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The current decreasing production trend in South Africa and the role of compressed air
inefficiencies in pipe networks are introduced in this study. Compressed air distribution systems
that supply mining equipment have low mechanical efficiency. Various factors contribute to this
low efficiency such as undersized pipes, poor control valve set-point control, and inactive sections

that are not sealed off.

A detailed literature survey revealed the initiative to investigate in-stope compressed air
inefficiencies and the effect thereof on drilling pressure. The study provides a verified method for
identifying compressed air inefficiencies inside the stoping area and evaluating the viability and

efficacy of various approaches to address in-stope compressed air inefficiencies.

A method is developed that systematically evaluates in-stope inefficiencies by establishing the
flow and pressure baselines for the supply, demand and reticulation network of a compressed air
system. The severities of the inefficiencies of the different compressed air sections are compared

and prioritised using a Likert scale.

After the compressed air system has been characterised by means of flow and pressure
baselines, the method is used to develop a baseline simulation of a deep-level mine stoping area.
The method addresses simulation time, parameters, components and accuracy. The method
provides a theoretical approach for verifying the stope simulation model against the pressure and

flow baseline, using the mean absolute error method.

Using the verified simulation, the method applies literature studies and theory to highlight how a
typical compressed air inefficiency will present itself in a stope network. The method is used to
practically verify a compressed air inefficiency inside a stope network using measurement
instrumentation. Finally, the method discusses generic simulation strategies that aim to mitigate

compressed-air-related inefficiencies.



The method was implemented on a case study mine where it was used to analyse different
sections of a compressed air system, aiming to identify in-stope inefficiencies. A Likert scale was
used to assess various sections to ensure accurate representation of stope inefficiencies.
Through this method, it was determined that the stoping section emerged as the top priority area

for improvement in the case study mine.

A baseline simulation of a case study stope was developed using simulation software. The
characterisation curves showed the case study stope experienced a total pressure loss of 75 kPa
from the travelway to the stope face. The 4" pipe section exhibited a pressure loss of 32 kPa over
its length, while a pipe reduction (4" to 2") inside the case study stope resulted in a pressure loss
of 43 kPa.

To verify the identified inefficiencies, pressure sensors were installed throughout the stope. The
case study stope experienced a total pressure loss of 80 kPa from the cross-cut intake to the
face. During the drilling period, the 4" pipe experienced a 37 kPa pressure loss from the cross-
cut intake while the 2" section experienced a further 43 kPa pressure loss. These results aligned

with the simulated pressure loss.

Six mitigation strategies were developed using a combination of theoretical principles and
simulation software. The simulated strategies indicated that the identified inefficiencies can be
mitigated by increasing the pipe size of the compressed air network to accommodate the flow

demand of the network.
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GLOSSARY

“Baseline” Reference system configuration

“Blasting shift” Period where ore is released using explosive materials

“Centre gully” Access route into stopes used for people, materials and ore
“Cleaning shift” Period where blasted ore is collected and transported to surface
“Compressor ring” Compressors interconnected with one another

“Drilling shift” Period during which explosive holes are drilled into rockface
“Stope” Area where ore is extracted

“Stope face” Furthest point developed in the stope

“Validation” The process to establish if the problem statement is addressed with

the results obtained

“Verification” The process of ensuring that the solution strategy is correct

Xi



1 INTRODUCTION

The following section introduces the current shift towards platinum group metal (PGM) dominance

in the mining sector and discusses the role of compressed air inefficiencies in the pipe networks.

1.1 Platinum production trend

As shown in Figure 1-1, PGM sales in South Africa have risen from 5% in 1980 to 21% in 2018,
manganese ore from 10% to 29% while gold mining has declined from 67% to 14% indicating a

shift towards PGM dominance [1].
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Figure 1-1: South Africa's mining sector distribution by sales [1]

Although PGM sales have increased, South Africa’s platinum production has decreased since

2006 [2]. As of 2018, the global platinum supply is shown in Figure 1-2.
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Figure 1-2: Global platinum supply — Adapted from [1]



From Figure 1-2, the decrease in platinum production in South Africa is likely not due to a
depletion of reserves but rather to social, infrastructural and equipment limitations [3]. Many mines
are hindered by outdated infrastructure and ever-increasing electricity costs, which limit the
efficiency of the mining process [3], [4]. Modernisation, including the use of technological
advances, aims to offset economic factors [5], [6] but could take time to implement and may not
be a viable short-term solution. One potential way of improving overall efficiency in the meantime
is optimising inefficient infrastructural mining sub-systems such as compressed air systems.
Compressed air systems are known to be some of the most expensive and inefficient systems.
Compressed air accounts for up to 20% of a mines energy consumption with a low overall
efficiency of about 10 to 30% [7]. Oversizing of compressors, under sizing of pipelines and the
low efficiency of pneumatic tools all pose a risk to effective production [7].

1.2 Mining process

Mining can be classified as either open-pit (surface) or underground mining depending on the
type of resource and its location [8]. Underground mines require sinking a shaft to access the
orebody deep below the surface [8]. Figure 1-3 shows the basic structure of a deep-level mine.

Production
St plant

Headframe

Water basin
Pump station
.— Conveyor belt

ip filli
ol e

Figure 1-3: Underground mine structure [9]
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Shifts

To maximise productivity, a 24-hour mining cycle is typically divided into three shifts: drilling,
blasting and cleaning. During the drilling shift (6:00-14:00), all the blasting holes are drilled on
the rockface. Mining operations persist throughout the afternoon shift, which typically spans from
14:00 to 18:00. The conclusion of this shift commonly involves a blasting period, during which
explosives are loaded into designated blasting holes and subsequently detonated. During the
cleaning shift (22:00-06:00), the blasted rock containing the resource is removed from the

working areas and transported to the loading sections [10], [11].

Drilling

The stoping operations of South African metalliferous mines are mostly confined to narrow tabular
orebodies making mechanised mining difficult [12]. As a result, handheld pneumatically operated
rock drills are typically used for drilling applications in mining. These drills are powered by the
compressed air network [10], [12], [13]. The drilling pattern on the rockface is chosen based on
the type and location of the rock and is designed to break the rock in a specific way when the
explosives are detonated [14]. The compressed air usage is the highest during the drilling shift
due to the use of rock drills.

Blasting

After the drilling shift, drilled out holes are charged up with explosives and detonated in a timed
sequence [10]. In narrow-reef mining, stopes are normally developed at an angle that closely
follows the ore grade line [15]. The blasted ore is collected by scraper winches to the centre gullies
for collection during the cleaning process. During this shift, there should be little to no compressed

air usage [16].

Cleaning and sweeping

After blasting has occurred, the blasted ore is transported to the ore pass located inside the
specific stope. This is done by first collecting the blasted ore from the stope face with large
scrapers powered by winches [11]. Hereafter, the remaining fines on the stope face are collected
through sweeping. Sweeping is normally done using water hoses [11]. This shift uses less

compressed air due to equipment such as rock breakers, loaders and loading boxes [16].

Transportation of ore

South African underground mines typically use trains (locomotives and hoppers) as the primary
transportation system (a process called tramming) [17]. Hoppers are filled using pneumatically
operated loading boxes connected to the ore pass in the stope. The blasted ore is transported

through a central ore pass system at the shaft. Each level has its own tipping point that feeds ore

3



into the shaft ore pass system. The ore pass system uses gravity to feed the broken ore from the
level to the bottom of the shaft. Thereafter, the blasted ore is hoisted to the surface using loading
skips [17], [18].

The preceding section offered a comprehensive introduction to the mining process, highlighting
the prominent role of compressed air as a fundamental aspect in mining operations. The next

section provides a brief description of a typical compressed air network used by deep-level mines.
1.3 Compressed air network

Compressed air is considered the normal energy carrier for mining equipment [19]. This is
primarily due to its ease of use, scalability, and the safety features associated with this energy
carrier [11]. A typical compressed air system includes compressors, air dryers, coolers, filters,
pipe networks, valves and controllers [7]. Each component poses the risk of inefficiency in the
form of flow or pressure loss [7].

Compressors

Compressors generate air at a specific pressure and volume, which is transferred to underground
mining equipment through pipe networks [19]. Centrifugal compressors are commonly used in
mining because they are easy to maintain and reliable [20]. Compressed air systems may be
composed of a single compressor or include several compressors that work together in a logical
manner [20]. Furthermore, they can adjust their guide vanes to maintain the desired set point by

either increasing or decreasing its flow [21].

Compressed air ring

Compressors are often interconnected between different shafts to form a compressed air ring.
This is done as a preventative measure for tripping compressors [20], [22]. When a single
compressor trips at a shaft, the shaft's demand is distributed among the remaining compressors

in the ring. Figure 1-4 shows an example of a compressed air ring.
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Figure 1-4: Typical layout of a compressed air ring at deep-level mines [23]

Control valve

Compressor house

Pipe networks

Pipe networks that stretch over several kilometres are used to transfer the generated air from the
surface compressors to the underground mining equipment. Figure 1-5 shows a ventilation

network in a deep-level mine, with each tunnel typically having a compressed air pipe.

Figure 1-5: Layout of a ventilation network in a deep-level mine [11], [24]



Pneumatic rock drills

Pneumatic rock drills, such as handheld, air-leg-supported compressed air rock drills, are

commonly used for drilling blasting holes into the rockface [25]. These drills are easy to use and

can be operated by one person. Figure 1-6 illustrates the operation of this type of drill.

Figure 1-6: Typical rock drill operation [16]

The rate of penetration (ROP) is an important specification that refers to the distance in millimetres
that the drill bit penetrates the rock each time [13], [25]-[27]. The ROP is used to evaluate the
performance of the rock drill in associate with certain rock types and correlates with the
fluctuations in production [11]. When blasting targets are not being met, increasing the ROP wiill

result in faster drilling of blasting holes, which leads to increased ore extraction [11].

For compressed air operated rock drills, ROP is subject to the supplied pressure to the rock drill.
As the supply pressure increases, the air consumption increases and, subsequently, the ROP
increases [13], [27]. Figure 1-7 shows a typical ROP performance graph for various types of rock
drill.
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Figure 1-7: ROP graph — Pneumatic drill [13]

Pneumatic loaders

In development ends, after the rockface is blasted, the broken rock is loaded with a pneumatic
loader to load hoppers for the transportation of the broken rock to the station waste rock pass
system [16].

Loading boxes

Loading boxes use large pneumatic cylinders to open and close control the loading buckets
(chutes). The loading boxes fill the hoppers with ore during the tramming process. Compressed
air operated cylinders are used to open the loading boxes mechanically [16].

Refuge chambers

A refuge chamber is a life-sustaining chamber designed to keep workers safe in case of an
emergency [28]. These chambers are supplied with compressed air that sustains a positive
pressure to keep smoke out in case of underground fires [29].

Pneumatic actuators

Pneumatic actuators are used to control the compressed air supply to working areas [16].

Agitators

Agitators are used to agitate water particles such as mud in underground water dams to prevent

these particles from accumulating on the bottom of the dam [16].



Table 1-1 summarises the pressure requirements for underground equipment.

Table 1-1: Compressed air users and requirements [10], [16], [28]

User Pressure requirement | Air requirement
[kPa] [Nm?3/h]
Pneumatic rock drill 400-620 210-1 500
Mechanical loader 450 1000
Loading boxes 350-600 20-500
Refuge bays 200-300 5 per person
Pneumatic rock breaker 450 1 000
Pneumatic cylinder 350-600 1.7-400
Pneumatic actuator 350-600 0
Agitator 400 1 300

1.4 Evaluating compressed air efficiency

Efficient compressed air systems are important for maintaining high productivity, ensuring good
equipment performance, and reducing energy costs [30]. Factors that affect the efficiency of a
compressed air system include the demand for air (also known as the shaft demand), the supply

of air, and the compressed air distribution network [30]—[33].

Supply and demand

The supply of compressed air consists of centrifugal compressors typically located on surface of
the mine. The demand of a compressed air system is determined by the different underground
pneumatic equipment that uses compressed air [11]. Properly matching the supply with the
demand for air is crucial but can be challenging in large deep-level mining compressed air
systems [30]—-33].

Compressed air quality

The quality of compressed air is also important and is determined by the level of contaminants
such as water vapour, oil and solid particles [34]. The contamination level of a compressed air

network is influenced by the types of compressor, dryer, filter, and other components used [34].

Compressed air distribution network

An efficient compressed air distribution network should meet three outcomes: minimal pressure
drop between the compressor and end user, minimal leakage from the pipe network, and sufficient
condensate separation [35]. Compressed air systems have low mechanical efficiency (as low as

2% efficiency) compared with alternative energy carriers such as oil electrohydraulic (23%
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efficiency), hydro-powered pumps (20% efficiency), hydro-powered gravity (24% efficiency), and
electric drills (32% efficiency) [13], [36].

Causes of poor system efficiency include leaks, ineffective water traps, ventilation with
compressed air in working areas, and insufficient pipe sizing and connections [37], [38]. Some
studies suggest that the distribution network is one of the major contributors to low system
efficiency [11], [16], [20], [39]. Poor performing distribution networks force mines to run surface
compressors at higher set points, increasing electricity consumption and decreasing
profitability [11].

The following section provides information on the theoretical nature of pressure losses inside a
compressed air pipe network.

1.5 Theoretical evaluation of compressed air network inefficiencies

Pipe inefficiencies and their effect on pressure can be explained using the mathematics behind
the phenomenon of pressure loss. This is classified into major and minor head losses [40]. Major
head losses depend on the pipe length, flow regime and fluid viscosity, while minor head losses
result from flow disturbances caused by components such as bends and connections in the pipe
network [11], [40].

Major head losses

Major head losses are calculated using Equation 1-1 [38], [41], [42]:

Equation 1-1: Major pressure loss formula

AP =P, —P A VL
=P, —P,=A1XpX—X—
1 2 p 2 %D

With

AP = Difference in pressure between two measuring points [Pa]
P; = Measuring Point 1 [Pa]
P, = Measuring Point 2 [Pa]
=  Dimensionless friction coefficient [n/a]
= Fluid density [kg/m®]
= Mean flow velocity of fluid [m/s]
L = Length of pipe [m]

D =  Diameter of pipe [m]



The mean flow velocity inside the pipe relates to the mass flow rate inside the pipe. The mass

flow rate through a pipe relates to the volume flow rate through a pipe. This is defined using

Equation 1-2 [41]:
Equation 1-2: Mass flowrate formula

7 X D?
4

xV

G=pXQ,=pXx

m X D?
Gy = py X Qn = py X 2 XV

With

G = Mass flow rate in operative conditions [kg/s]
Gy = Mass flow in standard conditions [kg/s]

Q, = Volume flow rate in operative conditions [m?/s]
Qy = Volume flow rate in normal conditions [m?/s]

py = Fluid density in normal conditions [kg/m?]

The air density in operative conditions relates to the air density in normal conditions using

Equation 1-3 [41]:
Equation 1-3: Air density formula
— P In
P=Pn XX
Were

Ty = Fluid temperature in normal conditions [K]

Py = Fluid pressure in normal conditions [Pa]
P; = Fluid pressure in operative conditions [Pa]
T =  Fluid temperature in operative condition [K]

Substituting Equation 1-3 into Equation 1-2 formulates Equation 1-4 as an expression for the

mean air velocity at operating conditions and is defined as [6]:

Equation 1-4: Mean air velocity formula

4%Q P T
V= Nx XN

nxD2 " P, T Ty

Therefore, the pressure drop in a pipe at operative conditions can be determined by substituting

Equation 1-4 into Equation 1-1 to form Equation 1-5 defined as follows [41]:
10



Equation 1-5: Pressure drop — Operative condition formula

8XLXpyXQ5F Py _ T
= X ——————X —X
AP =2 m2xD5 P, Ty

The dimensionless friction coefficient is defined as follows [41]:

Equation 1-6: Dimensionless friction coefficient formula
€
A= A(Re, )
With

Re = Reynolds number [n/a]

€= Pipe wall roughness [m]

% =  Relative roughness [n/a]

Table 1-2 provides the pipe roughness values for common materials.

Table 1-2: Pipe roughness for different materials [11]

Material type Roughness [mm]
Concrete 1.2
Fibreglass 0.005
Rubber 0.01
Stainless steel 0.002
Commercial steel 0.045
Cast Iron 0.26
Wrought iron 0.045
Glass 0
Galvanised iron 0.15
Copper 0.001

In the case of smooth pipes, the effect of the parameter% on the dimensionless friction coefficient

is neglectable. As stated in the Blasius formulation, for Reynolds numbers above 80 000, the

dimensionless friction coefficient is determined as follows [41]:

Equation 1-7: Blasius dimensionless friction coefficient > 80 000 formula

A1 =0.3164 X Re~ 14

For Reynolds numbers above 80 000 up to 108 Prandtl derived the dimensionless friction

coefficient for smooth pipes as [41]:

11



Equation 1-8: Prandtl dimensionless friction coefficient for smooth pipes formula

1
* (2xlog(Rexv)-0.8))”

Combining the Blasius and Prandtl formulations, Reynolds numbers for smooth pipes up to 108
can be approximated. The formulation is defined as [41]:
Equation 1-9: Dimensionless friction coefficient for smooth pipes formula

A= !

7 2
<2xlog(o.5625xRe§)—0.8)

For a cylindrical pipe, the Reynolds number is calculated using:

Equation 1-10: Reynolds number for cylindrical pipe formula

4xppyX
Re = PNXQN
TTXDX U

With
u = Fluid viscosity [kg/m-s]
The fluid viscosity is determined as [41]:

Equation 1-11: Fluid viscosity formula

u= (1.84 - (322;T)) x 1075

By substituting Equation 1-9 into Equation 1-5, the pressure loss between two points inside a pipe

can be calculated theoretically. Finally, for pipes that are not smooth, a correction factor (¢) can

be applied to Equation 1-9 as follows [41]:

Equation 1-12: Dimensionless friction coefficient for non-smooth pipes formula

1

A= - 3
(2xlog(0.5625><Re§)—0.8—c><Re>

A study that focused on testing the accuracy of the Prandtl and Blasius formulations for major
head losses through pipes concluded that these formulations provide exceptional accuracy when
compared with experimental tests [41]. Figure 1-8 provides proof hereof with the markers

representing experimental tests and the lines representing theoretical calculations.
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Figure 1-8: Blasius and Prandtl theoretical formulation vs experimental tests [41]

As mentioned, while Prandtl and Blasius’s formulations seem to provide exceptional accuracy for

straight pipes, deep-level mines consist out of numerous bends and connections. Therefore,

minor head losses need to be accounted for.

Minor head losses

Minor head losses are defined using Equation 1-13 and Equation 1-14 [11], [40], [44]:

With

Equation 1-13: Minor head loss formula

hyp = Kp X —

2Xg

Equation 1-14: Bernoulli equation

V1

P1
2xg  pxg

D2

+Zl=£+_+22+hm

2xg  pxg

h,, = Minor head loss in pipe network [m]

K,, = Minor head loss coefficient related to network components [n/a]

V = Flow velocity [m/s]

g = Gravitational constant [9.81 m/s?]
p = Density of fluid [kg/m?3]

p, = Initial fluid pressure [Pa]

p, = Final fluid pressure [Pa]

13



v, = Initial fluid velocity [m/s]

v, = Final fluid velocity [m/s]
z, = Initial fluid elevation [m]
z, = Final fluid elevation [m]

Using Equation 1-14, the minor head loss in the network is translated into a pressure drop that is
summed with the major pressure losses to obtain the total system losses. This can only be done
when the following assumptions hold true [11]:

¢ Fluid travels at a constant velocity
e Fluid density remains constant
e There is no friction present

e Points 1 and 2 lie on a streamline

The effect of autocompression

When working with compressed air systems that operate under great depths, such as deep-level
mine compressed air systems, it is crucial to account for the autocompression of air. Auto-
compression refers to the increase in pressure due to the weight of the air [10]. The pressure

increase due to autocompression is calculated using Equation 1-15 [10]:

Equation 1-15: Autocompression equation

1
9(Z, — Zz)r

=p, |1 —ZF—F—2
P2 =P1 T.C,

Where:

p, = Final pressure [Pa]

p1 = Initial pressure [Pa]

=  Gravitational constant [9.81 m/s?]

Z, = Initial elevation [m]

Z, = Final elevation[m]

T, = Temperature of compressed air [K]

C, = Specific heat capacity of compressed air [kJ/kg.K]
k =  Specific heat capacity ratio of compressed air [1.4 kJ/kg.K]

The next section uses the theoretical formulations presented to interpret pipe network

inefficiencies mathematically.
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1.6 Interpreting compressed air network inefficiencies

Compressed air network inefficiencies can be interpreted using the theoretical equations

discussed in the previous section.

Air leaks and venting

Air leaks or venting using compressed air increases the flow and velocity of air in the pipe network,
resulting in higher pressure losses [30], [38], [45]. This is due to the quadratic effect of velocity on
head losses (as seen in Equation 1-1 and Equation 1-13) [41]. This is relevant to consider when
setting a specific supply-side pressure set point since compressors will ramp up to maintain the
desired set point [21]. This, in turn, will increase the electric power consumption of the
compressor [46].

Pipe network design

A well-designed compressed air system will have minimal pressure loss from the compressors to
the end user as the pipe network is sized properly for the desired flow rate [45], [46]. Excessive
flow velocities in undersized pipe networks will increase unwanted frictional pressure losses [38],
[45]. Once again, this can be related to the quadratic effect of velocity on head losses (as seen in
Equation 1-1 and Equation 1-13) [41].

1.7 Simulation as an evaluation tool

Modern day computers have grown significantly in terms of processing power [47]. As a result,
the use of simulation software today is evident in numerous industries. These include but is not
limited to the manufacturing, defence and healthcare industries [48]. In the past, the mining
industry have not lent well to simulation software due to the difficulty of obtaining data [49].
However, recent development in simulations and data availability allow better modelling of deep-
level mines [50]. Recent studies show that with these advances in the mining and simulation
industries, the ventilation, compressed air and refrigeration systems on deep-level mines can be

simulated accurately [51].

By using simulation software to model complex compressed air systems, accurate results can be
obtained without the need for physical testing [11], [16]. The software can also be used to
generate characteristic curves that show system behaviour under different conditions, which can
identify inefficiencies for optimisation [52]. Some simulation packages for simulating systems in

the mining industry are evaluated below [16].
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SolidWorks [53]

SolidWorks uses the Navier—Stokes equation to compute flow characteristics for a specific flow
scenario. A detailed part should be modelled before a flow simulation is executed since the flow
simulation is an add-on package. This makes it time-consuming since it entails modelling

thousands of parts first before a flow simulation can be conducted in a deep-level mine.

KYPipe [54]

KYPipe solves steady-state flows and pressure for pipe network systems. The software is subject
to liquid flow and can only solve for gases with a constant density. Van Tonder stated that some
of the drawbacks are that data must be entered manually for every scenario and that there is no
interface for real-time system data to be accessed. This results in a time-consuming simulation

experience that requires skill to be used [55].

Flownex [56]

Flownex can solve both compressible gases and incompressible liquids. However, the demo
version has limited functionality. This software can be used for mining applications but comes at
a premium. As with KYPipe, data must be entered manually for every scenario and there is no
interface for real-time system data to be accessed. Although Flownex can batch-process data, it
is a time-consuming feature [57].

Process Toolbox [11]

Process Toolbox (PTB) is specifically designed for mining applications and allows all components
in a compressed air system to be modelled [57]. PTB simulates transient and steady-state
conditions and has built in functionalities for thermal hydraulic systems such as compressed air

systems. PTB can also be used to evaluate various scenarios and system changes [16].

In the next section of this study, an overview of previous research relevant to the scope of this
study is provided. The scope of this research includes the investigation of compressed air
inefficiencies related to supply and demand and the evaluation of pipe network inefficiencies using
simulation. The research also aims to understand the correlation between pipe inefficiencies and

drilling pressure.
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1.8 Literature review

To gain a comprehensive understanding of compressed air networks, pressure losses in pipe

networks and the effect of pressure losses on equipment, existing research should be evaluated.

This section of the document provides an overview of previous literature relevant to this scope.

The following studies have the most relevance to compressed air inefficiencies in deep-level

mines.

Study 1 [11]

Title:

Type
Authors:

Overview:

Shortfalls:

Optimising production through improving the efficiency of mine compressed

air networks with limited infrastructure
M.Eng
D. Nell

The study by Nell developed a method to address compressed air usage
inefficiencies with the goal of improving drilling time. The method used root cause
analysis and provided guidelines for effective boundary selection procedures to
identify and evaluate compressed air network inefficiencies. Nell used flow and
pressure baselines to evaluate possible concerning areas within the compressed
air system. Nell considered a decrease in supply pressure during high demand
periods as a supply shortfall and pressure loss between two measuring points in a
closed pipe as a possible pipe network inefficiency. For the pressure baselines,
the author measured at the outlet of the compressor, common manifolds, and
various measuring points on the compressed air network. At a case study mine, a
specific compressed air inefficiency was found to result in a pressure drop of
87 kPa during the peak drilling shift when measured from the station to the start of
the working area. Using the developed method, the root cause analysis identified
that some pipes were undersized. Using the PTB simulation software, Nell
simulated that replacing certain pipes would increase the pressure at the start of
the stope by 45 kPa during daily operation. The proposed pipelines were replaced,
and the simulation was verified. The improved pressure at the start of the stope
was used to determine the improvement in rock drill penetration rate, with a
mathematical model indicating a 20% increase in drilling rate due to the improved

pressure.

Nell's study only considered pipelines up to the start of a stope and did not account

for inefficiencies inside the stope. It was assumed that the improvement observed
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Study 2 [13]

Title:

Type
Authors:

Overview:

Shortfalls:

at the start of the cross-cut would also be seen at the rock drills, but this may not
necessarily be the case. Previous research (such as the study by Bester [37]) had
indicated that many inefficiencies in compressed air systems exist inside the stope;
therefore, it is important to consider inefficiencies in any analysis or improvement
efforts. This is a limitation of the study by Nell because it means that the full extent
of the compressed air inefficiencies in the mine may not have been identified or

addressed.

The energy and water required to drill a hole
Conference paper
P. Fraser

Fraser calculated the energy required to drill a hole using three different drilling
methods. These include compressed air, hydro and electric drills. The aim was to
determine a best to worst rating for the three types of drilling method in terms of
overall efficiency. The efficiency of a drill was defined as the energy from the
source to the hole being drilled. The efficiency of hydro and compressed air
sources was assessed by the author through an examination of the pressure
versus penetration rate relationship. Fraser found that compressed air systems
have low mechanical efficiency (as low as 2% efficiency) compared with alternative
energy carriers such as oil electrohydraulic (23% efficiency), hydro-powered
pumps (20% efficiency), hydro-powered gravity (24% efficiency), and electric drills
(32% efficiency).

The study by Fraser successfully determined which drilling method is the best in
terms of overall efficiency. However, no mitigation strategies to improve the overall

efficiency of compressed air was investigated.
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Study 3 [16]

Title:

Type
Authors:

Overview:;

Shortfalls:

Study 4 [19]

Title:

Type

Authors:

Using simulation to prioritise implementation of platinum mine compressed air

efficiency solutions
M.Eng
M.M. de Jager

De Jager looked at a hew method to determine the implementation priority of
various energy efficiency solutions. The method uses a simulation model that
assesses compressor power, compressed air pressure, and compressed air flow.
The method evaluates and prioritises various energy efficiency solutions. The
criteria for prioritisation include factors such as payback period, energy savings,
level of automation, and implementation time, collectively referred to as
implementation factors by the author. These implementation factors were
compared using a pairwise comparison matrix, which assigns relative importance
levels to different factors. The matrix serves as a tool to quantify the significance
of each factor in relation to others.

To further refine the prioritisation process, de Jager utilised a five-point Likert scale
based on the calculated weights. This scale allowed for a nuanced rating of the
implementation factors, ranging from the most favourable to the least favourable.
The study by de Jager reviewed four energy efficiency solutions, namely valve
control, installation of smaller compressors, guide vane control and network
reconfiguration. The combination of the pairwise comparison matrix and Likert
scales proved to be an effective methodology for systematically prioritising the
diverse influencing factors in a project related to compressed air within a deep-

level mine.

The four different energy efficiency solutions were from a supply-side management
point of view. None of the simulated solutions focused on the demand side of the

mines where most compressed air efficiency is typically lost [13].

Evaluating compressed air operational improvements on a deep-level mine

through simulations
Conference paper

P. Maré, J.1.G. Bredenkamp, and J.H. Marais
19



Overview:;

Shortfalls:

Study 5 [20]

Title:

Type

Authors:

This study by Maré, et al developed a new approach for investigating operational
efficiency and service delivery solutions using simulation. The solutions
considered in this case study included increasing set points on compressors,
interconnecting compressed air pipelines to form a ring, and installing an additional
compressed air supply pipeline. Maré, et al evaluated diverse simulated pressure
and flow baselines to showcase shortfalls within the compressed air system.
Simulated flow baselines represented the shaft demand, while simulated pressure
baselines indicated the discharge pressure or pressure at a specified
measurement point on the compressed air network. From these baselines clear
pressure inefficiencies were noted and mitigation strategies were formulated. The
study found that interconnecting compressed air pipelines and installing an
additional compressed air supply pipeline was most feasible options. These
options increased the peak drilling pressure by 51 kPa without increasing
electricity costs. Increasing the set points, on the other hand, would have increased
electricity costs due to the increased output power required to maintain a higher
set point.

This study by Maré, et al has a limitation in that the improvement in level pressure
was not verified at the rock drills inside the stope. As a result, it is not certain
whether the improvement in level pressure resulted in an improvement in the
achieved pressure at the rock drills. This could potentially affect the feasibility and

credibility of the solutions proposed.

Improving mine compressed air network efficiency through demand and supply

control
Conference paper

B. Pascoe, H.J. Groenewald, and M. Kleingeld
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Overview:;

Shortfalls:

Study 6 [23]

Title:

Type
Authors:

Overview:

Shortfalls:

Pascoe, et al investigated inefficiencies in compressed air networks with a focus
on compressors, the compressed air pipeline and compressed air consumers.
They developed a strategy to ensure that the compressed air consumers received
sufficient supply pressure and flow. They found that the case study mine had been
using an ineffective compressor selection during blasting periods. Simulation was
used to develop a calibrated shaft flow and pressure baseline that was used to
prove the proposed effectivity improvement method would not affect drilling
pressure. By switching to a smaller compressor, the mine was able to save R15.7

million annually.

It appears that the improvement achieved from fixing the leaking pipeline is not
reported in their study, and the benefits of the compressor selection change are
only demonstrated during the blasting shifts, not during the drilling shifts.
Additionally, their study does not provide any evidence that the compressed air
users received adequate pressure and flow, but rather compares the total shaft
consumption and supply pressure before and after the changes were made. It
would be useful to have more information on how these changes affected the
pressure and flow received by the compressed air users.

Energy efficiency opportunities resulting from splitting a compressed air ring
Journal article
H.P.R. Joubert, J.F. van Rensburg, and R. Pelzer

The aim of the study by Joubert, et al was to implement an energy efficiency
strategy which involved dividing a single compressed air system into two
compressed air systems. The reasoning was to supply both high- and low-pressure
end users with the correct respective pressures during their respective working
periods. They examined a supply pressure and flow baseline, measured at the
outlet of the surface compressors of a specific mine, and identified the potential for
reducing pressure and air flow during specific times of the day. Energy savings
were achieved from the lower pressure system because of reduced pipe friction

losses and fewer leaks.

Their study did not consider energy efficiency during high-pressure demand,
during which greater frictional losses occur because of the elevated pressure.

Although the study implemented pressure regulating valves to lower the supply
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Study 7 [29]

Title:

Authors:

Type

Overview:

Shortfalls:

Study 8 [31]

Title:

Type
Author:

Overview:

pressure during periods of low demand, this approach does not address the
underlying issues that still exist during times of high-pressure demand. Installing
valves to reduce pressure only when low-pressure users are active does not solve

the underlying problem that forces compressors to run at higher operating costs.

Reducing deep-level mine refuge bay compressed air consumption
P. de Villiers
M.Eng

The study by de Villiers focused on optimising the use of compressed air in South
African deep-level gold mines, with the aim of reducing operating costs. The valves
controlling the flow to the refuge bays were identified as an area where
compressed air is wasted. The theoretical benefit was calculated using simulation.
The solution was implemented by replacing the valves in a deep-level gold mine,
leading to significant power and cost savings.

De Villiers aimed to decrease the electrical costs associated with compressed air
usage in the mining industry and successfully achieved its objective. However, it
would have been more comprehensive if the study by de Villiers had evaluated the
impact of reducing flow through compressed air lines to improve pressure and
compared it to the effects of production improvements versus cutting back on the
compressors. By doing so, the study could have provided a more holistic approach

to achieving a more profitable mining industry.

Energy efficiency opportunities in mine compressed air systems
M.Eng
F.W. Schroeder

This study by Schroeder investigated the effectiveness of various energy efficiency
methods on compressed air systems and found that optimised set-point control
and compressor selection were effective strategies for improving the efficiency of

these systems.
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Shortfalls:

Study 9 [33]

Title:
Type
Authors:

Overview:

Shortfalls:

Study 10 [37]

Title:

Type
Authors:

Overview:

Schroeder only considered the potential for energy savings through set-point
control but did not consider other factors such as improved service delivery
conditions or the potential for increased production. In addition, it is important to
consider that the pressure achieved at the rock drills may differ from the pressure
measured at the set point due to pressure losses in the pipe network. Therefore,
the set-point control on compressors should be verified by measuring the pressure

at the rock drills to avoid potential production losses.

Optimization of the compressed air-usage in South African mines
Journal article
A. Hassan, K. Ouahada, T. Marwala, and B. Twala

The study by Hassan, et al investigated two different methods that have the
potential to improve and optimise compressed air usage with the goal to reduce
electricity consumption. Hassan, et al looked at compressor set-point control and
the utilisation of control valves to achieve energy savings. Their study used air
pressure baselines measured at the outlet of the compressor and power baselines
to evaluate the effectivity of the two proposed methods.

Although Hassan, et al successfully achieved their objective with both methods,
these methods were case study specific and did not provide a generic method for
evaluating the energy efficiency of a compressed air system. The study by Hassan,
et al did not include the effect on drilling pressure because of control valve control

on inactive levels.

The effect of compressed air pressure on mining production and energy

demand
Conference paper
S. Bester

Bester investigated the possible reasons for a decrease in productivity over the
last few years and found that the volume of air required to produce one ton had
increased 2.6 times from 2002 to 2013, and the compressed air energy used per

ton had increased 4.6 times over the same period. During underground audits,
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Shortfalls:

Bester observed stope pressures between 290 kPa and 350 kPa during drilling
shifts, which is reflected in the penetration rate shown in Figure 1-9. Bester also
reported that according to historical data, the supply pressure (measured at the
outlet of surface compressors) was above 500 kPa in 2002. These findings
suggest that there may be inefficiencies in the compressed air system that are
contributing to the decrease in productivity.

Rock Drilling Rate
500

Drillipg Rate (mm,/min}

.......

200 <300+ 350 400 450 500 550 600

Drilling Rate (mm/min) e |inear (Drilling Rate (mm/min))
Supply Pressure (kPa)

Figure 1-9: Rock drill penetration rate vs supply pressure [37]

Based on the findings described above, Bester concluded that the main cause of
the slow drilling rate was the lower supply pressure. Upon comparing historical
surface pressures with the pressures at the time of the study, Bester found that
there was no significant change in supply pressure between 2002 and 2013. As a
result, the underground network was evaluated using simulation. The simulation
used the required flow rate per level and the measured station pressure on the
level as inputs. The simulation calculated an average pressure loss of 250 kPa on
levels where drilling problems were experienced and 100 kPa on levels with lower
production. This result suggested to the author the possibility of undersized pipes
in the network.

Bester used simulation to identify that the compressed air pipes may be undersized
and unable to meet the demand of the stope levels. However, the simulation
results were not verified with actual measurements, and there was no concrete
evidence to show that the undersized pipes were the cause of the reduced drill

pressure. This is a limitation of the study by Bester because it means that the

24



conclusion about the cause of the reduced drill pressure is based on an unverified

simulation, rather than direct observations or measurements.

Study 11 [39]

Title: Improving efficiency of a mine compressed air system

Type M.Eng

Authors: S.J. Fouché

Overview: The study by Fouché found that fixing leaks was one of the best ways to improve

the energy efficiency of a compressed air system. Fouché formulated a new
approach to leak auditing. The method was implemented on a case study mine
where a large leak was identified. Fouché investigated numerous energy savings
initiatives and outlined typical strategies that can be implemented. The study by
Fouché used pressure, flow and power as key performance indicators to the
effectivity of energy savings initiatives.

Shortfalls: While considering energy savings initiatives, Fouché calculated the effect of
underground pressures using only autocompression theory. The author states in
the future recommendations section that frictional losses were neglected.
Frictional losses are an important factor when different energy initiatives are
considered as they affect drilling pressures. Therefore, Fouché did not consider

the end user in any of its approaches to save energy.

Study 12 [46]

Title: An approach to optimising compressed air systems in production operations
Type Journal article

Authors: F. Doyle and J. Cosgrove

Overview: The study by Doyle, et al describes a method for quantifying the energy lost due

to leaks in a compressed air system. The study considered five case studies and
determined that 30-60% of leaks can be saved. Doyle, et al state that
management rarely knew about energy-saving measures and the effect of leaks
on the compressed air system. Their study states that often due to leaks, pressure
losses are combatted with higher set points on compressors leading to increased
operational cost. Doyle, et al proved that by raising awareness, significant
improvements in energy efficiency can be achieved.
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Shortfalls:

Study 13 [58]

Title:

Type
Authors;:

Overview:

Shortfalls:

Doyle, et al study objective was to optimise a compressed air system. However,
only leaks were considered. Their study stated that because of leaks, pressure
losses are often combatted with higher set points on compressors leading to
increased operational cost. The study by Doyle, et al did not consider pressure

losses due to frictional losses in compressed air pipelines.

Local benchmarking in mines to locate inefficient compressed air usage
Journal article
D. du Plooy, P. Maré, J. Marais, and M.J. Mathews

The study by du Plooy, et al developed a local benchmarking method that used
the correlation between compressed air usage and production as a key
performance indicator (KPI) to identify inefficiencies in compressed air usage. The
method was applied to underground working levels to identify levels with significant
compressed air inefficiencies. The local benchmarking method was able to
accurately identify the levels with the most potential for improvement. Du Plooy, et
al conducted an underground audit to determine the appropriate initiatives to
implement. The audit revealed that most of the compressed air wastage was
caused by inactive sections that were not sealed off and control valves with poor
control. To address this issue, the inactive sections were sealed off and proper
set-point control was implemented on the control valves. The KPI for the identified

levels improved between 37% and 61%.

The underground audit conducted by the engineers was limited to main haulages,
so the compressed air inefficiencies inside the stope where production took place
were not accounted for or addressed. Additionally, du Plooy, et al used the
correlation between production and compressed air usage as a KPI but did not
address how more efficient compressed air usage could potentially increase
production. Their study also did not explain why there were little to no production
improvements after addressing compressed air wastages. It would be useful to
have more information on these issues to fully understand the impact of the

proposed solutions on production.
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1.9 Literature summary

Several studies have investigated compressed air inefficiencies in mining operations and have
proposed various strategies for improving efficiency. These strategies include optimising set-point
control and compressor selection, interconnecting compressed air pipelines to form a ring,
installing an additional compressed air supply pipeline, sealing off inactive sections, limiting
refuge bay air consumption, implementing set-point control on control valves, and replacing

undersized pipes.

Some studies have used simulation and root cause analysis to identify inefficiencies and evaluate
potential solutions, while others have used numerical methods, local benchmarking methods or
underground audits.

From the thirteen core literature studies presented, only one addressed inefficiencies inside the
stope and the majority of the studies did not consider improving underground working pressures
because of improved efficiency. Instead, the studies focused on saving energy by reducing
compressor load because of improved efficiency. The research focus is shown by Table 1-3.

Table 1-3: Literature study summary matrix

Compressed air inefficiencies

) Reticulation network Method
s Energy Service s | D d
ouree - saving delivery upply | Deman Supply Level to Cross-cut to . .
Simulation
to level cross-cut face

Considered

B  Notconsidered
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1.10 Problem, need and objectives

Compressed air distribution systems used to supply mining equipment have low mechanical
efficiency that leads to reduced drilling pressures [11], [16], [20], [39]. Various factors contribute
to this low efficiency such as undersized pipes, poor control valve set-point control, and inactive
sections that are not sealed off [37]. A detailed literature survey revealed the initiative to

investigate in-stope compressed air inefficiencies and the effect thereof on drilling pressure.

Need for the study

There is a need for a method that identifies and evaluates in-stope compressed air inefficiencies

for improved drilling pressures.

Study objectives

1. Identify the compressed air inefficiencies inside the stoping area using a systematic

system evaluation approach.
2. Verify the identified inefficiencies with actual measurements.

3. Assess the efficacy of various approaches to address in-stope compressed air

inefficiencies through simulation-based evaluation.
1.11 Dissertation overview

In Chapter 1, the dissertation was introduced by evaluating the mining process, current
decreasing production trend in South Africa, and the role of compressed air inefficiencies in the
pipe networks. A detailed literature survey revealed the initiative to investigate in-stope
compressed air inefficiencies and the effect thereof on drilling pressure. There is therefore a need
for a method that identifies and evaluates in-stope compressed air inefficiencies that lead to

reduced drilling pressures.

Chapter 2 addresses the problem statement formulated in Chapter 1. The chapter describes how
a method was developed that identifies and evaluates in-stope compressed air inefficiencies
using simulation and characterisation. The chapter elaborates on how the method uses

prioritisation techniques for different compressed-air-related inefficiencies.

Chapter 3 presents the results of a case study mine where the method developed in Chapter 2
was implemented. The results are discussed, prioritised, and verified against the study objectives

listed in Chapter 1.
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Chapter 4 summarises the dissertation. The completion of study objectives is discussed and the
problem statement addressed. This chapter also outlines the shortcomings of this dissertation

and recommends study objectives for future related studies.
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2 METHOD TO IDENTIFY IN-STOPE INEFFICIENCIES

Drawing on the literature examined in Section 1.8, the literature survey revealed the initiative to
investigate in-stope compressed air inefficiencies and the effect thereof on drilling pressure. A
need for a method that identifies and evaluates in-stope compressed air inefficiencies that lead
to reduced drilling pressures was identified.

The time and expenses spent on the research process can be minimised using a research
methodology [59]. This study takes a quantitative research approach by developing a literature-
based method to identify in-stope inefficiencies that lead to reduced drilling pressures. The

method will be validated using practical measurements [60].

From the literature study presented, valuable insights were realised that are incorporated in the
development of the research method in this dissertation. A basic outline of the method is

summarised as follows:

Baseline development

Baseline evaluation

Creating a baseline simulation model
Identification of compressed air inefficiencies

Using simulation to develop improvement strategies

o a0k wh e

Validation
2.1 Baseline development

Compressed air system baselines take the form of pressure and flow baselines and can be used
to identify any inefficiencies or shortcomings in the system [41], [61]. Flow baselines should be
measured as nominal cubic metres per hour, which refers to the flow at standard operating
conditions (0°C and 101.325 kPa). By using nominal cubic metres per hour, flow can be compared
at different pressures [16]. By comparing the generated baselines to the expected performance
of the system, areas for improvement can be identified and targeted for further analysis and

solution development [16], [58].

Data acquisition

The aim of data acquisition is to gather pertinent data related to the study data boundaries. The
study’s data boundary establishes the confines that specify which data is considered or omitted.
In Table 1-3, the research matrix illustrates that most authors assessed the compressed air

network from the supply boundary to the start of the stope. The summary table highlights the
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absence of in-stope evaluation in most of these studies. Consequently, for this study, the data

boundary extends from the supply of compressed air to the end of the stope.

Data is gathered using instrumentation and underground audits. Typical sensors include
compressed air flow and pressure sensors. The collected data is used to develop section
baselines. The data-collection process is crucial in determining the status of the compressed air
system and will act as a standard for assessing the efficacy of the proposed solution [11], [60].
Figure 2-1 provides a visual representation of the various steps involved in the data-acquisition
process [11], [62].
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— Sensors §<—NO through existing —Yes— Is instrumentation accurate? Yes——»| data
‘ « Conduct audits ‘ instrumentation?
A
No
Yes Can instrumentation be Acceptable
No calibrated? Yes > data

Acceptable
data

Figure 2-1: Data-acquisition process — Adapted from [11]

Baseline measurement locations

From the research matrix presented in Table 1-3, most authors evaluated the compressed air
network from the supply boundary to the start of the stope [19], [20], [37], [39], [52], [63].
Therefore, the method in this study includes the evaluation of these sections. By doing so,
inefficiencies outside of the stope are considered. The sections are evaluated by establishing

precise baselines for the supply, demand and reticulation sections [11], [31]-[33], [37].
31



The supply pressure baseline is measured at the compressor’s outlet. This allows understanding
of the pressure supplied to the reticulation network before any losses occur [33], [61], [64]. The
demand-side baseline is determined by measuring the total flow consumption of the system at a
given time [adapted from 36]. In deep-level mine compressed air systems, multiple baselines for
different sections of the pipe network are necessary [11], [64]. Baseline measurements of
pressure and flow should be taken between the surface and level station, level station and level
split, level split and cross-cut intake, and cross-cut intake and stope face [11]. Figure 2-2 shows

an example for typical reticulation network sections to be measured.
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Figure 2-2: Reticulation network measurement points

This study focuses on identifying and evaluating in-stope compressed air inefficiencies that lead
to reduced drilling pressures. Therefore, the time frame for the baseline is a drilling shift time
frame (06:00-14:00).

2.2 Baseline evaluation
The measured baselines can be evaluated for inefficiencies as follows:

Supply side

The baseline for the supply-side boundary is evaluated by gathering information on the number
of active compressors, their type and performance, historical pressure and flow data, pressure
set-point schedules, and the control capabilities of the compressors [11]. This information is used
to determine whether the compressors are able to supply the required flow at the required
pressure set point for a given network. If a compressor is below specification, it may show a
pressure drop when the flow demand exceeds its ability [11]. This can be illustrated through a
baseline, such as in Figure 2-3, which shows an example of a compressor that is unable to

maintain the pressure set point due to an increase in flow demand.
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Figure 2-3: Example of a compressor supply limitation — Adapted from [1]

Compressors connected to a ring-feed system should be accessed together with the demand
side. The ring-feed system is designed to sustain shafts during high-demand periods but is known
to be inefficient due to leaks in the system. These leaks can result in the ring supplying air to the

leaks rather than the end users [20].

Demand side

The demand-side boundary of a compressed air system is evaluated using various factors such
as compressed air user requirements (pressure and flow), distance of users from supply
compressors, and the nature of their operations (shift or constant) [11]. Excess demand in the
system is identified through means of a baseload test. A baseload test is performed to identify
and pinpoint significant leaks in the system [16], [46]. To conduct a successful baseload, the

following steps are required:

1. Schedule the test during a period of low compressed air demand.

2. Coordinate with all mine personnel and departments, including ventilation and production

teams, to ensure that all compressed air users are turned off.

3. Record the pressure and flow rate of the air at each compressor unit and at different

locations throughout the mine.

4. ldentify and note the location of any leaks, their size and severity.
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Reticulation network

The reticulation network of a compressed air system is evaluated by assessing various factors
such as the network’s piping and instrumentation diagram layout [35], the effect of auto-
compression (applicable to large underground systems) [65], system design specifications, pipe
material, the overall condition of the network, and the availability and locations of measurement
instrumentation [11].

A well-designed reticulation network should have minimal pressure loss from the supply boundary
to the demand boundary [41], [43], [45], [64]. Inefficiencies in the network are identified by
comparing the pressure and flow at different locations throughout the system as discussed in
Section 0. For example, severe inefficiencies are seen in the pressure drop between the two
measuring locations shown in Figure 2-4. It is important to note that these inefficiencies will be
more pronounced during peak demand periods.
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Figure 2-4: Example of an incorrectly specified reticulation network

Comparing baseline efficiencies

As stated in the study objectives, this dissertation focuses on a method that identifies
inefficiencies inside the stoping areas. However, most authors that had related study outcomes
evaluated the compressed air network from the supply boundary to the start of the stope [19],
[20], [37], [39], [52], [63]. To interpret stope-related compressed air inefficiencies effectively, the
supply and demand sections should also be considered. By doing so, inefficiencies that stem from

outside the stope region into the stoping section are also highlighted.

To determine the significancy of the different section inefficiencies, the section baselines are

compared across three main factors. These include pressure loss, volatility, and cost to mitigate

(hereafter referred to as priority factors). The three priority factors are considered KPIs when

considering the overall effectiveness of a compressed air system [37]. The cost of a project is
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commonly evaluated in terms of its payback period, which refers to the duration required for the
project’'s benefits to offset its implementation costs [16]. However, predicting the production
improvement resulting from a specific mine’s pressure increase proves challenging. As a result,

only the initial and ongoing costs are considered.
The priority factors are defined as follows (adapted from [5]):

e Pressure loss: Refers to the pressure lost in that section of the compressed air system.

o Volatility: Assesses the likelihood of sudden changes or rapid fluctuations in behaviour in
the section. By examining the level of interaction with the section by mine employees,
maintenance schedules and environmental conditions, the volatility of different sections

can be compared.

o Cost: Assesses the cost of implementing a solution in a section of the compressed air

system.

To determine the weights of each factor, the Likert scale shown in Table 2-1 is used to assign
scores [66], [67]. Appendix A and Appendix B elaborate on how the weights and scores are
calculated. In short, each factor is assigned a score between 1 and n with 1 being the worst score

and n being the best score.

Table 2-1: Likert scale for determining priority score

Priority factor Weight Score
1 2 - m
Pressure loss 45.5
Volatility 9.0
Cost 455

The score range is determined based on the number of compared sections, as all priority factors
can be compared numerically to establish the best and worst scenarios. This means that the worst
score is 1 and the maximum score is the number of sections being compared. For example, if the
supply, demand and compressed air pipe network sections are compared, the maximum score
that can be achieved is 3. Conversely, a score of 1 is considered the worst score possible among

all the sections being compared.

To identify the section that should be given the highest priority, it is necessary to utilise the ranges
to compute a priority score for each section. The scores are multiplied by the corresponding factor

weights, as presented in the following equation [66], [67]:
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Equation 2-1: Priority scoring formula

Sp = Sp1 X Weight+ 5, X Weight+ 5. x Weight

With
S, = Score of section indicating priority
Sy = Score of pressure loss in section
S, = Score of volatility
S. = Score of cost

The prioritisation method presented above indicate the most severe compressed air sections.
However, this study focuses on the stoping section where Bester [37] suggested most

inefficiencies are located.

2.3 Creating a baseline simulation

The use of simulation software, such as PTB, can be an effective tool for analysing complex
compressed air networks. It allows for a detailed examination of the compressed air system and
can provide valuable insights into potential solutions [16], [19]. PTB simulation software is
specifically designed for the mining environment and is, therefore, well-suited to the scope of this
study [11], [19].

The simulation software is used to create a virtual model of the compressed air system,
considering the various elements of the system, such as compressors, pipes and compressed air
users. Thereafter, the software is used to simulate different scenarios and test potential solutions
to the identified shortfalls, such as changes to the system layout or the addition of new

equipment [19]. The following section discusses the development of such a model.

A baseline simulation model that accurately represents the measured baseline can be developed
by taking the following considerations into account [16]:
Simulation focus

Various parameters are present when considering compressed air systems, including pressure,
flow rate, humidity, temperature and enthalpy [16]. The key parameters for this study are pressure

and flow. Each parameter is discussed below.
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Pressure

The equipment used in the stoping sections relies on a specific pressure to function correctly.
Therefore, the simulated pressure along various points in the stope network should be

representative of the measured pressure in the pressure baseline [16].
Flow

As with pressure, stoping equipment requires a certain flow to function correctly. The flow in the
network also relates to the pressure losses inside the network. Therefore, the simulated flow along
various points in the network should be representative of the measured flow in the flow
baseline [16].

Simulation parameters

The following simulation parameters are considered when working with PTB:
Simulation period

The simulation time should match the baseline measurement time frame. For this study, the key
is to identify pressure losses that affect the drilling pressure [16]. Therefore, the time frame used
is the drilling shift for one day (06:00-14:00).

Step size

PTB allows the user to determine the time between subsequent simulation data points. Larger
step sizes simulate faster but with less accuracy. Smaller step sizes are more accurate but take
longer to simulate [16]. For this study, 3,600 seconds is used as the step size. This is small
enough to facilitate accuracy, yet large enough to achieve a fast simulation time. Therefore, the

simulation consists of nine steps of 3,600 seconds.

Simulation boundaries

After the simulation focus areas have been identified, the next step is to determine the boundaries
of the simulation model. The boundaries should be defined in such a manner that simulation
accuracy does not suffer [11], [16]. For this study, it is the start of the stoping section up to the
end of the stoping section. By selecting the boundaries in this manner, all inefficiencies that stem

from the stoping section are accounted for.
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Model components

The following model components are considered when working with PTB:
Air pressure boundary

An air pressure boundary is a component that represents air conditions [16], [57]. These
components are used to represent a specific pressure, temperature and humidity at the beginning
or end of a compressed air network [16]. They can be placed at the beginning of a stope network
to simulate the measured pressure at the start of the stope. Another pressure boundary can be
used at the end of the stope to simulate the measured ambient conditions at the outlet of the rock
drills [16]. Air pressure boundaries allow an unlimited supply of air at a specified pressure,
temperature and humidity.

Nodes

Nodes are used in PTB to connect different components to one another. They also represent the
calculation points of the simulation model [16].

Pipes

Pipe components represent the physical pipe and its properties. Pipe components can be
modified to mimic pipe material, surface roughness, diameter, and length of the measured pipe
network [16].

Compressed air rock drill/demand component

Rock drill components are used to simulate real-world rock drills. The component allows a
pressure and flow curve to be specified. Meaning that at a specific pressure, the component
consumes a specific flow. This makes it easy to adjust the component to fit the specific rock drill
used [16].

With the baseline simulation model in place, various solution strategies can be simulated, and the
outcome can be evaluated easily. By simulating these different scenarios, it is possible to identify

the most effective and efficient solution [16].

Simulation verification

Once the baseline simulation model has been developed, the next step is to verify the accuracy
of the model using the measured baselines collected in Section 2.1.2. By comparing the
measured baseline to the baseline produced by the simulation model, it is possible to determine

the accuracy of the model to ensure that the results are reliable [16].
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Numerous methods exist for comparing the similarity of two data sets [68]. The mean absolute
error (MAE) method is used in this study. This method calculates the error of each data point
throughout the data set by subtracting the simulated data point from the measured data point.
The difference of all the data points is summated. This value as a percentage is shown in Equation
2-2.

Equation 2-2: MAE method

N
1 z : M, —S,
E % =— ———— x 100
rror % N M,
n=0
With
Error % = Absolute error percentage [%0]
N = Total number of data points -]
n= Data point -]
M= Measured actual data point [
S= Simulated data point -]

For this study, an error percentage of below 5% is considered accurate. This percentage is also
considered accurate by De Jager [16]. The simulation results should be compared with the real
measurements of the system. If the deviation is more than 5%, the model should be investigated
for deviations from the real-world system. The accuracy of the simulation model can be affected
by several factors such as measurement errors, model assumptions and uncertainty, the
representation of the system in the model, and the precision of the simulation software. The
mentioned simulation parameters should, therefore, be built as accurately as possible to eliminate

timely calibration efforts.
2.4 ldentification of compressed air inefficiencies

The verified simulation model is used to generate characterisation curves for the simulated
system. These curves provide a graphical representation of the performance of the system, which
is used to identify areas of inefficiency and to evaluate the effectiveness of different solutions and
strategies. Typical characteristic curves for compressed air systems include pressure and flow
distribution characterisation curves [38], [41], [44]. These curves show the pressure and flow at
various points in the system and are used to identify areas of high-pressure loss or poor flow
distribution. For example, a pressure distribution characteristic curve is used to plot the pressure
at different points in the system and highlight areas where the pressure is lower than expected,

indicating a leak or other issue. A flow distribution characteristic curve is used to plot the flow rate
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at different points in the system and highlight areas where the flow rate is lower or higher than

expected, indicating an issue with the distribution of compressed air.

By using theoretical formulations, it is possible to narrow down the possible causes of pressure
loss. By narrowing down the causes, relevant simulations can be simulated. For example, the
inefficiencies could be related to insufficient pipe sizing, unnecessary fittings or excessive flow.
Insufficient pipe sizing will result in a higher pressure drop as the compressed air has to travel
through a smaller pipe, therefore increasing the frictional losses in the pipeline [41]. Unnecessary
fittings, such as elbows and tees, can cause an additional pressure loss as they create additional
resistance to the compressed air flow. Excessive flow could be caused by leakages that once
again increase the flow velocity, therefore increasing the frictional losses through the pipeline.
Examples of these types of inefficiencies are shown in Figure 2-5.
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Figure 2-5: Figure indicating an example of a pressure and flow characterisation curve measured at various
points

2.5 Simulating improvement strategies

Using the verified simulation model, the identified inefficiencies in the compressed air system are
analysed by simulating various improvement strategies in a timely manner. Understanding the
theory discussed in Section 1.5 is paramount when simulating improvement strategies since
simulation strategies will differ from case study to case study. The following generic strategies
can be considered regarding compressed air inefficiencies [38], [45]:

1. Increase pipe size to minimise the energy lost through distribution network.

2. Reduce system air waste such as air leaks.

3. Optimise the compressed air demand by ensuring that only the required equipment is

utilised.
4. Reduce system complexity by eliminating unnecessary bends in the network.
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By comparing the characteristic outcomes of the simulated improvement strategies with the
baseline characteristic curves, it is possible to evaluate the potential impact of the different
solutions. The effectiveness of the different simulated strategies can be evaluated by comparing

their pressure improvement with the baseline [19].
2.6 Validation
The method will be validated using the study objectives:

Objective 1

The method addresses this objective by establishing the flow and pressure baselines for the
supply, demand and reticulation network of a compressed air system. The different baselines

represent the different sections of the compressed air system.

To successfully interpret inefficiencies inside the stoping section of the reticulation network, the
supply, demand and reticulation network are considered. This ensures that a systematic approach
is followed and inefficiencies stemming from the supply to the stoping section are accounted for.
This is done by evaluating the different baselines for inefficiencies by means of theoretical
principles derived from literature. For reference, the severity of the inefficiencies for the different

compressed air sections is compared and prioritised using a Likert scale.

The method shines light on where the highest area of improvement is. However, as the literature
study revealed, authors tend to stop compressed air investigation before they reach the stoping
section. Therefore, the method focuses on the stoping section of the reticulation network despite

what the priority Likert table suggests.

After the compressed air system is characterised by means of flow and pressure baselines, the
method shows how to develop a baseline simulation of a deep-level mine stoping area. The
method addresses simulation time, parameters, components and accuracy. The method provides
a theoretical approach to verify the stope simulation model against the pressure and flow baseline
using the MAE method.

Using the verified simulation, the method uses literature studies and theory to highlight how a

typical compressed air inefficiency will present itself in a stope network.

Objective 2

To determine whether the method correctly identifies inefficiencies, practical measurements need
to be taken as close to the identified inefficiency as possible. To measure the pressure difference
across an inefficiency, pressure sensors should be installed at the stope intake (reference point),

and before and after the simulated inefficiency. To ensure accurate results, sensors should
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measure for at least the entire drilling shift (06:00-14:00). Furthermore, the measurements should

be taken under similar compressed air demand from the equipment inside the stoping section.

Objective 3

The method uses literature studies and theory to provide generic simulation strategies that can
potentially be implemented to mitigate the identified inefficiencies. The effectiveness of the
strategies is evaluated according to the simulated pressure improvement achieved compared with

the baseline.
2.7 Conclusion

In this chapter, the development of a systematic method that identifies, evaluates and verifies
stope inefficiencies was discussed. The method incorporates the entire compressed air system
instead of isolating the stoping section. This approach is concurrent with previous studies and

ensures correct interpretation of in-stope inefficiencies.

The method establishes flow and pressure baselines for the supply, demand and reticulation
network of a compressed air system. It further evaluates these sections for inefficiencies and
prioritises them using a Likert scale.

The method indicates where the highest area of improvement is. However, as the literature study
revealed, the gap in literature was inside the stoping section. Therefore, the method focuses on

the stoping section of the reticulation network despite what the priority Likert table suggests.

The chapter discussed a method for simulating a compressed air stoping section using PTB and
elaborated on the MAE verification method. Literature studies and theory were used to highlight
how a typical compressed air inefficiency would present itself in a simulated stope network.

Generic simulation strategies that can mitigate the identified inefficiencies were also discussed.

Finally, the chapter concluded by stating the study objectives and how the developed method

aims to verify and validate the study objectives.
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3 RESULTS

This chapter demonstrates the application of the developed method to a case study mine. The
aim of this chapter is proving that the developed method can successfully accomplish the

following criteria:

1. Identify the compressed air inefficiencies inside the stoping area using a systematic

evaluation approach.
2. Verify the identified inefficiencies with actual measurements.

3. Assess the efficacy of various approaches to address in-stope compressed air

inefficiencies through simulation-based evaluation.
3.1 Case study problem statement

A stope in a deep-level platinum mine, referred to as Mine A, was chosen as the site for
implementing the method. The decision was prompted by multiple complaints of low pressure
during the drilling shift at 23 Level cross-cut 89 (23L XC 89) at Mine A.

3.2 Baseline development
Data acquisition

On 4 December 2020, a compressed air audit was conducted at 23L XC 89 of Mine A to
investigate low-pressure complaints. Mine A has two VK50 machines on surface running at a
600 kPa set point during the drilling shift and that are connected to a ring-feed system. Each
compressor can supply about 50 000 m3/h. Compressed air is fed down the shaft through a
700 mm line, and a 300 mm line feeds compressed air from the shaft barrel through the level’s
station. The pipeline typically reduces to a 200 mm line when it splits into the four half levels, and
cross-cuts leading to the stoping areas typically reduce to 100 mm pipes. The drilling manifold
has four 32 mm pipe outlets for drills and one 25 mm outlet pipe for a chainsaw. The working
equipment for 23L XC 89 is summarised in Table 3-1 and the pipe configuration is shown in Figure
3-1. The red sections of the layout indicate pipeline that is below Mine A’s stoping pipe size

standard.
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Table 3-1: Mine A - Stoping flow demand [11], [16]

Equipment Air consumption Quantity | Total [kg/s]
[kg/s]
Rock drill (S215) 0.064 12 0.768
Roof bolter 0.064 3 0.192
Air leg 0.025 15 0.375
Water pump 0.016 3 0.048
Total consumption - 1.383

The collected data was used to develop baselines for each system boundary. Pressure and flow
baselines were created for the supply, demand and reticulation network. Flow measurements
were measured as nominal cubic metres per hour. These reference the flow at standard operating
conditions (0°C and 101.325 kPa). By using nominal cubic metres per hour, flow could be
compared at different pressures [16]. Sensors were installed to record pressure for a full week,

with all baselines measured at the same time interval to minimise changes in system parameters.
Baseline measurement locations
The baselines for the case study mine compressed air system were measured at the positions

discussed in Section 0. In summary, these are:

e The supply pressure and flow baselines were measured at the outlet of the surface

compressor of Mine A.

e The demand-side baseline was measured as the total flow consumed by Mine A. The
baseline was measured from the flow consumption that the compressor supplied to the

network.

e The first reticulation baseline was measured between the outlet of the compressor and the

level.

¢ The second reticulation baseline was measured between the level and the cross-cut

intake.

e The third reticulation baseline was measured between the cross-cut intake and the stope

face (furthest working point in the cross-cut).
3.3 Baseline evaluation

Supply-side pressure baseline

The supply pressure and flow baselines were measured at the outlet of the surface compressor

of Mine A. The baselines are shown in Figure 3-2. The orange line represents the supply pressure,
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measured at the outlet, from the surface compressors of Mine A. The blue line shows the total

supplied flow, measured at the outlet, from the surface compressors of Mine A.
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Figure 3-2: Mine A — Supply baseline

The VK50 machines have a maximum capacity of 50 000 m%h at a 600 kPa pressure rating. The
supply-side boundary baseline indicates that Mine A’s surface compressors were running at
maximum capacity as they could not meet the 600 kPa set point during drilling shifts. The baseline
in Figure 3-2 shows that Mine A had a total peak shaft consumption of 140 000 m%h, suggesting
that an additional 40 000 m3h were drawn from the ring-feed system to meet the demand.

It is worth noting that the ring-feed system is designed to support high-demand periods, such as
those experienced by Mine A. However, there was a possibility that the ring was supplying leaks
instead of end users. To confirm whether there was a capacity concern on the supply-side

boundary, the demand-side boundary had to be evaluated simultaneously.

Demand-side flow baseline

The demand-side baseline was measured as the total flow consumed by Mine A. The baseline
was measured from the flow consumption that the compressor supplied to the network. The

baseline is shown in Figure 3-3.
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Figure 3-3: Mine A — Demand baseline

The demand-side boundary baseline shows that Mine A consumed a maximum of about
140 000 m®h during the peak drilling shift. To determine whether leaks were contributing to the
high demand for Mine A, a baseload test was done on all the levels during Mine A’s cleaning shift.
The results are presented in Figure 3-4.
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Figure 3-4: Mine A — Baseload test

Based on the supply and demand boundaries analysis, addressing leaks in the compressed air
network could improve supply pressure from the surface compressors and reduce wastage.
However, it is notable that only 23 level experienced pressure-related issues despite other levels
having significantly more wastage. Additionally, the baseload for 23 level was relatively small
compared with other areas of the mine. This suggests that the pressure loss may have been
related to issues in the reticulation network.
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Reticulation network pressure baseline

As determined in the method, baselines for the reticulation network are measured at relevant

sections between the supply and end user locations. The baselines are shown below.

Section 1 — Surface to level station

The first reticulation baseline was measured between the outlet of the compressor and the level.
The supply pressure from the compressor is indicated by the blue line while the pressure
measured at the level intake is indicated by the orange line in Figure 3-5.
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Figure 3-5: Mine A — Reticulation network, Section 1 baseline

Section 2 — Level station to cross-cut intake

The second reticulation baseline was measured between the level and the cross-cut intake. The

level pressure is indicated by the blue line while the pressure measured at the cross-cut intake is
indicated by the orange line in Figure 3-6.
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Figure 3-6: Mine A — Reticulation network, Section 2 baseline
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Section 3 — Cross-cut intake to stope face

The third reticulation baseline was measured between the cross-cut intake pressure and the stope
face, which is the furthest working point in the cross-cut. The cross-cut intake pressure is indicated
by the blue line while the pressure measured at the face is indicated by the orange line in Figure
3-7.
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Figure 3-7: Mine A — Reticulation network, Section 3 baseline

Evaluating the reticulation network baselines showed significant pressure losses of 65 kPa and
87 kPa from the level station to the cross-cut intake and from the cross-cut intake to the face of
the stope, respectively. As seen from the literature presented in this study, significant pressure

losses occur in pipes that are insufficient in size.

Comparing compressed air baseline efficiencies

The different constructed baselines were evaluated using a Likert scale table and Equation 2-1
as discussed in the method Section 0. Table 3-2 shows the different baselines and their respective
category and priority scores.

Table 3-2: Mine A — Boundary shortfall priority matrix

Baseline Pressure loss Volatility Cost Priority
(45.5%) (9%) (45.5%) score
Supply baseline 5 5 1 3.180
Demand baseline 5 1 2 3.275
Pipe Section 1 1 4 3 2.180
Pipe Section 2 2 3 4 3.000
Pipe Section 3 3 2 5 3.820
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Based on Table 3-2 presented above, it is evident that Pipe Section 3 had to be the primary focus.
These results align with findings from Bester [37] who suggested that most inefficiencies are

located inside the stoping area.

The following section discusses the development of a simulation model that accurately represents

the measured baseline for the compressed air pipe section inside the stope (Pipe Section 3).
3.4 Creating a baseline simulation

The data gathered from Sections 3.2 and 3.3 was used to develop a baseline simulation model.
This model represented the current configuration of the case study stope during its drilling shift.
As determined from literature studies, PTB was used.

Simulation focus

The simulation focus parameters for the case study stope model were selected as pressure and
flow. The simulated pressure along various points in the stope network represented the measured
pressure in the pressure baseline. The simulated flow along various points in the stope network
represented the measured flow in the flow baseline.

Simulation parameters

The following simulation parameters are considered when working with PTB. The specified

parameters is shown in Figure 3-8.
Simulation period

The simulation represented a nine-hour drilling shift for 23L XC 89, which was divided into nine

time periods.
Step size

The total number of time steps was 200 to ensure simulation stability.
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Figure 3-8: Mine A — Simulation properties

Simulation boundaries

At Mine A, compressed air is produced by centrifugal compressors located on the surface and
transported to the underground working levels. The compressed air is subsequently distributed to
the active cross-cuts, with specific emphasis placed on 23L XC 89 in the simulation model. The
boundary conditions for the model started at the beginning of 23L XC 89 and extended up to the
farthest working point inside the stope.

Model components

The following model components are considered when working with PTB:
Air pressure boundary

Table 3-3 shows the case study stope’s inlet ambient boundary conditions. The measurements

were obtained using underground specific measuring equipment.
Table 3-3: Mine A — Inlet boundary conditions

Hour | Gauge pressure [kPa] | Temperature [°C] | Relative humidity [%)]

1 478 20 50
2 521 20 50
3 467 20 50
4 429 20 50
5 424 20 50
6 445 20 50
7 486 20 50
8 509 20 50
9 349 20 50
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The boundary component in PTB acted as a compressor that would increase its flow to maintain
the boundary pressure. In other words, when a boundary component is coupled to a demand, the
flow from the boundary component will increase if the demand increases. Table 3-4 shows the

case study stope’s outlet ambient boundary conditions.
Table 3-4: Mine A — Outlet boundary conditions

Hour | Gauge pressure [kPa] | Temperature [°C] | Relative humidity [%]

1 100 20 50
2 100 20 50
3 100 20 50
4 100 20 50
5 100 20 50
6 100 20 50
7 100 20 50
8 100 20 50
9 100 20 50

Nodes and pipes

The pipe and node components’ representation are displayed in Table 3-5.

Table 3-5: Case study — Simulation model pipe and node representation

Component Description Component Description
Pipe 1 Pressure loss from cross-cut intake to Node 2 Volume of Pipe 1
end of cross-cut travelway
Pipe 2 Pressure loss from start of centre gully Node 3 Volume of Pipe 2
to manifold
Pipe 3 Pressure loss from start of centre gully Node 4 Volume of Pipe 3
to manifold
Pipe 4 Pressure loss from manifold to rock drill Node 5 Volume of Pipe 4
manifold
Pipe 5 Pressure loss from manifold to rock drill Node 6 Volume of Pipe 5
manifold
Pipe 6 Pressure loss from manifold to manifold Node 7 Volume of Pipe 6
Pipe 7 Pressure loss from manifold to rock drill Node 8 Volume of Pipe 7
manifold
Pipe 8 Pressure loss from manifold to rock drill Node 9 Volume of Pipe 8
manifold
Pipe 9 Pressure loss from manifold to manifold Node 10 Volume of Pipe 9
Pipe 10 Pressure loss from manifold to manifold Node 11 Volume of Pipe 10
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Compressed air rock drill component

A schematic representation of the simulation model is displayed in Figure 3-9.
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Figure 3-9: Mine A — Simulation model layout
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Simulation verification

To verify the baseline simulation, the measured baseline presented in Figure 3-7 was compared
with the simulated data from the developed model. The simulated data intervals were compared
with the same measured data intervals for effective verification of the simulated model. Figure
3-10 shows the simulated pressure at the stope face in blue vs the measured pressure at the

stope face in yellow. The orange line shows the measured cross-cut inlet pressure.
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Figure 3-10: Mine A — Simulation verification

The MAE method was used to determine the error percentage between the two data sets. This is

shown in Table 3-6.

Table 3-6: Mine A — MAE simulation verification data

Time XC 89 intake Measured stope face Simulated stope face MAE

pressure [kPa] | drilling pressure [kPa] | drilling pressure [kPa] [%0]
06:00:00 478.47 408.17 402.39 141
07:00:00 520.79 440.44 439.38 0.24
08:00:00 467.41 383.82 382.46 0.35
09:00:00 429.13 337.06 340.56 1.04
10:00:00 424.26 337.23 343.21 1.77
11:00:00 444.60 355.73 351.33 1.24
12:00:00 485.86 403.09 400.46 0.65
13:00:00 508.66 455.77 463.73 1.74
14:00:00 349.28 303.49 317.33 4.56
Total error % 1.45

The model has a total error percentage of 1.45% compared with the baseline measurement and

could therefore be deemed verified [16].
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3.5 Identification of compressed air inefficiencies

Figure 3-11 shows the characterisation curves for pressure and flow generated using the verified
simulation. To simplify the calculation of pressure loss over the network, pressures and flows
were evaluated at various points along the centre gully pipe. Node 1 represents the cross-cut
intake, while Node 11 represents the furthest working place. It should be noted that there are
several mining panels along the centre gully, not just at Node 11. The highlighted sections in the
figure represent different areas inside the stope, while the red arrows indicate the pipe size along

the different sections.

460 XC - Travelway XC - Centre gully ___XC - Stope face 1
a0 | 0.9
< 440 0.8
a 0.7 )
ﬁ 430 I 0.6 E
g 420 - 0.5 ;
§ 410 | 04 3
pu 0.3 W
400
o 0.2
390 i3 4“ C 2|| \ ;\‘ 01
380 ! » N 3 » 0
1 2 3 4 5 6 7 8 9 10 11

Node measuring point

—— Pressure distribution - Actual Flow distribution - Actual

Figure 3-11: Case study — Baseline simulation results

According to the pressure characterisation curve in Figure 3-11, the case study stope experienced
a total pressure loss of 75 kPa from the travelway to the stope face. The 4" pipe section exhibited
a pressure loss of 32 kPa over its length, while the pipe reduction at Node 8 (4" to 2") inside the

case study stope resulted in a pressure loss of 43 kPa.
3.6 Simulating improvement strategies

The simulation model can be used to simulate strategies to mitigate pressure losses from the
identified inefficiencies. The total pressure loss over a network is typically defined by the sum of
major and minor losses. Major head losses depend on factors such as pipe length, flow regime
and fluid viscosity, while minor head losses are caused by flow disturbances created by

components such as bends and connections in the pipe network.

Since the case study stope did not conform to the pipe size standard set out by Mine A, the
pressure losses observed in Figure 3-11 may be due to major losses resulting from undersized

pipes, as determined during the data-acquisition process.
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Strategy 1

The first strategy worth simulating was the stoping standard that should have been used by
Mine A. According to this standard, the travelway section should have used a 6" pipe, while both
the centre gully and the stope face sections should have used 4" pipes. The simulated pressure
and flow distribution using Mine A's standard are depicted in Figure 3-12, with the baseline curves

shown for comparison purposes.
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Figure 3-12: Case study — Simulated working pressures (standard pipe configuration)

The simulation results indicate that increasing the pipe size could reduce pressure loss over the
network, indicating a lower system resistance. However, it is important to note that increasing the
pipe size could lead to higher flow rates through the network and ultimately result in pressure

losses once again.

The first strategy that was simulated, which involved implementing Mine A’s standard, showed a
significant reduction in pressure loss at Node 8 where the 2" pipe was replaced with a 4" pipe
(26 kPa). This increase in pipe size also resulted in an increase in flow from Node 1 to Node 11.
To achieve further improvements in pressure loss, the increase in pipe size should be significant
enough to overcome the pressure loss caused by the increased flow rate from the rock drills.
Overall, it is important to strike a balance between pipe size and flow rate to minimise pressure

losses and improve system performance.
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Strategy 2

Strategy 1 showed an increase in flow but no increase in pressure up to Node 10. Strategy 2
simulated a 6" centre gully. The results are shown in Figure 3-13.
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Figure 3-13: Case study — Simulated working pressures (6" centre gully configuration)

An improvement in pressure loss (43 kPa) was seen from Node 8 to Node 11. Furthermore, an
increase in flow was observed due to the larger pipes from Node 1 to Node 11. As with Strategy 1,
the increase in pipe size did not yield lower pressure loss between Node 1 and Node 7. This
shows that the increase in flow rate through the larger pipe contributed to the same pressure loss
as the current pipe network.

Strategy 3

Strategy 3 simulated an 8" centre gully. The results are shown in Figure 3-14.
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Figure 3-14: Case study — Simulated working pressures (8" centre gully configuration)
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A significant improvement in pressure loss (58 kPa) was seen from Node 1 to Node 11 where the
4" pipe was replaced with an 8" pipe. An increase in flow was observed from Node 1 to Node 11
due to the larger pipes. The increase in pipe size yielded lower pressure loss over the network.
This shows that the pressure loss due to higher flow rates did not outweigh the lower system

resistance of the 8" pipe.

Strategy 4

Strategy 4 simulated a 10" centre gully to obtain as little as possible pressure losses. The results

are shown in Figure 3-15.
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Figure 3-15: Case study — Simulated working pressures (10" centre gully configuration)

The pressure loss from Node 1 to Node 10 was almost completely overcome in this strategy. An
increase in flow was observed from Node 1 to Node 11 due to the larger pipes. A pressure

improvement of 62 kPa was observed.

Strategy 5

Strategy 1 showed that replacing the 2" section from Node 10 to Node 11 eliminated the pressure
loss across the section. Therefore, Strategy 5 simulated a 10" centre gully with a 4" pipe to the

stope face. The simulated pressure and flow distribution are shown in Figure 3-16.

The pressure loss from Node 1 to Node 11 was eliminated in this strategy. An increase in flow
was observed from Node 1 to Node 11 due to the larger pipes. A pressure improvement of 70 kPa

was observed.
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Figure 3-16: Case study — Simulated working pressures (10" centre gully + 4" stope configuration)

Strategy 6

A final strategy was simulated where only the most significant inefficiency was addressed. The 2"
pipe section from Node 8 to Node 11 was replaced with a 4" pipe section. The simulated pressure
and flow distribution is shown in Figure 3-17.
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Figure 3-17: Case study — Simulated working pressures (2" to 4" pipe configuration)

Only replacing the 2" pipe with a 4" pipe showed an increase in pressure of 26 kPa from Node 8

to Node 11. However, the network was still showing pressure losses from Node 1 to Node 11.

The effectiveness of the different simulated strategies was evaluated by comparing their pressure
improvement with the baseline. Table 3-7 summarises the different strategies and their respective

pressure improvements.
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Table 3-7: Mine A — Strategy pressure comparison

Simulated scenario | Pressure gain [kPa]

Strategy 1 26
Strategy 2 43
Strategy 3 58
Strategy 4 62
Strategy 5 70
Strategy 6 26

According to the findings in Table 3-7, Strategy 5 proved to be the most beneficial in terms of
pressure improvement, closely followed by Strategies 4, 3 and 2. Strategies 1 and 6 both showed
a similar pressure improvement of 26 kPa. However, it is important to consider the behaviour of
mine employees who tend to ventilate the stoping areas using the compressed air pipes [37]. This
means that although the larger diameter pipes used in Strategies 5, 4, 3 and 2 effectively reduce
frictional losses and enhance pressure, they also facilitate increased air leakage when used for
ventilation. Furthermore, the increased air leakage through these larger pipes will contribute to
higher frictional losses and necessitate higher compressor power due to the greater number of
leaks [38].

3.7 Validation
The developed method is validated through this case study as follows:

Objective 1

The method evaluated the supply, demand and reticulation sections of the compressed air system
simultaneously to interpret in-stope compressed air inefficiencies effectively. The systematic
evaluation of the compressed air system showed that the stoping section was the highest priority
area for compressed-air-related inefficiencies in the case study mine. These results align with

findings from Bester [37] that suggested most inefficiencies are located inside of stoping area.

Using simulation and characterisation, the method identified the following inefficiencies:

1. The 4" pipe section exhibits a pressure loss of 32 kPa over its length.
2. The pipe reduction (4" to 2") inside the case study stope results in a pressure loss of
43 kPa.

The method successfully identified in-stope-related compressed air inefficiencies and, therefore,

achieved the objective.
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Objective 2

The characterisation curves presented in Section 3.5 showed the case study stope experienced
a total pressure loss of 75 kPa from the travelway to the stope face. The 4" pipe section exhibited
a pressure loss of 32 kPa over its length, while the pipe reduction at Node 8 (4" to 2") inside the
case study stope resulted in a pressure loss of 43 kPa. To determine whether the simulation
model identified the inefficiency correctly, pressure sensors were installed strategically throughout

the stope to measure for a full week.

Sensor 1 was placed just before the stope in the cross-cut, and this pressure reading served as
the reference pressure. Sensor 2 was positioned on a 4" compressed air pipe, while Sensor 3
and Sensor 4 were placed on 2" pipes. Furthermore, the test was conducted under similar
compressed air demand from both the 2" and 4" pipelines, ensuring a fair comparison. The
positions of these sensors can be observed in Figure 3-18.
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In Figure 3-19, the difference in compressed air pressure between the cross-cut intake, and 4"
and 2" pipes are shown. The blue line represents the pressure at the inlet of the cross-cut, while
the grey line represents the pressure in the 4" compressed air pipe, and the orange line represents
the pressure in the 2" compressed air pipe.

During the drilling period, the 4" pipe experienced a 37 kPa pressure loss from the cross-cut intake
while the 2" section experienced a further 43 kPa pressure loss. The case study stope
experienced an average total pressure loss of 80 kPa during their drilling shift. This was measured

from the cross-cut intake to the face. These results align with the 75 kPa simulated pressure loss.

600 —23L UG2S X89 —2" Compressed Air Pipe 4" Compressed Air Pipe

500

Pressure [kPa]
_
ul

200 \\\ - 80 kPa
100 — =
0 L

Time [hh:mm]

Figure 3-19: Mine A — Pressure difference between the cross-cut, 4" pipe and 2" pipe at the stope face

The simulation predicted an expected improvement of 26 kPa if the 2" pipe section were to be
replaced. However, it is crucial to note the distinction between the simulation’s prediction and the
measured results. The simulation estimated the pressure improvement that would have been
achieved if the 2" pipe section were replaced with a 4" section, accounting for the frictional losses
of the ‘new system’.

On the other hand, the measured results solely indicate the pressure loss between the 4" and 2"
pipe sections without considering the potential frictional losses that would have still occurred had
the 2" pipe been replaced with a 4" pipe. Therefore, the measured results confirm the identified

inefficiencies, and the objective is validated successfully.

Objective 3

Using the simulation model of the case study stope, six mitigation strategies were developed. The
efficacy of these strategies was determined based on the simulated pressure improvement they

achieved. If the mitigation strategy yielded a pressure improvement, the strategy would be
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deemed effective. The six strategies each had a pressure improvement with the lowest being
26 kPa and the highest 70 kPa. The method successfully developed and evaluated different

improvement strategies and therefore achieved the objective.
3.8 Conclusion

In this chapter, the method derived from existing literature was applied to analyse different
sections of a compressed air system, aiming to identify in-stope inefficiencies. A Likert scale
enabled the assessment of various sections to ensure accurate representation of stope
inefficiencies. Through this method, it was determined that the stoping section emerged as the

top priority area for improvement in this case study.

To gain further insights, a verified baseline simulation of the stope was developed using reliable
simulation software. This allowed for the creation and evaluation of characterisation curves, aiding
in the identification of pressure losses in the stoping pipeline. The identified inefficiencies were

proved using practical measurements.

The simulation was used to develop six distinct mitigation strategies that were assessed for their
efficacy based on their simulated pressure improvement. The method successfully achieved the
study objectives and can be deemed valid.
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4 CONCLUSION

4.1 Study summary

South Africa’s deep-level mines are currently witnessing a decline in platinum production. These
mines, known for their depth, are grappling with soaring electricity expenses, making efficient
production more crucial. Furthermore, the size and nature of these mines present significant
infrastructural challenges that hinder productivity. Among these challenges, the compressed air
network stands out as a particular area of concern. Compressed air systems have low mechanical
efficiency (as low as 2%), and the distribution network is a major contributor to this inefficiency.
Causes of poor system efficiency include leaks, ineffective water traps, ventilation with

compressed air in working areas, and insufficient pipe sizing and connections.

Several studies have investigated compressed air inefficiencies in mining operations and have
proposed various strategies for improving efficiency. These strategies included optimising set-
point control and compressor selection, interconnecting compressed air pipelines to form a ring,
installing an additional compressed air supply pipeline, sealing inactive sections off, limiting
refuge bay air consumption, implementing set-point control on control valves, and replacing

undersized pipes.

Some studies have used simulation and root cause analysis to identify inefficiencies and evaluate
potential solutions, while others have used numerical methods, local benchmarking methods or
underground audits. However, from the thirteen core literature studies presented, only one
addressed inefficiency inside the stope, and the majority of the studies did not consider improving
underground working pressures. Instead, the studies focused on saving energy by reducing
compressor load because of improved efficiency. A detailed literature survey revealed the
initiative to investigate in-stope compressed air inefficiencies and the effect thereof on drilling

pressure.

A need for a method that identifies and evaluates in-stope compressed air inefficiencies that lead

to reduced drilling pressures was established. The study objectives for the method included:

1. The identification of compressed air inefficiencies inside the stoping area using a

systematic evaluation approach.
2. The verification of the identified inefficiencies with actual measurements.

3. The development and evaluation of various approaches to address in-stope compressed

air inefficiencies through simulation-based evaluation.
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A method was developed that systematically evaluated in-stope inefficiencies by establishing flow
and pressure baselines for the supply, demand and reticulation network of a compressed air
system. The severity of inefficiencies for the different compressed air sections was compared and

prioritised using a Likert scale.

After the compressed air system was characterised by means of flow and pressure baselines, the
method showed how to develop a baseline simulation of a deep-level mine stoping area. The
method discussed simulation time, parameters, components, and accuracy. The method provided
a theoretical approach to verify the stope simulation model against the pressure and flow baseline,
using the MAE method.

Using the verified simulation, the method used literature studies and theory to highlight how a
typical compressed air inefficiency would present itself in a stope network. The method showed
how to practically verify a compressed air inefficiency inside a stope network using measurement
instrumentation. Finally, the method discussed generic simulation strategies that aimed to

mitigate compressed-air-related inefficiencies.

The method was implemented on a case study mine where it was used to analyse different
sections of a compressed air system, aiming to identify in-stope inefficiencies. The use of a Likert
scale enabled the assessment of various sections to ensure accurate representation of stope
inefficiencies. Through this method, it was determined that the stoping section emerged as the

top priority area for improvement in this case study.

A baseline simulation of a case study stope was developed using simulation software. The
characterisation curves showed the case study stope experienced a total pressure loss of 75 kPa
from the travelway to the stope face. The 4" pipe section exhibited a pressure loss of 32 kPa over
its length, while the pipe reduction at Node 8 (4" to 2") inside the case study stope resulted in a
pressure loss of 43 kPa.

To verify the identified inefficiencies, pressure sensors were installed throughout the stope. The
case study stope experienced a total pressure loss from the cross-cut intake to the face of 80 kPa.
During the drilling period, the 4" pipe experienced a 37 kPa pressure loss from the cross-cut intake
while the 2" section experienced a further 43 kPa loss in pressure. These results align with the

simulated pressure loss.

Six mitigation strategies were developed using a combination of theoretical principles [41] and
simulation software. The simulated strategies indicated that the identified inefficiencies can be
mitigated by increasing the pipe size of the compressed air network to accommodate the flow

demand of the network.
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Considering the study objectives, the method successfully identified compressed-air-related

inefficiencies inside the stoping area and provided valuable insight to mitigate them. The study

outcome solidifies the findings of previous authors that undersized pipes result in significant

pressure losses. The study contributed to the existing research by including the evaluation of the

stoping sections in deep-level mine compressed air networks.

4.2 Future recommendations

While the objective of the study was to identify compressed air inefficiencies, the study did
not verify the actual impact on the rock drills. Future studies could aim to implement

mitigation strategies and measure the drilling improvement due to increased pressure.

It is recommended to expand the Likert scale from a three-variable scale to a five-variable
scale or a scale with more variables. This expansion would enable better identification of

factors and lead to more accurate and reliable results.

The study highlights the importance of considering the behaviour of mine employees, who
tend to use compressed air pipes for ventilation in stoping areas. Increasing the pressure
in the pipelines may inadvertently result in increased air leakage during ventilation. This
means that the initial benefits gained from using larger pipes for pressure improvement
would be offset by higher electrical costs, making the overall impact negligible. To fully
leverage the results presented in this study, a comprehensive investigation into leakages

within the stoping area is recommended.

Future studies could aim to relate the improvement in drilling pressure to production

figures. This could aim motivation behind replacing undersized pipes in stoping areas.

67



REFERENCE LIST

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

A. Fotoyi, “Africa’s economic transformation and global value chains: An analysis of the
platinum value chain in South Africa,” Africa Development, vol. 45, no. 1, 2021, doi:
10.57054/ad.v45i1.657.

G. M. Mudd, S. M. Jowitt, and T. T. Werner, “Global platinum group element resources,
reserves and mining: A critical assessment,” Science of the Total Environment, vol. 622—
623, pp. 614-625, 2018, doi: 10.1016/j.scitotenv.2017.11.350.

P. Li, Q. Liu, P. Zhou, and Y. Li, “Mapping global platinum supply chain and assessing
potential supply risks,” Frontiers in Energy Research, vol. 11, art. 1033220, 2023, doi:
10.3389/fenrg.2023.1033220.

M. Nhleko and F. L. Inambao, “Energy crises in South Africa and new ways of fast-
tracking remedial actions through diversified and decentralised generation,” International
Journal of Engineering Research and Technology, vol. 13, no. 10, p. 2814-2823, 2020,
doi: 10.37624/IJERT/13.10.2020.2814-2823.

R. G. B. Pickering, “Presidential address: Has the South African narrow reef mining
industry learnt how to change?,” The Journal of The Southern African Institute of Mining
and Metallurgy, vol. 107, pp. 557-565, 2007.

S. Ngobese, J. Pelders, W. Botha, F. Magweregwede, and S. Schutte, “Stakeholder
inclusion in the design and development of equipment for the modernizing mining sector
in South Africa,” Journal of the Southern African Institute of Mining and Metallurgy, vol.
123, no. 4, pp. 193-202, 2023, doi: 10.17159/2411-9717/2253/2023.

S. Mousavi, S. Kara, and B. Kornfeld, “Energy efficiency of compressed air systems,”
Procedia CIRP, vol. 15, pp. 313-318, 2014, doi: 10.1016/j.procir.2014.06.026.

J. Menéndez, A. Ordoiez, R. Alvarez, and J. Loredo, “Energy from closed mines:
Underground energy storage and geothermal applications,” Renewable and Sustainable
Energy Reviews, vol. 108, pp. 498-512, 2019, doi: 10.1016/j.rser.2019.04.007.

H. Hamrin, Underground Mining Methods and Applications: Guide to Underground
Mining Methods and Applications. Sweden: Atlas Copco, 1980.

J. de la Vergne, Hard Rock Miner’s Handbook, 5th ed. Edmonton: Stantec Consulting,
2008.

68



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

D. Nell, “Optimising production through improving the efficiency of mine compressed air
networks with limited infrastructure,” M.Eng Dissertation, North-West University,
Potchefstroom, 2017.

P. van Dorssen et al., “A long hole stoping system for mining narrow platinum reefs,”
The Journal of The South African Institute of Mining and Metallurgy, vol. 102, no. 3, pp.
151-154, 2002.

P. Fraser, “The energy and water required to drill a hole,” The 4th International Platinum
Conference, Platinum in transition ‘Boom or Bust’, The Southern African Institute of

Mining and Metallurgy, 2010.

K. Naidoo and M. F. Handley, “Basic principles for stable gullies in the gold and platinum
mines of South Africa,” The Journal of The South African Institute of Mining and
Metallurgy, vol. 102, no. 4, pp. 189-198, 2002.

N. D. Fernandes and L. J. Gardner, “The ongoing evolution of stope panel support at
Impala Platinum Limited,” The Journal of The Southern African Institute of Mining and
Metallurgy, vol. 111, pp. 55-62, 2011.

M. M. de Jager, “Using simulation to prioritise implementation of platinum mine
compressed air efficiency solutions,” M.Eng Dissertation, North-West University,
Potchefstroom, 2020.

L. H. Renee and L. Klinger, “Hoppers,” Glossary of Mining Terminology. Accessed: 13

Jun. 2023. [Online]. Available: https://www.rocksandminerals.com/glossary.htm

Government of Canada, “Environmental Code of Practice for Metal Mines,” 23 Mar.
2017. [Online]. Available: https://www.ec.gc.ca/lcpe-cepal/default.asp?lang=En&n=
CBE3CD59-1&0offset=4.

P. Maré, J. I. G. Bredenkamp, and J. H. Marais, “Evaluating compressed air operational
improvements on a deep-level mine through simulations,” in 2017 International
Conference on the Industrial and Commercial Use of Energy (ICUE), Cape Town, South
Africa: IEEE, 2017, pp. 1-8. doi: 10.23919/ICUE.2017.8068011.

B. Pascoe, H. J. Groenewald, and M. Kleingeld, “Improving mine compressed air
network efficiency through demand and supply control,” in 2017 International
Conference on the Industrial and Commercial Use of Energy (ICUE), Cape Town, South
Africa: IEEE, 2017, pp. 1-5. doi: 10.23919/ICUE.2017.8067992.

M. P. Boyce, Centrifugal Compressors: A Basic Guide. Tulsa, OK: PennWell, 2003.

69



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

C. Xie and H. I. Marrani, “Design of a robust LMI-based model predictive control method
for surge instability in interconnected compressor systems in the presence of uncertainty
and disturbance,” Systems Science & Control Engineering, vol. 9, no. 1, pp. 358-368,
2021, doi: 10.1080/21642583.2021.1899999.

H. Joubert, J. van Rensburg, and R. Pelzer, “Energy efficiency opportunities resulting
from splitting a compressed air ring”, in The Sustainable Energy Resource Handbook,
vol. 3. Pretoria: Department of Energy, 2011, ch. 15, pp. 122-131.

V. Mpatek, “Maptek announces role in mine ventilation solutions,” GeoDataPoint.
[Online]. Available: http://www.pobonline.com/articles/100507-maptek-announcesrole-in-

mine-ventilation-solutions

D.-J. Kim et al., “Prediction model of drilling performance for percussive rock drilling
tool,” Advances in Civil Engineering, vol. 2020, pp. 1-13, 2020, doi:
10.1155/2020/8865684.

A. J. White, N. C. Joughin, and N. G. Cook, “Improvements in stope drilling and blasting
for deep gold mines,” International Journal of Rock Mechanics and Mining Sciences &
Geomechanics Abstracts, vol. 12, no. 5-6, p. 83, 1975, doi: 10.1016/0148-
9062(75)91383-2.

S. B. Kivade, Ch. S. N. Murthy, and H. Vardhan, “Experimental investigations on
penetration rate of percussive drill,” Procedia Earth and Planetary Science, vol. 11, pp.
89-99, 2015, doi: 10.1016/j.proeps.2015.06.012.

Mine Health and Safety Act, 1996.

P. de Villiers, “Reducing deep-level mine refuge bay compressed air consumption,”

M.Eng Dissertation, North-West University, Potchefstroom, 2019.

A. Trianni, D. Accordini, and E. Cagno, “Identification and categorization of factors
affecting the adoption of energy efficiency measures within compressed air systems,”
Energies, vol. 13, no. 19, p. 5116, 2020, doi: 10.3390/en13195116.

F. W. Schroeder, “Energy efficiency opportunities in mine compressed air systems,”

M.Eng Dissertation, North-West University, Potchefstroom, 2009.

R. Pelzer, E. H. Mathews, D. F. le Roux, and M. Kleingeld, “A new approach to ensure
successful implementation of sustainable demand side management (DSM) in South
African mines,” Energy, vol. 33, no. 8, pp. 1254-1263, 2008, doi:
10.1016/j.energy.2008.03.004.

70



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

A. Hassan, K. Ouahada, T. Marwala, and B. Twala, “Optimization of the compressed air-
usage in South African mines,” in IEEE Africon '11, Victoria Falls, Livingstone, Zambia:
IEEE, Sep. 2011, pp. 1-6. doi: 10.1109/AFRCON.2011.6072145.

T. Ripol-Saragosi, L. Ripol-Saragosi, and I. Smychok, “Compressed air quality increase
for rolling stock pneumatic systems based on energy efficiency,” Transport Problems,
vol. 13, no. 4, pp. 13-21, 2019, doi: 10.20858/tp.2018.13.4.2.

J. Myllyniemi, “Compressed air piping network inspection and documentation for Paroc,”

M.Eng Dissertation, Turku University of Applied Sciences, Turku, 2017.

A. Wroblewski, P. Krot, R. Zimroz, T. Mayer, and J. Peltola, “Review of linear electric
motor hammers: An energy-saving and eco-friendly solution in industry,” Energies, vol.
16, no. 2, p. 959, 2023, doi: 10.3390/en16020959.

S. Bester, D. Le Roux, D. Adams, “The effect of compressed air pressure on mining
production and energy demand,” 2013 International Conference on the Industrial and
Commercial Use of Energy (ICUE), Potchefstroom, South Africa: IEEE, 2013, pp. 1-4.

K. Perz and A. Rewolifiska, “Impact of network expansions on energy losses in
compressed air,” IOP Conference Series: Materials Science and Engineering, vol. 743,
no. 1, p. 012045, 2020, doi: 10.1088/1757-899X/743/1/012045.

S. J. Fouché, “Improving efficiency of a mine compressed air system,” M.Eng

Dissertation, North-West University, Potchefstroom, 2017.

Y. Lahiouel and R. Lahiouel, “Evaluation of energy losses in pipes, ” American Journal of
Mechanical Engineering, vol. 3, no. 3A, pp. 32-37, 2015, doi: 10.12691/ajme-3-3A-6.

A. I. M. Carello and L. Mazza, “Pressure drop in pipe lines for compressed air:
comparison between experimental and theoretical analysis,” Transactions on
Engineering Sciences, vol. 18, pp. 35—-44 [Online]. Available:
https://www.witpress.com/Secure/elibrary/papers/AFM98/AFM98004FU.pdf

Y. Gai, M. Cai, and Y. Shi, “Analytical and experimental study on complex compressed
air pipe network,” Chinese Journal of Mechanical Engineering, vol. 28, no. 5, pp. 1023—
1029, 2015, doi: 10.3901/CIJME.2015.0515.071.

F. A. Hamad, F. Faraji, C. G. S. Santim, N. Basha, and Z. Ali, “Investigation of pressure
drop in horizontal pipes with different diameters,” International Journal of Multiphase
Flow, vol. 91, pp. 120-129, 2017, doi: 10.1016/j.ijmultiphaseflow.2017.01.007.

71



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

F. W. Ntengwe, M. Chikwa, and L. K. Witika, “Evaluation of friction losses in pipes and
fittings of process engineering plants,” International Journal of Scientific & Technology
Research, vol. 4, no. 10, 2015.

B. Zhang, M. Liu, Y. Li, and L. Wu, “Optimization of an industrial air compressor system,”
Energy Engineering, vol. 110, no. 6, pp. 52—-64, 2013, doi:
10.1080/01998595.2013.10753695.

F. Doyle and J. Cosgrove, “An approach to optimising compressed air systems in
production operations,” International Journal of Ambient Energy, vol. 39, no. 2, pp. 194—
201, 2018, doi: 10.1080/01430750.2016.1269685.

C. K. Kocsis, R. Hall, and S. G. Hardcastle, “The integration of mine simulation and
ventilation simulation to develop a ‘life-cycle’ mine ventilation system,” Application of
Computers and Operations Research in the Minerals Industries, South African Institute
of Mining and Metallurgy, 2003, pp. 223-230.

M. Jahangirian et al., “A rapid review method for extremely large corpora of literature:
Applications to the domains of modelling, simulation, and management,” International
Journal of Information Management, vol. 31, no. 3, pp. 234-243, 2011, doi:
10.1016/j.ijinfomgt.2010.07.004.

J. H. Marais, “An integrated approach to optimise energy consumption of mine

compressed air systems,” PHD thesis, North-West University, Potchefstroom, 2012.

S. P. Upadhyay and H. Askari-Nasab, “Simulation and optimization approach for
uncertainty-based short-term planning in open pit mines,” International Journal of Mining
Science and Technology, vol. 28, no. 2, pp. 153-166, 2018, doi:
10.1016/j.ijmst.2017.12.003.

P. Marais, “Novel simulations for energy management of mine cooling systems,” PHD

thesis, North-West University, Potchefstroom, 2017.

V. Vyas, H. Jeon, and C. Wang, “An integrated energy simulation model of a
compressed air system for sustainable manufacturing: a time-discretized approach,”
Sustainability, vol. 13, no. 18, p. 10340, 2021, doi: 10.3390/su131810340.

J. E. Matsson, An introduction to SolidWorks Flow Simulation 2013. Mission, KS: SDC
Publications, 2013.

D. Wood, KYPipe Reference Manual. Cary, NC: KYPipe LLC, 2010.

A. J. M. van Tonder, “Automation of compressor networks through a dynamic control

system,” PHD thesis, North-West University, Potchefstroom, 2014.
72



[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

A. Rossouw, “Boiler system modelling using Flownex,” M.Eng Dissertation, University of

Cape Town, Cape Town, 2015.

J. Watkins, “Trade-off between simulation accuracy and complexity for mine compressed
air systems,” M.Eng dissertation, North-West University, Potchefstroom, 2019.

D. du Plooy, P. Maré, J. Marais, and M. J. Mathews, “Local benchmarking in mines to
locate inefficient compressed air usage,” Sustainable Production and Consumption, vol.
17, pp. 126-135, 2019, doi: 10.1016/j.spc.2018.09.010.

P. Pandey and M. M. Pandey, Research Methodology: Tools & Techniques. New Delhi:
Bridge Center, 2015.

J. Schoonenboom, “The fundamental difference between qualitative and quantitative
data in mixed methods research,” Forum Qualitative Social Research, vol. 24, no. 1, art.
11, 2023

D. Barik and S. K. Raj, “Evaluation of the two stages reciprocating air compressor’'s

performance,” UGC Care Group 1 Listed Journal, vol. 10, no. 1, 2020.

K. Abela, P. Refalo, and E. Francalanza, “Analysis of pneumatic parameters to identify
leakages and faults on the demand side of a compressed air system,” Cleaner
Engineering and Technology, vol. 6, p. 100355, 2022, doi: 10.1016/j.clet.2021.100355.

T. Nehler, R. Parra, and P. Thollander, “Implementation of energy efficiency measures in
compressed air systems: barriers, drivers and non-energy benefits,” Energy Efficiency,
vol. 11, no. 5, pp. 1281-1302, 2018, doi: 10.1007/s12053-018-9647-3.

Lawrence Berkeley National Laboratory and Resource Dynamics Corporation, Improving
Compressed Air System Performance: A Sourcebook for Industry. Washington, DC: US
Department of Energy, 2003.

D. Cluff, G. Kennedy, and P. Foster, “Liquid air for energy storage, auto-compression,
compressed air and ventilation in deep mining,” presented at the 7th International
Conference on Deep and High Stress Mining, 2014, pp. 757-770. doi:
10.36487/ACG_rep/1410_54 Clulff.

B. Derrick and P. White, “Comparing two samples from an individual Likert question,”

International Journal of Mathematics and Statistics, vol. 18, no. 3, 2017.

N. B. Robbins and R. M. Heiberger, “Plotting Likert and other rating scales,” in Proc.
Conf. American Statistical Association, vol. Oct, pp. 1058-1066, 2011.

73



[68]

[69]

[70]

L. Frias-Paredes, F. Mallor, M. Gaston-Romeo, and T. Ledn, “Dynamic mean absolute
error as new measure for assessing forecasting errors,” Energy Conversion and
Management, vol. 162, pp. 176-188, 2018, doi: 10.1016/j.enconman.2018.02.030.

T. L. Saaty, “Decision making with the analytic hierarchy process,” International Journal
of Software Science and Computational Intelligence, vol. 1, no. 1, p. 83, 2008, doi:
10.1504/13SSCI.2008.017590.

S. Cagman, E. Soylu, and U. Unver, “A research on the easy-to-use energy efficiency
performance indicators for energy audit and energy monitoring of industrial compressed
air systems,” Journal of Cleaner Production, vol. 365, p. 132698, 2022, doi:
10.1016/j.jclepro.2022.132698.

74



APPENDIX A: CALCULATING PRIORITY FACTOR WEIGHTS

Saaty [69] proposed an analytical hierarchical process for establishing weights of multiple factors.

The process can be summarised as follows [16]:

1. Determine the problem.

2. Create a discission hierarchy by defining the goal, defining the objective and defining the

relevant factors to the problem.

3. Generate matrices for pairwise comparison, where each element at the highest level is

used to compare the elements in the subsequent level directly beneath it.

4. Use the comparisons to assign weights to the measures of significance in the levels

immediately below.

For example, Item j Iltem; and Item & can be compared by using the following pairwise

comparison matrix. This matrix can be expanded to include more items.

i
J
k

i j k

1 Importance of i overj Importance of i over k
Importance of j over i 1 Importance of j over k
Importance of k overi Importance of k over j 1

Table A-1 shows a scale of 1 to 9 for determining the importance of one item over another [66].

Table A-1: Ranking factors

Importance Definition Explanation

1 Similar importance. The two items make an equal
contribution to achieving the end goal.

2 Weak.

3 Moderate importance. One of the items has a slightly greater
contribution to achieving the goal.

4 Moderate plus.

5 Strong importance. Experience strongly favours one item
over the other.

6 Strong plus.

7 Very strong or demonstrated | One item is very strongly favoured.

importance.
8 Very, very strong.
9 Extreme importance. The evidence confirms that one item
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Importance Definition Explanation

Reciprocals of | If Item 7has one of the It is reasonable to assume that the
assigned integers above assigned to it | preference for Item 7 over Item jis the
importance when compared with Item inverse of the preference for Item jover

then Item j has the reciprocal | Item i
value when compared with
ltem 7.

If one item’s dominance over other falls within the predetermined ranges, then the item
importance values of 2, 4, 6 or 8 are used.

To analyse the long-term behaviour of the system, the matrix is typically raised to a high power.
For the sake of simplicity, the matrix was squared in this study, but the method remained the
same. The pairwise comparison matrix discussed above was used to calculate the weights of the
factors used in this study. The priority factors are:

e Pressure loss
o Volatility
e Cost

Each of these priority factors were compared as Saaty [69] suggests using Table A-1. The factors
were compared and assigned scores by using available relevant literature and by talking to

experienced mining personnel.

Pressure loss vs volatility

The magnitude of pressure loss resulting from inefficiencies in a section determines the feasibility
of mitigating the pressure loss. If the pressure loss stems from a volatile section and is negligible,
then there is little incentive to pursue a solution. Conversely, if the pressure loss is significant, the
mine would prioritise rectifying it even if the section is volatile [11], [20], [37]. In essence, the
severity of pressure loss is the primary determining factor. Therefore, pressure loss was ranked

as a strong importance (5) over volatility.

Pressure loss vs cost

From the literature presented in this study, the pressure improvement of a project was used to
underline the success thereof [37]. Once the payback period of the project is reached, the
production benefits will still be seen and the cost of a project is no longer considered [16].
However, the cost of a project is a key factor when considering the overall profitability of a

mine [70]. Therefore, pressure loss was ranked as similar importance (1) than cost.
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Volatility vs cost

Since pressure loss is of strong importance over volatility, and the cost of a project is of similar

importance to pressure loss, the cost was ranked as strong importance (5) over volatility.
With consideration of the comparisons above, the following pairwise matrix was defined:

Pressure loss Volatility Cost

Pressure loss 1 5 1
Volatility 1/5 1 1/5
Cost 1 5 1

The weights were determined by raising the matrix to a higher power, summating the rows and
dividing the summations by the total sum of the matrix [69].

Pressure loss Volatility Cost

Pressure loss 3 15 3 21

Volatility 3/5 3 3/5 4.2

Cost 3 15 3 21
46.2

The weight for each priority factor is presented in Table A-2 below:

Table A-2: Priority factor weights

Priority factor Weight
Pressure loss 45.5
Volatility 9.0
Cost 45.5
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APPENDIX B: DETERMINING PRIORITY FACTOR SCORES

Each factor is assigned a score between 1 and » with 1 being the worst score and » being the
best score. The score range is determined based on the number of compared sections, as all
priority factors can be compared numerically to establish the best and worst scenarios. For
example, if the supply, demand and compressed air pipe network sections are being compared,
the maximum score that can be achieved is 3, indicating the best out of the three. Conversely, a

score of 1 is considered the worst score possible among all the sections being compared.

For the case study presented in this study, the baseline sections under evaluation are the supply,
demand, Pipe Section 1, Pipe Section 2 and Pipe Section 3 baselines. The scores for the priority
factors relevant to the different sections were determined as follows:

Pressure loss

From the baselines shown in Section 3.3, the pressure loss for each section was obtained. Table
B-1 displays the scores for each section based on the magnitude of pressure loss.

Table B-1: Sectional pressure loss summary

Section baseline Maximum pressure loss Score
Supply 100 kPa 5
Demand 100 kPa 5
Pipe Section 1 0 kPa 1
Pipe Section 2 77 kPa 2
Pipe section 3 92 kPa 3

Volatility

The volatility of various sections was assessed by evaluating their interaction with mine
employees, maintenance schedules and environmental conditions. In the case of the supply
section, which comprises the compressor, there is minimal interaction with employees. The
surface compressors at the case study mine are subject to a maintenance schedule, and thus
maintenance is not expected to be a significant issue. Furthermore, the compressors are situated
in a compressor house, which protects them from harsh environmental conditions. Based on

these factors, the supply section was deemed to have a volatility rating of 5.

The demand section encompasses all compressed air users, including underground working
equipment and leaks. This section is subject to significant employee interaction, but there is

currently no maintenance schedule in place at the case study mine to, for example, address leaks.
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Moreover, the network that supplies compressed air to the underground equipment is exposed to
harsh environmental conditions due to the underground mining environment. As a result, the

demand section was deemed to have a volatility rating of 1.

The first segment of the pipeline, known as Pipe Section 1, runs from the surface supply point of
the case study to the level and is situated inside the shaft. Except during maintenance operations,
mine employees have no interaction with this section of the pipeline. Although it endures severe
conditions, it undergoes weekly maintenance to ensure its upkeep. Therefore, this section of

pipeline was deemed to have a volatility rating of 4.

Pipe Section 2 extends from the level station to the cross-cut intake in the main haulage, which
serves as a frequent throughfare for employees when traveling to their workstations. While the
pipeline does not come into direct contact with personnel, it is susceptible to occasional collisions
with machinery during transit. Additionally, the pipeline is exposed to adverse environmental
factors, thus warranting a volatility rating of 3.

Pipe Section 3 stretches from the cross-cut intake to the rock drills located in the stope, where it
undergoes substantial handling by employees. Given the high noise levels present in this
environment, detecting leaks proves challenging. Furthermore, based on prior literature, it has
been observed that mineworkers employ this pipeline for ventilation purposes. Consequently, this

section merits a volatility rating of 2.
In summary, the different section volatility scores are shown in Table B-2.
Table B-2: Sectional volatility scores

Section baseline Volatility score

Supply
Demand

Pipe Section 1
Pipe Section 2

N W~ |~ O

Pipe Section 3

Cost

In relation to the supply section, rectifying the pressure loss would involve the installation or
enhancement of additional compressors. As outlined in section 0, the case study exhibits an
excessive air consumption of 40 000 m3h. While one possible solution is to install a VK50
compressor, it should be noted that this approach would incur substantial upfront and ongoing

expenses. Consequently, the supply section was given a cost rating of 1.
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To address the demand section effectively, it is necessary to address multiple leaks, close valves
and minimise unnecessary venting caused by mine employees throughout the entire shaft. By
implementing these measures, the supply compressors will be capable of maintaining a pressure
of 600 kPa. However, it is important to consider that rectifying the demand section involves
addressing the entire shaft, which means the costs associated with replacing broken pipelines

will accumulate. Therefore, the demand section was assigned a cost rating of 2.

The replacement of Pipe Section 1 will incur the highest cost among the three pipe sections. This
is primarily since Pipe Section 1 has the largest diameter compared with the other two sections.
Following Pipe Section 1, the next highest cost is associated with Pipe Section 2, as the pipe size
decreases at that point. On the other hand, Pipe Section 3, being the shortest and smallest in
size, will have the lowest capital cost among the three sections. Consequently, the three sections
were ranked with a cost score of 3, 4, and 5, respectively.

In summary, the different section cost scores are shown in Table B-3.
Table B-3: Sectional cost scores

Section baseline Cost score

Supply
Demand

Pipe Section 1
Pipe Section 2

ga| b~ W N P

Pipe Section 3
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