies were searched for across various academic databases such as the Institute of Electrical and
Electronics Engineers (IEEE), ScienceDirect, Scopus, Access Engineering, Elsevier eBooks,
ResearchGate, etc. Initially, the studies were searched using the phrase “centrifugal pump
performance”. This was to identify studies that investigated pump performance regardless of the
industry in which they were applied. To identify studies that were conducted in the deep-level
mining industry, the search was narrowed to studies containing the phrases “centrifugal pump
performance” and “deep-level mine”. Nineteen studies that were closely related to this study were
identified. Twelve studies were published journal articles and seven were academic conference
papers. The studies varied from 2012 to 2022. Table 2 provides a summary of the criteria that each

identified study met.
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Smith et al. [27] v v x x "
Shojaeefard et al. [29] v x x x "
Vodovozov et al. [40] v x x x %
Augustyn [41] v x x x x
Bohn et al. [64] v x x x x
Qazizada et al. [65] v v x x x
Qazizada et al. [66] v v x x x
Huang et al. [67] v x x x x
Wang et al. [68] v x x x x
Kara Omar et al. [69] v x x x x
Martinus et al. [70] x v x v v x
Tanetal. [71] v x x x x
Aiamsamang et al. [72] v x x x x
Ping et al. [73] v x x x x
Lietal. [74] v x x x x
El-Naggar [75] v x x x x
Matlakala et al.[76] v x x x x
Jacobs et al. [77] x v v v x
Al-Obaidi et al. [78] v v x x x
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Smith [27] and Augustyn [41] investigated energy efficiency optimisation of pumping systems
holistically. Both studies explained pump efficiency and its importance to the overall efficiency
of a pumping system. However, none of them quantified pump efficiency. Smith [27] discussed
the formula used to quantify pump efficiency (similar to the one that was presented by Eq. 1).
However, the study did not indicate whether efficiencies were practically quantified nor how the
formula would be applied in the deep-level mining industry. Augustyn [41] also suggested that a

pump must be selected for use based on its efficiency as published by its manufacturer.

Shojaeefard et al. [29] developed a method to quantify centrifugal pump performance parameters,
namely head, input power and efficiency. The method was validated through an experimental
procedure conducted on a test pump connected to a water tank. The data collection process
followed in the experiment did not present the data quality compromising sources as is the case
with data in the deep-level mining industry, hence the author did not mention any data quality
assessment procedure. Furthermore, the author did not indicate whether the pump performance
was continuously monitored nor whether the method was automated following the experimental

process.

Vodovozov et al. [40] implemented a method to improve the efficiency of a pumping system by
improving the efficiency of each pump in the system through optimal pump control. The author
did not specify the industry in which the method was tested but considering the sizes of the pumps
as specified by the author (power consumptions of approximately of 1kW, and they typically range
between 800-2800 kW [79] in mine dewatering pumps), it can be concluded that it was not in the
mining sector. Furthermore, the experimental tests were only conducted once to validate the study.

The study by Bohn et al. [64] proposed a system to quantify the performance of centrifugal pumps
through efficiency, vibration and fluid pressure analysis. This study did not specify the industry
in which it was based. The study also did not implement the method in practice as it was based on

theoretically developing a novel method to quantify efficiency without using flow sensors.

Qazizada et al. [65] analysed the performance of centrifugal pumps based on head, power, flow
and efficiency. The study was validated through tests conducted on test benches that included four

pumps.

Qazizada et al. [66] investigated the reliability of centrifugal pumps in parallel and serial
configuration in mines. The study evaluated head, power, efficiency, and net positive suction
pressure of the pumps. Although the study was conducted in a mine, data challenges were not

addressed by the study.
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Huang et al. [67] and Kara Omar et al. [69] developed centrifugal pump performance prediction
methods using an energy loss analysis method. The performance metrics used by both studies were
head, power and efficiency. Both studies validated their results by conducting experiments on test

rigs.

Like Huang et al. [67] and Kara Omar et al. [69], Wang et al. [68] developed a method to optimise
the design and predict the performance of centrifugal pumps. However, Wang et al. [68] also
included net positive suction head as an additional metric. The study was also tested and validated

on a test bench.

Martinus et al. [70] developed a continuous method for evaluating pump performance in a mine.
However, the study based the pump performance evaluation on flow rate and not efficiency. The
author gathered the first set of condition monitoring data through questionnaires. This was to try
to establish the type of condition monitoring that is practiced at the mine (predictive, reactive,
etc.). The author then gathered the second set of pump-related data by visual inspection. These

data were used for analytical purposes.

Tan et al. [71] investigated the performance of centrifugal pumps based on head, efficiency,
vibration, pressure and flow. The study was validated through an experiment conducted on a test
rig.

Aiamsamang et al. [72] implemented a system through which pump manufacturers can determine

the efficiency of pumps on the production line (for quality control).

Ping et al. [73] developed an experimental centrifugal pump efficiency prediction model. In this

study, experimental tests were conducted on a test bench.

The study by Li et al. [74] was similar to the one by Shojaeefard et al. [29] in terms of the metrics
used to evaluate pump performance (head, input power and efficiency), as well as the experimental

procedure carried out.

El-Naggar [75] implemented a theoretical model of determining centrifugal pump performance

characteristics for design purposes.

Matlakala et al. [76] investigated the efficiency losses of centrifugal pumps at a bulk water utility.
Like the other studies mentioned above, the study did not include any data analysis as it was not

conducted in the mining industry where data challenges are prevalent.

Jacobs et al. [77] developed a method to predict failure of mine dewatering pumps. Although the
study was conducted in a deep-level mine, the author did not address data challenges. The study

included a data visualisation process to assess the usability of the data for the model that was
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developed. However, the data visualisation process used in the study is not applicable to this study
as it was not addressing data quality issues. Furthermore, the method was not implemented to

make continuous predictions nor was it automated.

Al-Obaidi et al. [78] developed a simulation-based performance evaluation for centrifugal pumps
in a mine. The study also conducted experiments where pump characteristic curves, including
head, power and efficiency were investigated. The study was conducted to serve as guidance for

the design of high-power pumps.

From Table 2, as well as the subsequent breakdown and discussions for each study, it is clear that
numerous published studies are available focusing on monitoring the performance of centrifugal
pumps. It can also be observed from the table that most of the studies based their pump
performance evaluation methods on pump efficiency. However, most studies were conducted in
laboratory setups with state-of-the-art equipment. It is also apparent that none of these studies
addressed the data-related challenges faced in deep-level mines. One study was identified which
used DA and was conducted on a deep-level mine. However, the performance evaluation used by
that study was not based on pump efficiency nor was the method of evaluating pump performance

automated.

Thorough examination of available literature did not reveal any continuous pump efficiency
quantification study that was implemented in the deep-level mining industry. It was found that
most existing studies mainly focused their work on experimental outcomes, but did not implement

methods to continuously quantify efficiencies automatically.

Moreover, there were very few studies that focused on quantifying pump efficiencies in deep-level

mines. These studies also did not consider the data challenges encountered in deep-level mines.

1.4 Problem statement

It is essential to monitor the performance of pumps in deep-level mines as they account for a large
portion of a mine’s operational cost. Pump efficiency is the most comprehensive metric for
evaluating pump performance. Knowing a pump’s efficiency can help with condition monitoring
and cost savings. Due to the nature of dewatering systems, these efficiencies are continuously

deteriorating, and thus should be continuously and automatically monitored.

Various existing literature considered pump efficiency evaluation. However, two main

shortcomings were identified. Firstly, there was no system to monitor the efficiencies continuously
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and automatically. Secondly, studies that were conducted in the deep-level mining industry did
not address the prevalent data challenges faced by the industry.

Thus, a need exists to develop a method through which dewatering pump efficiencies in deep-
level mines can be quantified continuously and automatically. The method should address data

challenges encountered in deep-level mines.

1.5 Study objective

The main objective is to investigate and develop a method by means of which dewatering pump
efficiencies in deep-level mines can be quantified. The method must address shortcomings

identified in existing literature by:

1. Addressing the data-related challenges that are faced in deep-level mines through DA steps.
2. Building a system to automatically evaluate efficiencies on a continuous basis.
3. Making the system applicable to any dewatering pump from a deep-level mine.

1.6 Document overview

Chapter 1: Introduction and literature study

This chapter investigates the need for an automated method to quantify efficiencies of dewatering
pumps in deep-level mines. Various data-related challenges that should be addressed are
discussed. Shortcomings of previous relevant studies are considered. Finally, the problem
statement and study objectives are defined.

Chapter 2: Development of solution

In this chapter, various generic steps adopted from the existing DA approaches are outlined. All
steps followed in developing the methodology are also discussed. The procedure that will be
followed when implementing the solution is described. The chapter is concluded with a description

of the method through which the obtained results will be evaluated.
Chapter 3: Implementation and results

Chapter 3 presents and discusses the results obtained by following the methods described in
Chapter 2. The results are presented for each case study on which the method was implemented.
The results are validated through comparison with impartial third-party pump efficiency

measurements.
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Chapter 4: Conclusion and recommendations

This chapter provides a conclusion on the accuracy of the developed method, as well as an
indication of whether the study objectives have been met. Limitations and recommendations for

areas of further research are mentioned.
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2.1 Preamble

The objective of this study is to investigate and develop a method by means of which the efficiency
of dewatering pumps in deep-level mines can be automatically determined on a continuous basis.
This study considers a method through which the objectives can be reached by addressing the
data-related challenges that are present in the mines. This chapter provides the methodology
followed to achieve the above-mentioned objectives.

2.2 Data analysis (DA) methods

The purpose of this study is to identify a method through which dewatering pump efficiencies can
be quantified despite the data-related challenges found in deep-level mines. For this exercise to
take place, data must be analysed to ensure that their quality is fit for use. DA refers to the process
of sorting, organising, storing, processing, analysing and studying data with the aim of discovering
trends and new knowledge from the data [80]. DA can be used to develop strategies to address
data quality problems [49]. The following sections explore some of the quantitative DA models
that were found in existing literature. Although most of these methods are focused on data mining
problems, they are relevant to this study as they include generic DA steps that can be adopted.
These methods define a set of key steps to be followed when carrying out DA. These DA methods

are then combined to form the DA methodology developed for this study.

2.2.1 CRISP-DM

CRISP-DM stands for cross industry standard process for data mining. This is a standard and
industry-independent model that was released in the year 2000 [81]. The method is still being used

today in different applications. It consists of six major steps as detailed below [81].

1. Business understanding — this step is focused on formulating a preliminary plan to achieve the

project’s objectives and requirements.

2. Data understanding — this step involves initial data gathering as well as assessing the data to

discover initial insights.

3. Data preparation — this step includes all activities involved in constructing a new dataset from

the initial data.
4. Modelling — this step involves the application of various data modelling techniques.
5. Evaluation — this step assesses whether the developed data models meet the specified objectives.

6. Deployment — in this step, results are conveyed to an end user.
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2.2.2 SEMMA

The SEMMA process consists of the following steps: sample, explore, modify, model and assess
[82].

1. Sample — in this step, a subset is extracted from a large dataset.
2. Explore — this step entails the exploration of data to identify trends and anomalies.
3. Modify — in this step, data is modified by transforming the variables.

4. Model — in this step, software is used to find a combination of data that predicts a desired

outcome reliably.

5. Assess — during this step, the validity and reliability of the findings are assessed.

2.2.3 Methodology followed by Goosen

Goosen [51] investigated a method to quantify data quality in industries. Various DA methods
were investigated. From these methods, Goosen developed a method that contains the most

common DA steps:
1. Problem formulation — in this step the problem is defined.

2. Obtain data — this step entails the collection, cleaning, and transformation of data for analysis

purposes.
3. Explore the data — this step involves visualising the data to identify anomalies or patterns.
4. Model data — in this step, a model is built and validated.

5. Data product — in this step, insight gained from the analysis is conveyed to end users.

2.2.4 Big data analytics (BDA) process

A BDA process enables organisations to uncover knowledge patterns and optimise their business

processes accordingly [83]. It involves the following six major steps.

1. Data collection — this step entails the collection of big data from multiple sources.

2. Prepare data — this step consists of data pre-processing and integration.

3. Model - this entails the development of data models through statistical analysis and machine
learning tools.

4. Evaluate — the models developed are evaluated and validated using test data.

5. Deploy — this consists of the deployment of data models to a real-world scenario.
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6. Monitor — the performance of the models is monitored through the accuracy with which they
make predictions.

2.2.5 Methodology followed by De Meyer

De Meyer developed a system to evaluate the integrity of industrial condition monitoring data
[52]. The methodology was as follows:

1. Obtain data — in this step data is obtained and archived.

2. Models — in this step models are built.

3. System —in this step a system to assess data integrity is built.
4

. Verification — in this step the system is verified by feeding it with clean data.
2.2.6 A summary of the DA methods

This section summarises the steps followed by these DA methods. Some of the steps were found
to be common amongst the different methods. This enables generating a methodology that
combines the DA methods. Table 3 presents the steps grouped based on how they were defined in
each method.

Table 3: Summary of DA methods identified

= c | < 5
s 5 |2 )2 |3 |%
e O 7 e

@)
Business understanding/problem formulation v v x x x
Data understanding/sampling/ selection/collection v v v v v
Data preparation/pre-processing/exploring v v v v v
Data transformation/modification x x v x x
Data modelling/mining v v v v v
Evaluation/assessment/verification v x v v v
Deployment/data product/implementation v v x v v
Monitoring x x x v v
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As can be observed, CRISP-DM and Goosen’s method are the two most similar methods. De
Meyer’s method also has all the steps found in both methods, except for the problem formulation
step. Additionally, De Meyer’s method included a monitoring step which entails continuously
monitoring data integrity post implementation. Both Goosen’s and De Meyer’s methods were
applied in the deep-level mining industry, whereas the rest of the methods only provide generic
guidelines for any DA process. However, even both Goosen’s and De Meyer’s methods were
mainly focused on building methods of detecting erroneous data. However, in this study, in
addition to analysing and addressing data quality challenges, the clean data is used to quantify
pump efficiencies. Therefore, the end product of this study is different from these other two
studies. However, all the above methods provided a basis from which the methodology to be
discussed in the next section was developed. The methodology was composed of a combination

of the steps listed by the methods.

2.3 Methodology overview

The developed methodology is as detailed below. This methodology combines steps from the

common popular data analysis techniques described in Section 2.2.
Step 1: Case study identification

The process of quantifying efficiencies relies on data availability and quality, as discussed in
Chapter 1. Some mines have very limited instrumentation and thus might not have the necessary
data required to calculate efficiencies. The purpose of this step is to identify mines with adequate
and reliable data, from which case studies can be selected to validate the methodology.

Step 2: Data understanding and preparation

In this step the required data are gathered and visualised. Visualisation refers to the graphical
representation of data through visual elements such as tables, graphs and charts. Data visualisation
provides a way to see erroneous data and trends and understand patterns in data. This step was
included in CRISP-DM, KDD, Goosen’s method and BDA process. Data will also be cleaned and
structured into a form that can be readily used. This step was included in all the identified DA

methods.
Step 3: Development and automation

This step consists of implementation, whereby efficiencies are quantified using the clean data as
well as validation of results. CRISP-DM, KDD and BDA included this step.
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Step 4: Reporting

Reporting entails developing a method through which the efficiencies can be relayed to relevant
end users. This step was found in CRISP-DM, Goosen’s approach and the BDA process.

Figure 8 shows a visual representation of the methodology as discussed above.

Step 1: . - :
Casestudy  |fereeeeeeeeeee Identify mmsz t‘:lth adequate
identification
Gather data
N Step 2: R Study data and identify
Data understanding | ™., anomalies
Clean and transform data
- .\ Implement the methodolo
Step3: | .7 P gy
—  Developmentand %0,
deployment | ") Evaluate and validate results
Step 4:
Reporting of findings  pe===========-- Present results
to end users

Figure 8: Methodology flow diagram

2.4 Step 1: Case study identification

The first step in the outlined methodology is to identify pumping systems (case studies) on which
the methodology can be applied. To identify potential candidate systems, the following

requirements or criteria are applied:

e The pumping system should have at least one pump, pumping water from one dewatering dam
to another.
e Historic data for relevant parameters must be present or there must be a means of obtaining

new data.
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After potential case studies have been successfully identified, data are collected. The data should
be able to explain the following:

e How many pumping stations are present?

e How many functional pumps are located on each pumping station?

e Are there any pumps that share a water discharge column?

e For pumps that share a common column, are their running statuses available?

e For pumps without power consumption readings, are there electric current readings from

which power can be determined through Eq.3?

A case study that fulfils all the above requirements is selected and investigated further.

2.5 Step 2: Data understanding

The first objective of this study (Section 1.5) is to address the data challenges found in
measurements required to quantify efficiency. In this step, the quality of data is assessed through
data visualisation techniques. The data visualisation is done using Reporting Toolbox (RTB). RTB
is a cloud-based reporting software that is available to the author. RTB was chosen as it makes it
easier to set up reports and visuals. RTB has easy access to the mines’ SCADA data. This
simplifies the process of collecting and gathering data as that is done automatically. However, the

same tasks can be completed using any other data analysis tool such as Excel.
The data are investigated with regards to the following:

e Data quality - this is supported by Goosen’s study, which revealed that the following
characteristics of erroneous data are prevalent in the mining industry [51]:
o Missing data.
o Static data.
o Outliers.
e Start-up and shutdown conditions - equipment start-up and shutdown periods can often be
characterised by inconsistent measurements [32], [33].
e Data resolution — aggregated/summarised data can lead to problems which will be discussed

later in this section.

Data can contain one or any combination of these characteristics. Data visualisation is used to
identify these errors with respect to each characteristic. A sample dataset is extracted from each
case study from which the DA process is conducted.
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2.5.1 Data quality: missing data

According to Kristin [84], failure to address missing data in the early stages of any DA process
can lead to errors. According to Watson [85], improper handling of missing data can cause biases
which can lead to inaccurate conclusions. Therefore, missing data is the first characteristic to be

investigated.

Missing data can be a result of faulty instrumentation or an error in the data collection or
transmission process [85]. Missing data can either be ignorable or non-ignorable [86]. Ignorable
missing data involves variables that are not central to the analysis problem [87]. As the name
suggests, ignorable missing data do not significantly influence results and therefore can be
neglected if they cannot be acquired. However, non-ignorable missing data involve variables that
are central to the analysis problem and can negatively affect results if not properly handled [87].

To determine if missing data in variables should be considered ignorable or non-ignorable, a
sensitivity analysis (SA) is conducted based on the pump efficiency equation. SA explains how
results (in this study: pump efficiency) can be affected by a change in input variables [88], [89],
[90]. Frey [91] conducted a study where he reviewed SA methods. Amongst the methods that were
explored in the study was a graphical and mathematical method: nominal range sensitivity analysis
(NRSA), which was found to be applicable to this study [91]. NRSA involves adjusting one
variable at a time while the rest are kept at the base-case [91], [92]. The difference between the

base output and the output due to the variable input is the sensitivity of the model [91], [92].

To conduct a sensitivity analysis, an example base case was defined based on typical values that
can be expected. The base case in this study had a resulting efficiency of 81% as shown in Table
4,

Table 4: Values at the base case defined for this study

Suction Discharge Discharge flow |  power (kw) Eﬁ;icile?%y (%)
pressure (kPa) | pressure (kPa) (I/s) (ca CUEZ 'el)usmg
50 7000 130 1120 81
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To investigate the sensitivity for each parameter the following procedure is followed in this
example:

1. The parameter was varied in steps of 10% from the base parameter value (for example 50, 45,
40, etc.) while the rest were kept constant. The variations were done from -100% to +100%
variation from the initial value. -100% variation means that the parameter value is zero and
can thus be removed from the equation to avoid causing mathematical errors, for example
power is a denominator in the equation and therefore should not be zero. +100% means that
the parameter is twice the base value.

2. Output responses were calculated for each case.

3. The partial difference was calculated for each case.

The following figures present the results obtained for all step changes for each parameter.

Effect of discharge pressure
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Figure 9: Efficiency differences caused by change in discharge pressure

As can be observed from Figure 9, changes in discharge pressure cause significant differences in
efficiency. A pressure difference of -100% (0 kPa) from the base value yielded an efficiency of
about 0%. This implies that, in the absence of discharge pressure, it will not be possible to calculate
efficiency. It can also be seen in Figure 9 that a pressure difference of +100% yielded almost
double the base efficiency. This relationship implies that efficiency is highly sensitive to discharge
pressure. Therefore, discharge pressure should be treated as a non-ignorable parameter in this
study.
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Effect of suction pressure
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Figure 10: Efficiency differences caused by change in suction pressure

Figure 10 shows the impact caused by suction pressure. It can be clearly seen that the differences
in efficiencies for both -100% and +100% variations were within 1% of the base efficiency. This
is mainly because the base suction pressure is much smaller in comparison to discharge pressure,
and thus its step changes do not cause a significant impact. As mentioned, the suction pressure
value at the base case is typical for dewatering pumps. Therefore, these results are valid. These
results showed that suction pressure carries negligible sensitivity and thus can be treated as an
ignorable parameter in this study.

Effect of flow
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Figure 11: Efficiency differences caused by change in flow
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Figure 11 resembles the pattern observed in Figure 9. This implies that flow has the same impact
as discharge pressure. Therefore, flow is significant and can be treated as a non-ignorable

parameter in this study.

Effect of power consumption
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Figure 12: Efficiency differences caused by change in power consumption

From Figure 12 it can be observed that power consumption resembles a hyperbolic relationship
with efficiency. At -100% difference (OkW), the solution to the equation is undefined/infinite as
power is the denominator. At +100% difference, the efficiency is approaching 0%. This implies
that power consumption is significant and thus should be treated as a non-ignorable parameter in
this study.

From the above, the non-ignorable parameters were found to be discharge pressure, flow, and
power consumption. Suction pressure was found to be the only ignorable parameter. This implies
that in cases where suction pressure is missing, it can be removed from the data without causing

any significant error.

Possible remedies for non-ignorable missing data include deleting all data records at affected time
stamps or predicting missing values through various techniques [87]. SA is used to categorise
parameters into ignorable or non-ignorable. Ignorable parameters are ignored in cases where they
are missing. Non-ignorable parameters lead to efficiencies not being calculated at affected
timestamps.
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Data can have either one of the following missing data patterns [93], [94]:

e Partially missing - one or more parameters missing periodically or at random time stamps.
This can be a result of a fault in the data transmission process, power failure or temporary

instrumental fault.

Daily average pressure - example
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Figure 13: Example of partially missing data

As can be observed in the example on Figure 13, the pressure values for pump P2 were missing
between the 71" and the 12™". This is regarded as partially missing data if the reporting period is for
the entire month. This type of missing data is managed through a data monitoring report that is
implemented using RTB. The purpose of the report is to detect missing data as it occurs and issue

alerts to relevant parties, so that action can be taken to resolve the issue.

e Completely missing - one or more parameters missing at all time stamps. This can be a result
of damaged instrumentation or a lack of instrumentation. Figure 14 presents an example of

such a case.
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Figure 14: Example of completely missing data

The example in Figure 14 shows completely missing data for pump P2 in the reporting period.
This kind of missing data can be identified in the initial data preparation step as it is more likely
to occur indefinitely. If the cause is found to be beyond the author’s control (e.g., damaged
sensors), then the measurements are completely removed and efficiencies for the pumps concerned

are not quantified.

2.5.2 Data quality: static data

Goosen’s research revealed that static data are the biggest cause of erroneous data in mines [51].

Static data can occur in various forms [51], [52]:

e Values remain constant throughout — this can apply to all parameters involved in this study:

o Running status — if it constantly remains 1 (i.e., “running”), it is regarded as static data
because it is not possible for a pump to run indefinitely. The status will be compared with
the rest of the parameters to verify that they correlate.

o All other parameters — when a parameter remains constant regardless of a pump’s running
status, as demonstrated in the example shown in Figure 15. This type of static data is
investigated by calculating the standard deviation for each parameter according to Eq.4. A
standard deviation of zero for any parameter can only be accepted if the running status for

that pump is O across the entire dataset.
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Typical static data trend
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Figure 15: Example static data trend

Figure 15 shows an example of instances where power consumption values remain static although
the running status and discharge pressure is changing. Such a scenario would suggest that the
power reading is faulty as it is expected to change as a pump switches on and off.

e Values change with running status but remain static thereafter. This type of static data is

investigated by considering data points that correspond with running statuses of 1.

As in the case of missing data, static data can also occur partially (for a finite period) or completely
(indefinitely). Completely static parameters are discarded and parameter ignorability dictates

whether efficiency can be calculated.

Standard deviation can be calculated to determine if there is any form of static data. Standard
deviation measures how spread out a set of data points are. A large standard deviation indicates
widely spread-out data, while a small standard deviation indicates that the data points are
distributed closer to the mean [95]. Hence static data yield zero standard deviation. Standard
deviation is calculated as follows [95]:

T(x—x)?

Standard deviation = —m_1 Eqg.4

where x represents a data point in the dataset, x is the mean, and n is the total number of data
points in the dataset.
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A data monitoring report is implemented to automatically detect static data in RTB. Parameters
that are immediately flagged as completely static are discarded and parameter ignorability is

applied. The data monitoring report then continues to be used in detecting partially static data.

The static data watchdog functionality in RTB is used to develop this report feature. The watchdog
is based on the same principle of calculating standard deviation for data in a specified period. The
feature consists of a threshold value which can be set by the user. The threshold is the number of
data points that can be identical within a given period before the data is flagged as static. The
challenge with the data presented in this case is that it can remain static for as long as a pump is
off and that might raise false alarms. Therefore, the watchdog is only activated when the running
status for a pump is 1. This is achieved by applying a filter to the data that is fed to the watchdog.

The filter is implemented through a calculation as detailed below:

Raw datag,, if Statuspympx =1
New data,,mpx = Eq.5
Null Otherwise

This is added to the data monitoring report which is triggered when the watchdog conditions are
met.

2.5.3 Data quality: outliers

An outlier is a data point that is inconsistent with the rest of the data in a dataset [96], [97]. Outliers
can be caused by sensor noise, equipment degradation or faulty data transmission [98]. There is a
substantial amount of research on various outlier detection techniques (e.g., Wang et al. [97], Liu
et al. [98]). After thoroughly considering those studies, the distance-based method was found to
be applicable to this study. This method calculates the distance between data points by calculating
the mean of all values and flagging all data points that highly deviate from the mean as outliers.
This feature is only applicable to cases where a pump is running (i.e., running status = 1), because
there cannot be a flow when a pump is off. Eg.6 shows the condition to be applied to eliminate

outliers by setting boundaries (v,,;, and v,,,,), Where v represents the value being filtered.

Vmin SV < Vpax EC{6

Vmin 1S Set to zero for all parameters. This is because a method of reliably determining these values
could not be identified. The method of determining v,,,, is justified by the fact that a pump must
operate within certain safety conditions as specified by the manufacturer. Therefore, v,,,, i set
to those safety specifications, which are obtained from the pump nameplate as well as from the

manufacturer’s website.
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As mentioned in Section 1.1.4, suction pressure is dependent on the level of the water inside the
dam from which a pump must pump. Therefore, the boundaries for suction pressure will be
determined differently. Since suction pressure is directly proportional to the dam level, maximum
suction pressure will be realised when a dam is full. Therefore, a test dataset is extracted from
which instances where the dams reached maximum levels are identified. Suction pressures

recorded at those instances are set as maximum boundaries.

Like missing and static data, outliers can also be partial (occur over a finite period) or complete
(occur indefinitely). The first intervention for all outliers is to try to address the source of the
outlier. If the source cannot be identified or resolved, then the same action taken with missing data
is applied, depending on the ignorability of the parameter involved. If the source can be identified,

measures are put in place to prevent new outliers from occurring.

2.5.4 Pump start-up and shutdown conditions

Equipment start-up and shutdown periods can often be characterised by inconsistent
measurements [32], [33]. For example, in the case of the start-up period, the rotational speed of a
pump increases rapidly from a stationary position while the flow-rate and pressure increase
relatively slowly [99], [100], [101]. In both cases, a pump can experience surging whereby the
flow-rate oscillates periodically [99].

To create a reliable dataset, start-up and shutdown data points must be discarded as they present
inconsistent data. Pump start-ups and shutdowns are identified through the running status, where
a status change from 0 to 1 indicates a start-up while 1 to 0 indicates a shutdown condition. Figure
16 shows a graphical representation of these conditions. The pump started up at t3 and shut down
at t8.
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Graphical representation of start-up and shutdown data points
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Figure 16: Graphical representation of start-up and shutdown data points

The highlighted bars in Figure 16 represent start-up and shutdown instances, respectively. Such
data points are removed. Eq.7 shows how these data points are filtered out:

_ Null if ti * ti—l
X(t:) = {X(t,-) otherwise Eq.7

where: t; represents a timestamp and X (t;) is the parameter value at a particular time stamp.

2.5.5 Data resolution

As mentioned in Section 1.2.2, data is logged through the SCADA from where it is sent to
relational databases. Furthermore, it was mentioned that the frequency of logging is predefined
depending on the application [47]. SCADA is responsible for aggregating real-time data according
to the specified logging frequency [47]. SCADA data is then transmitted to a database through the
process discussed in Section 1.2.1. Data can further be aggregated at the database level in two

ways:

1. Data can be aggregated before being stored on the database to reduce volume.
2. Upon retrieving data from the database, further aggregation can occur to reduce the required

computing power.

Although data aggregation helps in reducing data volumes as well as redundancy of raw data, it
can negatively affect data accuracy [102], [103]. For example, if raw data consist of an outlier
data point, the data point might get lost when aggregation takes place. Table 5 provides a

hypothetical example where a single data spike affects the overall average of the dataset.
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Table 5: Example of error caused by aggregation

Time Value
t1 0
t2 0
t3 0

t4 10000
t5 0
t6 0
t7 0
t8 0
t9 0
t10 0

Average 1000

In the above example, if the average value is what is used for reporting, it might be interpreted as
an outlier. However, if the data is used in its raw format, then it might be possible to identify the
real outlier and avoid losing the rest of the data points. In the context of this study where missing

data is prevalent, it is important to not waste any useful data points.

Mines typically install at least two pumps per discharge column. This implies that, if more than
one pump is running per column, the flow that is recorded is a combined flow. To accurately
allocate a discharge flow to a particular pump at a certain instance, that pump must be the only

one running on that column at that instance. The following expression shows how this is achieved:

n
n if (Statuspympx = 1) and (Z Status,ympi = 1)
i= Eq.8

Npumpx (%) = i=1

Null Otherwise

Interpretation: if the running status of pumpx is 1 and the sum of running statuses for all the
pumps (including pumpx) on the same column is 1, then calculate the efficiency of pumpx.
n represents the efficiency (Eq. 1). This highlights the need for undiluted data, and Figure 17

shows why aggregated data can make this difficult to achieve:
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Figure 17: Running status vs discharge pressure with 10-minute resolution

Figure 17 is an example of data that was aggregated from 2-minute to 10-minute resolution. As

can be observed, the running status at each interval can be any decimal between 0 and 1 as it

consists of an average of on and off states (0’s and 1’s). To accurately execute the exercise of

assigning flows for pumps that share a column, only running statuses of 1 must be used. This

implies that some of the 1’s that are diluted with 0’s during aggregation will be lost. It is generally

beneficial to have more data points as they can improve the accuracy of results [104]. The same

is true in this study, where various data quality problems are prevalent. Therefore, it is important

to use data in its most raw format to avoid any lost data points.

Due to the above reasons, the minimum data resolution used in this study is that which is logged

by the SCADA on the mine. Therefore, no aggregation should happen at any point beyond the

SCADA level.
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2.6 Step 3: Development and automation

2.6.1 Implementation

After a case study has been identified and all required data have been prepared, efficiencies can
be quantified. This step integrates all the data cleaning procedures developed in the previous
section and quantifies the efficiencies. RTB is used to implement these processes. As mentioned
in Section 2.5, RTB was chosen as it has functions that can be easily applied. However, any other
data analysis tool such as Microsoft Excel can be used. In RTB, one can set calculations up so that
they are computed per time stamp. The user does not have to worry about organising or sorting
data, as RTB has that functionality built in. Thus, RTB was used to carry out all the data cleaning
processes for this study, as well as the final automated report that will be discussed at the end of

this subsection.

An RTB report can be automated and sent to specified recipients as shown in the following snippet:

Automatic trigger
Generate every Starting from

1 Day = 2022-03-22 00:00:00

Ignore missing data after @)

Email PDF @

Figure 18: RTB automatic trigger function

A simple visual layout of how RTB is configured is shown in Figure 19.
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Figure 19: Layout of RTB calculation configurations

Each measurement is assigned to a tag which sits in the database. A tag is a unique identifier and
is usually descriptive of the mine, equipment, parameter, and unit of measurement. For example,
the tag name for the power consumption of pump 1 at Mine X can have the format:
MineX_pumpl power kW. Components are used as equipment identifiers. Each component
consists of a list of attributes (parameters) e.g., power, discharge pressure, etc. Attributes are used

to store tags and any other information specific to a parameter, such as limits, etc.

Calculation variables can also be created for each attribute. A variable ‘tells’ a calculation to which
it is linked which component and attribute to use. One variable can be used by multiple
calculations. Furthermore, a single calculation can have multiple variables as shown in the

following snippet:

Example_calculation - Variables X
Search Q,
Name Value Type Value
= | Variables List: Variabli Ty | A $ [x}
= | Variables List: Variabl Ty B : [x}

Figure 20: Example of variables linked to a calculation

Calculations can be defined using the linked variables. Calculations can also be accompanied by

conditions, as shown in Figure 21.
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Example_calculation - Calculation X
Search Q,
Name Value Type Value
= | Calculation $ | String (A-B)*100 a-
= | Condition + | String A>B [x]
= | ConditionElse ¢ | String NULL B
= | Type Option Calculation [x]

Figure 21: Example of an RTB calculation

The calculation in Figure 21 will only be done if the condition specified is satisfied, otherwise the
result will be null. The condition feature will be used to automate all the data filtering conditions
discussed in Section 2.5. For example, Eq.6 (outlier filtering) will be implemented as shown in
the snippet on Figure 22.

Name Value Type Value
= | Calculation + | String v [x]
= | Condition s | String (v >=0) AND (v <= vmax) E
= | ConditionElse % || String NULL [%]
= | Type Option Calculation 'ﬁ

Figure 22: Implementation of minimum and maximum boundaries in RTB

Calculated results are linked to an output attribute, which can be used as an input to another
calculation, be displayed on a visual, or be used to export values to an output tag. Output tags are
like input tags in how they are configured on the database. The only difference is that input tags
get their data directly from SCADA and other external sources, while output tags are used to store
calculation results. Output tags can also be used by other reports and systems that have access to
the database.

Calculations are computed row by row in a Pandas DataFrame® according to the raw data

resolution and hence calculation results generally have the same resolution as the raw data. To

3 A Pandas DataFrame is a programmatic table that consists of labelled rows and columns

An automated method for determination of pump efficiencies in deep-level mines




METHODOLOGY Lrl‘J NWU@

change the resolution of the results, a new data interval can be defined through a dataset that can
be linked to the calculation. The dataset forces the output to be aggregated according to the interval

specified. An example of a dataset is given in Figure 23.

Name Value Type Value
= | Interval s nteger [x]
= | IntervalType & | Option Month i ]
= | Period nteger 6 E
= PeriodType Option Month $ 'ﬁ
= | Type Option DataSet [x]

Figure 23: Example of a dataset in RTB

Dataset interpretation: monthly interval for a period of six months.

RTB also has a watchdog feature which is capable of monitoring missing and static data. A
threshold can be used to specify how long missing or static data can occur until a flag is raised.
Upon detecting one of those, the automatic trigger feature issues alerts. This feature is used to

automate the data monitoring process.

RTB also allows the user to configure graphs, tables, and other data visualisation types which can
be plotted in a PDF report. This feature is used to develop a PDF report containing all efficiencies
and other important metrics to be sent to all relevant end users. As mentioned in Section 1.5, one
of the objectives of this study is to automate the process of monitoring efficiencies. Therefore, the

developed PDF report is automated using the automatic trigger feature.

2.6.2 Results and validation

The efficiencies obtained are presented, validated, and interpreted. Validation refers to assessment
of the accuracy of the results obtained. This is an important exercise for any analysis process.
Results can be validated by intuition [49] or through test data [83]. Intuitive validation in this study
entails not accepting efficiency values that are negative or above 100%. This method helps identify
obvious errors in results, in which case the data preparation stage is revisited. Validation through
test data in this study entails manually gathering raw data through different measurement
equipment and comparing the results produced by the manual data with the ones obtained through
the developed process. In this case, the author went underground at the case study mines to collect
data. The manually obtained data were compared with the data used by this study. The results

were interpreted, and conclusions were drawn as to whether the results satisfy the study objectives.
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2.7 Step 4: Reporting of findings to end users

Reporting refers to the process of creating and customising reports, as well as delivering these to

relevant end users. The best method on how to effectively relay the information to end users was

investigated. In this case the following mining personnel were consulted regarding the preferred

and most effective reporting mechanism:

1.

Instrumentation technician - responsible for overseeing all equipment and measurement
instruments-related tasks. The instrumentation technician is the main point of reference for all
tasks relating measurements [105].

Shaft engineer - responsible for planning mining operations, and designing and managing
mining equipment, as well as supervising technicians and workers who operate the

equipment®,

These personnel were engaged through ad hoc meetings where various reporting options were

presented to them. The best reporting mechanism, as well as the contents and structure of the

report, was decided during these meetings. The available reporting mechanism is:

Reporting documents — this can be PDF reports that are sent to end users periodically. In
addition to pump efficiency, the report can also contain other important pump performance
metrics as determined by all end users.

A dashboard — refers to any data visualisation tool/page configured for the purpose of rapidly
monitoring certain conditions [106]. One of the advantages about dashboards is that they can
be automated and have the capability to self-update in real time®. A dashboard can be built

with software such as Microsoft Power BI, Tableau Desktop, Google Data Studio, etc.

# “Mining Engineer Job Description, Career as a Mining Engineer, Salary, Employment.”
https://careers.stateuniversity.com/pages/69/Mining-Engineer.html (accessed Aug., 2021).

5 “77 Open Source, Free and Top Dashboard Software.” https://www.predictiveanalyticstoday.com/open-source-
dashboard-software/ (accessed Nov., 2021).
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2.8 Conclusion

This chapter presented the methodology through which the efficiencies of dewatering pumps were
quantified for this study. The methodology consists of three major steps that were adopted from

DA approaches found in literature.

Data visualisation plays a pivotal role in identifying and addressing data quality challenges.
According to literature, the main data quality challenges faced in this study are missing data, static
data, and outliers. Pump start-up and shutdown states, as well as aggregated input data, were also
found to be another form of erroneous data. Filters that address these issues before calculating
efficiencies were presented. The accuracies of the efficiencies were evaluated through a two-step
process: validation by intuition and validation through test data. A report containing the efficiency

values was developed and distributed to relevant end users.
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3.1 Preamble

The methodology developed in Chapter 2 was applied to two case study mines located in South
Africa, hereafter to be referred to as Mine A and Mine B. A data monitoring system was
implemented using the Reporting Toolbox software (RTB), which was discussed in detail in
Section 2.6.1. RTB was also used to create automated pumping efficiency reports for both mines.
Other software such as Excel can also be used. The reports were configured to generate monthly,

although there is a functionality to generate a daily report when needed.

3.2 Step 1: Case study identification

Data availability dictated which mine(s) could be selected as potential case studies. To identify
case studies, six mines were selected according to the criteria discussed in Section 2.4. A data

availability audit was conducted on these mines. The audit was carried out in two steps:

e ldentifying all existing pump instrumentation by conducting site visits and involving mine
instrumentation technicians where necessary, and

e Verifying that the instruments are working, and that data are available on the SCADA.

From the six mines, only two mines were found to have enough measurement points to quantify
efficiencies. The rest of the mines either had none of the required measurements or lacked

measurements for parameters classified as non-ignorable parameters (Section 2.5.1).

The two mines with adequate data were selected as case studies. More information was gathered
on the two mines to better understand the layouts of the dewatering systems. The information was
obtained from instrumentation technicians, shaft engineers as well as doing underground visits

where necessary.
Mine A

Mine A is a deep-level gold mine situated to the west of Johannesburg. The mine consists of five
dewatering levels (L), namely, 115L, 100L, 75L, 52L and 29L. Table 6 summarises data

availability audit results obtained for the mine.
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Table 6: Data availability summary for Mine A

p Discharge Suction Discharge Power Running
ump .
pressure pressure flow consumption status
P1 v v v v v
P2 v v v v v
29L
P4 v v v v v
P5 v v v v v
P1 v v v v v
P2 v v v v v
52L
P3 v v v v v
P4 v v v v v
P3 v v v v v
P4 v v v v v
75L
P5 v v v v v
P6 v v v v v
P1 v v v v v
P3 v v v v v
100L
P4 v v v v v
P5 v v v v v
P2 v v x v v
115L | P3 v v x v v
P4 v v x v v

Table 6 shows that most of the required data for efficiency calculations were available, although
the 115L pumps were found to have dysfunctional discharge flow meters (to be addressed in

Section 3.3.1). A visual layout of the system is shown in Figure 24.
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Figure 24: Simplified layout of Mine A's dewatering system
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The pumping stations are set up as described below:

There are four pumps connected in parallel on the 115L pumping station. The pumps are
responsible for pumping water from the two dams on 115L to the 100L dams through a single
column.

On the 100L pumping station there are five pumps, although one has been decommissioned
(pump P2). The station consists of two columns leading to the 75L dams. One column is shared
by pumps P1 and P3 connected in parallel, and the other one by P4 and P5, also connected in
parallel.

The 75L pumping station consists of six pumps and two columns. However, two pumps have
been decommissioned (P1 and P2). The remaining four pumps are responsible for pumping
water from the 75L dams to 52L dams. One column is shared by pumps P3 and P5 and the
other one by P4 and P6. Both sets of pumps are connected in parallel.

The 52L pumping station consists of five pumps, but one has been decommissioned (P5). The
four remaining pumps deliver water from 52L dams to 29L dams using two columns. Pumps
P1 and P3 share one column, while P2 and P4 share the other. Both sets of pumps are connected
in parallel.

On the 29L pumping station there are five pumps, of which one has been decommissioned
(P3). There are two columns leading to the surface dam. Pumps P1 and P4 share one column,
while P2 and P5 share the other. Both sets of pumps are connected in parallel.

Information about each pump’s manufacturer and type was obtained from its nameplate. The

information was used to obtain pump specifications from the manufacturer’s website. Table 7

shows a summary of the pump information obtained [107].
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Table 7: Mine A's dewatering pump details

Pumping Discharge
station Pump type Power (kW) pressure (kPa) Flow rate (l/s)
115L HPH 54-25 7 2600 8000 175
100L HPH 58-25 8 2600 9020 225
75L HPH 50-20 9 1300 7700 120
52L HPH 50-20 9 1300 7700 120
29L HPH 50-20 9 1300 7700 120
Mine B

This is a deep-level gold mine located near Klerksdorp in the North-West province. It consists of

three dewatering levels, namely 76L, 78L, 61L and 3000L. Table 8 presents the data availability

summary obtained for this mine.

Table 8: Data availability summary for Mine B

Power
p Discharge Suction Discharge | consumption/ | Running
ump :
pressure pressure flow electric status

current
P1 v x v v v
76L | P2 v x v v v
P3 v x v v v
P1 v x v v v
78L | P2 v x v v v
P3 v x v v v
P1 v v v v v

61L
P2 v v v v v
P1 v v v v v
3000L

P2 v v v v v
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As can be observed in Table 8, neither the 76L nor the 78L pumps are equipped with suction

pressure meters (to be discussed in Section 3.3.1). Figure 25 shows a simplified layout of the

mine’s dewatering system.

X2 <
3000L dam

A 4

Gold plant sump

X2
61L dam

X3 X3
76L dam

| Legend |

I

o |

| |

| Pump |

: — Column |
78L dam

Figure 25: Simplified layout of Mine B's dewatering system

The pumping stations are set up as described below:

The 78L pumping station consists of six pumps. Three of the pumps (P1, P2 and P3 — to be

referred to as 78L pumps henceforth) are connected to the 78L dam, whereas the other three

(P4, P5 and P6 — to be referred to as 76L pumps henceforth) are connected to the 76L dam.

All six pumps are connected to one column which leads to the 61L dam. There is a pump

control mechanism that is designed such that the 78L pumps and the 76L pumps cannot operate

at the same time.

There are two pumps connected in parallel on 61L. The pumps are responsible for pumping

water from the 61L dam to the 3000L dam through a single column.

The 3000L pumping station also consists of two pumps connected in parallel. These pumps

are responsible for pumping water from the 3000L dam to a gold plant sump on surface through

a single column.
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Table 9 shows a summary of the pump information as obtained from the manufacturer’s website

as in the case of Mine A.

Table 9: Mine B's dewatering pump details

p . Motor power Discharge
umping Pump type _ Flow rate (I/s)
station rating (kW) pressure (kPa)
76L HPH 32-17 5 1100 6300 125
78L HPH 32-17 5 1100 6300 125
61L HPH 54-25 10 2800 10000 175
3000L HPH 54-25 10 2800 10000 175

3.3 Step 2: Data understanding

Data was gathered for case study mines. Both mines log data with 2-minute resolution. The
gathered data was for a period of a month and consisted of 21600 data points for each parameter
for each mine. This was done as a preliminary data understanding process, after which the
methodology was applied on a continuous basis. The data visualisations for the two mines were

done separately, but both followed the process discussed in Chapter 2.

3.3.1 Miissing data

As mentioned in Section 2.5.1, sensitivity analysis (SA) provided a basis from which the
ignorability of parameters was evaluated. Suction pressure was found to be ignorable. Therefore,
as mentioned Section 2.5.1, in cases where suction pressure was found to be missing, efficiencies

were calculated in its absence.

3.3.1.1 Missing data due to lack of instrumentation (completely missing data)
Mine A

As shown in Table 8, it was discovered that there is no functional instrumentation for the 115L
column discharge flow. Discharge flow is non-ignorable and hence 115L pumps were not included

in the efficiency evaluations. The rest of the pumps had all the measurements required.
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Mine B

It was discovered that none of the pumps at the mine have power meters. However, the pumps are
equipped with electric current meters and hence Eq.3 was used to calculate the power. For

consistency, the upcoming sub-sections will only refer to calculated power values as raw data.

As discussed in Section 3.2, it was discovered that the 76L and 78L pumps do not have suction
pressure meters. Therefore, the efficiencies for the 76L and 78L pumps will be quantified in the
absence of suction pressure since the sensitivity analysis in Section 2.5.1 revealed that suction

pressure is an insignificant parameter.

3.3.1.2 Missing data due to faulty data transmission (partially missing data)

This investigation was conducted on the datasets for both mines to understand the typical missing
data patterns to implement measures to address the causes. Missing data gaps were found in the
datasets. However, the gaps occurred at the same time stamps for all parameters and were found
to have been caused by faults during data transmission e.g., server disconnecting from SCADA.

This was found to be the case for both mines.

To combat these issues, a watchdog was set up in RTB to monitor missing data. The watchdog
was used to build a report that serves as an alert. The report was set to automatically trigger every
10 minutes, provided there are missing data. The cause of the missing data can then be
investigated, and action can be taken to resolve it. Graphs were also setup to show a two-minute
profile for an hour for all tags. In the case that the report is triggered, one can simply view the
graphs to see the instances during which the data loss occurred. The purpose of this exercise was
to reduce the time it takes to detect and troubleshoot data loss. The report went live at the beginning
of November 2021.

The data monitoring report reduced the time it took to address data loss, which ensures that there

is adequate data available for more frequent and accurate efficiency reporting.

The overall data loss figures reduced since the implementation of the report. Figure 26 and Figure
27 show the overall data loss trends over a seven-month period for Mine A and Mine B,
respectively. This highlights the impact that the intervention had on missing data recovery. As can
be observed from Figure 26 and Figure 27, the number of missing data points started declining

after implementation of the data monitoring report.
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Figure 26: Missing data trends for Mine A

As can observed in Figure 26, the month of October had a higher missing data point count for
Mine A. Most of the missing data occurred on a single day and was found to have been caused by
a database configuration issue. The issue occurred on a Sunday and thus was only attended to the

following day as database maintenance personnel were not on duty.
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Figure 27: Missing data trends for Mine B

Like Mine A, Figure 27 shows that Mine B also experienced a higher missing data point count in
October. The cause of the missing data was found to be similar to that of Mine A and was

addressed similarly.

The automated data monitoring report can be used to avoid such issues in future as warnings will

be issued at any time on any day.
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3.3.2 Static data

As mentioned in Section 2.5.2, static data can occur partially (occur randomly for a finite period)
or completely (occur indefinitely). This step involved activating a static data watchdog

functionality in the data monitoring report, which was used to fulfil two tasks:

e Flagging completely static data — which were then discarded considering parameter
ignorability.

e Automating the report so as continue monitoring partially static data.

3.3.2.1 Completely static data

Mine A

In the case of Mine A, there were no completely static data points in the dataset.
Mine B

At Mine B it was found that the electric current reading for 3000L pump P2, as well the 78L
column flow reading had standard deviations of O throughout the dataset. Figure 28 highlights an
example of instances where 78L pumps P1 and P3 were running, but the column flow remained 0

I/s. This was found to be the case across the entire dataset.
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Figure 28: Comparison of 78L running statuses vs column flow
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Further investigations into these revealed that all the aforementioned issues were caused by faulty
instrumentation. This was confirmed by the mine’s instrumentation technician. Therefore, it was
not possible to calculate efficiencies for the affected pumps for now as discharge flow was

identified as a non-ignorable parameter.

3.3.2.2 Partially static data

Unlike completely static data, partially static data do not necessitate complete removal of the
parameters concerned. Partially static data can occur randomly and can be addressed as it occurs.
Since implementation of the report there has not been a single case of partially static data for either

mine.

3.3.3 Outliers

As mentioned in Section 2.5.3, maximum boundaries for discharge pressure, flow and power were
defined based on each piece of equipment’s specifications as provided by the manufacturer.
Suction pressure boundaries were determined based on maximum dam levels. These boundaries
were only applied to cases where the running status is 1. Table 10 summarises the maximum

boundaries that were set at Mine A.
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Table 10: Maximum values set for parameters at Mine A

Suction Discharge Discharge flow
Pump Power (kW)
pressure (kPa) pressure (kPa) (I/s)
29L P1 67 7700 120 1300
29L P2 67 7700 120 1300
29L P4 70 7700 120 1300
29L P5 67 7700 120 1300
52L P1 56 7700 120 1300
52L P2 61 7700 120 1300
52L P3 58 7700 120 1300
52L P4 56 7700 120 1300
75L P3 183 7700 120 1300
75L P4 203 7700 120 1300
75L P5 181 7700 120 1300
75L P6 183 7700 120 1300
100L P1 555 9020 225 2600
100L P3 548 9020 225 2600
100L P4 546 9020 225 2600
100L P5 542 9020 225 2600

Table 10 shows that the suction pressures for pumps on the same level were similar, as expected

(according to the definition of suction pressure provided in Section 1.1.4). The suction pressures

on 100L were higher as compared to the rest of the pumps. The values are also higher than the
value that was used for the SA (50 kPa). Appendix A shows that the SA still holds, even for such

high suction pressure values.
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Table 11 shows the maximum boundaries for pumps at Mine B.

Table 11: Maximum values set for parameters at mine B

Suction Discharge Discharge flow
Pump Power (kW)
pressure (kPa) pressure (kPa) (I/s)

78L P4 - 6300 125 1100

78L P5 - 6300 125 1100

78L P6 - 6300 125 1100

61L P1 74 10000 175 2800

61L P2 74 10000 175 2800
3000L P1 76 10000 175 2800

As can be observed from Table 11, the suction pressures for pumps on the same level were also
similar at Mine B.

It can also be observed that, for both mines, parameters such as discharge pressure, discharge flow

and power for pumps on the same level are identical, as so are the pumps.

Figure 29 shows an example of where the maximum boundary condition was practically applied.

5
8 000 A
- 4
6 000 - q
s -3 %
= 17
- =]
g £
2 4000 A £
L2 £
e 3
&=
2 000 - \v 1 L1
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 \I 1 1 1 1 1 1 0
NS TS TS JPCS TIPS TP S S S S R~ S - S L SR S A S+ S A S & S & S & S O A S A SR A
L RS RS RS MRS RS R RN N N S N S SN S M S S SR N SN AN S M S SN
RS SR A N A SR RN PN PN NN PN PN PN PN M R L
Date
= Power = Running status

Figure 29: Example of outlier data points on 61L pump P2
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The values reflected in Figure 29 are of the 61L pump P2’s (Mine B) hourly maximum power
consumption for a 24-hour period. As can be observed on the figure, the value realised at 14:00
was about 9000 kW, whereas the rest of the values that correspond to running statuses of 1 were
averaging approximately 2500 kW, which is in line with the pump’s rated power of 2800 kW as
detailed in Table 9. The cause of this could not be linked to an issue in the data transmission
process as it only happened to one parameter. Therefore, it can be attributed to an instrumental

error.

3.3.4 Start-up and shutdown conditions

As mentioned in Chapter 2, this study focused on quantifying the efficiency when a pump is
running at steady state. Hence, start-up and shutdown cases were removed from the data. Figure

30 shows an example of the visualisation that took place to identify those cases.

Pump's different stages of operation
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Figure 30: Example of different stages of pump operation

The blue dots in the scatter plot show the parameter values for when the system is at steady state.
As expected, these values were close to the equipment’s rated values. The orange dots show pump
start-ups, with very low values, as expected [32], [33]. Lastly, the grey dots show pump
shutdowns, whose values were also inconsistent [32], [33]. The rest of the data were visualised

similarly to what is shown in Figure 30.

As can be observed in Figure 30, all the blue dots were found where the running status was 1 and
resembled discharge pressures that are expected for a pump that is running. The orange dots were
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mostly concentrated between 0 kPa and approximately 3500 kPa. This implies that in the first two
minutes (since two-minute resolution was used in this instance) of operation, the pump delivers
low pressure. It is to be expected because the pump is still starting up and gradually building up
pressure. The start-ups were filtered out by discarding values obtained when status changed from
0 to 1. The grey dots in Figure 30 are spread out randomly between 0 kPa and 7000 kPa. This
implies that the pump’s on-to-off transitions are also inconsistent. Both start-up and shutdown data

points were filtered by applying Eq.7.

_ Null lf t; #t;_1
Xt = {X(tl-) otherwise Eq.7 (revisited)

3.4 Step 3: Development and automation

3.4.1 Implementation

The development process began with the implementation of the methods presented in Section 3.3.
As mentioned in Section 2.6.1, these methods were implemented in RTB — a system used to create

and automate reports. Other software can also be used.

For a fully integrated solution, all equations developed in all the previous sections were
incorporated into RTB. The following is a summary of the equations:

e EQ.3-calculate power consumption from electric current and power factor (used for all pumps
at Mine A with an assumed power factor of 0.9 [34]).

e EQq.5 - used to filter data according to running status for watchdog (both Mine A and B).

e EQ.7 —getting rid of pump start-up and shutdown data points (both Mine A and B).

e EQ.8 — modified pump efficiency formula that includes running status (both Mine A and B).

All these equations were integrated and implemented in RTB. The next sections provide the results
obtained for both mines.

3.4.2 Results and validation

As explained in the previous sections, it was observed that each pump station is different in the
number of pumps it has as well as the sizes of the pumps. Therefore, results are presented per
pumping station. All results were compared with those that were obtained manually by an
independent entity, to be referred to as Company X. Company X conducts efficiency tests through

a manual method. The method involves physically placing sensors on pumps and recording
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instantaneous values. The values obtained by Company X were compared with the ones obtained
by this study. The manual tests are completed monthly at both mines.

Mine A

As shown in Section 3.2, Mine A has five dewatering levels. The vertical distances between the
adjacent levels range from 700 m to 3000 m [79]. At Mine A, it is very difficult to travel all the
levels in a single day due to logistical reasons. For example, dewatering levels are seldom visited
as there are no mining activities that take place, hence special travel arrangements are required.
Due to how difficult it is to make these arrangements, the manual tests were typically carried out

at an average rate of at most two levels per day.

From the 23" to the 25" of November 2021, Company X took scheduled measurements at the
mine, and the author went with to verify the manually obtained results. On the 23" the tests were
conducted on 75L followed by 100L and 115L on the 24", and 52L and 29L on the 25™. However,
as mentioned in Section 3.2, there is no reading for the column flow on 115L and hence none of
the 115L pumps will be included in the calculations.

The following is a summary of the procedure that was followed for each pump on each level that
was visited on the day of the site visit (29L and 52L):

e Only one pump was tested at a time.
e There are two columns on each of the two levels, and each column is shared by two pumps.
Therefore, the control room operator was asked to only switch on the pump being tested.
e Each pump was allowed to run for two minutes before measurements were taken. This was to
allow the system to reach steady state. The measurements were conducted as follows:
o An ultrasonic flow meter was mounted on the discharge column to measure the discharge

flow (as seen in Figure 31).
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Figure 31: Portable flow meter setup

o A pressure gauge was mounted on the inlet and outlet pipes to measure the suction and

discharge pressure, respectively (as seen in Figure 32).
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Figure 32: Portable pressure gauge setup

o A portable power meter was used to take power consumption readings in the pump

control room located near the pump stations (shown in Figure 33).
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Figure 33: Portable Watt meter setup

The readings reflected on the portable meter were compared with those displayed on the

installed meter in the control room (shown on Figure 34).
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Figure 34: Underground control room readings
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o All readings were verified against those reflected on the human machine interface
(HMI) system located in the refuge chamber near the pump station (as shown on Figure

35).

Figure 35: HMI display system

Efficiencies were consequently calculated using the obtained manual results. These efficiencies
were compared with those obtained from the automated method. For consistent comparisons, the
automated results obtained during the corresponding times were extracted. For example, on 29L,
the manual tests were conducted from 08:00 to 09:00 and thus the same time period’s efficiencies

were compared. Table 12 presents the comparisons.
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Table 12: Efficiencies comparisons at Mine A

Level PUM Manual efficiency Automated
i (%) efficiency (%)
P2 77 77
29L
P4 78 75
Pl 12 74
i £ 78
52L
P4 75 76
75L
i 9 79
Po £ 72
Pl 9 75
100L
P4 79 78

It can be observed from Table 12 that there were some slight differences between the two

methods. These differences can be justified as follows:

e The manual test results represent the efficiencies of a pump at a particular point in time
(instantaneous), whereas the automated results are obtained from aggregated two-minute data.
With the two-minute data, it is not possible to pinpoint the exact time at which a SCADA data
point was recorded. As discussed in Chapter 1, the dewatering system is dynamic. Therefore,
results obtained at any two different instances may differ. Table 15 in Appendix A shows how
each parameter varies over time. It was revealed that power consumption presents a significant
variance. Therefore, this justifies the difference in results as power consumption presents a

high sensitivity.
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e There was a lag between the times at which the manual values for all different parameters were
recorded. The time differences can lead to different efficiencies as the individual readings

fluctuate as mentioned above.

The sensitivity analysis proved how pump efficiency can be affected by a change in any of the
non-ignorable parameters’ values, and thus the importance of having accurate data. This, as well
as the asynchronous data collection times between the manual and automated results, justifies
the differences observed. Thus, the absolute efficiency values may not be consistent between the
two methods. However, the manual results provide a benchmark for the kind of values that can
be expected from the automated results. For example, if the discrepancy between a manually vs
automatically obtained efficiency was more than 10%, then that would raise a question about
either method. However, looking at the values presented for Mine A (Table 12), the results
obtained can be trusted as the differences are small enough (less than 5% in each case) and can

be neglected. Therefore, the developed method correctly quantified efficiencies at Mine A.

Mine B
As discussed in Section 3.3, the following data issues were encountered at Mine B:

e All 76L and 78L pumps do not have suction pressure readings.
e 78L column has a static discharge flow reading.

e 3000L pump P2 has a static power consumption reading.

As illustrated by the sensitivity analysis, suction pressure can be neglected from the calculation
without having a significant effect on the result. However, the sensitivity analysis revealed that
discharge flow and power consumption are critical and hence the efficiencies of the 78L pumps
as well as that of 3000L pump P2 cannot be calculated. That implies that, for Mine B, efficiencies
will only be quantified for:

e 76L pumps P1, P2 and P3
e 61L pumps P1 and P2
e 3000L pump P1

The results are presented in the following section. The automated results were also compared to
the manual test results which were obtained on the 15" of November 2021. The same procedure
as in Mine A was followed to obtain the results. Table 13 presents the results obtained by the two

methods.
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Table 13: Efficiencies comparisons at Mine B

Level B Manual efficiency Automated
i (%) efficiency (%)
78L P4 79 77
78L 78L P5 78 80
78L P6 78 78
61L P1 83 80
61L
61L P2 82 78
3000L 3000L P1 77 73

As in the case of Mine A, the results obtained at Mine B were consistent between the two methods.
Based on the arguments presented regarding the results at Mine A, such as time discrepancies
involved in the data acquisition processes involved in the two methods, the results at Mine B were
also expected to differ to a certain degree., The results presented in Table 13 only have small
differences, which can be accepted. Therefore, it can be concluded that the method was successful

in quantifying efficiencies at Mine B.
3.5 Step 4: Reporting of findings to end users

After several consultations and meetings with various end users (mine senior engineers, shaft
engineers, instrumentation technicians, etc.) a monthly pumping efficiency report was proposed.
Although the report is sent monthly, the efficiencies are still calculated daily. The benefit of
calculating daily efficiencies is to ensure that issues are identified timeously, in which case the
mine will be notified. The monthly report consists of monthly pump efficiencies for a period of

six months. The reasoning behind the monthly period was as follows:

1. The fact that the efficiencies are dependent on individual pump operation as discussed in
previous sections. Therefore, each pump is more likely to have run individually by the time
the report is distributed.

2. Monthly reporting can provide an overview of the pump’s life cycle over a longer period.

3. The report allows incorporation of financial figures, most of which can only be quantified
monthly. Those figures are presented in Appendix A
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The pumping efficiency report consists of average monthly pump efficiencies for each pump. The
report consists of two sections. The first section comprises historic pump efficiencies while the

second is an overview of the monthly pump scheduling as well overall energy consumption.

Mine A: historic efficiencies

The section is broken up into pumping stations, as was Section 3.4.2. As mentioned, this section

gives average monthly efficiencies for a period of six months.

The historic efficiencies obtained on 29L are shown in Figure 36.
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Figure 36: 29L history pump efficiencies

As shown in Figure 36, the pumps all had similar efficiencies for this reporting period. Pump P5
was the most efficient pump up until Jan 2022 where its efficiency dropped significantly, while
the rest remained relatively constant. An investigation into this revealed that the discharge pressure

for pump P5 was low in January 2022 compared to previous months. This is shown in Figure 37.

An automated method for determination of pump efficiencies in deep-level mines n



NWU°

IMPLEMENTATION AND RESULTS Lnu

Historic discharge pressure for 29L pump P5
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Figure 37: 29L pump P5’s historic monthly average pressures while running

This occurred after the pump had not been operated for a while (from 25 December 2021 until 16
January 2022). Figure 38 shows the total hours for which the pump was running in January 2022.

It can be observed that the pump only started running from the 18" of January 2022.
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Figure 38: 29L pump P5’s running hours in January 2022

As discussed in Chapter 1, the water that goes through these pumps contains mud [6]. If a pump
is not operated for a long time and there happens to be some remaining mud inside it, it can dry
up, thus causing blockage and a drop in efficiency. This seemed to have been the case for the first
two days after the pump resumed activity, from where the efficiency went back to normal.
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Figure 39 presents the historic efficiencies obtained on 52L.
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Figure 39: 52L historic pump efficiencies

On 52L, pump P2 proved to be the most efficient pump. The rest of the pumps’ efficiencies seemed

to fluctuate throughout the reporting period. In this case, no issues were found which could have

led to the fluctuations. This can, therefore, be attributed to the dynamic nature of the system.
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The historic efficiencies obtained on 75L are presented in Figure 40.
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Figure 40: 75L historic efficiencies

On this level, the highest efficiency seemed to generally alternate between pumps P3 and P4.

Furthermore, the efficiencies for all pumps also fluctuated throughout the reporting period,

although the efficiency rankings remained consistent.
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Figure 41 presents the efficiencies obtained on 100L.
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Figure 41: 100L historic pump efficiencies

As can be observed in Figure 41, 100L pump P5 proved to be the most efficient pump throughout,
followed by pump P4. Pumps P1 and P2 alternated between third and fourth position respectively,
in terms of efficiency rankings.
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Mine B: historic efficiencies

This section presents the historic monthly average efficiencies for Mine B. These form part of the

monthly pumping efficiency report for the mine.

Figure 42 shows the historic efficiencies obtained on 76L.
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Figure 42: 76L historic monthly pump efficiencies

As can be observed from Figure 42, pump P1 was consistently the most efficient pump amongst
the three, followed by P3, and then P2.
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Figure 43 shows the historic efficiencies on 61L.
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Figure 43: 61L historic monthly pump efficiencies

As can be observed from Figure 43, the 61L pump P1 was consistently the most efficient amongst
the two pumps on 61L. Furthermore, the efficiencies of both pumps were almost constant
throughout the six-month period.
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Figure 44 shows the historic efficiencies obtained on 3000L.
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Figure 44: 3000L pump P1’s historic monthly pump efficiencies

As mentioned in Section 3.3.1, on 3000L, only pump P1 had all the necessary measurements

required for efficiency calculation, hence only its efficiencies are presented. Its efficiency proved

to be consistent, with December 2021 and January 2020 seeing slightly higher efficiencies.

3.6

Impact of study

This study has the following potential benefits:

1.

3.

Alleviate the cost of hiring external contractors. As mentioned in Section 1.1.4, labour and
external contractors constitute about 31% of a mine’s operating cost. This study has proven
the feasibility and accuracy of the automated method, which requires minimal human
intervention.

Time and resource reallocation. The mine provides foremen to accompany external contractors
underground as per mine safety rules. Automating the pump efficiency process will allow the
foremen to be allocated other work that can enhance the mine’s productivity.

Adoption of the developed data quality framework. The data understanding process brought
about a flexible framework through which data quality challenges were addressed. As
discussed in Chapter 1, data challenges are not only unique to pump-related measurements but

An automated method for determination of pump efficiencies in deep-level mines



NWU*

IMPLEMENTATION AND RESULTS Lnu =

PremwA

are prevalent to other measurements as well. Thus, the framework can be adopted and utilised
to address any applicable data quality problem.

4. Appendix A provided a breakdown of the energy figures that form part of the report discussed
in the previous section. This part of the report is used by high-level managers to oversee the
energy consumptions of the pumps. The energy figures at Mine A revealed the need for an

energy optimisation mechanism as there is currently no load shifting mechanism at the mine.

3.7 Conclusion

In this chapter, two case studies were identified through which the methodology was tested and
implemented. An automated data quality monitoring system was implemented in RTB. Pump
efficiencies were quantified using the clean data. For validation, the efficiencies were compared
with manually obtained results. Pump efficiency reports were developed for both case studies,
containing pump efficiencies as well as energy consumption figures. This chapter was concluded

with a discussion of the potential impact of this study.

An automated method for determination of pump efficiencies in deep-level mines
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4.1 Conclusion

Deep-level mines consist of dewatering systems which are responsible for the removal of
underground water originating from mine services as well as fissure water. A dewatering system
consists of a series of dewatering dams and pumps. Dewatering pumps are responsible for
pumping water from lower-level dams to upper-level dams through columns. The water is moved

until it reaches the mine’s surface where it can be processed and recirculated.

Pumps are some of the biggest consumers of electricity in deep-level mines. Due to harsh
conditions under which dewatering pumps operate, their efficiencies deteriorate rapidly. Pump
efficiency was found to be an important metric for pump condition monitoring. Mines hire external
contractors to conduct scheduled manual pump efficiency audits. However, the dynamic nature of
the dewatering pump efficiencies necessitates the need for an automated method of quantifying

efficiencies, which can help avoid human error as well as provide timeous feedback.

Previous studies revealed various data challenges encountered in deep-level mines which
negatively impact data quality. Research revealed a gap in literature pertaining to quantifying
dewatering pump efficiencies in deep-level mines, considering the data challenges faced by the

industry.

This study proposed an automated method through which dewatering pump efficiencies can be

quantified. The study objectives were set out as follows:

1. Address the following data challenges through a DA approach:
e Missing data because of lack of instrumentation or communication issues.
e Static data challenges because of instrumental errors or communication issues.
e Qutlier data points

2. Develop an automated system that can quantify efficiencies continuously.

3. The system must be applicable to any centrifugal pump in a deep-level mine.

A methodology was developed (Chapter 2) based on previous DA methods that were found to be
closely related to this study. The methodology was evaluated by identifying case studies on which
the proposed solution could be tested, developing a data quality monitoring system for the required
data, and implementing the solution in RTB for automated reporting purposes, through which

objectives 1 and 2 were addressed.

The developed methodology was tested on two case studies. The case study mines belong to a
deep-level gold mining group in South Africa. The dewatering systems of the two case study mines
differ in terms of complexity and size. Mine A is deeper and therefore consists of more dewatering
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levels and pumps. By successfully applying the methodology on these case studies, the third

objective was met.

Results from both case studies highlighted the importance of having a data quality monitoring
system. The author validated the automatically quantified efficiencies by comparing them with
efficiencies obtained through manual measurements by an impartial efficiency measurement

contractor.

The automated solution requires minimal human intervention and can thus help the mine reduce
the cost associated with hiring external contractors to conduct efficiency audits. The solution can
also help enhance labour productivity as foremen can be allocated to other work as opposed to

accompanying external contractors to dewatering levels.

The developed solution met all the study objectives: the data quality monitoring system addressed
the data challenges and implementation of the automated pump efficiency quantification method

was successful.

4.2 Recommendations for further research

There were assumptions made throughout this study, which led to some limitations. These
limitations provide opportunity for further research. The following are recommendations for future

research related to this study:

1. The results obtained at Mine A revealed that there is no load shifting mechanism on dewatering
pumps, and hence the pumps operate in a constant pattern regardless of TOU period. The
results also revealed that the pumping electricity cost realised during peak times was very high.
The solution to this could be to implement a load shifting mechanism whereby most of the
pumping is scheduled for non-peak times or use efficiencies to allocate pumps to operate
during peak times. Therefore, this presents an opportunity for a study that can research the
feasibility of implementing either method.

2. This study did not investigate other pump performance metrics such as temperature, vibration,
etc. Future studies can investigate and incorporate these metrics into the efficiency monitoring
to form a complete pump condition monitoring system

3. The data analysis and monitoring system developed in this study can be expanded to suit other
applications within the mining industry, such as for determining compressor efficiency or
developing a holistic data quality management framework for other mining equipment. Future

studies can investigate the applicability of the system to be adopted for such applications.
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1. Sensitivity analysis

In Section 3.3.3, it was discovered that the suction pressures for 100L pumps at Mine A were
much higher than the base suction pressure that was used to support the sensitivity analysis (SA).
This section provides the results obtained performing the same SA but using a suction pressure of

500 kPa (in the range similar to those recorded for 100L pumps). The rest of the base case values
remained the same as in Table 4.

Table 14: Base case values with 500kPa suction pressure

Suction Discharge Discharge flow |  power [kw] EfﬁiCiF?%y [%0]
pressure [kPa] | pressure [kPa] [I/s] (ca CUEZ .el)usmg
500 7000 130 1120 75

Table 14 shows the base case values with a new suction pressure as well as updated efficiency.
The results for each step change are presented in Figure 45.

Effect of suction pressure

Efficiency (%)
o O N N N NN
~N © b W o1 N ©

D
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Suction pressure
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Figure 45: Sensitivity analysis with suction pressure of 500 kPa

From Figure 45, it can be observed that the differences in efficiencies are within 6% of the base

efficiency. This difference is still insignificant, and thus the results of the sensitivity analysis still
hold.
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2. Raw data

Table 15 shows a snapshot of the raw SCADA data produced from 29L pump P1 at Mine A.

Table 15: Example of how each parameter varies with time

Discharge Suction Power
Time pressure pressure Flow (I/s) consumption
(kPa) (kPa) (kW)

00:00:00 7106.48 57.87 140.29 1236.72
00:02:00 7103.59 57.58 140.13 1235.48
00:04:00 7106.48 57.00 139.97 1228.07
00:06:00 7106.48 56.71 141.41 1240.64
00:08:00 7109.38 56.71 141.09 1238.24
00:10:00 7094.91 56.42 137.07 1201.72
00:12:00 7100.69 56.42 137.07 1200.18
00:14:00 7100.69 56.13 136.75 1208.12
00:16:00 7103.59 55.56 136.10 1202.44
00:18:00 7103.59 55.27 136.59 1198.69
00:20:00 7100.69 54.98 136.75 1201.79
00:22:00 7103.59 54.69 137.87 1219.79
00:24:00 7100.69 54.11 137.87 1219.87
00:26:00 7103.59 53.82 139.80 1237.80
00:28:00 7103.59 53.53 140.13 1240.51
00:30:00 7109.38 53.24 142.22 1249.48
00:32:00 7100.69 53.24 140.29 1230.16
00:34:00 7103.59 53.24 140.13 1233.96
00:36:00 7103.59 52.66 138.52 1220.92
00:38:00 7094.91 52.37 137.71 1214.97
00:40:00 7094.91 52.37 136.59 1211.13
00:42:00 7100.69 52.37 135.78 1201.22
00:44:00 7094.91 52.37 136.91 1202.79
00:46:00 7094.91 52.08 138.20 1215.97
00:48:00 7089.12 52.08 136.91 1204.31
00:50:00 7100.69 52.08 138.20 1216.18
00:52:00 7094.91 52.08 135.94 1202.51
00:54:00 7092.01 52.08 137.39 1199.80
00:56:00 7092.01 52.08 138.36 1206.26
00:58:00 7092.01 51.79 137.39 1203.44
01:00:00 7094.91 51.79 137.87 1210.25
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From Table 15, it can be observed that each parameter’s raw data varies with time, with power
consumption having the most significant variance among the rest. The rest of the pumps at both

Mine A and Mine B were also found to exhibit a similar trend.
3. Energy and financial figures

In addition to efficiencies, the reports discussed in Section 3.5 include a financial section. The
section consists of total monthly running hours vs energy consumption per pump as well an
estimated pumping energy cost. These figures are quantified according to the three different TOU

periods.
Mine A

Table 16 presents the results obtained for the total running hours and power consumption at
Mine A in December 2021.

Table 16: Total running hours vs energy consumption per pump for each TOU period

Peak TOU Standard TOU Off-peak TOU

A Hours MWh Hours MWh Hours MWh
29L P1 59 71 183 222 242 293
29L P2 61 62 183 186 198 200
29L P4 52 61 187 222 207 245
29L P5 50 62 179 223 213 265
52L P1 54 201 170 627 211 782
52L P2 61 166 205 554 268 724
52L P3 54 75 158 221 144 202
52L P4 62 208 196 656 222 742
75L P3 82 162 214 425 274 544
75L P4 46 131 156 450 183 481
75L P5 45 127 151 430 155 441
75L P6 66 109 190 313 239 392
100L P1 35 100 112 319 118 335
100L P3 12 34 53 153 84 243
100L P4 55 155 136 383 116 327
100L P5 39 104 104 279 162 437

Total 833 1825 2577 5662 3036 6654
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As can be observed in Table 16, the running hours are evenly distributed amongst all pumps on
the same level. Furthermore, the running hours imply that there is no load shifting practice on
pumping. This is because the total peak running hours for each pumping station were just above
200 and there are approximately 200 peak hours in a 31-day calendar month. This suggests that,

on average, at least one pump was operated during every peak time instance.
The energy consumption was quantified using the following equation:

Consumptiongoy,(KkWh) = Average power(kWh) = Total hoursrgy, Eqg. 9
As can be observed in Table 16, there is less consumption during peak periods, but that is simply

because there are only 5 peak hours in a normal day, compared to eleven and eight standard and

off-peak periods, respectively.

To quantify the total electricity cost, the electricity tariffs were used as shown in Eg. 10 below.

Electricity cost(R) = Power consumption(kWh) = Tarif f(R/kWh) Eq. 10

Using the respective tariffs and the consumption provided in Table 16, the following results are
obtained:

Peak cost(R) = 1825« 1000 «4.1942 ~ R 7. 7million

Standard cost(R) = 5662 x 1000 « 1.2761 =~ R 7.2million

Of fpeak cost(R) = 6654 * 1000 * 0.6968 ~ R 4.6million

This leads to a total pumping electricity cost of approximately R20 million per month. It is worth
noting that this cost does not include the 115L pumps, as they do not form part of the report for
reasons mentioned in Section 3.3.1. As expected, the highest electricity cost was incurred during
peak TOU. This highlights the need for intervention either in the form of load shifting and/or
efficiency-based pump prioritisation. However, that is not within the scope of this study, and is

thus recommended for future research.
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Mine B

Table 17 presents the results obtained for the total running hours and power consumptions at
Mine B in December 2021.

Table 17: Total running hours vs energy consumption per pump for each TOU period

Pump Peak Standard Off-peak
Hours MWh Hours MWh Hours MWh
76L P1 4 48 34 72 51
76L P2 4 4 67 56 75 62
76L P3 7 86 61 90 64
61L P1 2 2 27 34 45 57
61L P2 8 16 98 212 105 226
3000L P1 2 4 34 73 64 137
Total 27 34 360 469 451 597

The peak running hours shown in Table 17 indicate that load shifting is practiced at Mine B. For
example, the total number of peak operating hours on 76L were 20 out of the available 200 peak
hours in the month. This section of the report is for the engineering manager at the mine to verify

that the pump operators effectively practice load shifting.
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