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In South Africa, the industrial sector is responsible for a large portion of the country’s total
annual electricity consumption. The mining sector alone contributes approximately 15%,
which makes it one of the largest electricity consumers in the country. A significant

electricity consumer on a mine is compressed air.

Compressed air generation is a process with various challenges that can contribute to
unnecessary operational expenses. Examples of these challenges are leakages and the
continuous operation of compressors when compressed air is not required. Numerous other
factors also contribute to compressed air generation being an expensive as well as a wasteful

process.

Simulation software has the potential to identify problem areas within a compressed air
network. Limited data availability on mines, however, often restricts the capability of
simulation software. Simulation accuracy depends on the amount of available data to ensure
accurate comparisons between actual system events and characteristics, as well as simulated

predictions.

The need arose to determine the acceptability of simulation accuracy based on the availability
of data on any mine. A method was developed to test simulation accuracies based on data
availability. Three simulations, namely, a detailed, standard and simplified model were
devised. The simulation models were created using actual data from Mine-A, which has been
equipped to record a full variety of operational data. The recorded data was used to simulate
the compressed air network of Mine-A accurately.
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The three simulation models were each a simplified version of the previous one.
Simplification entails reducing the number of simulation components. By reducing the
number of components, the time and financial impact related to creating simulations can be

reduced.

The study investigated the impact that a reduction in simulation complexity has on simulation
accuracy. It was discovered that a simplified compressed air simulation model is able to

achieve a simulation error of only 4.87%.

Finally, from the results gathered from this study, it can be concluded that simplifying
compressed air simulations has little effect on simulation accuracy. Simplified compressed air
simulations are therefore recommended because of the significant decrease in development

time without compromising simulation accuracy.

Keywords: Compressed air network; Simulation model; Percentage error; Accuracy;

Scenarios.
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“Science without religion is lame, religion without science is blind ” — Albert Einstein

1 Adapted from Mapio [Online]. Available: https://mapio.net/s/45266961/ [Accessed: 04 August 2018].
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1.1 Background

The industrial sector is responsible for 41.5% of global energy consumption [1]. In 2010,
Eskom, which supplies 95% of South Africa’s electricity, stipulated that the mining sector
was responsible for 15% of the utility’s annual output [1], [2], [3].

Compressed air energy is regarded as one of the essential industrial utilities because it is
irreplaceable for a number of production practices. However, compressed air generation is
also regarded as one of the most expensive processes [4]. Compressed air generation
consumes approximately 17% of the total energy used in the mining sector [5]. A different
study indicates that compressed air generation contributes 10% to global industrial sector

energy consumption [6].

Due to the high electricity consumption, energy cost savings on compressed air systems are
important. Strategies need to be investigated and implemented to mitigate the high energy
consumption of these systems. Examples of such initiatives are supply-/demand-side

management, as well as pipe replacement or leak-fixing [7], [8], [9].

Simulation models are typically used to evaluate the feasibility and indicate the expected
impact of these initiatives. Simulation models are actual systems represented digitally [10]. It
is therefore vital to ensure that the correct simulation models are developed with acceptable

accuracies.
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1.2 Mine compressed air systems

The bulk of the mining industry uses compressed air in mining operations. Compressed air is
typically supplied by one or more compressors and sent underground via an air reticulation
network. The air reticulation network interconnects the processing plant and shaft in what is

called the compressed air network [11].

Multiple compressors operating together to supply compressed air from the same location is
referred to as a compressor house [12]. The compressor house supplies compressed air to
underground areas via pipes with diameters of up to 700 mm [11]. Depending on the size of
the mine, these pipe networks can be as much as forty kilometres long [1]. Typically, mines
have more compressors available than required to supply enough air to underground levels.
These compressors serve as backup should a compressor break or undergo routine

maintenance.

Figure 1 illustrates a basic layout of an integrated mine compressed air network. As seen in
Figure 1, compressed air can be supplied from multiple compressors in multiple compressor
houses. This is made possible by the pipe network interconnecting the different shafts.

Compressed air is sent underground to the different levels for mining activities to take place.

Compressor house 1

Compressor house 3

Compressor house 2

A 4
a

—_—_—— e e —_——

Refuge bays
Pneumatic rock drills

Other

J, | Compressor

Shaft

Ventilation and cooling

|
|
|
|
|
EEE—— | Pneumatic cylinders
|
|
|
|
|

— Compressed air pipe

Figure 1: Compressed air system layout
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There are multiple mining activities that depend on compressed air to be able to function.

Table 1 summarises some of the flow and pressure requirements of the leading components
underground that rely on compressed air for everyday functions [1], [11], [13], [14], [15],
[16].

Table 1: Compressed air operated components

Descrintion Image Flow requirements Pressure requirement
P g [kg/s] [kPa]

Refuge chambers? 0.0014 per person 200-300
Pneumatic rock drills® Up to 0.42 400-600
Pneumatic cylinders* Up to 0.14 350-600

Mechanical loaders® 0.12-0.30 400-500
100-650
Ventilation and cooling® 1.6
- (50 mm pipe)

2Refuge chambers: Johannesburg, South Africa. [Online]. Available: http://bbp-mp.co.za/?page_id=200 [Accessed: 24 June 2018].

% Pneumatic rock drills: Johannesburg, South Africa. [Online]. Available: https://mg.co.za/article/2016-03-15-mining-companies-black-
shareholder-case-in-court [Accessed: 24 June 2018].

4 Pneumatic cylinders: Johannesburg, South Africa. [Online]. Available: http://www.bostongear.com/products/couplings-shaft-accessories-
and-pt-products/fluid-power-products/pneumatic-cylinders [Accessed: 24 June 2018].

° Mechanical loaders: Johannesburg, South Africa. [Online]. Available: https://www.asme.org/about-asme/who-we-are/engineering-
history/landmarks/212-eimco-rocker-shovel-loader-model-12b [Accessed: 24 June 2018].

& Ventilation and cooling: Johannesburg, South Africa. [Online]. Available: https://www.cutandcouple.com/products/industrial-hose-
fittings/compressed-air-industrial-rubber-hose/ [Accessed: 24 June 2018].
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Refuge chamber:

In underground mining, refuge chambers are a requirement to guarantee the safety of miners
when accidents occur [17], [18], [19]. Refuge chambers serve as sanctuary for mineworkers
in the event of an emergency. Compressed air is used in refuge chambers to supply the
chamber with a constant flow of fresh air and maintain a positive pressure within the

chamber. This prevents harmful gases such as smoke from a fire to enter the chamber.

The ideal pressure to prevent harmful gases is between 100 kPa and 500 kPa [20]. The
chamber requires an opening for air to exit the chamber. If not, the result will be a continuous
pressure increase within the chamber [21]. However, the larger the opening is, the more air
escapes the refuge chamber. It is, therefore, essential to allow just enough air out of the

chamber to supply continuous fresh air to the occupants.

Pneumatic rock drills:

Pneumatic rock drills are one of the essential components that require compressed air. Drills
use compressed air to advance the rockface in the haulages and working areas. This is done
by drilling many holes where explosives are placed [22]. The explosives are detonated
whereby rock is broken and removed from underground. Rock drills are also used to drill the
holes required for roof structure support.

Pneumatic cylinders:

After the material is blasted with explosives in the working areas, it is sent to a loading box.
Pneumatic cylinders are mainly used in the working areas to dump the material from the
loading boxes into carriages [1]. By using compressed air, the pneumatic cylinder pushes the
loading box open, allowing the material to fall into the carriage. After the carriage is full, the

cylinder retracts until a new empty carriage is available.

Mechanical loaders:

Mechanical loaders are used to remove material from work areas. The loaders use
compressed air to operate pneumatic cylinders. The cylinders expand and contract to create a
lifting action. The loaders then travel with the material to a specific location to dump it until

the areas are cleared.

Trade-off between simulation accuracy and complexity for mine compressed air systems 5



Ventilation and cooling:

As a mine’s depth increases and it becomes warmer, it becomes difficult to supply sufficient
quantities of fresh air to working areas [23]. Low airflow quantities cause the areas to heat
up. According to the Mine Health and Safety Inspectorate, a hot environment is classified as
one with temperatures ranging from 27.5-32.5°C wet bulb [24]. Mineworkers use
compressed air pipes to supply fresh ventilation air to the area [13], [25]. When the

compressed air leaves the pipes, expansion takes place, creating a cooling effect.

Summary:

It is evident that many components depend daily on compressed air. These components can
consume air at a combined rate of up to 50 kg/s during peak drilling periods [12]. Figure 2
illustrates the daily average flow and corresponding daily average pressure profile of a deep-

level gold mine.
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Figure 2: Daily average airflow and pressure profile

As seen in Figure 2, the compressed air usage is significant. The high air usage results in

lower compressed air pressures.

With compressed air being one of the most expensive utilities, it is essential for mines to
minimise wastage. However, compressed air wastage such as leaks rarely receives attention.
Leaks are only addressed if the air shortage and pressure losses interfere with mining

operations [6].
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1.3 Integrated system simulation models in industry
1.3.1 Preamble

Simulation models have played an essential role in the evolution of power systems into the
complex networks we have today. Transient network analysers was amongst the first
simulators used to study electric power systems. These analysers were once considered
outstanding but did have several disadvantages. One particular disadvantage was that the

analysers had limited capability to simulate complex networks.[26].

The more complex a simulation is, the more difficult it is to create. However, if successful,
the compound simulation will yield highly accurate results. The problem is that creating a
sophisticated and accurate system simulation is a time-consuming process. Simulation
engineers, therefore, tend to create simplified simulation models that have a suitable accuracy
percentage [27]. This means that the simulation model has a percentage error small enough to
neglect. However, the smaller the model size, the higher the percentage error [28]. Thus, it is
important to determine whether the errors are small enough to deem simplified simulations as

accurate.
1.3.2 Simulations used in the industry

The mining sector uses old technology as well as equipment that is no longer efficient [29].
Improvement strategies for the equipment and systems can be identified by creating
simulation models of the entire mine compressed air system. With the available technology,

simulation models are able to predict the performance of mining systems accurately.

Van Rensburg et al. stated in 2007 that simulations are the most effective way of predicting
the impact that system changes have on energy efficiency calculations [30]. However,
optimisation using simulations is a new approach in the mining sector [31]. This results in

many potential problems faced with simulation models.

In 2017, Friedenstein [32] explained how estimations were used to determine the feasibility
of energy interventions before the necessary tools existed. The problem was that estimations
were calculated using simplified models. Simplification leads to increased errors.

Estimations, therefore, only increase expected errors further.
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In a compressed air simulation study done by Bredenkamp, Van der Zee and Van Rensburg
in 2014 [33], it was found that software packages, such as KYPipe, are able to predict
compressor power usage to within a 12% simulation error. It was, however, discovered that
the simulated models did not account for factors such as compressed air leaks. After the leaks

were repaired and the simulation repeated, the average simulation error reduced to only 9%.

In 2014, Holman, Heyns and Pelzer created a simulation model of a mine’s cooling
system [34]. A total simulation model error of 2.5% was obtained. The simulation model was
validated by comparing actual parameters with simulated parameters. It was, however, found
that their individual component percentage error comparisons ranged between 0.1% and
32.1%. According to Holman et al. [34], the model was deemed accurate “based on
discussions with experienced personnel”. Their validation did not consider the total error but

rather the average error.

In 2017, Golbasi and Demirel [35] developed a simulation algorithm to determine optimal
time intervals between component inspections to ensure that no unnecessary maintenance
problems are encountered. Golbas1 and Demirel determined that cost savings of up to 6.2%
can be realised using the simulation model. Definitive values could, however, not be given

because of simulation percentage errors.

In 2007, Van Rensburg et al. developed a procedure for skilled technicians to use for
simulation modelling [30]. They stated that a user must create a simple simulation as this
would reduce project cost due to fewer personnel requirements. In the same study, Van
Rensburg et al. mentioned that the total savings achieved were also simulated and included in
the financial analysis. The focus was placed on the value the simulation model possesses in

terms of financial impact. Validation of the model, however, lacked sufficient confirmation.

Upadhyay and Askari-Nasab mentioned in 2017 that simulation models are designed and
created to address specific problems [31]. Industrial simulations, therefore, do not focus on
developing methods to address similar problems in the future. The focus is placed on current

issues and, once resolved, the simulation model is discarded.

In the above-mentioned studies, simulations form an essential part of the industrial sector. As
previously discussed, simulation models can be used for a wide variety of purposes. The
simulation models created for industrial uses, unfortunately, do not account for different

factors such as compressed air leaks. It is also clear that percentage errors between actual and
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simulated values are miscalculated. The average total outputs are compared instead of
comparing each component individually. Because of the percentage error uncertainty,
absolute values cannot be given when determining factors such as power usage or financial

savings.

Few methods are being developed to address similar problems in the future. Simulations are
merely created to address current problems until they are resolved. In addition to this,
simplified simulation models are being created to save time. This is being done without
knowing the impact of simplifying a simulation model on the simulation accuracy.

1.3.3 Simulation requirements

It is essential that simulation models are calibrated correctly to ensure the most accurate
results. This is done by calibrating the simulation model according to component design
specifications. Any simulation performance achieved below requirement is an indication of
inefficient equipment. Relevant and accurate simulation data is, therefore, critical when

calibrating a simulation model [36].

Calibration accuracy depends on the amount of available data. The more data is available, the
higher the simulation accuracy will be. The problem, however, is that it is difficult to predict
how accurate a simulation model will be when limited data is available. This creates a need to
identify simulation accuracies based on various degrees of data availability. In doing so, one
can simultaneously identify the accuracy of complex simulations when compared with less

complex ones.

Thus, a method is required that determines the effect that various degrees of data availability
(or simulation complexity) have on simulation accuracy. Three simulation models, each with
varying amounts of data inputs, need to be compared with one another. This will identify the
accuracy of the less complicated models with little available data when being compared with

the more complex model.

The effect of various changes to each network also needs to be simulated. This is to ensure
that the simulation accuracy of the three different models do not deteriorate as various

changes are implemented.
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1.4 Problem statement and objectives of this study
1.4.1 Objective of this study

The objective of this study is to evaluate the impact of complexity on simulation accuracy.
The objective is therefore to determine if a simplified simulation model is viable to use in an

industry where data availability is limited.
1.4.2 Scope of the work

The problem statement is that the impact simulation complexity has on simulation accuracy
must be analysed. A process to create compressed air simulation models is, therefore,
required. Three compressed air simulations with varying complexity must be created to
gradually illustrate the effect of simplification on simulation accuracy. A method must be
developed to identify three simulation types based on the simulation complexity or data
availability. The method must also identify the expected accuracy of the three simulation
types. Various scenarios must be implemented on the three simulation types to ensure the
accuracies of the models remain viable. Finally, the model developed to determine the

accuracy of the three simulation types must be verified to ensure its validity.
1.4.3 Summary

This dissertation focuses on the variation of simulation complexity to evaluate the simulation
accuracy. This will serve as an indication as to the level of detail required to ensure accurate
results while minimising resource expenditure. Additionally, it serves as an indication of

what level of simulation accuracy can be expected when limited mine data is available.
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1.5 Overview of the study

Chapter 1: Introduction — This chapter provides an overview towards the need for the study.
Emphasis is placed on the energy consumption of compressed air generation in the industrial
sector. The need to accurately simulate compressed air networks to quantify savings
opportunities is therefore identified. An intricate surface compressed air networks system is
replicated and simplified within this study to determine the degree of simplification required

for accurate results.

Chapter 2: Literature study — This chapter is used to provide knowledge on compressors and
compressed air networks. Various simulation software packages are shown, and one capable
of simulating compressed air networks is selected. Previous simulation studies are
investigated to identify shortcomings. Lastly, an investigation is done to determine the

accuracy of simulation models when being compared with actual data.

Chapter 3: Methodology — This chapter provides an in-depth analysis towards the
development of three simulation models. A method is developed that allows one to identify
the level of simulation complexity. An expected error can then be predetermined based on the

simulation complexity.

Chapter 4: Results — The three simulation models developed in Chapter 3 are compared with
one another within this chapter. VVarious changes to the compressed air network are simulated
in all three models. The percentage deviation of necessary measurements is investigated and
compared with the baseline simulation model. This determines the impact simulation

simplification has on the accuracy.

Chapter 5: Conclusion and recommendation — The simulation accuracies and findings are
summarised in this chapter. The limits of the study are identified and discussed along with

recommendations for further studies.
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Chapter 2  Literature study

ol

“A man who dares to waste one hour of time has not discovered the value of life”” — Charles
Darwin

 Adapted from Brand South Africa [Online]. Available: https://www.brandsouthafrica.com/resources-downloads/media-library/images/rml-
content/business-industry [Accessed: 04 August 2018].
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2.1 Introduction

This chapter consists of comprehensive analyses into the operation of the compressed air
network components. The fundamental characteristics of compressors are illustrated with
mathematical calculations. The total requirements are calculated to ensure that the previously

mentioned requirements are met.

The influence that the compressed air pipe network has on pressure losses is analysed in
detail. Mathematical calculations illustrate the effect various pipe materials and lengths have
on compressed air pressure. These losses are incorporated into the simulations used in this

study.

Various simulation software packages used in previous studies with the capability of
simulating compressed air networks are briefly discussed. One of these simulation packages,
namely, Process Toolbox® (PTB), is selected and discussed further as it is used for all

simulation purposes within this study.

Previous methods developed to simulate compressed air systems are thoroughly investigated
as part of the comprehensive literature review. These methods are analysed and shortcomings
identified. From the shortcomings, a need is identified to create a new method that allows the

user to create compressed air simulations.

Lastly, an investigation is done to accurately determine the required percentage difference of

simulation models when compared with actual data.
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2.2 Compressed air network characteristics and fundamentals
2.2.1 Preamble

This section consists of an in-depth analysis of the operational requirements as well as
outputs of compressors. The requirements of the compressed air users are investigated and
discussed. The theoretical calculations illustrated in this section are used by the simulation

software to determine various outputs.

The compressed air network is discussed along with various materials and pipe lengths found
in a compressed air network today. Pressure losses are calculated to determine the direct

impact that pipe material and pipe length have one the compressed air delivery side.
2.2.2 Compressed air demand and minimum requirements

Compressed air is consumed by a large number of end users on deep-level mines. In 2012,
Marias identified these various end users [1]. The end users can range from surface to
underground operations, requiring a combination of high-pressure and flow outputs [14].
Various research is done regarding the required compressed air pressure and compressed air

flow, as illustrated in Table 1.

The compressors are typically located on the surface of an underground gold mine. It is,
therefore, essential that the compressor and pipe configurations are correct. This is to ensure

there is an adequate air supply to underground with the least amount of losses.
2.2.3 Compressed air fundamental calculations

The process of producing compressed air is considered polytrophic, which describes any
reversible process that involves both heat and work transfer, where certain properties are kept
constant throughout the process. [37]. Various calculations are performed to determine
fundamental compressor requirement and outputs. The theoretical calculations are illustrated

in Appendix A.

Equation 13 to Equation 18 in Appendix A are used to determine all the necessary
compressor requirements to compress air. This is an important part of simulation. It illustrates

how the simulation software is able to accurately simulate compressors.
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Various parameters such as airflow rates and compressor efficiencies however are not

calculated. This is because airflow rates are normally measured at the compressor discharge
[11]. Efficiencies also vary from one compressor to the other. A compressor and motor
efficiency of between 0.7 and 0.9 are, however, acceptable assumptions if specifications are
not available [11], [38].

Table 2 illustrates the various air properties used throughout Equation 13 to Equation 18.
These properties can vary depending on atmospheric conditions. For illustration purposes, air
temperature and pressures of 25°C and 100 kPa respectively are used.

Table 2: Air properties at 25°C and 100 kPa [39]

Property Value
R [kJ/kg'K] 0.287
p [kg/m?] 1.169
C, [KJ/kgK] 1.004
C, [kI/kgK] 0.171
n[-] 1.400

Air properties vary depending on air temperature and pressure [39]. Therefore, a constant
value cannot be used throughout the calculations. The values indicated by Table 2, however,
can serve as estimate values should air conditions be unavailable. With the information
discussed in this section, the power required by a compressor to compress air can be
determined.

2.2.4 Compressed air reticulation network

A compressed air reticulation network consists of many interconnecting pipelines. As
discussed in Chapter 1, these pipelines can have lengths of up to forty kilometres. The impact
of friction over such a distance becomes significant. Friction over longer pipe sections with
smaller diameters results in higher pressure losses [40], [41]. The compressors need to
overcome the friction to supply adequate amounts of compressed air to the end users. The
Darcy-Weisbach equation, displayed in Equation 1, determines the pressure drop in sizeable

compressed air networks [11].
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Equation 1: Pressure drop calculation using the Darcy—Weisbhach equation

AP = %ﬁ
Where:
AP = Pressure drop [kPa]
fo = Darcy friction factor []
Dair = Density of air [kg/m®]
L = Pipe length [m]
Quir = Air volume flow rate [m®/s]
Dinner = Pipe inside diameter [m]

Equation 2 calculates the Darcy friction factor with a dimensionless parameter known as the
Reynolds number. Equation 2 is referred to as the Colebrook—White equation [11], [42].

Equation 2: Darcy friction factor using the Colebrook-White equation

1L —2Loglo< 4 251 ) for Re > 4000
A 3.7Dinner . Reyf,

Where:

o = Darcy friction factor []

e = Absolute pipe roughness [m]

Dinner = Pipe inside diameter [m]

Re = Reynolds number [-]

Higher pipe surface roughness causes pipe friction to increase [43]. Absolute roughness is
dependent on the type of material used, as well as the condition of the material in the

compressed air pipe network.

Factors like rust and oxidation due to moisture and temperature can alter the properties of the
material, but will be neglected for the purpose of this study. Table 3 summarises various

material roughness values of pipes used in the mining industry [11].
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Table 3: Absolute roughness of pipe materials (adapted from [11])

Material Roughness [mm]
Wrought iron 0.045
Commercial steel 0.045
Galvanised iron 0.15

Cast iron 0.26

Riveted steel 0.9-9.0

The Reynolds number is calculated using Equation 3 [11], [14], [44].

Equation 3: Reynolds number calculation

_ UairDinnerPair
Hair
Where:
Re = Reynolds number [-]
Dinner = Pipe inside diameter [m]
Pair = Density of air [kg/m?]
Ugir = Average air velocity [m/s]
Hair = Viscosity of air [kg/m-s]

Using the equations discussed in this section, the pressure loss over a large compressed air

network can be determined. This becomes particularly useful in the event of large surface

compressed air pipe networks. It allows one to determine optimal compressor placement

throughout the network to supply adequate air to all shafts.
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2.3 Mine compressed air simulations
2.3.1 Preamble

Simulation models are used to investigate potential optimisation strategies or energy cost-
saving initiatives. It is, therefore, possible to accurately simulate compressed air networks

[45]. A baseline simulation model is required of the system to be investigated.

Mining system simulation models can be a series of integrated components. These
components are dependent on one other as the outlet conditions of one component become
the inlet conditions of the next [46]. It is essential that each individual component is

calibrated accurately for the baseline simulation model.
2.3.2 Simulation software

Simulation speed and accuracy are highly dependent on parameter settings; this applies
especially to complex simulation systems [47]. There are various simulation software
packages commercially available to simulate mining systems. However, it is becoming
increasingly difficult to select a simulation package due to the large number of available
packages [48]. Few simulation software packages, however, allow access to real-time system
data, or simulate integrated systems [27], [49]. Therefore, processed data must be entered
manually into the simulation package. This is a time-consuming process and creates

limitations for simulating mining systems.

The simulation package must be a transient simulation tool capable of calculating the
simulation’s response to system changes. The package must deliver various simulation
outputs at certain time steps to compare with actual data. Finally, the package must be easy to

use. This will ensure that no unnecessary time is wasted while creating the simulation model.
The following simulation packages can be used to simulate mining operations [32]:

= PTB®
= AFT Arrow®
= KYPipe GAS®

*  Flownex®
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KYPipe and Flownex are examples of simulation software that do not have an interface for

viewing real-time system data [49]. Flownex is able to process batch data which will work,
but will take a long time. PTB, described in Appendix B, is a simulation package that meets
all the requirements for compressed air simulation. Thus, it is used for all simulation purposes

within this study.

2.3.3 Compressed air simulation studies

2.3.3.1 Overview

In 2007, Marais, Mathews and Pelser [50] determined that the effect of implementing
demand-side management (DSM) can be evaluated using simulations entirely; therefore, real-
time tests are no longer required. However, without real-time tests, the error margins of

simulations cannot be determined.

Studies done by Van Niekerk [51], and Kleingeld and Van Niekerk [52] in 2013 indicated
how simplified compressed air simulation models are able to determine cost-saving benefits
in a short amount of time. The problem, however, is that the simulation models were not

verified by a more detailed simulation model.

The relationship between parameters in compressed air systems can be quantified through
simulation techniques [1], [53]. Compressor models can be developed to simulate the
performance of individual components [54]. However, the shortage of instrumentation and
information makes this problematic. Mine compressed air networks are highly complex
systems, making it a time-consuming process to gather the necessary information to simulate

the system [1].

Marais stated that in order to enable fast estimated energy savings on compressed air
networks, a simplified calculation method is required [1]. Complex simulation models are
more difficult and time-consuming to construct than simplified simulations. The problem

with simplified simulations, as stated earlier, is their accuracy.

A method is required to identify the expected accuracy of compressed air simulations based
on the level of simulation complexity. The complexity of the simulation model must be based

on the available information on a mine and must not be determined by the user.
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2.3.3.2 Method to design a simplified compressed air simulation

In 2017, Maré, Bredenkamp and Marais [55] developed a method for creating a simplified
compressed air simulation model. The model simulated various scenarios of a mine
compressed air network. The scenarios identified possible improvements to underground
compressed air pressures supplied to different mining levels. In addition to the improved

pressures, the model identified possible reductions in annual electricity cost.

Maré et al. used all the compressors operating on the mining complex. Each compressor in
the model was calibrated accurately to represent actual conditions on the compressed air
network. The method Maré et al. used identifies critical elements that need to be considered

for compressed air systems. These elements include the following (adapted from [55]):

= Dynamic operation of mining complex;
= Compressed air system configuration;
= Condition and constraints;

= Data availability and accuracy;

= Compressor specification;

= QOperation boundary conditions;

= Simulated period.

The method developed to create simplified compressed air simulation models consists of a
step-by-step process. According to Maré et al., these steps are to be repeated until the

simulation baseline is within 5% of actual system operations [55].

Table 4 summarises the method developed by Maré et al. A detailed description can be seen

in Figure 36 of Appendix C.
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Table 4: Simplified compressed air simulation development — summary

Step Description
1 Select level of detail required in the simulation
2 Acquire necessary information
3 Select simulation application
4 Select project properties
5 Construct systems in simulation
6 Calibrate the simulation model
7 Run simulation
8 Evaluate results

The simulation developed from the method designed by Maré et al. had the ability to increase
the compressed air pressure underground by 51 kPa. In addition to the pressure increase, the

simulation realised an annual electricity saving of up to R1.5 million.

In the above-mentioned method to develop simplified compressed air simulations, the user
determined the level of detail required in the simulation model. The accuracy of the

simulation model, therefore, depends on the user and not the availability of mine information.
2.3.3.3 Compressed air ring simulation model development

In 2016, Pascoe, Groenewald and Marais [56] used compressed air simulations to determine
the effect of DSM initiatives on the annual electricity cost of a mine. In their model, a control
philosophy was implemented on bypass valves to limit compressed air supply. The

philosophy was implemented during periods when compressed air was not required.

Pascoe et al. used a less detailed simulation setup procedure that allows a compressed air
simulation to be calibrated. They developed a series of steps in their study that should be
followed iteratively until the desired output for each step is achieved.

A description of the development method of Pascoe et al. is summarised in Table 5 and
displayed in Figure 37 of Appendix C.
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Table 5: Compressed air ring simulation development

Step Description
1 Build initial simulation
2 Build additional simulation
3 Calibrate flow
4 Calibrate power
5 Calibrate pressure
6 Iterate steps
7 Determine accuracy

The simulation model developed by Pascoe et al. could realise annual electricity savings of
up to 31 MW. This led to an annual electricity cost saving of R1.9 million. Additionally,
Pascoe et al. simulated the effect of replacing a large compressor with two smaller
compressors. Their investigation showed that an annual electricity cost saving of up to

R20 million could be realised.

However, the simulation developed by Pascoe et al. verifies its accuracy according to the
residual difference method described in Section 2.4. Improvements to this method can assist

with simulation accuracy.

2.3.3.4 Optimising energy consumption of mine compressed air systems

In 2012, Marais [1] described simulating large and complex networks as a “nearly
impossible” task. This is because it is challenging to gather all the necessary information to
create the simulation model. Marais focused on developing an approach to simplify
compressed air systems, which would enable users to analyse complex systems easily. This

results in the fast identification of cost-saving opportunities.

In his initial method, Marais calculated the compressed air mass flows by taking various
factors such as heat ratios, line pressures and line temperature increase into account. In his
simplified approach, however, Marais used the initial approach he developed and assumed
constant values for most of the simulation inputs. The assumptions allowed him to only look

at critical factors influencing the power usage of the compressors.
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The simplified method implied that a 10% reduction in absolute pressure should theoretically

result in an electrical saving of up to 18%. This, however, only applied to pressures ranging
from 300 kPa to 700 kPa. This method is described by Marais as a general “rule of thumb” as

the results are not definitive.

Marais developed a simplified simulation model based on assumptions made in the
theoretical mathematical calculations. Verification with more detailed simulation models was
not done as Marais was trying to avoid detailed simulations throughout his study. The

accuracy of Marais’ “rule of thumb” is something that requires more thorough investigations.

2.3.3.5 Relocation of mine compressors through simulation

In 2014, Bredenkamp [11] developed theoretical simulations to determine what a network’s
response would be to reconfiguration. Bredenkamp used the simulation package KYPipe to
determine ideal compressor locations. His research indicated that a simulation model was
created. The study, however, does not give a detailed description of the method he used to
develop his models.

During his simulation development, Bredenkamp included specifications such as compressor
location and design. He also included pipe dimensions and materials used but neglected to
include pipe bends and elbows. The developed simulation model, illustrated in Figure 38 in
Appendix C, could identify R170 million in electrical energy savings.

The simulation results were verified by using calibrated measuring equipment to measure
actual parameters on a mine. Bredenkamp verified his simulations with the residual
difference method described in Section 2.4. As previously indicated, this method is not the
most reliable way of verifying simulation accuracy.

2.3.3.6 Simulating compressed air for operational improvements

Friedenstein [32] developed a simulation methodology that allowed him to perform various
investigations on mine compressed air systems. Two separate investigations identified

improvements to the different compressed air networks.
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In his first investigation, Friedenstein was able to identify R900 000 in energy cost savings.

This was after network intervention investigations were performed on the compressed air
network. His second investigation identified energy cost savings of R5.2 million by merely
reducing the air usage in refuge bays.

The method developed by Friedenstein indicates how simulation boundaries should be
selected based on data availability. Like Maré et al., Friedenstein also explains that the
boundary conditions largely depend on the level of desired simulation accuracy. The
boundary conditions used by Friedenstein are illustrated in Figure 39 in Appendix C.

The method describes a process similar to the process mentioned earlier by Pascoe et al.
Friedenstein discusses the selection and calibration of individual components. Unlike Maré,

Friedenstein lacks a clear method to achieve his simulation model (as seen in Table 6).

Table 6: Periodic simulation process of analysis [32]

Step Description
1 Locate data source
2 Update simulation inputs and simulate
4 Export data after simulating
5 Analyse
6 Repeat

His verification method was done using the mean absolute error described in Section 2.4,
resulting in more accurate comparisons. His simulations, similar to that of the above-

mentioned studies, were deemed accurate if they had a percentage difference of less than 5%.

2.3.3.7 Summary of previously developed methods

Table 7 summarises the previous methods developed by other authors for creating
compressed air simulations. Table 7 furthermore indicates the process and shortcomings of

each.
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Table 7: Summary of previously developed methods

Author Method Shortcoming
) Method to design a simplified The user determines simulation accuracy
Maré et al. [55] - h .
compressed air simulation and not the available data
Compressed air ring simulation method Inaccurate verification method is used
Pascoe et al. [56] R .
development resulting in inaccurate comparisons

Assumptions are made to simplify
simulations, potentially compromising on
accuracy

Optimising energy consumption of mine

Marais [1] compressed air systems

Relocation of mine compressors through Inaccurate verification method is again

Bredenkamp [11] . . S A
simulations used resulting in inaccurate comparisons

Simulating compressed air for operational | An unclear method is described to

Friedenstein [32 . . . -
[32] improvements simulate various scenarios

As seen in Table 7, previous studies tend to focus on calibrating simplified simulations until
an acceptable percentage error is obtained. Previous studies do not focus on the accuracy of
complex simulation models. Therefore, a new method is required to evaluate the impact of
data availability on simulation accuracy.

2.3.4 Summary

As discussed in this section, various simulation packages exist that can simulate mine
compressed air systems. The simulation package, PTB, was selected for this study based on

its ability to simulate complex mine compressed air systems accurately.

Previous studies described the development of mine simulation models as a way of
improving systems in a short amount of time. System simulations allow one to quantify and
compare various parameters. Simulation models are also used to investigate the performance

of individual components.

A problem with most simulation developments is the shortage of information available on a
mine. Complex simulations are not created due to the lack of information as well as the time
it takes to create them. Simplified simulation models are made due to insufficient information

and to reduce the amount of time spent on model development.
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In previous methods to develop simplified simulation models, the user determined the level

of desired complexity. Previous studies did not determine the impact of a lack of information

on the accuracy of a simulation model.

Therefore, a new method needs to be developed that allows the user to predetermine the
expected error based on the available information. This will assist in preventing unnecessary

time spent calibrating a simulation model more accurately than theoretically possible.
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2.4 Determining simulation accuracy
2.4.1 Preamble

This section discusses how percentage error is calculated between simulated data and
measured data. Incorrect percentage difference calculations are explained as well as the
impact they have on the reliability of the results. Determining the maximum acceptable

percentage difference is also briefly discussed.
2.4.2 Simulation accuracy

Many statistical indices exist that are used by engineers to determine the difference between
two data sets [57]. This study uses two methods to determine the accuracy of the simulation
models. These methods include the mean absolute error (MAE) method and the mean
residual difference (MRD) method [32].

a) MAE method

The MAE method (or median regression), is widely used to accurately determine percentage
errors during forecasting [58]. One example is the quality measurement during forecasting of
electricity consumption, similar to that of this study. The MAE method determines the
average percentage error of all individual data points in a series. The resultant error is then
calculated by determining the average of all individual data point errors as indicated by
Equation 4 [32].

Equation 4: Resultant error calculation (MAE)

K
1
MAE = — A, —
= 14 =5l
k=1

Where:

MAE = Mean absolute error [-]

K = Total number of data points []
K = Specific data point [-]

Ay = Actual data point []

S, = Simulated data point []
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By dividing each error of that time step with the actual value of the same time step, the

relative error percentage can be calculated as illustrated by Equation 5 [32].

Equation 5: Relative error calculation (MAE)

K
Errory, = %Z AkA_kSk (100%)

k=1
Where:
Errory, = Percentage error [%]
K = Total number of data points []
k = Specific data point [-]
Ay = Actual data point [-]
S, = Simulated data point [-]

The MAE method is regarded as the more accurate percentage error calculation method as it
uses all the available data points in a series to determine the average error. The MRD method
is not as accurate as the MAE method when calculating percentage errors. This is discussed

in the next section.
b) MRD method

The MRD method calculates an error using average values from the actual and simulated data

series as indicated by Equation 6 [32].

Equation 6: Resultant error calculation (MRD)

K

MRD = %;(Ak — Sk)
Where:
MRD = Mean residual difference [-]
K = Total number of data points []
k = Specific data point [-]
Ay = Actual data point [-]
S, = Simulated data point [-]
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The percentage error of the system is then calculated by dividing the percentage error of the

series by the actual data as illustrated by Equation 7 [32].

Equation 7: Relative error calculation (MRD)

K
Errory, = lz (Ak — Sk) (100%)
K £ Ay
Where:
Errory, = Percentage error [%]
K = Total number of data points []
k = Specific data point [-]
Ay = Actual data point [-]
S, = Simulated data point [-]

The MRD method does have a disadvantage for transient simulations [32]. The percentage
error is calculated using the total average values of a series. It is, therefore, possible that
positive and negative values in a transient simulation can cancel one another out. This will
result in higher accuracy comparisons than there actually are. This can be misleading as one

may think that the simulation model is accurately calibrated when it is in fact not.

2.4.3 Impact of complexity on simulations

Determining the percentage error of a simulation depends on the size of a model. The larger
the simulation model, the larger the impact inaccuracies will have on the simulated results.
Based on previous studies, creating complex mining simulations is not a feasible

process [32].

Complex simulations require detailed information that is often not available on a mine [1].
The process of gathering detailed information is also a time-consuming process. In the event
that a complex simulation investigation is unfeasible, valuable time would have been wasted

to create the complex model.
2.4.4 Acceptable percentage error

In 2017, Friedenstein investigated 15 different simulation case studies. The average accepted
percentage error between the 15 case studies was calculated to be roughly 9% [32]. However,

the percentage error depends on the type of simulation outputs being simulated. One would
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generally want accurate results when comparing annual electricity consumption as opposed to

the average amount of water in a dam. Thus, acceptable percentage error mostly depends on

the individual using the results.
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2.5 Summary

As seen in this chapter, the amount of power required by a compressor to create compressed
air can be determined accurately using calculations. The calculations allow one to determine

the total power required to deliver adequate amounts of air to the various consumers.

Sizeable compressed air networks are susceptible to pressure losses. Within this chapter,
calculations are made to accurately determine the impact more extended pipe networks have

on the compressed air pressure.

Pressure losses also occur due to friction caused by the roughness of the pipes being used.
The roughness of a pipe depends on the material. The higher the roughness of a pipe is, the

more significant the pressure loss will be.

Previous compressed air simulation studies have developed methods to design simplified
simulation models. The studies show that the percentage difference between simulated and
actual values is usually below 9%. These methods, however, do not determine the level of
expected simulation accuracy as the user identifies the amount of detail and, in doing so,
determines the accuracy.

Finally, the MAE proves to be the best suitable way to determine simulation percentage
errors. The percentage error calculations in this study will, therefore, be done using the MAE

method.
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Chapter 3  Methodology

“Nothing in life is to be feared, it is only to be understood. Now is the time to understand
more, so that we may fear less. ” — Marie Curie

8 Adapted from Brand South Africa [Online]. Available: https://www.brandsouthafrica.com/resources-downloads/media-library/images/rml-
content/business-industry [Accessed: 04 August 2018].
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3.1 Introduction

Numerous methods have been developed to create compressed air simulations. The purpose
of the simulations is to identify areas where energy usage can be reduced. This is, however,
only feasible if production remains unaffected by the system changes. The problem with
simulation models is that there is no method for identifying the expected accuracy of the
simulation by investigating the available data. There is often limited mine instrumentation
available to provide data for doing compressed air simulations. Insufficient data can lead to

inaccurate simulation models.

This chapter develops a method to create accurate compressed air simulation models. The
method is used to create three similar simulations, each with varying amounts of data inputs.
This determines the direct impact that data availability has on simulation accuracy. The three
simulation models are calibrated to within a percentage error less than the previously
discussed 9%. Table 8 summarises the percentage difference of the three baseline simulation

models.

Table 8: Baseline simulation accuracies

Description Percentage error [%]
Simulation-A 2.88
Simulation-B 4.50
Simulation-C 4.87

Finally, a new method is developed that identifies the type of simulation model that can be
created. The method identifies the simulation accuracy that can be expected based on the
available data. The newly developed method is displayed in Figure 5 of Section 3.2.2.4.
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3.2 Compressed air network analysis
3.2.1 Preamble

A simulation model that consist of a large number of individual components is considered a
complex simulation model. To simulate a complex compressed air network accurately, an in-
depth analysis of the system is required. Sufficient data and network information need to be
obtained before any simulation model can be constructed. The data and information will

enable one to develop simulation models swiftly and accurately.
3.2.2 Network analysis

This section describes the process followed to determine the level of complexity of the
compressed air simulation. Three levels of simulation complexity are identified within this

section, namely, Simulation-A, Simulation-B, and Simulation-C.
3.2.2.1 Simulation-A

Simulation-A serves as a digital copy of the replicated mine’s compressed air network. The
simulation model is therefore under the assumption that it perfectly mimics the actual mine

compressed air network outputs. All components must, therefore, replicate actual conditions.

For Simulation-A to replicate the compressed air network of Mine-A, a considerable amount
of data is required. The more available data there is, the higher the simulation accuracy will

be. Below is a description of the required data to create a highly accurate simulation model.
a) Individual compressor data

By acquiring individual compressor data, a group of compressors can be simulated
accurately. This is done by comparing each compressor’s outputs of the simulation model
with actual compressor data. The outputs lower the probability of dissimilarities in simulation
results in the event of small changes brought forth to a single compressor. Individual

compressor data requirements include the following:

= Compressor power usage
= Compressor supply pressure
= Compressor characteristic curve

= Compressor efficiency
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Figure 3 illustrates the measured individual compressor data.
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Figure 3: Detailed simulation compressor data
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b) Individual pipe section dimensions

By individually simulating each pipe section, the risk of making an error when calculating
average pipe dimensions is lowered. The risk is particularly applicable to sizeable
compressed air networks where many pipe sections are present. Accurate simulation data is

ensured as the compressed air network is replicated precisely.
Required pipe section dimensions include the following:

= Pipe length
= Pipe diameter

= Pipe surface roughness

c) Compressed air demand

The simulation is the most accurate when the compressed air demand to each underground
level for each shaft is available as the exact whereabouts of all the generated compressed air
is known. Therefore, the air demand to each underground level can be compared, which leads

to an accurate comparison of the compressed air demand of each shaft.
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3.2.2.2 Simulation-B

The availability of data is often limited to the instrumentation on a mine. It is not always
possible to include all parameters. Thus, a less complicated model must be used to simulate
the mine compressed air system as accurately as possible.

Below is a description of the minimum data required to simulate a compressed air network as

accurately as possible to create a less detailed model, namely, Simulation-B.
a) Individual compressor data

Simulation-B requires the same individual compressor data as Simulation-A. The data will
yield accurate simulation results when simplifying other sections of the compressed air

network.
b) Average pipe section dimensions

When simulating a sizeable compressed air network, pipe sections can become challenging to
simulate individually. The exact dimensions of larger compressed air network pipe sections
are not always available. Average pipe lengths and diameters are often all that are available.

The simulation model can be simplified by reducing the number of pipe components.
c¢) Compressed air demand

It is possible that the compressed air demand is not available for each level. However, it is
essential to know the total compressed air demand of each shaft in the compressed air
network. It is not as accurate as when measuring the usage per underground level, but it gives

an accurate air usage per individual shaft.
3.2.2.3 Simulation-C

Simulation-C, a simplified model, is used when the availability of data on mines is limited.
Thus, as few components as possible are used to try and simulate the compressed air
networks as accurately as possible. Below is a description of limited data availability used in
Simulation-C.
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a) Compressor house data

Mines will often have one instrument for each parameter on the surface instead of one for
each component. The single instrument means that each parameter is measured after the

compressors’ supply has already converged into the same network as indicated by Figure 4.
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Figure 4: Simplified available compressor data

b) Average pipe section dimensions

The pipe dimension conditions for Simulation-C are the same as for Simulation-B (discussed
previously in Section 3.2.2.2).

c) Compressed air demand

The compressed air demand conditions for Simulation-C are the same as for Simulation-B

(discussed previously in Section 3.2.2.2).
3.2.2.4 Simulation setup summary

Figure 5 summarises the simulation setup procedure based on the availability of compressed
air network data on mines. Figure 5 serves as an indication as to which simulation model can
be created based on the available mine data.
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Figure 5: Simulation setup procedure summary

It is important to note that Mine-A simulations used in this study are that of the surface
compressed air only. Simulation-A will therefore not use compressed air demand per level
but only per shaft.

3.2.3 Simulation purpose

Simulation models are used to identify various savings initiatives. A simulation model should
be created with a particular purpose in mind. For the parameters discussed in this section,
specific measurements should be emphasised to ensure the accuracy of the simulation results.
There are multiple parameters that can be investigated; however, this study focuses on

compressed air flow, pressure and compressor power.
a) Flow

To ensure correct simulation flow calculations, detailed supplied and demand flow
information is required. This will ensure that the correct distribution of compressed air flow
is supplied to the simulation model. Various scenarios can then be simulated to distribute

adequate amounts of air to other locations on the compressed air network.
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b) Pressure

Most mines measure compressed air pressure either on the surface at the compressor
discharge or underground. This is helpful for simulations as there are detailed measurements
throughout the network. In order to simulate pressure readings accurately, one must ensure
that the simulation compressors are able to supply adequate amounts of air at the correct

pressure. Compressor specifications are not a necessity.
c) Power

Determining the power usage when supplying air at correct pressures and flows requires
detailed compressor specifications. It is important to ensure that the size, characteristics and
efficiency of each compressor are available, which will ensure accurate power measurements

during simulation.
3.2.4 Data acquisition

Figure 6 shows the required diagram procedure to obtain the necessary data for creating a

simulation model replica of Mine-A.

Each simulation package requires different data to create an accurate compressed air
simulation model. The procedure illustrated in Figure 6 allows one to gather the essential data
required by most simulation packages. Any additional information required by the simulation

package must also be obtained.

Trade-off between simulation accuracy and complexity for mine compressed air systems 39



@J NWU*

Data acquisition

™

1. Gather
compressor data

Characteristic
curves

/éupplier; Mine mechanicai
— specialist; Pre-existing

simulations

Time and number of
compressors in
operation

—

@Iine server; Mine mechanical
specialist

\ %

A

Delivery pressure of
each compressor

—

@Iine server; Mine mechanical

\ %

\\ specialist

2. Gather pipe
information

Pipe dimensions

—

ﬁJhysical measurements; Pipe
network archive documents

@/

Compressed air
pressures to
determine pressure
loss

—

e

Manual measurements

3. Gather shaft
compressed air
demand information

4. Gather
atmospheric
conditions

‘/ Online server; Manual
d measurements

o

‘@eather station; Online server;

Figure 6: Data acquisition procedure

.

- \\ Manual measurements

It is essential that all necessary data and information be obtained before creating a simulation

model. Table 9 summarises the various components along with key features within each

component that are explicitly required for PTB simulation purposes.
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Table 9: PTB simulation data requirements

Component

Key features

Compressors

O O O O

Characteristics curve
Efficiencies
Running status
Delivery pressure

Pipes

O O O OO OO OO0 O0oO OO0

Airflow

Pressure

Valve fraction
Temperature
Volume

Heat transfer coefficient
Heat transfer area
Hydraulic diameter
Pipe flow area
Pipe length
Surface roughness

Air nodes

O O 0O O O O

Pressure
Temperature
Elevation
Volume

Heat transfer area
Relative humidity

Pressures

@)

Shaft pressure
Delivery pressure

Airflow

o O

Flow supply
Flow demand
Pressure

Atmosphere

O O O O

Temperature
Pressure

Relative humidity
Elevation

Evaluating data quality is equally as important as the components’ key features. Data is often

missing or is mismeasured due to faulty equipment. It is, therefore, important to evaluate

multiple parameters to ensure the measured data coincides with simulation data. Crucial

parameters include the supplied flow, supplied pressure and power usage. At least two of the

three parameters must have accurate information to ensure that the third parameter has

accurate simulation results.
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Figure 7 illustrates the running status of all the compressors of Mine-A on 23 August 2017. It
is evident from Figure 7 that there is no missing or interrupted data for the given period. The
data can therefore be used without manipulating it to an estimated value. Sound data quality
yields accurate power consumption calculations, resulting in accurate annual running cost

estimations.
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Figure 7: Quality compressor running statuses data
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Figure 8 summarises the method used to develop the simulation models within this study.
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Figure 8: Method used to develop compressed air simulations
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3.3 Development of models
3.3.1 Preamble

This section describes the development of the three simulation models for Mine-A. These
models are developed, each with decreasing complexity, to determine the accuracy of less
complex simulation models. All three simulations are compared with actual data to validate
and ensure their accuracy. These simulation models are used to compare the information seen
in Table 10.

Table 10: Simulation comparison parameters

Description Units
Power consumption MW
Supply airflow kgls
Supply pressure kPa

The simulation models of Mine-A are created using PTB. As discussed in Chapter 2, PTB is a
simulation program capable of simulating the compressed air system of Mine-A. A pre-
existing AFT Arrow simulation model of Mine-A is used to obtain the necessary information
to develop the simulations. It should be noted that having the correct data available can
drastically reduce simulation setup time. Data however, is not always available and

simulation setup time will vary because of this.
3.3.2 Development of Mine-A’s compressed air network simulation

This section discusses how each of the three simulation models was created using PTB. The
required data discussed in the previous section is shown and incorporated into the simulation
models. This section uses the method developed in this chapter to create a compressed air

simulation model of Mine-A.

Mine-A has a large and complex compressed air network. Table 11 summarises the surface
compressed air reticulation network. Table 11 indicates fundamental component quantities as
well as specific component dimensions. Figure 40 in Appendix D displays a schematic layout

of the compressed air reticulation network of Mine-A.
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Table 11: Mine-A compressed air network summary

Description Value
Compressor houses count 7
Compressor count 19
Total pipe length 30.9 km
Number of shafts 12
Hourly average power consumption 39.1 MW
Annual electricity cost R255.2 million

The schematic layout of the surface compressed air network illustrated in Figure 40 in
Appendix D was used to understand Mine-A better. The layout was derived from the pre-
existing simulation model. The layout indicates the name and location of the compressor
houses, the number of compressors, and the distances between each of the compressor houses

and shafts.

Because Mine-A’s is so complex, a significant amount of data is required to simulate the
system. Larger simulation models also result in longer simulation running times. These time
factors all add up to longer times required for the simulation development procedure. Actual
mine data for a given period must be obtained for comparison with simulated values. The
gathered data is processed into hourly average values. The hourly average values are then

compared with their simulated equivalent values.

As discussed earlier, the simulation model of Mine-A comprises the surface compressed air
network only. The data required to simulate the network accurately is therefore mostly
available. This data is used to determine the hourly averages for the power consumption,

supplied airflow and surface supply pressure.

The information summarised in Table 12 was obtained from Mine-A’s surface
instrumentation. Data for 23 August 2017 was processed into hourly average values.
Thereafter, these values were compared with the baseline simulation models.
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Table 12: Description of required simulation data

No. | Data required Description

1 Compressor specification The design of each compressor used by Mine-A

Annual power usage consumed by Mine-A to determine

2 Compressor power consumption electricity costs

The surface pressure maintained by the compressors to supply

3 Compressor supply pressure adequate air to underground

4 Compressor supply flow The air mass flow that is supplied by the compressors

5 Mining airflow demand The air mass flow consumed by all mining operations

The data given in Table 12 was incorporated into the three simulation models. With the
available information, three baseline simulation models, each a simplified version of the

preceding model, were created to compare with the actual data of Mine-A.
a) Compressor specifications (A)

A cut-out section of the simulation software AFT Arrow, seen in Figure 41 of Appendix E,
was used to specify components. The input data of the components used in the AFT Arrow
simulation is illustrated in Figure 42 in Appendix E. These input values were used to
characterise the components of the three PTB simulation models. The process of using the

input data to characterise the simulation model components is shown in Figure 9.

Figure 9 indicates the compressor data obtained from the pre-existing AFT Arrow simulation
model. The compressor data was processed into airflow (y-axis) versus pressure ratios (X-

axis). The data was then used to characterise the three simulation model compressors.
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Figure 9: Compressor specification illustration

b) Compressor specifications (B)

It was possible to obtain the characteristics curve of these compressors by applying a

quadratic function using three operating points as illustrated in Figure 10.
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Figure 10: Quadratic function for compressor characteristics curve (adapted from [59])

The quadratic function, seen in Figure 10, allows the characteristic curve of a compressor to

be determined when only one data point is available. Thus, it is possible to estimate the

remaining two points by means of calculation.
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¢) Mine-A: Compressor specifications

Two compressor types are used in the surface compressed air network of Mine-A, namely,
the VK32 and VK50 compressors. The VK32 compressor is the smaller one of the two,
delivering a maximum airflow of 9.43 m3/s at 0 kPa discharge pressure. The VK50 delivers a
maximum airflow rate of 14.22 m3/s at 0 kPa discharge pressure. Each compressor is
calibrated individually, and the correct number of each type of compressor is placed in the

various compressor houses of the simulation model.

The compressor data for the volumetric flows at given discharge pressures was available. The
simulation, however, required the corrected flow values. Therefore, the corrected flow values
were calculated for each simulation model. Thereafter, the corrected flow values were

incorporated into the simulation models.

The following calculations were done to calculate the corrected flow values of both

compressors [60].

Equation 8: Corrected flow calculation

_ (/o)
3

(4

With:
Equation 9: Mass flow calculation

1=V =V (1)
m=veP=V\rr

Equation 10: Temperature ratio calculation

T
Bt — Tot

Tre f

Equation 11: Pressure ratio calculation

P
61: — Tot

Pref
Substituting Equation 9, Equation 10, and Equation 11 into Equation 8 yielded the detailed

corrected flow equation, namely, Equation 12.
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Equation 12: Corrected flow detailed equation

V( P ) Trot

RTrot)" |Tres
“Me = Proc
Pres
Where:
Hilc = Corrected flow [kg/s/bar/K]
Vv = Volumetric airflow rate [m3/s]
P = Air pressure [kPa]
R = Universal gas constant [kJ/kg-K]
Trot = Total temperature [K]
Tref = Reference temperature [K]
Pot = Total pressure [kPa]
Pret = Reference pressure [kPa]

d) Pipe dimensions

The pre-existing simulation and aerial images were used to determine the exact pipe
dimensions for the surface compressed air network of Mine-A. The pre-existing simulation
model of Mine-A had all the necessary pipe diameters required for Simulation-A. However,
certain pipe lengths were not available within the pre-existing simulation model. An aerial
image of the surface compressed air network was used to determine the pipe lengths. Manual
measurements and calculations had to be done to determine the pipe lengths as accurately as
possible.

The data available from the pre-existing simulation model is illustrated in Figure 11. This
data was used alongside the manual measurements to specify the pipe dimensions as

accurately as possible.
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Figure 11: Available pipe dimensions

e) Compressed air demand

The compressed air demand of all the shafts feeding off the surface compressed air network
was obtained through mine server data. This variable, however, remained constant as the

simulation models were simplified.
f) Compressor efficiency

The efficiencies of each compressor can be calculated theoretically but depend on good data
quality to ensure that no errors are shown in the simulation results. For this study, efficiencies
were assumed during calibration until the desired power output was achieved. Assumptions

during simulation development allow for faster calibration.
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g) Assumptions

Ideally, actual atmospheric conditions should be obtained to ensure an accurate simulation
development. However, the atmospheric conditions for this study were unavailable and

assumed values were used based on elevation and winter temperatures.

= Atmospheric pressure: 87 kPa
= Atmospheric temperature:  20°C

= Universal gas constant: 0.287 kd/kg'K
h) Simulated models of Mine-A surface compressed air network

= Simulation-A
o The total number of compressors was simulated along with the precise design
specification for each compressor.
o Actual pipe diameters and lengths were used to simulate each section of the
compressed air pipe network.
= Simulation-B
o The total number of compressors was simulated along with the precise design
specification for each compressor. The compressors were identical to
Simulation-A.
o Average pipe diameters and lengths were used for individual sections between
shafts and compressor houses.
= Simulation-C
o All identical compressors within each compressor house were simulated as
one large compressor component.
o Average pipe diameters and lengths were used for the individual sections

between shafts and compressor houses.

By simplifying the simulation models, the number of components used in the simulation
process could be reduced. Simulation-A had 261 components, Simulation-B had 220, and
Simulation-C had 157. A detailed description of the total components is given in Chapter 4.

These components are illustrated in Table 30.
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3.3.2.1 Simulation-A model development
a) Compressor specification
VK32 compressor:

The designed flow rates at a given set point for a single VK32 compressor used in
Simulation-A are shown in Table 34 (Appendix F). The data in Table 34 was used in
combination with the assumptions made earlier to determine the corrected flow rates for
Simulation-A’s VK32 compressors. Calculations were done by substituting the data into
Equation 12. By doing so, the corrected flow values in Table 35 (Appendix F) were
calculated. As seen in Table 35, the airflow rate increases as the pressure ratio over the
compressor decreases. The changes in airflow rates versus the pressure ratio for Simulation-A

are illustrated in Figure 12 below.

VK32 compressor design specification
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Figure 12: VK32 design specification — Simulation-A

As seen in Figure 12, the corrected flow value of a single VK32 compressor depreciated
substantially as the pressure difference over the compressor increased. These compressors
were simulated individually and in parallel as they would run on Mine-A. The optimal design
point of the compressor was not required for Simulation-A as the actual conditions of Mine-A

were merely replicated.
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VK50 compressor:

The designed flow rates at a given set point for Simulation-A are shown in Table 36
(Appendix F). Using the data in Table 36, the corrected flows were calculated similarly to the
VK32 compressor. By doing so, the corrected flow values in Table 37 in Appendix F were
calculated. As seen in Table 37, the airflow rate of the VK50 compressor increased more than
the VK32 compressor as the pressure ratio over the compressor decreased. The changes in
airflow rates versus the pressure ratio for the VK50 compressor of Simulation-A are visually
illustrated in Figure 13 below.

VK50 compressor design specification
¢ Corrected Flow vs. Pressure Ratio

I
o
o

*

o
o
]
‘
L 4

o
o

PN N W W
(6]
o

[on)
o

[EY
o
o

Corrected flow [kg/s/bar/K]

a1
o

o

0 1 2 3 4 5 6 7 8 9
Pressure ratio [-]

Figure 13: VK50 design specification — Simulation-A

As seen in Figure 13, the VK50 compressor was able to deliver higher volumes of airflow
rates at similar pressure ratios. For Simulation-A, the VK50 compressors were also simulated
individually and in parallel as they would operate on Mine-A. The compressors running in

parallel resulted in higher airflow rates at given pressure ratios over all of the compressors.

b) Pipe dimensions
Pipe length
As discussed previously, the pipe lengths for Simulation-A were obtained through a
previous simulation and physical measurements. These measurements were taken on an
aerial map of the surface compressed air network. The pipe lengths for Simulation-A

have been determined as accurately as possible.
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Pipe diameter

As discussed previously, the diameters of each pipe obtained were from the pre-existing
simulation model of Mine-A. For Simulation-A, each pipe was used and specified. The
pipe details mean that no average pipe diameters were calculated for different sections of
the compressed air network.

Surface roughness

The surface roughness where compressed air is in contact with the pipes was obtained
directly from the pre-existing simulation model of Mine-A.

3.3.2.2 Simulation-B model development
a) Compressor specification

The compressor specifications of Simulation-B were identical to that of Simulation-A, which

was discussed previously.

b) Pipe dimensions

Pipe length

The pipe lengths discussed in Simulation-A’s section were used to calculate an average
pipe length for individual sections of the compressed air network. The total pipe length
from one compressor house to the shaft was used instead of the exact length per section.
Pipe diameter

The pipe diameters used for Simulation-A were used to calculate an average diameter for
all the sections of pipe. Similar to the pipe length calculations, the diameters of all the
sections from a compressor house to a shaft were used to determine the average diameter
of that section. The average diameter sections reduced the total number of simulation
model components while still considering all the necessary dimensions.

Surface roughness

The surface roughness where compressed air is in contact with the pipes was obtained
directly from the pre-existing simulation model of Mine-A. The average surface

roughness was calculated per section to use in Simulation-B.
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3.3.2.3 Simulation-C model development
a) Compressor specification
VK32 compressor:

Simulation-C used the specifications of a single VK32 compressor to define multiple
compressors as one. This means that two compressors running in parallel are specified as one
compressor with a higher volumetric airflow rate. The result is that the volumetric airflows

are multiplied by the number of compressors as seen in Table 38 (Appendix F).

The volumetric airflow rates were used similarly in Equation 12 to determine the corrected
flow values used in the simulation model. The calculation results are shown in Table 39
(Appendix F). As seen in Table 39, the airflow rates were far higher than those of
Simulation-A and Simulation-B because one component needed to deliver the same amount
of airflow than two or three components did previously. Figure 14 and Figure 15 below
illustrate this.
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Figure 14: 2 x VK32 design specification — Simulation-C
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3 x VK32 design specification
¢ Corrected flow vs. Pressure ratio
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Figure 15: 3 x VK32 design specification — Simulation-C

As seen in both Figure 14 and Figure 15, the corrected flow values of multiple VK32
compressors simulated as one delivered far higher flow rates at the same pressure difference

than a single VK32 compressor.
VK50 compressor:

Simulation-C used the specifications of a single VK50 compressor to define multiple
compressors as one. ldentical to the VK32, multiple compressors running in parallel were
specified as one compressor with a higher volumetric airflow rate. This is seen in Table 40
(Appendix F). The calculated corrected flow values are shown in Table 41 (also found in
Appendix F).

As seen in Table 41, the airflow rates were far higher than that of Simulation-A and
Simulation-B because one component delivered the same amount of airflow than two or three

components did previously. Figure 16 and Figure 17 illustrate this.
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Figure 16: 2 x VK50 design specification — Simulation-C

As seen in Figure 16, the corrected flow values of two VK50 compressors simulated as one

delivered doubled the flow rate of one VK50 compressor at the same pressure ratio.
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Figure 17: 3 x VK50 design specification — Simulation-C

As seen in Figure 17, the corrected flow values of three VK50 compressors simulated as one
delivered three times the flow rates at the same pressure ratio. The result is that the same
conditions on Mine-A could be replicated using far fewer components in the simulation
model.
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b) Pipe dimensions

Pipe length

The average pipe lengths discussed for Simulation-B were used in the same manner for
Simulation-C.

Pipe diameter

The average pipe diameters discussed for Simulation-B were used in the same manner
for Simulation-C.

Surface roughness

The surface roughness was used in the same manner as for Simulation-B discussed

previously.
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3.4 Validation of models
3.4.1 Preamble

Experimental verification is the typical traditional approach used to validate the accuracy of
simulation models [28]. Physical measurements were, however, taken throughout the mine
compressed air network to ensure high-level accuracy results when validating simulations

within this dissertation.

Three baseline simulation models, each a simplified version of the preceding model, were
created to replicate the surface compressed air network of Mine-A. This followed after the
need was identified to simplify simulation models. This was done to determine their
accuracies in the event of limited data and information on the compressed air network of
mines. Additionally, the purpose is to minimise the complexity and study the impact thereof.
Screenshots of the three simulation models are shown in Figure 43, Figure 44, and Figure 45

of Appendix G.

The baseline simulation models are compared with actual compressor data obtained directly
from Mine-A’s servers. The selected server data is that of 23 August 2017. Multiple days
worth of data could, however, not be used because of data disruptions. A single day with the

best data quality was therefore selected. The data of 23 August 2017 includes the following:

= Daily supplied airflow
= Daily supply pressure
= Daily power usage

The data was used to compare the corresponding parameters of the three simulation models.
It was found that the daily supplied flow and daily power usage for the three baseline
simulation models were simulated to within 4.87% of the actual data. Simulation-A had the

lowest difference at 2.88%, resulting in a 97.12% accurate simulation model.

The daily supplied pressure had data interruptions for the corresponding period (23 August
2017). Therefore, an accurate pressure comparison regarding the baseline simulation models
could not be made. However, because both the daily power usage and supply flow were
within 2.88% accuracy, it could be assumed that Simulation-A’s supply pressure was within
2.88% accuracy as well. This assumption applies to Simulation-B and Simulation-C as well.
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3.4.2 Baseline simulation validation
a) Simulation-A validation

Simulation-A was created using PTB. The simulation model yielded the following results
when compared with actual mine data of 23 August 2017. A 24-hour profile of 23 August
2017 was plotted for both the actual and Simulation-A surface compressed air parameters.

The data is compared in Figure 18 to Figure 20 below.

I. Daily supplied airflow
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Figure 18: Simulation-A validation — supply flow

As seen in Figure 18, the simulation data represented by the green line followed a consistent
trend with the actual mine data, represented by the pink line. The MAE percentage
difference, discussed in Chapter 2, was 2.56%. This resulted in a 97.44% simulation accuracy

when comparing the supplied flow of Simulation-A with the actual data of Mine-A.
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ii. Daily power usage

Power vs. Time
= Actual data == Simulation-A
60
50
3 40 — \
2 30
S
: \
<) 20
a \
10
0 Tr 1T 1T T T T T T T T T T T T T T T "T7T1T"717"717°7°7 "7 ™7
O O O O O O O O O O O O O OO OO oo oo o o o o
O O O O O O OO O O O OO0 OO0 OOLuOLo oo o
S A A NI D ONDBDDSANMDISIDONBDE S 4N ™
O O O 0O 0O 00000 A dddd d ddd 4 AN N AN N
Time [H]

Figure 19: Simulation-A validation — power usage

As seen in Figure 19, the simulation data again followed a consistent trend with the actual

mine data. The calculated MAE percentage difference was 2.88%. This resulted in a 97.12%

simulation accuracy when comparing the power usage of Simulation-A with the actual usage

of Mine-A.

iii. Daily supply pressure
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Figure 20: Simulation-A validation — supply pressure
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In Figure 20, the simulation data follows a similar trend to that of the actual data. However,

because of the data interruptions discussed earlier, the average supply pressure of the actual
data is lower than it indeed is. The consistent trend between the two data sets and the
accuracies of the supply- and power usage allow for the assumption that the pressure is also
accurate to within 2.88% difference. This is because two of the three parameters are within
range. The simulation components are specified according to component design and therefore

have to result in the same pressure outputs.
b) Simulation-B validation

Figure 46 to Figure 48 (Appendix H) illustrate the same comparisons with actual data for
Simulation-B (represented by the blue lines) as for Simulation-A. Data from 23 August 2017

was used to plot the 24-hour profiles of the previously mentioned comparisons.
I.  Daily supplied airflow

As seen in Figure 46, Simulation-B data follows a consistent trend with actual data. The
calculated MAE difference between the two simulation models is 4.50%, resulting in 95.50%

accuracy.
ii. Daily power usage

As seen in Figure 47, Simulation-B data again follows a consistent trend when compared
with actual data. The calculated MAE difference between the two simulation models is

2.92%, resulting in a 97.08% accuracy.
iii. Daily supply pressure

As seen in Figure 48, the two simulation models follow a similar trend. However, due to the
data interruptions discussed earlier, the percentage difference does not reflect actual values. A

percentage difference of 4.50% is therefore assumed as explained in the previous section.
¢) Simulation-C validation

Figure 49 to Figure 51 (Appendix H) illustrate the same comparisons with actual data for
Simulation-C (represented by the orange lines) as for Simulation-A. Data from 23 August

2017 was used to plot the 24-hour profiles of the previously mentioned comparisons.
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i.  Daily supplied airflow

As seen in Figure 49, Simulation-C data continues to follow a consistent trend when
compared with actual data. The MAE percentage difference, however, slightly increases to
4.87%. The result is a simulation accuracy of 95.13%.

ii. Daily power usage

As seen in Figure 50, Simulation-C data again follows a consistent trend with actual data.
The MAE percentage difference for the power usage is 4.37%, resulting in a simulation
accuracy of 95.63%.

iii. Daily supply pressure

As seen in Figure 51, data loss causes a more significant percentage difference between the
data sets than genuinely reflected in the data. However, as discussed previously, the MAE
percentage difference can be assumed to be a value of 4.87%.

3.4.3 Simulation evaluation

After each simulation model is developed, the percentage error between the model and actual
data must be evaluated. As stated in Chapter 2, an acceptable error is 9% or less. If any of the
developed models have an error greater than 9%, the model should be re-evaluated and
calibrated until the desired accuracy is achieved.

After evaluating Simulation-A, Simulation-B and Simulation-C, it is clear that all model
comparisons give an error less than the required 9%. It can therefore be concluded that all

simulation models have successfully been validated as accurate representations of Mine-A.
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3.5 Summary

A method was developed in this chapter to create compressed air simulations of varying
complexity. The method was applied to a case study, Mine-A, to determine the effect that
simulation complexity has on simulation accuracy. Three simulation models, namely,

Simulation-A, Simulation-B and Simulation-C were developed.

Simulation-A is used when most of a mine’s compressed air network data is available. In this
study, Simulation-A was calibrated to within 2.88% difference when compared with actual

mine data. Table 13 displays the percentage differences of the three compared variables.

Table 13: Simulation-A accuracy comparison

Simulation Supplied airflow Supply pressure Power usage
model % difference % difference % difference
Simulation-A 2.56 2.88* 2.88

*Assumed

Simulation-B is used when either the pipe section specifications or airflow demand is not
available in detail. This means that individual compressor details are available, but not pipe
specifications or compressed airflow. Table 14 displays the calculated percentage differences

of the compared variables.

Table 14: Simulation-B accuracy comparison

Simulation Supplied airflow Supply pressure Power usage
model % difference % difference % difference
Simulation-B 4,50 4.50* 2.92
*Assumed

Simulation-C is used under similar conditions to that of Simulation-B. Simulation-C,
however, uses compressor house average power consumption and total supplied airflow
instead of individual compressor data. Table 15 displays the calculated percentage differences

of the compared variables.

Table 15: Simulation-C accuracy comparison

Simulation Supplied airflow Supply pressure Power usage
model % difference % difference % difference
Simulation-C 4.87 4.87* 4.37
*Assumed
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Table 13, Table 14 and Table 15 show that all the simulation models have successfully been

calibrated to replicate Mine-A. The highest percentage difference of 4.87% is that of
Simulation-C. This, however, results in a minimum simulation accuracy of 95.13%. The
information gathered from this study shows that all three simulation models have successfully

been validated as accurate representations of the compressed air network of Mine-A.

With the validation of all three simulation models, it can be concluded that the method
developed in this chapter can be used to create compressed air simulations. It can also be
concluded that the developed method is able to create various degrees of complex simulation
models accurately. One can therefore assume that a simulation accuracy of less than 5% can

still be expected, even with limited data.
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Chapter 4  Results

“You cannot teach a man anything, you can only help him discover it in himself” — Galileo

® Adapted from Mapio [Online]. Available: https://mapio.net/pic/p-67199139/ [Accessed: 04 August 2018].
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4.1 Introduction

Simulation-A developed in Chapter 3 has a percentage difference of only 2.88% when
compared with actual data. Because of the small error, Simulation-A is used as the
benchmark simulation to represent Mine-A in this chapter. All comparisons are made using

Simulation-A, which represents Mine-A.

The three simulation models developed in Chapter 3 vary in accuracy when compared with
actual data. The direct impact of simplifying the models needs to be investigated. This

chapter investigates the direct impact of simplifying a compressed air simulation model.

After the simulation models are validated as accurate representations of Mine-A, various
scenarios need to be implemented. The scenarios are used to determine the effect that various
changes to the system will have on the accuracy of the developed models. The scenarios are

used to ensure that each simulation model remains valid.

An accuracy comparison between the compressor house outputs is investigated. This is done

to investigate the accuracy of each component used to simulate the compressed air network.

The time and financial impact of reducing the simulation complexity are investigated. This is

done to determine the reduction in project cost and time spent on simulation development.

Finally, the method developed in Chapter 3 is implemented on a different case study, namely,
Mine-B. The case study is done to verify that the developed method can be used to identify
the accuracy of other compressed air simulations.
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4.2 Impact of the simulation complexity
4.2.1 Preamble

The simulation models were validated in the previous chapter after comparing the outputs of
the three simulation models with actual mine data. This section discusses the direct impact
that simplifying the simulation models has on the accuracies of the results. In this section,
Simulation-B and Simulation-C developed in Chapter 3 are compared with Simulation-A.
The comparison results identify the direct impact of simplifying the simulation models. The
financial impact accompanied by the time spent to create each simulation model is also

discussed.
4.2.2 Simulation accuracy

This section discusses the direct impact that simulation complexity has on simulation
accuracy. Comparison accuracies depend on equipment calibration. Also, components do not
operate at design specification, but are simulated as if they do. This can result in small
comparison errors. Simulation-B and Simulation-C are compared with Simulation-A.

Comparisons are made between the supply flow, power usage and supply pressure.
4.2.2.1 Simulation-A and Simulation-B baseline comparison

Figure 21 to Figure 23 compare the supply flows, power usage and supply pressure between

Simulation-B and Simulation-A.

a) Daily supplied airflow
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Figure 21: Simulation-B accuracy comparison — supply flow
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As seen in Figure 21, Simulation-B data (represented by the near-invisible blue line)

consistently follows a near-perfect trend that matches that of Simulation-A. The MAE

percentage difference and total accuracy between the two data sets are tabulated in Table 16.

b) Daily power usage
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Figure 22: Simulation-B accuracy comparison — power usage

As seen in Figure 22, Simulation-B data again follows a near-perfect trend with

Simulation-A. The MAE percentage difference and total accuracy between the two data sets
are tabulated in Table 16.

c) Daily supply pressure
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Figure 23: Simulation-B accuracy comparison — supply pressure
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As seen in Figure 23, the two simulation models again follow a near identical trend. The
MAE percentage difference and total accuracy between the two data sets are tabulated in
Table 16.

Table 16: Simulation-B accuracy analysis

Description Error [%0] Accuracy [%0]
Supply flow vs. time 0.26 99.74
Power vs. time 0.10 99.90
Pressure vs. time 0.37 99.63

As seen in Table 16, Simulation-B has a maximum difference of only 0.37% when compared
with Simulation-A. It can therefore be concluded that reducing a simulation model to
Simulation-B has almost no effect on the accuracy of that model.

4.2.2.2 Simulation-A and Simulation-C baseline comparison

The same comparisons apply for Simulation-C as for Simulation-B. Figure 24 to Figure 26

illustrate these comparisons.

a) Daily supplied airflow

Supply Flow vs. Time

= Simulation-C == Simulation-A
250

200

[N

a1

o
I

Flow [kg/s]
[3=Y
8

f

o

00:00

01:00 |
02:00 |
03:00 |
04:00
05:00 |
06:00 |
07:00 |
08:00 |
09:00 |
10:00 |
11:00 |
12:00 |
13:00 |
14:00 |
15:00 |
16:00 |
17:00
18:00
19:00
20:00 |
21:00
22:00 |
23:00 |

Time [H]

Figure 24: Simulation-C accuracy comparison — supply flow

As seen in Figure 24, Simulation-C data represented by the orange line consistently follows a
trend that matches that of Simulation-A. The MAE percentage difference and total accuracy

between the two data sets are tabulated in Table 17.
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b) Daily power usage

Power vs. Time
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Figure 25: Simulation-C accuracy comparison — power usage

As seen in Figure 25, Simulation-C data again follows a consistent trend with Simulation-A.
The MAE percentage difference and total accuracy between the two data sets are tabulated in
Table 17.

c) Daily supply pressure

Pressure vs. Time
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Figure 26: Simulation-C accuracy comparison — supply pressure

As seen in Figure 26, the two simulation models again follow a consistent comparison trend.
The MAE percentage difference and total accuracy between the two data sets are tabulated in
Table 17.
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Table 17: Simulation-C accuracy analysis

Description Error [%0] Accuracy [%0]
Supply flow vs. time 1.92 98.08
Power vs. time 2.90 97.10
Pressure vs. time 1.86 98.14

As seen in Table 17, the maximum error of Simulation-C is only 2.90% when compared with

Simulation-A. A total accuracy comparison of 97.10% was obtained. It can therefore be

concluded that reducing the number of simulation components has a minimal effect on the

accuracy of a compressed air simulation model.
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4.3 Variation of probability parameters
4.3.1 Preamble

In this section, the variation of single parameters is brought forth to the three simulation
models. This section compares the simulation models with the baseline simulation model

after changes have been made to the parameters.

Each parameter described in this section is increased and decreased by 20%. This simulates
the accuracy of all simulation models in the event of changes made to the compressed air

network.
4.3.2 Simulated scenarios

The baselines for all three simulation models are validated as accurate representations of
Mine-A in the preceding section. With these simulation models, one is able to impose various
scenarios to determine the effect that changes would have on the accuracy of the simulation
models. Descriptions of the various scenarios implemented on the simulation models of

Mine-A as well as the reasons for these specific scenarios are discussed in this section.
a) Single probability parameters

Each simulation model underwent various scenarios in which one parameter was changed at a
time. This was done to investigate the impact of that specific parameter on the simulation
model. Table 18 lists the single probability parameters that were varied in all the simulation

models.

Table 18: Single probability parameter variations

Scenario no. Parameter

i Supply pressure variation

ii Airflow demand variation

iii Pipe dimension variation

i. By increasing or decreasing the supply pressure requirement, the compressors were
forced to increase or decrease the amount of air supplied. This was done to simulate the
effect of mines requiring an increase in supply pressure due to a lack of pressure
underground. The change had an adverse effect on the power usage of the compressors

as well as supplied flow with which to compare accuracies.

Trade-off between simulation accuracy and complexity for mine compressed air systems 73



ii. By increasing or decreasing the flow demand of all the shafts, the compressor was

forced to maintain a supply pressure. This was done to mimic occurrences on a mine
when the drilling shift is active and more air is demanded. The change in compressed
airflow caused the supply pressure to fluctuate at the compressor discharge. This, in
turn, caused the compressor power usage to increase or decrease to maintain a
particular supply pressure.

iii. By changing pipe dimensions, the changes that can occur regularly on mines as the
mine network changes were simulated. It is therefore vital to be able to determine the

effect changes to the pipe network will have on the accuracy of a simulation model.

b) Multiple probability parameters

The fourth and final simulation scenario is a combination of all parameters seen in Table 18.
This is to determine the accuracy of all the simulation models under extreme circumstances.

The motivation for the specific parameters remains the same as discussed previously.
4.3.3 Single probability parameter variation

As discussed previously, all parameters below were increased and decreased by 20%.
Changes are made to a single parameter at a time. The simulation results are then compared
with Simulation-A’s results. The same conditions are applied to all simulation models, and
comparisons are made based on the corresponding simulation scenario results. Table 19 to
Table 26 indicate the percentage error comparisons between the simulated scenario and the

corresponding Simulation-A scenario.
4.3.3.1 Flow demand

The compressed air flow demand was increased to simulate the effect of an expanding
compressed air network. The more a network expands, the more compressed air is required.
The compressed air flow demand was also decreased. The decrease in compressed air

simulated the effect of the blasting shift when the compressed air rock drills are not in use.

Table 19 and Table 20 compare the result of increasing and decreasing the compressed air

flow demand of the shafts in the compressed air network by 20%.
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Table 19: Flow demand variation results — Simulation-B

Baseline Increased flow . Decreased flow .
comparison comparison Difference — comparison Difference —
Simulation-B P P increased flow P decreased flow
error error [%] error [%]
[%0] [%0] [%0]
Flow 0.26 0.25 —-0.01 0.27 +0.01
Power 0.10 0.20 +0.10 0.12 +0.02
Pressure 0.37 0.60 +0.23 0.23 —0.14

Table 19 indicates that neither an increase nor a decrease in compressed air flow demand had

a considerable effect on the simulation accuracy. The simulation accuracy of Simulation-B

decreased by a maximum of only 0.23% after increasing the compressed air flow demand.

Table 20: Flow demand variation results — Simulation-C

Baseline Increased flow . Decreased flow .
comparison comparison Difference — comparison Difference —
Simulation-C P P increased flow P decreased flow
error error [%] error [%]
[%0] [%0] [%0]
Flow 1.92 2.06 +0.14 1.71 -0.21
Power 2.90 3.13 +0.23 2.68 -0.22
Pressure 1.86 1.90 +0.04 1.74 -0.12

Table 20 indicates that the percentage difference of Simulation-C increased by a maximum of
only 0.23% after increasing the compressed air flow demand. However, after decreasing the
compressed air flow demand, the simulation accuracy increased by a maximum of 0.22% and

a minimum of 0.12%.
4.3.3.2 Compressor set points

Mines regularly adjust compressor set points to supply adequate compressed air pressures to
the rock drills during the drilling shift. The set points are increased during drilling shifts and
decreased during blasting shifts. The simulation compressor set points were increased and
decreased to mimic these changes. However, the simulation model compressors were
calibrated to deliver maximum flow. To increase the delivery pressure by 20%, a new

baseline was therefore created for the increased supply pressure scenario.

Table 21 and Table 22 compare the result of increasing and decreasing the compressor set
points of all compressors in the compressed air network by 20%.
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Table 21: Compressor set point variation results — Simulation-B

Increased set

Decreased set

Baseline : Difference — : Difference —
. point . point
. . comparison . increased set . decreased set
Simulation-B comparison - comparison .
error error point error point
(0) 0, 0,
[%0] [%] [%0] [%] [%0]
Flow 0.26 0.33 +0.07 0.46 +0.20
Power 0.10 0.19 +0.09 0.64 +0.54
Pressure 0.37 0.46 +0.09 0.13 -0.24

Table 21 indicates that the simulation accuracy for Simulation-B decreased by a maximum of

only 0.54% when compared with the results of Simulation-A.

Table 22: Compressor set point variation results — Simulation-C

Increased set

Decreased set

Baseline : Difference — . Difference —
. point . point
. . comparison . increased set . decreased set
Simulation-C comparison - comparison :
error error point error point
(0) (0) 0,
[%] (%] [%] (%] [%]
Flow 1.92 1.72 -0.20 0.58 -1.34
Power 2.90 2.60 -0.30 1.84 -1.06
Pressure 1.86 1.67 -0.19 0.58 -1.28

Table 22 indicates that the simulation accuracy for Simulation-C increased by a maximum of

1.34% and a minimum of 0.19% when compared with Simulation-A.

4.3.3.3 Pipe dimensions

Although changes to pipe dimensions are not as frequent as previous parameters, they are still

possible. Therefore, Table 23 and Table 24 compare the results of increasing and decreasing

the pipe diameter of all pipe sections in the compressed air network by 20%.

Table 23: Pipe dimension variation results — Simulation-B

Baseline In_creased Difference — D(_ecreased Difference —
. diameter . diameter
. . comparison . increased " decreased
Simulation-B comparison . comparison .
error error diameter error diameter
(0) 0, 0,
(%] (%] (%] (%] [9%]
Flow 0.26 0.13 -0.13 0.62 +0.36
Power 0.10 0.05 —-0.05 0.15 +0.05
Pressure 0.37 0.19 -0.18 0.82 +0.45
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Table 23 indicates that the simulation accuracy of Simulation-B increased by a maximum of

0.18% and a minimum of 0.05% when pipe diameter was increased. However, the simulation

accuracy was decreased by a maximum of 0.45% when pipe diameter was decreased.

Table 24: Pipe dimension variation results — Simulation-C

Baseline In_creased Difference — Dgcreased Difference —
. diameter . diameter
. . comparison - increased - decreased
Simulation-C comparison - comparison :
error error diameter error diameter
(0) 0, 0,
[%0] [%)] [%0] [%)] [%0]
Flow 1.92 1.86 —0.06 2.07 +0.15
Power 2.90 2.99 +0.09 2.76 -0.14
Pressure 1.86 1.87 +0.01 1.87 +0.01

Table 24 indicates that the simulation accuracy of Simulation-C is decreased by a maximum

of only 0.15% when compared with Simulation-A.
4.3.4 Multiple probability parameter variations

All the parameters that were varied in the previous section are now combined within this
section. Changes are made simultaneously to all three parameters to determine the impact
specific changes to parameters will have on the simulation model accuracies. The simulation
results are then compared with those of Simulation-A that underwent the same parameter
settings changes. The same conditions are applied to all simulation models, and comparisons

are made to the corresponding Simulation-A scenario results.

Table 25 and Table 26 compare the result of increasing and decreasing multiple parameters in
the compressed air network simultaneously by 20%.

Table 25: Multiple parameter variation results — Simulation-B

. Increased . Decreased .
Baseline Difference — Difference —
. parameters . parameters
. . comparison . increased ; decreased
Simulation-B comparison comparison
error error parameters error parameters
(0) 0, 0,
[%] [9%] [%] [9%] [%]
Flow 0.26 0.12 -0.14 0.61 +0.35
Power 0.10 0.11 +0.01 0.29 +0.19
Pressure 0.37 0.30 -0.07 0.49 +0.12
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Table 25 indicates that the simulation accuracy of Simulation-B decreased by a maximum of

only 0.35% when compared with Simulation-A results.

Table 26: Multiple parameter variation results — Simulation-C

. Increased . Decreased .
Baseline Difference — Difference —
. parameters . parameters
. . comparison . increased . decreased
Simulation-C comparison comparison
error error parameters error parameters
0, (0) (0)
[%] 6] [%] 6] [%]
Flow 1.92 2.01 +0.09 1.88 —-0.04
Power 2.90 3.19 +0.29 2.52 —-0.38
Pressure 1.86 1.93 +0.07 1.80 —0.06

Table 26 indicates that the simulation accuracy of Simulation-C decreased by a maximum of

only 0.29% when compared with Simulation-A results.
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4.4 Analyses of simulation accuracy
44.1 Preamble

This section analyses all the simulation model compressor houses. This is to determine the
effect of various changes to the parameters, which were discussed previously, on various
outputs. AIll simulations are compared with Simulation-A since it is an accurate

representation of the compressed air network of Mine-A, as proven previously.

This section analyses the various compressor outputs of Simulation-B and Simulation-C and
compares them with the outputs of Simulation-A. The supplied flow, power usage and supply
pressure of each compressor in the various compressor houses are compared individually.
This is done after the increase and decrease of 20% are implemented to the various

parameters discussed in the previous section.

The comparisons identify the main contributors to the inaccuracies between the two
simulation models in the total output comparisons. Descriptions of the compressor houses are
given in the compressed air schematic layout seen in Figure 40 of Appendix D. All
simulation comparisons discussed in this section are illustrated in Figure 52 to Figure 99
(Appendix 1).

4.4.2 Simulation analysis

The simulated results are analysed to determine the accuracy of each individual compressor
house contributing to the overall accuracy. The error of each compressor house is, therefore,
investigated. A detailed analysis of the accuracies of the compressor houses is given in

Appendix J.

Table 27 and Table 28 display the maximum simulated error for a single compressor house
between the three developed models. The average error between all the compressor houses is
also indicated. The inaccuracies are determined using the simulated scenarios discussed in
Section 4.3.
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Table 27: Simulation-B — Parameter variation accuracy comparison

e MaxinE(l%r? error Aver?(%]error
Flow demand variation 3.19 1.96
Supply pressure variation 248.77 33.76
Pipe dimension variation 411 1.92
Multiple parameter variation 3.02 1.65

As seen in Table 27, varying parameters such as flow demand, pipe diameters and multiple
parameters results in a maximum average error of only 1.96%. Varying the supply pressure,

however, results in an average error of 33.76%.

The reason for this, as discussed in Appendix J, is because of interconnecting pipes supplying
compressed air from other compressor houses. The supply pressure of one compressor house
is influenced because it receives a pressure increase from another. This is evident from the

corresponding decreased supply pressure error of only 0.85% as seen in Table 44 of

Appendix J.
Table 28: Simulation-C — Parameter variation accuracy comparison
. . Maximum error Average error
Simulation-C [%] [%]
Flow demand variation 30.43 1.56
Supply pressure variation 48.03 1.68
Pipe dimension variation 30.31 1.71
Multiple parameter variation 30.61 1.74

As seen in Table 28, the maximum error of all the parameters is 48.03%. This again is caused
by the interconnecting pipes allowing compressed air from one compressor house to another.

The average error, therefore, only results in a maximum error of 1.74%.

4.4.3 Simulation comparison analysis

Upon investigating the simulations, it was found that the percentage errors for Simulation-B
and Simulation-C were within acceptable range. There were, however, individual
components that differed with higher percentage errors. The compressor houses that caused

the increase in percentage difference were consistent throughout the scenarios.
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The higher percentage error of Simulation-B, when compared with Simulation-C, can be

attributed to the way PTB calculates the simulation response. Larger compressors used in
Simulation-C distribute air differently than those of Simulation-B. It is, therefore, important

to compare the average simulation errors.
a) Simulation-B: Highest percentage errors

Throughout all the simulation scenarios, the compressor house CH14# resulted in the highest
error for all scenarios. This is, however, if the percentage error of the outlying results of
compressor CH7# is neglected. The percentage error of compressor house CH14# can be
attributed to the VK50 compressor used in CH14#.

As discussed in the previous chapter, the VK50 compressor is the higher rated compressor of
the two types used. The higher rated compressor delivers higher flow rates at similar
pressures than the VK32 compressor. This results in higher or lower flow rates than expected

if the compressor is marginally calibrated incorrectly.

It is evident from the results that the sensitivity of the higher rated compressor is higher than
that of the smaller compressor. The compressor sensitivity, however, does not influence the
simulation accuracies enough to have an impact on the simulation outputs as the maximum

average error is only 1.96%.
b) Simulation-C: Highest percentage errors

The outlying results of the supply pressure variation are again neglected from the high
percentage error analysis as discussed earlier. As described in Appendix J, the high
percentage errors achieved on Simulation-C’s compressor houses are a result of the low flow

rates of compressor house CHCentral#.

CHCentral# contributes 3.84% of the total flow of the compressed air network of Mine-A. It
is evident in the simulation comparison that, if the average flow rate of CHCentral# differs by
only 1 kg/s, the result for the compressor house is an error of over 30%. Thus, it is essential
to compare the entire network. Doing so results in a maximum average percentage difference
of only 1.74%.
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4.4.4 Time and financial impact of simulation complexity
a) Financial impact

The time it takes to create a simulation is an important factor in the industry. It determines
how quickly the simulation model can be used to make any financial or energy savings. It is,
therefore, essential to understand the impact of the time it takes to create more detailed
simulation models instead of simplified versions. Table 29 indicates the time spent on travel,
data gathering, development and calibration of the simulation models used in this study. The
financial impact is calculated according to productive work hours at an engineering

consultation tariff of R800 per hour.

Table 29: Financial impact of simulation complexity

Simulation model Time Engineering tariff Total cost
[H] [R/h]* [R]
Simulation-A 168 800 134 400
Simulation-B 118 800 94 400
Simulation-C 64 800 51 200

*Consultation tariffs may vary

Table 29 displays how the cost of creating a simulation model decreases drastically as the
simulation complexity decreases. The time it takes to create a simplified simulation model
(Simulation-C) is less than half the times it takes to create a detailed simulation model
(Simulation-A). In this study, the cost to create a simplified simulation model is R51 200
instead of R134 400, as for a detailed simulation model. This results in a financial saving of
R83 200 for the simulation of Mine-A.

b) Impact on simulation time

Table 30 displays the total number of components used in the three compressed air simulation
models. As seen in Table 30, Simulation-A has 261 different components. Simulation-C has

157 different components, which is 104 fewer components than Simulation-A.
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Table 30: Simulation component count comparison

Description Simulation-A Simulation-B Simulation-C
Compressor 19 19 10
Air pipe 97 74 55
Air demand 9 9 9
Air nodes 86 73 54
Flow controller (proportional and integral) 19 19 10
Air pressure boundary 31 26 19
Total 261 220 157

Simulation time is also a determining factor. The more complex the simulation, the longer it

takes. Simulation time is highly dependent on the size of the simulation model, as well as the

simulation software that has been selected. Table 31 displays how fast the simplified versions

(i.e. Simulation-B and Simulation-C) of Simulation-A can simulate relative to Simulation-A.

Table 31: Impact of simulation complexity on simulation speed

Simulation model nge Perce”;%]e RS
Simulation-A 37 -
Simulation-B 28 24.3
Simulation-C 19 48.6

Table 31 displays how the simulation time is reduced as the simulation model complexity is

reduced. Simulation-B resulted in a 24.3% faster simulation time. Simulation-C resulted in a

48.6% faster simulation time.
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4.5 Verification of simulation accuracy
451 Preamble

In previous sections of this chapter, detailed results comparisons were analysed to determine
simulation differences based on individual component outputs. The components of the initial
simulation model used to develop the method of this study were compared. To verify the

method, it must be implemented on a different case study.

This section applies the developed method to a different mine, Mine-B. The method will be
used to predict the expected simulation accuracy based on the available data of Mine-B.

4.5.2 Simulation development

The method developed in Chapter 3 is used to develop the simulation model of Mine-B.

Table 32 displays a summary of the developed method used to create the simulation model.

Table 32: Summary of simulation development method

Phase Description

A Network analysis
B Development of models
C Validation of models

a) Network analysis

The compressed air network of Mine-B was investigated to obtain knowledge of the system.
Figure 27 illustrates a layout of Mine-B along with the total number of compressors and pipe
section details.
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Figure 27: Mine-B compressed air layout

Upon investigating the installed instrumentation of Mine-B, it is evident that there is a
shortage of monitoring devices. The compressor house is monitored by one power and one
airflow measuring device. The delivery pressure is also measured at the intake of the
underground mining level.

Following the method developed in Chapter 3, the type of simulation model one is able to
create is determined. Using this method allows the expected simulation accuracy to be

predicted. The method discussed is followed as shown in Figure 28.
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Figure 28: Mine-B simulation identification

As indicated by the process followed in Figure 28, the simulation model to be created is
Simulation-C. This simulation model uses the least amount of input data. Therefore, the
layout can be simplified as illustrated in Figure 29. The simulation model, as predicted in
Chapter 3, is expected to achieve a simulation accuracy of roughly 4.87% when compared

with actual data.

Compressor house T Compressor
‘/i\‘ O Power measuring device
O Pressure logging device
O Compressed air flow meter
Surface R Shaft
Power
L=7427m
@ =0.586 m Airflow
Mining level Pressure

Figure 29: Mine-B simplified compressed air layout

The purpose of the simulation model is to achieve the desired mining level pressure while

ensuring that the power usage and airflow match that of Mine-B.
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b) Development of models

The necessary data for simulating Mine-B was obtained directly from the online server of
Mine-B. Data for a 24-hour period was obtained for 7 May 2018. Data for the power usage,
compressor flow and mining level pressure was obtained. Details of the 24-hour time raw

data points are illustrated in Table 50 (Appendix K).

The data, along with the layout seen in Figure 29, was used to create the simulation model of
Mine-B. The simulation model, illustrated in Figure 30, was set to deliver the required

mining level pressure to the end users.

c@ Do @]

After Cooler Air Pipe

Atmosphere Compressor Surface Pressure

O

Pressure Cowtrol

5[] o
Level Pressure

Air Demand
End Users

Figure 30: Mine-B simulation model

c) Validation of model

To validate the simulation model of Mine-B, a 24-hour profile comparison for data of 7 May
2018 is made. Comparisons are made between the power usage, compressed air flow, and
mining level pressure. Figure 31, Figure 32, and Figure 33 display the comparison between
actual data and simulated data. The 24-hour simulated and actual data are illustrated in Table
51, Table 52, and Table 53 in Appendix K.
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Figure 31: Mine-B power usage comparison
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Figure 32: Mine-B compressor flow comparison
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Figure 33: Mine-B level pressure comparison

The power usage and compressed air flow comparisons, as seen in Figure 31 and Figure 32
respectively, follow a consistent trend with actual data. Figure 33 shows that the mining level
pressure, as instructed by PTB, was replicated perfectly to represent the pressure conditions
underground. The percentage errors between the simulated values and actual data, given in

Appendix K, are summarised in Table 33.

Table 33: Mine-B validation comparison

Parameter Percentage error [%0]
Power usage 4.94
Compressor flow 4.24
Level pressure 0

The percentage errors seen in Table 33 are well below the recommended 9% as previously
determined. The current errors are a result of the lack of mine data available as proven in the
method development. Thus, the simulation model has successfully been calibrated to

represent the compressed air network of Mine-B accurately.

Table 33 shows that the maximum percentage error is 4.94%. The method developed in
Chapter 3 determined that Simulation-C type models can expect an error of 4.87%. This
results in a 99.93% accuracy between the developed error prediction for Mine-A and the case
study error of Mine-B. The comparisons in this section, therefore, verify the method
developed in Chapter 3.
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4.6 Summary

The impact on simulation accuracy after simplifying a highly detailed simulation model was
investigated. The baseline model of Simulation-B was calibrated to within 99.63% accuracy
when compared with Simulation-A. Simulation-C was calibrated to within 97.10% accuracy
when compared with Simulation-A. From the high simulation accuracies, it was concluded
that simplifying a detailed simulation model has a minimal effect on the accuracy of the

baseline simulation models.

An analysis was conducted to ensure that the simplified baseline simulation models could be
used to predict outcomes of various system changes accurately. The compressed air flow
demand, compressor power usage and compressor supply pressure were varied and
compared. It was found that the maximum decrease in simulation accuracy was only 0.54%
for simplified versions of Simulation-A. Thus, both Simulation-B and Simulation-C were

able to accurately determine the effect of various changes to the compressed air network.

Upon investigation of the individual compressor house outputs, it was found that the delivery
flow varied for individual compressors within the simulation model. This, however, was a
result of the simulation model being set to deliver or maintain a delivery pressure within an
interconnecting pipe network. One compressor house could, therefore, supply compressed air
to another during the implementation of various scenarios, resulting in higher than expected
percentage errors. The total flow, total power, and total average supply pressure, however,

remained within high percentage accuracies as discussed previously.

By simplifying the simulation models, the time spent developing the models could be reduced
drastically. The simulation running time was also reduced by 48.6%. A reduction in time
reduces the cost of creating these simulation models. Reducing the simulation complexity
does not compromise the accuracy of the models. Simplified simulations are therefore ideal

to use for mine compressed air systems.

The method developed in Chapter 3 was implemented on a different case study: Mine-B. The
method identified Mine-B as a mine with limited monitoring instrumentation, resulting in
Simulation-C model being used. The developed method predicted the simulation accuracy to
be 4.87%. The actual accuracy of Mine-B was 4.94%. This resulted in a 99.93% accuracy
between the developed method and the implementation thereof on Mine-B. The high

accuracy between the two case studies verifies the accuracy of the developed method.
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Chapter5  Conclusion

= AR

10

“If I have seen further, it is by standing on the shoulders of giants ” — Isaac Newton

10 Adapted from Daily Mail [Online]. Available: http://www.dailymail.co.uk/wires/ap/article-3600913/South-Africa-Miners-lung-disease-
prepare-lawsuit.html [Accessed: 04 August 2018].

Trade-off between simulation accuracy and complexity for mine compressed air systems 91



5.1 Study limitations

This study focused on the compressed air distribution of an interconnected surface
compressed air network. The surface network is vast in size and complicated. It is, therefore,
easy to make dimension errors when determining the simulation input values. This can lead

to inaccuracies when comparing simulated data with actual data.

Monitoring systems in the mining industry regularly make data logging errors. This, in turn,
creates missing or unreliable data. When simulating a compressed air network, it is essential
that data sets be complete and trustworthy. Within this study, the data of both the compressed
air flow and power usage was of good quality. The compressed air pressures at various times,

however, had missing and irregular data.

5.2 Recommendations

This study indicated the accuracy of a simulation model when data availability was limited. It
also indicated that, when creating a simulation model using limited data, it could be done in a
reduced amount of time. It is recommended that further research be done on the exact amount
of time saved creating simplified simulation models. This will serve as an indication of how

much time can be saved by creating simplified rather than detailed simulations.

This study discussed the amount of time spent creating simulation models of a surface
compressed air network. The amount of time spent creating these simulation models was
limited to one case study. Thus, the financial impact that this has on an engineering firm
cannot be determined accurately. It is therefore recommended that the direct financial impact

of simplified simulation models be investigated further.
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5.3 Conclusion

As stated in the scope of work, the impact simulation complexity has on simulation accuracy

was successfully analysed.

Comprehensive literature surveys were done to investigate the best approach to create
compressed air simulation models. Strengths and shortcomings from various past research
were identified. The shortcomings created the need to develop a detailed process applicable
to this study. The strengths of past compressed air simulation studies were used to develop
the simulation process within this study. A process was successfully developed to create

compressed air simulation models.

The process was used to develop three compressed air simulation models successfully. Data
from Mine-A was used to create a highly complex compressed air simulation model. After
the complex simulation was created, the model was simplified by reducing the number of
simulation components. The components were reduced to represent a mine with limited data
available. The three simulation models, therefore, each vary in complexity. The variation in
complexity was used to determine the accuracy of the models when data availability varied.

A method was successfully developed that enabled the type of simulation model to be
identified. The method identified the complexity of a simulation based on the total available
data. The three simulation models, labelled Simulation-A, Simulation-B, and Simulation-C,
were identified in the method. Each succeeding simulation was a simplified version of the
preceding simulation model. The three developed models each represented one of the three
identified simulation types. The three simulation types, therefore, had an accuracy variation

because of the variation in simulation complexity.

The developed method was able to identify the expected accuracy of the three simulation
types successfully. This was done by using the results of the three developed simulation
models. The maximum errors of the simulation power consumption, supply flow and supply
pressure were investigated. It was found that the maximum error for Simulation-A was
2.88%, for Simulation-B 4.50%, and for Simulation-C 4.87%. It could, therefore, be
concluded that an accurate compressed air simulation model can be calibrated with limited

available data.
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Simulation-A was regarded as an accurate representation of Mine-A. Scenarios could be

implemented on all three simulation types (Simulation-A, Simulation-B and Simulation-C).
The results of the simplified models (Simulation-B and Simulation-C) were compared with
the results of Simulation-A. The comparison between the simplified models and
Simulation-A resulted in a maximum error increase of only 3.19%. It could, therefore, be
concluded that simplified models can undergo various system changes without compromising

on simulation accuracy.

Finally, the method developed to identify the simulation type (Simulation-A, Simulation-B
and Simulation-C) was implemented on a different case study, namely, Mine-B. The method
identified the simulation type as a Simulation-C type model. The expected simulation
accuracy for a Simulation-C type model, as obtained from Mine-A, was 4.87%. After
following the process to develop compressed air simulation models, an error of 4.94% was
achieved when compared with actual mine data. It could be concluded that the method can
accurately determine the type and expected accuracy of compressed air simulation models. It
could further be concluded that simplified models can simulate compressed air systems

accurately.

The simplified compressed air simulations for both case studies indicated that less complex
models can simulate mine compressed air systems accurately. It could, therefore, be
concluded that simulation accuracy is not surrendered when simplified simulation models are

developed.
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Appendix A

Compressor fundamental calculations
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Compressor fundamental calculations

Equation 13 calculates the electric motor power required to compress air [11].

Equation 13: Electric motor power required by centrifugal compressors

Prator = 722
motor
Where:
Protor = Electric motor power required [kW]
Peomp = Compressor power required [kW]
Nmotor = Efficiency of electric motor []

Equation 14 calculates the power required by the compressors to compress air [11].

Equation 14: Compressor power required to compress air

Pcomp = mairvvcomp

Where

Peomp = Compressor power required [kW]
Myip = Air mass flow rate [kg/s]

Weomp = Mechanical energy required [kJ/kg]

Equation 15 calculates the mechanical energy required to compress air [11].

Equation 15: Mechanical energy required to compress air

RT, L
nKi; (pz) n
W - p— — 1
comp ncomp(n 1)( p1 )

Where

Weomp = Mechanical energy required [kJ/kg]
n = Polytrophic constant []

R = Universal gas constant [kJ/kg K]
Tin = Inlet air temperature [K]

Ncomp = Efficiency of compressor [-]

D> = Discharge air pressure [kPa]

P1 = Inlet air pressure [kPa]
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Equation 16 illustrates how the polytrophic constant is calculated [11].

Equation 16: Polytrophic constant calculation

Where:

= Polytrophic constant []
Cp = Specific heat at constant pressure [kJ/kg K]
C, = Specific heat at constant volume [kJ/kg K]

Equation 17 illustrates how the air mass flow rate is calculated from the volume flow rate
[11].

Equation 17: Air mass flow rate calculation

Mair = Pair Qair

Where

Myir = Air mass flow rate [kg/s]
Pair = Density of air [kg/m?]

Qair = Air volume flow rate [m%/s]

Equation 18 illustrates how air density is calculated using ideal gas laws [11].

Equation 18: Density of compressed air calculation

Pair = Pabs
RT
Where:
Pair = Density of air [kg/m?]
Dabs = Absolute air pressure [kPa]
R = Universal gas constant [kJ/kg K]
T = Temperature of compressed air [K]
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Appendix B

Process Toolbox® description
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Process Toolbox

Process Toolbox® (PTB) is a transient thermal-hydraulic system simulation and optimisation
tool [59]. It is used to analyse and optimise various mining system performances as well as
design new systems. Figure 34 displays the graphical user interface (GUI) of PTB along with

various components used for compressed air simulation studies.

Figure 34: GUI of PTB

As seen in Figure 34, PTB allows the user to drag and drop various components into the GUI
to replicate or design mining systems. Each component is connected to one another from the

outlet of one component, into the inlet of the next.

After a system is created in PTB, each component can be characterised according to its
design specification. By selecting a component, one can quickly characterise it. Various
inputs for the different components are available to ensure accurate calibration is possible.
After a component is selected, an input window appears as illustrated by the example seen in
Figure 35.
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AirDynamicCompressor3 X
MName 1.1
[Hr Dynamic Compressor ]
8@" _________ > Inputs  Outputs
Inputs Properties Calculate Import... BExport...
Air Dynamic Compressor Name Unit ndial A
!}
Pressure Ratio 1 13.700
Pressure Ratio 2 6.400
Pressure Ratio 3 1.000
Flow 1 kg/s/... 0.000
Flow 2 kg/s/... 164 314
! Fow 3 kg/s/... 157176 !
Eficiency Rating 1 0.734
Eficiency Rating 2 0.734
Eficiency Rating 3 0.734
Polytropic Coefficient 1.098
Mator Efficiency Rating 0.950
VSD Efficiency Rating 1.000
Part Load Fraction
Part Load Efficiency Factor 1.000
Flow Factor 1.000
Efficiency Factor 1.000 »
Cancel Heb

Figure 35: PTB compressor input window

As seen in Figure 35, one can set the compressor characteristic curve and various efficiencies
to the compressor’s design specification. This window is similar to other components where

the different input values can be characterised by the various components.

PTB can accurately simulate a network after the simulation model is created and the various
components are characterised. PTB mathematically calculates the system’s response to the
characterised components and delivers high accuracy outputs. Therefore, the decision is made

to use PTB for all simulation purposes in this study.
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Appendix C

Previous simulation development methods
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Figure 36: Simplified mine compressed air simulation method (adapted from [55])
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Figure 37: Compressed air ring simulation development (adapted from [56])
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Figure 39: Simulation boundary condition selection (adapted from [32])
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Appendix D

Schematic layout of Mine-A
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Figure 40: Schematic layout of Mine-A’s compressed air network
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Appendix E

AFT Arrow® simulation data
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Figure 41: AFT Arrow® simulation section screenshot
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Figure 42: AFT Arrow® compressor component input variables
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Appendix F

Compressor corrected flow calculations
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Table 34: VK32 design specifications

Discharge pressure

Volumetric airflow

Point no. [kPa] [me/s]
1 628.86 8.83
2 500 9.17
3 0 9.43
Table 35: VK32 corrected flow values
Point no. Pressure ratio Colssteio
[kg/s/bar/K]
1 8.23 224.6
2 6.75 233.28
3 1 239.89
Table 36: VK50 design specifications
Point no. Discharge pressure | Volumetric airflow
[kPa] [m3/s]
1 650 11.80
2 500 13.57
3 0 14.22
Table 37: VK50 corrected flow values
Point no. Pressure ratio Sl o0
[ka/s/bar/K]
1 8.47 300.17
2 6.75 345.36
3 1 361.78
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Table 38: Multiple VK32 design specifications

. Volumetric airflow Volumetric airflow
. Discharge pressure
Point no. [kPa] (2 compressors) (3 compressors)
[m3/s] [m3/s]
1 628.86 17.66 26.49
2 500 18.34 27.51
3 0 18.86 28.29
Table 39: Multiple VK32 corrected flow values
Corrected flow Corrected flow
Point no. Pressure ratio (2 compressors) (3 compressors)
[kg/s/bar/K] [kg/s/bar/K]
1 8.23 499.20 673.81
2 6.75 466.56 699.84
3 1 479.79 719.68
Table 40: Multiple VK50 design specifications
Discharde pressure Volumetric airflow Volumetric airflow
Point no. [EPE] (2 compressors) (3 compressors)
[m3/s] [m3/s]
1 650 23.6 35.4
2 500 27.15 40.73
3 0 28.44 42.67
Table 41: Multiple VK50 corrected flow values
Corrected flow Corrected flow
Point no. Pressure ratio (2 compressors) (3 compressors)
[ka/s/bar/K] [ka/s/bar/K]
1 8.47 600.33 900.50
2 6.75 690.72 1036.08
3 1 723.57 1085.35
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Appendix G

PTB® simulation model screenshots
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Figure 43: Simulation-A model screenshot
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Figure 44: Simulation-B model screenshot
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Figure 45: Simulation-C model screenshot
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Appendix H
Simulation validation results comparison
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Figure 48: Simulation-B validation — supply pressure
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Figure 51: Simulation-C validation — supply pressure
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Results comparison of simulated scenarios
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Figure 54: Supply flow increase comparison — Simulation-B — pressure vs. time

127

Trade-off between simulation accuracy and complexity for mine compressed air systems



NWU°

U

128

| 00:€Z .
£ . 00:22 £
3 00T | g
@ w 00002 | =
. 00:6T w
; | 00:8T :
] 00T | ©
< L 00:9T | S
5 L 00:9T =
LB L 00:4T £
E3 00T T %
- = . c
. B LooTT e §
g L00TTE| 5
S . 00:0T g
= ‘ - 00:60 S
o - 00:80 @
0- M 0020 | &
£ 100190 | S
2 L0050 | 8
& 000 | 2
- 00:€0 =
0020 | o
L 00'T0 | ©
00:00 | 3
8 8 8 8 8 8 ° -
[MmIN] 1emod
. | 00:€Z ° | 00:€Z
£ . 00:22 2 £ . 00:22
3 00T | S 3 s | 00:T2
@ - 00:02 > @ 7 _ 00:02
L0067 | & | 0067
. 00:8T _ _ | 00:8T
= 00T | @ _ 00T
< L 00:9T | S <| | | 00:9T
e 5 00ST | 5 g § - 00:ST
= B L00vT | E | ER L 00:7T
- L00ETT | B E - 00:€T T
> % 002l & BP L 00:2T @
2 01TE| 5 |5 o1t £
= 00T | £ | S | 00:0T
> / | 00:60 SR . 00:60
20 o0g0 | & Bol| | - 00:80
w. < | 00:20 5 aas| | - 00:20
n g L 00:90 | 3 E - 00:90
m | 00:50 = m L 00:S0
5 L 0070 = 7] L 00-v0
- 00:€0 s - 00-€0
. 00:20 M - 00:20
| 00:TO ° - 00:70
00:00 W 00:00
s8888° |° 88588§88°
[s/6>] mol4 [ed] aanssaad

Trade-off between simulation accuracy and complexity for mine compressed air systems

Figure 57: Supply flow increase comparison — Simulation-C — pressure vs. time
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Figure 60: Supply flow decrease comparison — Simulation-B — pressure vs. time
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Figure 63: Supply flow decrease comparison — Simulation-C — pressure vs. time
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Figure 66: Supply pressure increase comparison — Simulation-B — pressure vs. time
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Figure 69: Supply pressure increase comparison — Simulation-C — pressure vs. time
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Figure 72: Supply pressure decrease comparison — Simulation-B — pressure vs. time
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Figure 75: Supply pressure decrease comparison — Simulation-C — pressure vs. time
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Figure 78: Pipe dimension increase comparison — Simulation-B — pressure vs. time
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Figure 81: Pipe dimension increase comparison — Simulation-C — pressure vs. time
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Figure 84: Pipe dimension decrease comparison — Simulation-B — pressure vs. time
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Figure 87: Pipe dimension decrease comparison — Simulation-C — pressure vs. time
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Figure 90: Multiple parameter increase comparison — Simulation-B — pressure vs. time
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Figure 91: Multiple parameter increase comparison — Simulation-C — flow vs. time
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Figure 93: Multiple parameter increase comparison — Simulation-C — pressure vs. time

Figure 92: Multiple parameter increase comparison — Simulation-C — power vs. time
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Figure 96: Multiple parameter decrease comparison — Simulation-B — pressure vs. time
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Figure 97: Multiple parameter decrease comparison — Simulation-C — flow vs. time
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Figure 99: Multiple parameter decrease comparison — Simulation-C — pressure vs. time

Figure 98: Multiple parameter decrease comparison — Simulation-C — power vs. time
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Appendix J

Detailed results analysis of simulation components
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1. Flow demand variation

Table 42 and Table 43 display the maximum percentage difference obtained from an

individual compressor(s) after variation of the flow demand. Table 42 and Table 43 also

display the combined average percentage error of all the compressor houses.

a) Simulation-B versus Simulation-A

Table 42: Simulation-B — flow demand variation — max percentage error

Compressor house

Maximum error

Average error

[%] [%]
Increased supply flow CH14# 0.81 0.28
Increased power usage CH11# 1.62 0.94
Increased supply pressure CH14# 3.19 1.96
Decreased supply flow CH14# 1.12 0.41
Decreased power usage CH11# 0.71 0.36
Decreased supply pressure CH11# 1.66 1.26

The maximum percentage error results illustrated in Table 42 display a maximum error of

only 3.19% and an average percentage error maximum of 1.96% for all scenarios of

Simulation-B.

b) Simulation-C versus Simulation-A

Table 43: Simulation-C — flow demand variation — max percentage error

Compressor house

Maximum error

Average error

[%] [%]
Increased supply flow CHCentral# 30.43 0.70
Increased power usage CHCentral# 28.18 0.41
Increased supply pressure CHCentral# 4.53 1.56
Decreased supply flow CHCentral# 30.20 0.56
Decreased power usage CHCentral# 26.62 0.50
Decreased supply pressure CHCentral# 3.48 1.56

The maximum percentage error results illustrated in Table 43 display a maximum error of

30.43% for Simulation-C. This, however, is because of the low flow rates of CHCentral#.
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The corresponding average error obtained from the total flow remains only 0.70%. The total

flow from CHCentral# contributes very little to the compressed air network flow. Any small
errors would, therefore, result in a substantial percentage error. The maximum average

percentage error, however, resulted in only 1.56%.
2. Supply pressure variation

Table 44 and Table 45 display the maximum percentage difference obtained from an
individual compressor(s) after variation of the compressor supply pressure set point. Table 44
and Table 45 also display the combined average percentage error of all the compressor

houses.

a) Simulation-B versus Simulation-A

Table 44: Simulation-B — supply pressure variation — max percentage error

Compressor house Maximum error Average error

[%] [%]
Increased supply flow CHT7# 11.71 0.97
Increased power usage CH7# 12.22 1.21
Increased supply pressure CH14# 2.35 157
Decreased supply flow CH7# 182.53 29.93
Decreased power usage CH7# 248.77 33.76
Decreased supply pressure CH14# 0.85 0.15

The maximum percentage error results illustrated in Table 44 display a maximum error of
248.77% and an average percentage error maximum of 33.76% for all scenarios of

Simulation-B.

The higher percentage error is a result of the interconnected compressed air network that
receives compressed air from other shafts. During simulation, the supply pressure is sufficient
near compressor house CH7# because of air supplied from other shafts. To maintain its
required supply pressure, the compressors of compressor house CH7# will reduce its air

supply. This results in a difference in compressor house output accuracy.

However, as seen in Table 44, the decreased supply pressure of all the compressor houses has

a maximum percentage error of only 0.85% and an average error of only 0.15%. This is
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because compressor house CH7# is the only outlier in the simulated results. All other

compressor house results fall within acceptable accuracies.

b) Simulation-C versus Simulation-A

Table 45: Simulation-C — supply pressure variation — max percentage error

Compressor house

Maximum error

Average error

[%] [%]
Increased supply flow CHCentral# 30.30 0.71
Increased power usage CHCentral# 27.48 0.16
Increased supply pressure CHCentral# 3.81 1.37
Decreased supply flow CH7# 48.03 0.21
Decreased power usage CH11# 36.32 1.68
Decreased supply pressure CH14# 0.80 0.43

The maximum percentage error results illustrated in Table 45 display a maximum error of

48.03% for Simulation-C. This again is caused by air being supplied by other compressor

houses in the interconnecting compressed air network during simulation of this scenario. The

maximum average percentage error, however, resulted in only 1.68%.

c) Pipe dimension variation

Table 46 and Table 47 display the maximum percentage difference obtained from an

individual compressor(s) after variation of the pipe diameters. Table 46 and Table 47 also

display the combined average percentage error of all the compressor houses.

a) Simulation-B versus Simulation-A

Table 46: Simulation-B — pipe dimension variation — max percentage error

Compressor house

Maximum error

Average error

[%] [%]
Increased supply flow CH14# 0.51 0.21
Increased power usage CHCentral# 0.74 0.46
Increased supply pressure CH11# 1.32 1.08
Decreased supply flow CH14# 1.88 0.50
Decreased power usage CH11# 1.64 0.60
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T ymey o Maximum error Average error
i [%] [%]
Decreased supply pressure CH14# 411 1.92

The maximum percentage error results illustrated in Table 46 display a maximum error of
only 4.11% and an average percentage error maximum of 1.92% for all scenarios of

Simulation-B.

b) Simulation-C versus Simulation-A

Table 47: Simulation-C — pipe dimension variation — max percentage error

Compressor house Maximum error Average error

[%] [%]
Increased supply flow CHCentral# 30.55 0.55
Increased power usage CHCentral# 26.66 0.41
Increased supply pressure CHCentral# 3.29 1.71
Decreased supply flow CHCentral# 29.93 0.87
Decreased power usage CHCentral# 28.04 0.37
Decreased supply pressure CH11# 4,52 1.31

The maximum percentage error results illustrated in Table 47 display a maximum error of
30.55% for Simulation-C. This is caused by the low flow contribution CHCentral# has on the
total mine compressed air total flow as discussed previously. The maximum average

percentage error, however, resulted in only 1.71%.
d) Multiple parameter variations

Table 48 and Table 49 display the maximum percentage difference obtained from an
individual compressor(s) after simultaneous variation of all the parameters. Table 48 and
Table 49 also display the combined average percentage error of all the compressor houses.

a) Simulation-B versus Simulation-A

Table 48: Simulation-B — multiple parameter variation — max percentage error

TS e Maximum error Average error
P [%] [%]
Increased supply flow CH14# 0.43 0.18
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Compressor house

Maximum error

Average error

[%] [%]
Increased power usage CH11# 1.05 0.72
Increased supply pressure CH14# 1.77 1.37
Decreased supply flow CH14# 2.16 0.61
Decreased power usage CH11# 1.09 0.40
Decreased supply pressure CH14# 3.02 1.65

The maximum percentage error results illustrated in Table 48 display a maximum error of

only 3.02% and an average percentage error maximum of 1.65% for all scenarios of

Simulation-B.

b) Simulation-C versus Simulation-A

Table 49: Simulation-C — multiple parameter variation — max percentage error

Compressor house

Maximum error

Average error

[%] [%]
Increased supply flow CHCentral# 30.61 0.61
Increased power usage CHCentral# 27.21 0.35
Increased supply pressure CHCentral# 3.74 1.74
Decreased supply flow CHCentral# 29.71 0.79
Decreased power usage CHCentral# 27.19 0.37
Decreased supply pressure CHCentral# 4.13 141

The maximum percentage error results illustrated in Table 49 display a maximum error of

30.61% for Simulation-C. This is again caused by the low flow contribution CHCentral# has

on the total mine compressed air total flow. The maximum average percentage error,

however, resulted in only 1.74%.
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Appendix K

Method verification results comparison
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Table 50: Mine-B 24-hour raw data

Time Power Pressure Flow
[Hour] [MW] [kPa] [m3/s]
00:00 7.89 494.47 26.56
01:00 7.97 502.85 26.67
02:00 7.95 512.18 26.70
03:00 7.97 519.60 26.69
04:00 7.94 533.22 26.44
05:00 7.99 549.87 26.19
06:00 8.04 551.91 26.27
07:00 7.99 506.31 26.84
08:00 7.88 471.56 26.83
09:00 8.33 453.83 27.55
10:00 9.53 508.96 29.18
11:00 9.42 512.70 29.15
12:00 9.03 533.04 28.45
13:00 8.84 548.53 27.82
14:00 8.69 562.08 27.03
15:00 8.48 548.66 27.05
16:00 7.65 531.94 25.80
17:00 7.70 541.65 25.91
18:00 7.84 548.91 26.14
19:00 7.86 580.30 25.74
20:00 7.88 537.84 26.70
21:00 7.89 532.28 26.48
22:00 7.91 522.28 26.54
23:00 7.92 501.68 26.80
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Table 51: Mine-B power usage comparison

Time Actual power Simulated power Error
[Hour] [MW] MW] (%]

00:00 7.89 8.18 3.57%
01:00 7.97 8.44 5.60%
02:00 7.95 8.35 4.80%
03:00 7.97 8.13 2.02%
04:00 7.94 8.23 3.55%
05:00 7.99 8.22 2.84%
06:00 8.04 8.45 4.84%
07:00 7.99 7.39 8.07%
08:00 7.88 7.27 8.44%
09:00 8.33 7.20 15.60%
10:00 9.53 9.35 1.97%
11:00 9.42 9.43 0.17%
12:00 9.03 9.13 1.08%
13:00 8.84 8.82 0.18%
14:00 8.69 8.44 3.01%
15:00 8.48 8.03 5.69%
16:00 7.65 7.36 3.84%
17:00 7.70 7.33 4.96%
18:00 7.84 7.37 6.40%
19:00 7.86 9.35 15.95%
20:00 7.88 7.87 0.16%
21:00 7.89 7.19 9.73%
22:00 7.91 8.01 1.24%
23:00 7.92 8.32 4.84%
Avg. 8.19 8.16 4.94%
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Table 52: Mine-B flow comparison

Time [Hour] Act[unag/g]ow Simu[lr?]taelzg] flow E[I;/rocir
00:00 26.56 26.81 0.95%
01:00 26.67 27.37 2.57%
02:00 26.70 26.99 1.07%
03:00 26.69 26.34 1.30%
04:00 26.44 26.43 0.03%
05:00 26.19 26.17 0.08%
06:00 26.27 26.75 1.81%
07:00 26.84 24.58 9.19%
08:00 26.83 24.76 8.36%
09:00 27.55 24.82 10.98%
10:00 29.18 29.58 1.38%
11:00 29.15 29.70 1.86%
12:00 28.45 28.65 0.70%
13:00 27.82 27.70 0.42%
14:00 27.03 26.55 1.78%
15:00 27.05 25.69 5.29%
16:00 25.80 24.17 6.76%
17:00 25.91 23.97 8.10%
18:00 26.14 23.97 9.07%
19:00 25.74 28.67 10.21%
20:00 26.70 25.40 5.10%
21:00 26.48 23.71 11.68%
22:00 26.54 26.03 1.96%
23:00 26.80 27.10 1.12%
Avg. 26.90 26.33 4.24%
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Table 53: Mine-B pressure comparison

Time Actual pressure Simulated pressure Error
[Hour] [kPa] [kPa] [%%6]

00:00 494.47 494.47 0.00%
01:00 502.85 502.85 0.00%
02:00 512.18 512.18 0.00%
03:00 519.60 519.60 0.00%
04:00 533.22 533.22 0.00%
05:00 549.87 549.87 0.00%
06:00 551.91 551.91 0.00%
07:00 506.31 506.31 0.00%
08:00 471.56 471.56 0.00%
09:00 453.83 453.83 0.00%
10:00 508.96 508.96 0.00%
11:00 512.70 512.70 0.00%
12:00 533.04 533.04 0.00%
13:00 548.53 548.53 0.00%
14:00 562.08 562.08 0.00%
15:00 548.66 548.66 0.00%
16:00 531.94 531.94 0.00%
17:00 541.65 541.65 0.00%
18:00 548.91 548.91 0.00%
19:00 580.30 580.30 0.00%
20:00 537.84 537.84 0.00%
21:00 532.28 532.28 0.00%
22:00 522.28 522.28 0.00%
23:00 501.68 501.68 0.00%
Avg. 525.28 525.28 0.00%
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